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Nuclear Spectroscopy and Radioactivity 

ENERGY LEVELS IN 
235

Np 

D. J. Gorman and Frank Asaro 

We have studied the e~~rgy levels in 235Np populated in the alpha decay of 2 39 Am and in the 
electron-capture decay of 5Pu. 

The alpha spectrum of239Am was studied with 18-keV (FWHM) resohiJion, using a surface 
barrier Au-Si detector, and with 13 .:.keV ( FWHM) resolution in a magnetic a-particle spectrograph. 
We have determined three alpha groups which have not been previously observed. 1, 2 Table I 
gives our alpha energies, intensities, and hindrance factors. The alpha spectrum obtained with 
the solid-state detector is shown in Figs .. 1 and 2. Figure 1 shows the raw data and Fig. 2 the 
spectrum after a smoothing operation has been performed in the computer. A y ray of 49 keV 
energy was observed in coincidence with the unresolved alpha spectrum. This y ray had been 
previously observed and determined to have E1 multipolatity. 1 

Table I. 
239 

Excited state 
a-Particle energy energy 

(MeV) (keV) 

5.825 ± 0.004 0 

5.776±0.002 49.0 ± 0.1 

5. 734± 0.002 91.6 ± 0.3 

5.680± 0.002 146.8 ± o. 7 

Am alpha groups 

Intensity 
( o/o) 

0.33 ± 0.02 

83.7 ± 0.4 

13.75 ± 0.07 

1.98±0.03 

Hindrance factor 

1300 

2.9 

10 

36 

From the alpha and gamma spectra we determined energy levels in 235Np at 49.0 ± 0.1, 
91.6 ± 0.3 and 146.8± 0. 7 keV. These levels give a good fit to the simple rotational formula 
E = Eo + (l5.2/2!J) I( I H). Taking the spin of the 49 .,keV level as 5/2 (Ref. 1) and assuming the 
91.6-keV level to be the 7/2 member of the rotational band, one obtains a value for the rotational 
constant of 6.09±0.04 keV. Using this value we would predict the 9/2 member of the band to lie 
at an energy of 146.4±0.5 keV, which fits the 146.8-keV level within the experimental error. 

The electron-capture decay of 235pu was studied by using Ge( Li) detectors iri singles and 
coincidence measurements. In the gainma singles spectrum we observed copious K and L x rays 
and two y rays .of energies 49.0±0.1 and 34.1±0.1 keV. The lifetime of the 49.0-keVy ray was 
measured as (6.0±0.5)X10-9 sec. The half-life of 235pu was redetermined to be 24.3±0.1 min. 
Table II gives the energies and intensities of they rays obta,ined in both singles and coincidence 
measurements. 

Table II. 
K x rays. 

235 
Intensities of y rays in Pu per 100 

The intensity of the 49 -ke V transition in 
coincidence withK x r'{ys is 1.1 o/o. It had been 
previously determined from 239Am alpha decay 

------------------------ that this y ray was E 1 with an intensity of 0.5 
Energy 
(keV) 

49.0±0.1 

34.1 ± 0.1 

Singles 

2.05 ± 0.02 

0.186± 0.014 

Coincidence 

1.1 

0.12 

per alpha disintegration. The theoretical con
version coefficient is 1 for an E1 transition of 
that energy. Therefore about 2o/o of the K capture 
populates the 49-keV state directly or via higher 
states. Approximately 98o/o of the K-capture 
processes then bypass this state and very likely 
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po2ulate the ground-state rotational band. The energy levels of 235Np are similar to .those of 
237Np and 239Np.3. 4 The first excited state in each of these latter two nuclides lies at about 
32 keV and decays to the grounq state by predominantly M1 radiation with some E2 admixture. 
If we assume the same admixture as for ~37Np ( 1.4% E2) (Ref. 3) the theoretical conversion 
coefficient for the 34.1-ke V v ray should be 195. The intensity of the 34.1-ke V transition in 
coincidence with K x rays is then ::::: 24%. This intensity is sufficiently large that it cannot come 
from de-excitation of the 49.0-keV state, and hence it very likely represents K capture to the 
34.1-keV level. The remaining:::: 74% of the K capture very likely populates the ground state. 
We do not feel the coincidence intensities are sufficiently accurate to obtain a meaningful K/L 
ratio. 

The ground-state band for 235 Np is very likely the same 5/2+ [642] as for 237Np and 239Np, 
as previously indicated. 4 For similar reasons the band based on the 49.0-keV sta'te likely has 
the Nilsson assignment 5/2- [523]. The K-captureArocess populates the 5/2 and 7/2 members 
of the ground--state rotational band, indicating that 5Pu should have spin 5/2 or 7/2. This spin 
would be consistent with the K-capture population to the 5/2- [523] band also. By analogy to 
233u, which has the same number of neutrons, the 235pu ground state probably has the Nilsson 
assignment 5/2+ [633]. 

The proposed decay scheme is shown in Fig. 3. 

References 

1. Frank Asaro, F. S. Stephens, Jr., W. M. Gibson, R. A. Glass, and I. Perlman, Phys. 
Rev. 100, 1541 ( 1955). 
2. R. A. Glass, R. J. Carr, and W. M. Gibson, J. Inorg. Nucl. Chern. 13, ·181 ( 1960). 
3. C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes, bth edition (John Wiley 
and Sons, New York, 1967). 
4. C. M. Lederer, J. K. Poggenburg, F. Asaro, J. 0. Rasmussen, and I. Perlman, Nucl. 
Phys. 84, 481 ( 1966). 
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THE ALPHA DECAY OF 235 Np AND THE. DECAY OF 231Th 

E. Browne t and F. Asaro 

We have studied the alpha spectrum of 235Np, using a Au-Si surface-barrier detector with 
14.5 -keV (FWHM) resolution. Coincidences between conversion electrons and a particles occurring 
within the resolving time .of the electronic system were considerably reduced by applying a per
manent magnetic field to the source in order to deflect the electrons from striking the detector. 
Our alpha spectrum is shown in Fig. 1, and the a-particle energies, intensities, and hindrance 
factors are given in Table I. 
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T bl I Al h . 1 . db· 235 N a e . p a -partlc e groups em1tte y p . 

. 1 . a 
a-Partlc e energy 

{MeV) 

5.097 ± 0.003 
5.089 ± 0.003 
5.040± 0.002 
5.014± 0.002 
4.996±0.004 
4.986± 0.004 
4.930 ± 0.006 
4.915±0.002 

(;4.852 ± 0.003 
. 4.800 ± 0.007 

Excited state 
{keY) 

0 
8 

58 
84 

103 
113 
170 
185 
249 
302 

Abundance 
{ o/o). 

1.5 ± 0.2 
~ 0.2 

1.8 ± 0.3 
53 ± 10 

24} ± 8 
6 

;::: 0.6 
11.5 ± 0.5 

o. 7 ± 0.1 
;::: 0.1 

Hindrance factor 

5.2X102 

3.5 X 103 
1.9 X 102 
4.3 
7 
2.4X 10 
i.OX 102 

4.3 
2.6x 10 
7 X 10 

The y -ray spectra in coincidence with all the a particles, with { a113 -ao) and with { a185 -+a170), 
were measured with a 5 -cm3 Ge{ Li) detector. The a-particle gates used in these measurements 
are indicated in·Fig. 1. Gamma rays of 58.5, 84.2, 81.2, 102.2, and 110.4 keV and three very 
weak ones of 125, 1.65, and 184 keV were observed in coincidence with all the a particles {Fig. 2). 
The first two y rays were also observed in coincidence with {a113 -a0). In coincidence with 
{a185 -a170l were observed y rays of 81.2, 84.2, 102, 110, and 125 keV. 

A 102.2 -keV state is definitely established by these measurements. This state receives at 
the most 0.015% direct alpha population; it is populated mostly through a 183.4-keV state by an 
81.2-keV transition. Our y-ray energies and absolute intensities are given in Table II. 

231Th singles y-ray spectrum was measured at very high resolution [710 eV {FWHM) for 
y rays of 122 keV] with a Ge{ Li) detector, andy -y coincidence measurements were performed 
with Ge{Li) detectors using a bidimensional coincidence setup of 1600X 1600 channels. 

A 93.1-keV y ray was observed both in our singles spectrum and in coincidence with {y81.2 
+ys2.1l {Fig. 3). This y ray de-excites the 102.30-keV even-parity state populating a state at 
9.3 keV. If {as assumed) this latter state is the I= 1/2 member of the ground-state rotational 
band, the spin of the 102.30-keV level is definitely 3/2, since it is populated by an 81.2-keV M1 
transition1, 2 from an I= 5/2 state at 183.4 keV. 1 Our experimental data indicate that the 84.17-, 
101.38-, and 111.62-keV levels are the I= 5/2, 7/2, and 9/2 members of a K = 3/2 rotational 
band. This confirms the suggestion of Hoekstra and Wapstra3 that the levels at 102.30 and 183.47 
keV be assigned the Nilsson states 3/2 3/2+ [651] and 5/2 5/2+[642] respectively. The anomalous 
order of the levels in the K = 3/2 band and the low hindrance factor of the alpha group that popu
lates the 84.2-keV state in the alpha decay of 235Np are due to the Coriolis coupling of this band 

235 Table II. Np y rays measured in coincidence 
with all the a particles. 

y-Ray energy 
{keY) 

58.5±0.4 
81.2 ± 0.2 
84.2±0.1 

102.2 ± 0.4 
110.4± 0.4 
125 ± 1 
165 ± 1 
184 ± 1 

Intensity per a 
{ o/o) 

0.8 ± 0.2 
1.5 ± 0.1 
8.6 ± 0.6 
0.30± 0.06 
0.20± 0.05 
0.07±0.03 
0.05 ± 0.03 
0.04± 0.03 

with the 1/2+ [660] and 5/2+ [642] rotational 
bands respectively. The lack of appreciable 
alpha population to the 102.2-keV level is con
sistent with this interpretation, since this state 
cannot be mixed with the favored one. 

Corriplete Coriolis calculations that include 
all the positive -parity interacting rotational 
bands were performed in order to obtain the 
energies and the admixtures of the pertubed 
states. The secular equations for each spin 
were solved by using a computer program 
written by Thomas P. Clements of this Labora
tory.· This program solved the secular deter
minants for all the I values involved, simulta
neously adjusting all the parameters until a 
least-squares fit to the experimental levels was 
made. We used seven parameters in our 
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calculations. The final values of these parameters were reasonable, except the decoupling constant 
of the 1/2+ [660] rotational band, which had to be reduced by a factor of about 2. 

Our final wave functions were tested with the reduced M1 electromagnetic transition probability 
- ratios. The agreement between the experimental and the calculated values is good, except for 

t~e ratio B1467B163 (Table III). 

The Nilsson orbital5/2- f523] was assigned to an odd-parity rotational band at 174.10 keV 
populated in the (3 decay of 2:HTh. 

The best 231Th and 235Np decay schemes are shown in Figs. 4 and 5 respectively. The 
energy levels are similar to those found by Holtz 1 in the decay of 231Th. 

Footnote and References 

tPresent address: care of Gloria Lando, P. 0. Box 760, Asuncion, Paraguay. 
1. M. Holtz, in Table of Isotopes, 6th edition (John Wiley &: Sons, New York, 1967), p. 421. 
2. J. M .. Hollander, F. S. Stephens, F. Asaro, and I. Perlman, unpublished information, 1961. 
3. W. Hoekstra and A. H. Wapstra, Phys. Rev. Letters 22, 16, 859 ( 1969). 
4. M. Holtz, private communication. -

Table III. Reduced M1 gamma transition probability ratios in the decay of 231Th. 

Ki, Kf Ii, If, If 

B82 5 3 5 7 3 

B81 2'2 2'2'2 

B99 5 3 5 5 3 

B81 z•z 2'2'2 

B135. 7 5 3 7 7 5 

B163 2'2 z•z•z 
B146 5 3 7 9 5 

B163 2•2 z·z·z 

< ) 
2a 

< ) 

0.0714 

0.428 

0.156 

o. 710 

Theoretical 
value b 

0.36 

0.021 

0.87 

0.88 

Experimental 
valuec 

0.49 ±0.07 

0.032 ± 0.004d 

0.87 ±0.12 

0.31 ±0.05 

a. These values are the ratios of the squares of the appropriate Clebsch-Gordan 
Coefficients. 
b. These values were obtained by taking into account the mixing of the rotational 
bands. 231 
c. From our Th singles gamma spectrum. 
d. The M1-E2 mixing ratio for the 99-keV transition was taken from the conversion
electron data of Holtz (Ref. 4). 
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NUCLEAR SPECTROSCOPY STUDIES'ON 
251

cf 

E. Br~wne t and F. Asaro 

We have studied the alpha spectrum of 
251

cf with 15-keV (FWHM) resolution, using a Au-Si 
surface barrier detector. The relatively high resolution of the spectrum led to a more accurate 
determination of alpha group energies and intensities. The alpha spectrum is shown in .Fig. 1, 
and· our a-particle energies, .abundances, and hindrance factors are given in Table I. 

Gamma rays were measured in coincidence with all the a particles, with a22 7 and with a406• 
by use of a coincidence unit with a resolving time of 100 fJ.Sec. Alpha particles were detected 
with a Au-Si detector andy rays with a 5 -cm3 Ge( Li) detector. The a-particle gates used in 
these measurements are indicated in F1g. 1. We have also measured they-ray spectrum in coin
cidence with all the a particles witha coincidence unit of 0.8 fJ.Sec resolving time. In this latter 
measurement the a particles we.re detected with a ZnS screen coupled to a photomultiplier tube. 
They-ray spectra in c;oincidence with all the a particles and with a227are shown in Figs. 2 and 3 
respectively. Gamma ray energies and intensities are given in Tables II and III. · 

The conversion electrons ·were measured in coincidence with all the a particles by using coin
cidence units of 100 and 0.5 fJ.Sec resolving time, respectively. Electrons were detected with a 
Si(Li) detector and a particles with a Au-Si surface barri.er detector. The long resolving time 
was necessary to detect the electrons from the 227-keV delayed transition. The coincidence 
spectrum measured with the long resolving time is shown in Fig. 4, and the corresponding electron 
energies and intensities are listed in Table IV. The conversion coefficients of the 177- and 22 7-
keV transitions obtained from this measurement confirm the respective E2 and M2 multipolarities 
previously assigned. 1 

A 285 -keV y ray detected in coincidence with a 22 7 and also with all the a particles probably 
originates at a state of the same energy which receives direct alpha population. No transition 
from this state to the I= 11/2 member of the ground-state rotational band was observed. This 
indicates that the maximum spin of the 285 -keV state is probably 7/2. 

An M1 or E2 y ray of 118 keV was observed in coincidence with a22 7· The total intensity of 
this transition shows that the only possible state where it could originate is the 22 7 -keV level. 
This is consistent with the intensity balance of the transitions which de -excite such a state. Both 
they ray and the conversion electrons of the 118-keV transition were foundto ·be delayed. There
fore this transition must be preceded by a delayed one. Delayed y rays of 113 and 132 keV were 
also observed in coincidence with a227· 

A possible interpretation of these y rays is the following: The 118-keV y ray de -:excites from 
a 213-keV state to a 95-keV state. These two states could be the I= 5/2 and I= 3/2 members 
respectively of a K = 1/2 rotational band. The 95 -keV state could' also be populated from the 
227-keV level by the 132-keV y ray .. A 114-keV state populated by a 113-keV y ray from the 227-
keV state could be the I = 7/2 member of this band. The experimental decoupling constant is 
-7.5; and the rotational constant 6.3 keV. This band could be the Nilsson orbital 1/2- [761]. 
The rotational constant is reasonable and the decoupling constant has the right sign. The magni
tude of the latter, however, is larger than .the theoretical value, which is -4.6 to -1.6 for 
deformations of 1'J = 4 and 6 respectively. . 

If this interpretation is correct, the 95 -keV state could be an isomeric state with a half-life 
of about 1 sec, the half-life of a possible M3 transition to the ground state. The best 251cf decay 
scheme is shown in Fig. 5. 

Footnote and Reference 

tPresent address: care of Gloria Lando, P. 0. Box 760, Asuncion, Paraguay. 
1. A. Chetham-Strode, Jr., R. J. Silva, J. R. Tarrant, and I. R. Williams, Nucl. Phys. A107, 
645-654 ( 1968). 
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Table I. Alpha-particle groups emitted by 251c£. 

a-Particle energy ExCited state Abundance 
(MeV) (keV) (o/o) Hindrance factor 

6.067:!: 0.003 0 2. 7:!: 0.3 4.2 X 103 

6.007:!: 0.003 60 11.6±0.5 4.8 X 102 

5.935±0.005 134 0.6:!: 0.1 3.8X 103 
5.843:!: 0.003 227 27 ±1 2.7X10 
5.805:!: 0.005 266 4.2:!: 0.4 1.1X 102 

5.783±0.005 288 2.0:!: 0.3 1.7X102 

5. 753:!: 0.005 318 3.8:!: 0.4 6.2 X 10 
5. 728:!: 0.007 344 1.0± 0.3 1.1x1o2 
5.667± 0.003 406 35 ±1 2.2 
5.637:!: 0.007 436 3.5:!: 1.3 1.5 X 10 
5.622±0.005 452 4.5:!: 1.0 9.3 
5.592:!: 0.007 482 z 0.22 1.3 X 102 
5.556:!: 0.004 519 1.5:!: 0.2 1.1 X 10 
5.489±0.007 587 0.3:!: 0.1 2.3X10 

Alpha particle energies are relative to the values of 5.160 and 5.115 MeV 
for the alpha groups of 2 4 0Pu, and 5. 760 and 5.802 MeV for the alpha groups 
of 2 4 4cm.. · 

Table II. 251cf y rays measured in coincidence 
with all the a particles (2T = 0.8 fJ.Sec). 

Intensity 
y -Ray energy per a 

(keV) ( o/o) 

K-X rays 4.0 ±0.4 
61.5±0.3 0.56:!: 0.22 
68 ? z 0.2 
73 ? z 0.3 
83 ? z 0.1 

135 ? z 0.1 
144 ? z 0.1 
154 ? z 0.2 
176.6±0.1 17 ±1 
214 ? z 0.2 
227 ? z 0.2 
255 ? z 0.2 
262 ? z 0.2 
266.0±0.3 0.5 :!: 0.2 
270 ? z 0.2 
285.0:!: 0.2 1.4 :!: 0.3 
291.0:!: 0.3 0.4 :!: 0.2 

Table III. 
251

cf y rays measured in coincidence 
with (5. 737- 5.885) -MeV alpha groups 
(2T = 100 fJ.Sec). 

Intensity 
y -Ray energy per a 

(keV) ( o/o) 

K x rays 35 :!:3 
113:!: 2 2.0:!: 0.5 
118:!: 2 2.1±0.4 
132:!: 2 1.0± 0.4 
227:!: 1 5.4± 0.8 

Z284 ? z 2 
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Table IV. 
251cf conversion electrons measured in coincidence with all the a particles (2'T = 100 fJ.Sec). 

Ee Ie 
{keV) ( o/o) 

::::: 48 4.1±0.6 
152.8 18 ±1 
157.3 9 ±1 
170.6 12 ±1 
175.1 6.4±1.0 

98.8 37 ±2 
202.5 19 ±1 
208.5 3.0±0.7 
221.4 11 ±1 
226.0 4.4±0.7 

85 2.3±0.4 

94.0 7.2±0.7 
112.0 5 ±1 
117 2.5±0.5 

140.7 3.2 ± 0.6 

163.0 2.8 ± 0.6 

::::: 186. ? 0.6 

:::::192 ? 0.9 

::::: 218 ? 1.5 

E = electron ene-rgy 
e 

Conversion 
shell 

K 
Lr+Ln 
Lnr 
M 
N 

K 
Lr+Ln 
Lrn 
M 
N 

Lr+Ln 
M 
N 

K(269) or 
Lr+Lu< 165) 

K ? 

Ie = electron intensity per a decay 

E = transition energy 

I = -y -ray intensity 
'{ 

a = conversion coefficient. 

E 
(keV) 

0.24± 0.05 
1.0 ±0.1 
0.5 ± 0.1 
o. 7 ± 0.1 

176.4 17.3±1.7 0.37±0.05 

7 ±2 
3.7 ±0.6 
0.6 ±0.2 
2.1 ±0.4 

227.3 5.1±1.3 0.85±0.15 

118.0 

291 

/ 

7.2 ± 0.9 
5 ±1 

1.0±0.2 2.5 ±0.7 

Multipolarity Remarks 

E2 

M2 

M1 or E2 delayed 

delayed 

delayed 
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GAMMA-RAY ENERGIES AND INTENSITIES IN THE DECAY OF 131Ba AND. 
124

sb 

Leo D. Brown; t F. Asaro, and I. Perlman 

In the determination of chemical composition by neutron activation analysis, one of the uncer
tainties in the method is caused by interferences of 'I rays from different nuclides with each other. 
Although this effect can be minimized with high-resolution '{-ray detectors, there are still instances 
in which the extent of the interference must be determined and removed. This necessitates an 
accurate knowledge of '{-ray energies and intensities for the various radioactive species present. 
The incidence of interferences is greater statistically for a nuclide with many 'I rays, as also is 
the chance that a 'I ray has eluded detection through lack of resolving power of the instrumentation. 

Th. k 124sb d 131B . t f 1 f d . . . d 1s wor on an a 1s par o a genera program o eterm1n1ng energ1es an 
intensities, where either is insufficiently well known, of gamma spectra likely to cause problems 
in neutron activation. 

Kelly and Horen
1 measure~ the energies of conversio.n electrons produced in 131Ba decay. 

Horen, Hollander, and Graham didsimilar studies and also measured the relative intensities. 
Karlsson3 made a study of the energies and relative intensities of 131Ba 'I rays with a Li-drifted 
Ge detector. 

Earlier work on the decay of 
124

Sb using low-resolution scintillation spectroscopy has been 
tabulated. 4 Recently, Stelson, 5 utilizing Ge detector techniques, made a thorough investigation 
of the decay scheme of 124sb, including 5-'1 coincidence and angular correlation measurements 
to help verify his proposed level scheme. · 

The '{-ray energies and intensities in this experiment were measured with a 1-cm3 high
resolution Ge(Li) detector (0.68 keV half width at 130 keV) connected to a 4096-channel pulse
height analyzer. An efficiency curve for the detector was made using calibrated 'Y -ray sources 

57 60 137 . 54 88 241 203 . . 180m 
of Co, Co, Cs, Mn, Y, Am, and Hg. In add1t10n, Hf was used as a 
relative intensity standard. 

Barium-131 was prepared by neutron irradiation in the Triga Research Reactor of the 
University of California-Berkeley. The sample was allowed to "cool" for several days, during 
which time the short-lived radioactive SPf:ffes had virtually disappeared .. The only detectable 
species other than the 12.0-day half-life Ba was the 7.2-year half-life 133Ba. The large 
difference in the half-life allowed easy differentiation between 'Y rays of the two species ( 133Ba 
'{-ray peaks were barely evident in the spectra taken). The attenuation of the 'Y rays due to self
absorption was found to be insignificant except for the lower-energy peaks, for which corrections 
were made. 
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124sb and 122sb were produced by neutron irradiation in the Berkeley Reactor. Since 
124

Sb 
has a 60.4-day half-life and 122sb has a 2.80-day half-life, 4 they rays of each isotope were easily 
distinguished. As the energies measured were rather high and the amount of sample was small, 
no correction for y -ray attenuation needed to be made. 

h d . d 1 . . . . f 131B . h" k . . T bl T e measure energ1es an re atlve 1ntens1t1es o a y rays 1n t 1s wor are g1ven 1n a e 
I and compared with the energies of Horen, Hollander, and Graham2 and they-ray intensities of 
Karlsson. 3 The energy values determined in this experiment agree quite well with those accurately 
determined by Horen and his co-workers. In addition, other radiations of energies 154.51, 
158,66, 527.12, and 531.45 keV were observed. These were due to coincidences with Cs K x rays 
from 131Ba K capture. The abundances of the 247-, 249-, and 404-keV y rays were corrected for 
coincidence contributions. 

As shown in Table I, there are some disagreements between this work and that of Karlsson3 

in the relative intensities of the 131Ba y rays. When they-ray spectrum obtained by Karlsson3 
was examined, it was readily apparent that some of the weaker peaks (for which much of the dis
agreement occurs) had very high background counts compared with the peak height. Because of 
the better detector resolution and greater number of channels in the analyzer used in this work, 
better counting statistics were probably obtained. 

131 
Table I. Gamma rays of Ba. 

Energy (keV) Relative intensity 

This work 

137.1 ±0.3 
15 7.12 ± 0.15 
216.01± 0.1 
239.54±0.1 
246.80± 0.15 
249.40±0.1 
294.5 ± 0.3 
351.1 ±0,3 
373.26±0.1 
404.04± 0.1 
427.6 ±0,3 
451.8 ± 0.4 
461.2 ± 0.3 

480.6 ± 0.2 
486.57± 0.1 
496.36±0~1 
572.9 ±0.4 
585.15±0.15 
620.20±0.1 
674.8 ± 0.5 
696.9 ± 0.3 
832.1 ±0.4 

Horen et al 
(Ref. 2) 

54.84 
78.69 
82.43 
92.25 

123.73 
133.54 
137.26 
15 7.01 
216.01 
239.56 
246.83 
249.36 
294.45 
351.21 
373.15 
404.3 
427.7 
451.7 
461.3 
462.9 
480.6 
486.6 
496.3 
573.3 
585.1 
620.2 
674.2 
696.5 
832.0 

This work 

0.23 
1.6 
0.056 
1.3 

63 
4.6 
0.098 
0.45 

46 
5.3 
1.4 
9.5 
0.27 
0.23 

30 
2.9 
0.19 
0.06 
0.13 

0.82 
4.4 

100 
0.30 
2.5 
3.9 
0.26 
0.36 
0.38 

Karlsson 
(Refs. 5, 6) 

1.7 

1.2 
78 
5.7 

0.53 
50 

5.9 
1.5 
7.7 
0.37 
0.26 

31 
3.0 
0.35 

0.45 

1.6 
5.9 

100 
0.42 
2.7 
3.6 
0.28 
0.31 
0.44 
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In Table II the energies and relative intensities of the decay of 
124

sb are presented for this 
work and for that of Stelson. 5. The agreement is fairly close for most of the '{-ray energies and 
intensities. The increased precision in this work is due mainly to the higher resolution of the 
detector and the high linearity of energy distribution per channel in the analyzer. The major 
differences in the '{-ray intensities are attributed to large counting errors in the low-intensity peaks. 

Footnotes and References 

tVisiting student from Department of Chemistry, Baylor University, Waco, Texas 76703, 
1. W. H. Kelly and D. J. Horen, J. Nucl. Phys. 47, 454 ( 1963). 
2. D. J. Horen, J. M. Hollander, and R. L. Graham, Phys. Rev. 135, 302 ( 1964), 
3. K. Karlsson, Arkiv Fysik 33, 47 ( 1967). --
4, C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes (John Wiley & Sons, 
New York, 1967). . 
5. P. H. Stelson, Phys. Rev. 157, 1098 (1967) •. 
6. These values were normalizeclfrom the original work to facilitate comparison. 

Table II. 
. 124 

Gamma rays of Sb. 

Energy (keV) Relative intensity 

This work Stelson 
a This work Stelson 

a 

602.72±0.1 602.5±0,3 100 100 
645.81± 0.1 645.1± 0,3 7,7 8.5 
709.30±0.15 709,0± 0.5 1.4 1.8 
713.71±0,1 713.3 ± 0.5 2.3 2.8 
722. 72± 0.1 722.3 ± 0.3 11 12.5 
790.7 ± 0,4 790.2 ± 0.5 0,66 0.8 
968.21 ± 0.15 967.8± 0,3 2.2 2.3 

1045,1 ± 0,3 1044.8 ± 0.3 1.9 2 
1325,4 ± 0.3 1325.5 ± 0.5 2.0 1.6" 
1355.2 ± 0,4 1354 ±1 1.1 1.2 
1368.1 ± 0.3 1368 ±1 2.8 3 
1436.6 ± 0.4 1434 ±1 0.89 1.4 
1445.0 ± 0.6 1445 ±1 0.68 0,3 
1489.0 ± 0,4 1488 ±1 0.85 0,8 
1525.8 ± 0.4 1525 ±1 0.55 0.5 
1690.90± 0,1 1691 ± 0.5 56 50 

a. From Stelson, Ref. 5. 
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MEASUREMENTS OF MICROSECOND HALF-LIVES OF ALPHA-EMITTING ISOTOPES 

J¢rn Borggreen t and Earl K. Hyde 

Alpha-emitting nuclei with neutron numbers just above the N = 126 closed shell have been 
1 prepared by heavy-ion reactions and isolated by use of the helium-gas jet collection technique. 

During the course of this investigation, many of the half-lives were found to be shorter than 
:::: 2 msec, which is the lower limit for a half-life to be measured by our present transportation 
technique. In several instances it was possible to isolate a parent activity with a half-life of 
many msec that gave rise to a daughter with,a half-life in the f.LSec range. For such daughter 
products we developed a method for half-life determination by use of a single detector and a 
time-to-amplitude converter (TAG). In the following, two methods are described which.were 
used according to whether the half-life to be measured was longer or shorter than:::: 1 f.LSec. 

The first method (method I) makes use of the TAG incorporated in the electronic system 
shown in Fig. 1. One unconventional feature is the use of signals from the same detector as 
input to both start and stop sides of the TAG. To prevent an individual pulse from serving 
simultaneously as start and stop, a delay was inserted on the start side. Any pulse on the start 
input could fire the TAG for its preset cycle time, and any second pulse reaching the stop input 
during this cycle time could cause the appearance of a pulse on the time output of the TAG. This 
time pulse was passed to a computer interface unit. The valid-start and valid-stop output signals 
were used to gate the passage of the linear signals associated with the start and stop pulses to 
the same computer interface. The pulse -stretching and gating circuitry shown in Fig. 1 was 
required to insure tiine coincidence of the three pulses presented to the computer interface. 

A computer program, MULTID, was used to control the acceptance and processing of the 
pulses by a PDP-7 computer. Whenever signals appeared simultaneously on the three inputs the 
pulse amplitudes· were coded and stored as an event record on magnetic tape. The distributions 
over the three parameters were shown on-line during data recording. After the experiment the 
events on the magnetic tape record were analyzed with the program MU LTIS by setting selection 
criteria (windows) on any two of the three parameters and examining the corresponding distribution 
of the third. For example, windows could be set on specific alpha peaks in the start (parent) and 
stop (daughter) spectra and the corresponding time spectrum examined to determine the half-life 
of a specific nuclide. 

An application of this technique is shown in Figs. 2 and 3. In the singles spectrum of the a-decay 
products isolated from the reaction of 87-MeV 16S,' and 208pb there occur about a dozen activities 
that include the mother-daughter pair 1.8-msec 2 1Th and 1.6-f.Lsec 217Ra. In the spectra from 
a TAG experiment made on these products the major peaks in the start spectrum were those of 
221Th and the dominant peak in the stop spectrum was that of 217Ra. With the MULTIS program 
the data were sorted with a window .set on the 8. 995 -MeV a peak o( 217Ra in the stop spectrum; 
this resulted in the clean spectrum for 221Th shown in Fig. 2. The corresponding time -parameter 
data are shown in Fig. 3. 

\ 
The above-described experimental technique could not be used for submicrosecond half lives 

because it· was not possible with the available pulse -shaping settings of the amplifier to obtain 
distinct pulses containing the energy information on the start and stop pulses. A second method 
(method II) outlined schematically in Fig. 4 was used in such cases. In this, use is made of the 
fact that in most cases the two a particles are emitted within 1 or 2 f.LSec; when time constants 
chosen for the linear amplifier are very long (5 msec) compared with the half-life, a pile-up pulse 
occurs and is registered by the ADC as a single pulse with an energy equal to the sum of the two 
a energies. Also by this method it was necessary to insert a delay in the start side of the TAG; 
the length of this delay has no influence on the measured half-life. 

No pulse stretcher was needed for these short half-lives, since the acceptance time for the 
multidimensional computer interface was 3 f.LSec and the TAG was operated at range 3f.Lsec or less. 

After the experiment the information stored on magnetic tape could be analyzed as described 
above, except that here there is only one. energy spectrum and consequently there is no information 
on which a pulse came first. 
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In Fig, 5 is shown a sum spectrum obtained when the method is applied to the .products of the 
208pb + 19F reaction. Although the quality of a-peak resolution is somewhat reduced by th.e long 
time constants used, it is ~J:>Ossible to disting11ish three main groups in the spectrum. They are 
sum peaks of a decays of Z:20Ac + 216Fr, 2f7Fr + 213At, and 219Ac + 215Fr, The positions and 
lengths of the arrows show the expected location and relative intensity of the sum peaks computed 
from the known complex structure of the alpha decay of the mother and daughter. Figure 6 shows 
the half-life curves obtained by off-line sorts of the data with windows as indicated in Fig. 5. 

Experiments were performed by TAC methods I and II on the products from a variety of reac
tion systems at the Hilac. Results are summarized in Tables I and II. 

The authors acknowledge a private communication from ·R. D. Macfarlane and D. Torgerson 
which stimulated them to employ TAC techniques, and thanks are extended to Mr. Al Wydler for 
help with equipment development and Dr. Lloyd Robinson for computer equipment and program 
development .. 

Table I. Summary of results (odd Z). 

E 
·a Branching 

(MeV) (%) 

221 . 
Ac decay chain_: 

'"r 
211Fr 

213 At 

7.645 
7.440 
7.375 

8.315 

9.080 

70± 2 
20± 2 
10 ± 2 

1(}() 

220 A d . c ecay pan: 

220Ac 8.19 3 
8.06 6 
8,00 5 
7.98 4 
7.94 } 3 
7.89 
7.85 } 

( 7.82) 
23 

7.79 13 
7.68 20 
7.61 22 

216Fr 9.005 100 

223p d . a ecay pan: 

221Pa 

211Ac 

215Fr 

8.005 
8.190 

8.665 

9.365 

222Pa decay pair: 

22 ~Pa 8.16-8.54 

218 Ac 9.205 

22 ± 5 

0,11±0,02 

0.70±0.02. 

7 ±2 

< 0.5 

0.27± 0.04 

Footnote· and Reference 

Method tOn leave from Ni~ls Bohr Institute, Ris~, 
Denmark. 
1. K. VaJli, E. K. Hyde, and J. Borggreen, 
Production and Decay Properties of Thorium 
Isotopes of Mass 221 through 224 Formed in 
Heavy-Ion Reactions, UCRL-18992, Oct. 1969, 
and J. Borggreen, K. Valli, and E. K. Hyde, 
Production and Decay Properties of Protactinum 

I Isotopes of Mass 222 to 225 Formed in Heavy Ion 
Reactions, UCRL-19539, Feb. 1970. 

II 

I 

I 

I 

I 

Table II. Summary of results (even Z). 

E 
a 

. (MeV) 
Branching 

(%) 

219R d . a ecay pa1r 

219 Ra 7.980 35±2 
J 7.675 65 ±5 

21 Rn 8.675 100 

222
Th decay chain 

222Th 
~ 

7.980 100 

218R 
J a 8.385 100 

214Rn 9.035 100 

221Th d . ecay pan 

"iTh 8.470 30± 5 
8.145 62 ± 5 
7,73 8±3 

217Ra 8.995 

Method 

2.30 ± 0.15 I 

14 ±2 I 

0,27± 0.02 II 

1.6 ± 0.2 I 
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Fig. 1. Schematic diagram of electronics used 
in Method I to study time correlation of a particles 
from asingle detector. (TAG stands for time
to-amplitude converter.) The time sequence of 
pulse forms at points A, B, C 1 etc. :ln the dia
gram is displayed in the lower part of the figure. 
A. Two linear (energy) signals. 
B. The analogous time signals. 
C. Gate signal generated if the start pulse is 
accepted by the TAG, i.e., if the TAG is not busy. 
D. Gate signal generated if the stop pulse is 
accepted by the TAG, i.e., if it has been preceded 
by a start pulse (accepted) .within the time range 
of the TAG. 
E. The linear signal corresponding to the "start 
a" after passing first gate. 
F. The same (start a) stretched for a time equal 
to the TAG time range. 
G. Section of this stretched signal gated through 
to the analyzer by the valid stop signal D. 
H. Linear signal corresponding to the "stop a" 
gated through to the analyzer by the valid stop 
signal D. 
J. The T AC output proportional to the time B 
elapsed between the emission of the two a 
particles. (XBL6911-6164) 

Fig. 2. z 21 Th alpha grou~s associated with 
8.995-MeV alphas from 2 7Ra. Results of TAG 
experiment on products isolated from 16o + 
208pb reaction. (XBL6910-3962) 
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of the figure. 
A. Two linear (energy) signals added in the 
linear amplifier. 
B. The analogous time signals. 
C. The TAG output proportional to the time 
elapsed between the emission of the two a 
particles. (XBL701-2055) 

Fig. ~. Alpha sum spectrum, showing three 
different f(jf}_ peaks from the products of the 
reaction Pb + 19F. (XBL701-2054) 
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ON ALPHA DECAY OF 
255

No AND 
257

No 

. t . * 
Pirkko Eskola, · Kari Eskola, Matti Nurmia, and Albert Ghiorso 

In our brevious work1 on alpha decay of nobeliurrt isotopes, 
255

No was p~oduced by the nuclear 
reaction 24 Cm( Be, 4n) 255No, Its alpha energy was reported to ~5~.11 ± 0.02 MeV and half-life 
185 ± 20 sec, 257No was produced by the reaction 248cm( Be,. 4n) No, Two a-particle 
groups of 8.23±0,02 MeV (SOo/o) and 8.27±0,02 MeV (SOo/o) were assigned to 25 7No, and its half-
life was found to be 23 ± 2 sec. · 

2 . . 255 . . . 238 22 255 
Flerov et al, have produced No usmg the reactwn · U( Ne, Sn) No. Their values 

for alpha energy and half-life of 255No was 8.08 ± 0.03 MeV and 3,0± 0.2 min. Flerov 1s group has 
not reported any results on 25 7No. · 

In this work 255 No and 
257

No were produced in much larger amounts than earlier .. In experi
ments on ruif.fcffordium (element 104) we noticed that 255No is produced in _greater yield by 
bombarding Cf with 12c ions than by bombarding 246cm with Be ions. This made it possible 
to investigate the fine structure in the alpha decay of 255No in considerable detail, 

The 249cf target was the same ~s. used in our rutherfordium work:
3 

60 fl-g of 2492f in an area 
of 0.21 cm2, or 290 fJ.g/cm2. The 47-fJ.g 248cm target, used to produce 257No from 2 Scm( Be, 4n)-
25 7No, was electrodeposited from an isoFropyl alcohol solution in an area of 0.13 cm2 on a sub
strate sandwich consisting of o.; mg/cm Pd sputtered onto 2.2 mg/cm2 Be. According to the 
ma,ss analysisl

4
this 350-~J.g/cm target contained 93. 7o/o 248cm, less than 0.2o/o 247cm, 3.2o/o 

246cm, 0.6% 5cm, and 2.4o/o 244cm. The targets were bombarded mainly by 12c and Be ions 
accelerated by the Berkeley Hilac. Currents in the range of 2 to 4 IJ.A de (as completely stripped 
ions) were used. 
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The apparatus used was the same as that used in our rutherfordium work
3 

and similar to that 
described in our previous papers about nobelium. 1, 4 

In 
12

c bombardments of 
249

cf target several nobelium isotopes were produced by ( 
12

c, Cl'Xn) 
reactions. In Fig. 1 there is a series of spectra of such a bombardment. The energy of 12c ions 
was 70 MeV. There are four consecutive spectra, 200 sec each, and the topmost spectrum is the 
su~ of the four. The prominent a-particle group at 8.11 MeV is partly due to the alpha decay of 
25 No, although at this energy it mostly beongs to 255No. Besides this peak there are four other 
a-particle groups with energies 7.76, 7.92, 8.25, and 8.30 MeV which decay with the same half-life, 
200± 10 sec, as the 8.11-MeV a-particle group of 255No, and in addition they have excitation func
tions similar to that of the 8.11-MeV peak. These two features together with some cross-bombard
ments indicate that the four peaks are due to the alpha decay of 255No, too. The energies and 
relative intensities of the a-particle groups were determined by submitting the spectra to a computer 
analysis5 using the SAMPO program written for the analysis of gamma spectra by Routti and . 
Prussin. The results are presented in Table I. For alpha energy calibration, the 7.04-MeV peak 
of 252Fm and the 7.43-MeV peak of 250Fm were used. Excitation curves of several activities 
produced by bombardment of 249cf with 12c ions are presented in Fig. 2. 

A decay scheme for 
255

No is proposed in Fig ... 3. The decay scheme of 253Fm (Ref. 6) is 
presented for comparison. Numbers to the right of the levels are the energy of the level in keV, 
corresponding alpha energy in MeV, relative intensity of the alpha transition, and the alpha-decay 
hindrance factor. Hindrance factor calculations are based on spin-independent (1 = 0) equations 
of Preston. 7 The radius parameter was evaluated from data on nearest two-even-even alpha 
emitters. 

Although no gamma spectroscopic studies have been done spin and parity assignments are 
suggested on the basis of expected analogy with the decay of 2~3Fm. Judging by the gross features 
of the level scheme and considerin,fs the hindrance factors for the alpha transitions, it seems 
probable that the ground .$tate of 2 No is the same as that of 25 3Fm and the ground state of 251Fm 
is the same as that of 24'1c£. The 50-keV state is then the first member of the ground-state 
rotational band. The 190-keV state may be the same as the 145-keV 5/2 + [622t]hole state in 
253Fm decay scheme. The hindrance factor for the 7.76-MeV alpha transitwn is 1.6~ and indicates 
a favored alpha tS~nsition. It then seems probable that the 550 -keV state is the sar3e as the 
ground state of No, or 1/2 + [620tJ, and corresponds to the 417-keV state in 25 Fm decay. 
Then accordinp,to the Nilsson. diagram the 380-keV state migh.t be the 7/r + [ 624U hole state or 
the 7/2 + [613lJ particle state, neither of which has been observed in 2 Fm alpha decay. However, 
the hindrance hctor 5,2 of the 7.92-MeV alpha transition is much too small for an L = 4 alpha 
transition. Ozr the basis of the hindrance factor a possible candidate for the 380-keV state is 
the 3/2 + [6221] particle state. 

257
No was produced by bombarding 

248
cm with 

13
c ions. The series of spectra in Fig. 4 

is the sum of four different experiments with 13c ion energies ranging from 66 MeV to 74 MeV. 
The top spectrum is the sum of the individual 20-sec spectra from the four detectors. The three 
alpha groups at 8.22, 8.27, and 8.32 MeV are assigned to 257No. The 8.43-MeV peak is due to 

the alpha decay of 256No, and because of the 3 -sec 

Table I. Al h f 255N p a groups o o. 

Alpha
particle 
energy 
(MeV) 

8.30± 0.02 

8.25 ± 0.02 

8.11±0.01 

7.92±0.01 

Excited-
state 

energy 
(keV) 

0 

50 

19.0 

380 

Intensity 
(o/o) 

3±1 

6±1 

57± 3 

19 ± 2 

Hindrance 
factor 

620 

210 

7.8 

half-life it is seen only i:ri the first spectrum. 
Lighter nobelium isotopes are not seen in these 
spectra. Excitation curves for 257No and 256No 
are presented in Fig. 5. 2 5 7No is produced by 
the ( 13c, 4n) reaction and 256No by the ( 13c, Sn) 
reaction. The half -life of 25 7No was measured 
and found to be 26 ± 2 sec, The" energies and 
relative intensities of the three a-particle groups 
of 257No 'g'ere determined with helR of the SAMPO 
program. The 7.04 MeV-peak of"Z5 2 Fm and 
the 8.43-MeV peak of 256No served as energy 
calibration values. The results are presented 
in Table II together with assumed level energies 
and calculated hindrance factors. The value of 
the radius parameter of 256No was used in 

----------.----------------- hindrance factor calculations. 

5.2 

1.6 7.76±0.01 550 15 ± 2 
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Alpha groups of 257No. If the decay scheme of 
277

No is analogous to 
------------------------that of 255Fm there should be a favored alpha 

Table II. 

Alpha
particle 
energy 
(MeV) 

8.32 ± 0.02 

8.27± 0.02 

8.22 ± 0.02 

Excited-
state 

energy 
(keY) 

0 

50 

100 

Intensity 
( o/o) 

(19±2) 

(26±2) 

(55± 3) 

transition to a level ilround 100 keV, ~hereas 
the transition to the ground state of 25jFm. 

Hindrance should be strongly hindered. In 255Fm alpha 
decayS 93o/o of the alpha transitions lead to a factor 

( 19) 

( 9.6) 

3.1) 

107 -ke V state and the hindrance factor of the 
transition is 1.2, but only 0.09o/o of the transi
tions lead to the ground state of 251cf and the 
hindrance factor ·is 3500. Considering the hin
drance factors for 25 7No alpha transitions it 

------------------------ seems probable that the 8.22 -MeV alpha group 
corresponds to the favored transition mentioned 

above. The 8.32-MeV alpha transition, then. should lead to the ground state of 253Fm, but the 
hindrance factor 19 of this transition is much too small for an L = 4 alpha transition. Also, the 
hindrance factor 9.6 for the 8.2 7 -MeV alpha group is too small compared with the value 460 for 
the transition leading to a 48-keV state in 255Fm alpha decay. It seems probable to us that in our 
257No spectra the 8.27-MeV and 8.32-MeV peaks are too intense because of summation of the 
signals from the conversion electrons in co.incidence with the 8.22 -MeV alpha group. We plan 
to investigate this by changing the detector geometry in the future measurements. Because of this 
uncertainty, the intensity values and hence the hindrance factors in Table II are in parentheses. 

We express our thanks to Dr. F. Asaro and Dr. S. Bj~rnholm for helpful discussion and 
suggestions, and to Mrs. Helen V~ Michel for permission to use her computer programs for 
hindrance -factor calculations. Thanks are also due to F. S. Grobelch and the Hilac crew for 
excellent machine operation. 

One of the authors, P. Eskola, is indebted to the National Research Council for Sciences, 
Helsinki, Finland, for financial su,pport. 
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Fig. 1. A series of alpha spectra of the 
activities produced by bombardment of 
249cf with 70-MeV 12c ions. The top 
spectrum is the sum of the individual 
spectra from the four detectors. 

(XBL698-4881) 
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Fig. 2. Excitation curves of several activities 
produced by bombardment of 249cf with 12c 
ions. (XBL694-4815) 
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PROPERTIES OF 
258

Lr AND 
259

Lr 

Albert Ghiorso, Matti Nurmia, Ka:d Eskola~ t and Pirkko Eskola * 

An 8.6-MeV 8~sec alpha activity was discovered at Berkeley in 1961
1 

and shown to be an 
isotope of element 103, In these experiments a target consisting of a mixture of californium 
isotopes with masses 249 to 252 was bombarded with 10B and 11-B ions, and therefore an unam
biguous isotopic assignment was difficult and not proposed. It appeared most likely at that time 
that the activity was due to 257Lr. Subsequent studies in DubnaZ, 3 seemed to conflict with this 
as~ignment and indicated that 257Lr has a longer half-life of 35 sec, which is the same as that of 
25bLr~ . . 

. . . . 4 
In our experiments

1
on element 104, rutherfordium, we have observed an 8.6-MeV alpha 

activity with a half-life of about 5 sec. It was produced in bombardments of 249cf.with 12c and 
13c ions, and in both cases its excitation curve was different from those of the activities assigned 
to rutherfordium isotopes, The data was consistent with attributing the activity to 258Lr produced 

249 12 258 249 13 258 . 
by Cf( C, p2n) Lr and Cf( C, p3n) Lr reactwns, 

In a recent series of bombardments of a 47-f.J.g target (350 flg/cm 2) of 
248

cm wlth 
15

N ions we 
observed two distinct alpha activities that we believe to be due to the decay of lawrencium isotopes. 
One has the dominant alpha peak at 8.61 MeV and a half-life of 4± 1 sec, and the corresponding 
values for the other are 8,43 MeV and 6.5 ± 2 sec, The peak cross section of the 4-sec activity 
is twice that of the 6.5 -sec activity, and ·the maxima occur at about 88 MeV for the former and at 
80 MeV for the latter. The measured excitation functions for both the activities have the charac
teristic shape of a compound nuclear reaction, Neither one of the activities was observed in 



25 

b b d . f h 248c . h 12c Be . 246c· . h om ar ments o t e m target w1t or 1ons or a m target w1t 
4-sec activity was, however, produced in a bombardment of a 244Pu target with 
basis of the above evidence we propose that the 8.61-MeV 4-sec alpha activity is 
the 8.43-MeV 6.5-sec alpha activity is due to 259Lr. 

15
N ions. The 

19F ions On the 
due to 2 rS8Lr and 

It is plausible in the light of these new results that the 8.6-MeV 8-sec alpha activity discovered 
in 1961 was 258Lr. The apparently too long half-life was probably due to comparatively poor 
statistics and possible interference from adjacent Lr isotopes. 

249 
We have made some preliminary alpha-decay studies of lighter Lr isotopes by bombarding 

Cf with 10B and 11B ions. Because of the complexity of the alpha spectra and strong inter
ference from known No activities through pxn reactions, the unfolding of the spectra has not been 
completed yet. 
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LIFETIMES OF GROUND-BAND STATES IN 148• 150• 152smt 

R. M. Diamond, F. S. Stephens, K. Nakai,* and R. Nordhagent 

The half-lives of the 4+, 6+, 8+ ground-band members. in ~ 52sm and of the 2~ arid 4+ meF-~ers 
of 150sm and 148sm have been measured, by use of a rec~1l-d1stance Doppler-sh1ft method. · 
The levels studied in this work were Coulomb excited by 0Ar projectiles from the Berkeley Hilac. 
The de -exciting transitions were observed with a Ge detector at 0 deg to the beam direction. This 
counter was operated ih coincidence with a backscatter ring counter for particles, so that multiple 
excitation of the higher spin levels was emphasized and a collimated beam of 15 2sm recoils with 
a high velocity (v/c = 0.0340) was produced. These recoiling nuclei were stopped at various 
distances from the target by a lead stopper attached to a precision micrometer. Figure 1 shows 
some typical spectra for 152sm. 

We have integrated the areas of the shifted and unshifted peaks (from moving an:d stopped 
nuclei, respectively) and corrected the results for (a) geometry, (b) absorption, (c) efficiency 
of the Ge counter, (d) change in solid angle due to the motion of the recoiHng 152sm, and (e) 
angular distribution of the gamma transitions with the attenuation of the distribution by the very 
strong hyperfine field acting at the nucleus. This leads, for 152sm, to the experimental points · 
plotted in Fig. 2. The smooth curves are least-square fits to the data (allowing for the feeding 
due to one prior transition) and give the half-lives listed in Table I. Also listed are the B(E2) 
values together with those predicted from B(E2; 2-+0) by: the rigid rotor model, the harmonic 
oscillator, and the centrifugal stretching model of Davydov and Ovcharenko. 5 

It can be seen that the experimental B(E2) 1 s are significantly above the rigid rotor values. 
These deviations may be compared with those calculated from the results of other kinds of 
measurements on 152sm, i.e., from (a) the ground band energy-level spacings, (b) the electric 
monopole transition rates between the 13 band and ground band, (c) the branching ratios and B(E2) 
values connecting the 13 band and ground band, and (d) the f.L-mesic and Mossbauer measurements 
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Table I. Lifetimes of ground-band t t . 148, 150, 152·s s a es 1n m. 

. 2 -48 4 
B(E2;I-I-2) m (e X 10 em ) 

Energy T 1/2 a 
D-Cb Nucleus Transition .(keV) (psec) aT Experimental Rotor Vibrational 

152sm 2 0 121.8 0.686±0,014c (0.686) ( 0.686) ( 0.686) 
4 2 244.6 57.3±1.8 0.112 1.009 ± 0.033 0.981 1.372 1.036 
6 4 340.2 9.9 ± 0.5 0.038 1.20 ± 0.06 1.078 2.058 1.221 
8 6 418.7 3.0± 0.3 0.021 1.42 ± 0,14 1.133 2. 744 1.406 

150Sm 2 0 334.0 46.8±1.6 0.042 0.2 78 ± 0,010 (0.278) (0.278) 
4 - 2 439.4 6.3±0,4 0.019 0.54 ± 0,04 0.398 0.556 

148Sm 2 0 551 7.1±0,4 0,010 0.156 ± o. 010 (0.156) ( 0.156) 
4 2 630 1.8±0.5 0,0072 0.31 ± 0.08 0.223 0.312 

a. Calculated as aK + aL + 1.33 aM from the tables of Hager and Seltzer, 
b. These values have been taken from the calculations by Davydov and Ovcharenko, Ref. 5, for 
f.L = 0,3, y = 10 deg, See text. 
c. Weighted average of literature values, 

of the change in mean-square radius between the 2+ and 0+ levels, All these types of studies 
indicate deviations from rigid rotor B(E2) values in the same general range as observed. The 
measurements presented here are in quantitative agreement with (d) and parts of the data from 
(c), However, (a) indicates somewhat larger, and (b) somewhat smaller, deviations from the 
rotor model. 

The B(E2) values for 
148

• 
150

sm indicate nearly harmonic oscillator behavior, as is already 
suggested by their energy-level spacings, and are roughly in agreement with earlier measurements. 
We believe values from these measurements have fewer uncertainties associated with them than 
those from conventional heavy-ion multiple Coulomb-excitation yield measurements. In the latter 
case, a desired B(E2) value (lifetime) may depend upon (a) several other B(E2) values in the ' 
band, (b) higher multipole moments of the nucleus, (c) static moments, and (d) excitation of other 
coupled bands, In this method, none of these affects the result, apart from a small correction 
(which may be empirically made) due to feeding from higher states, 
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Fig. 1. Coulomb excitation spectra of 15 2sm by 
40 

Ar. 
The lead plunger is set at the indicated distances from 
the target. The positions of the unshifted lines are 
given at the top of the figure, those of the shifted lines 
at the bottom. (XBL6912-6333) 
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THE SPIN DEPENDENCE OF THE DEORIENTATION OF RECOILING FREE ATOMS 

R. Nordhagen, t G. Goldring,* R. M. Diamond, K. Nakai, t and F. S. Stephens 

Among the strongest hyperfine fields encountered to date have been the magnetic fields found 
in highly excited, free atoms. Such atoms are produced in nuclear reactions when the bombarding 
energies are sufficient to let the products leave the target and recoil into vacuum or gas. Ben 
Zvi et al. 1 have recently shown the occurrence of strongly perturbed y-ray angular distributions 
followl.ng Coulomb excitation of the first 2+ level in thin targets of even-even nuclei. By studying 
recoils both into vacuum and into gas, the nature of the hyperfine fields was explored, and the 
feasibility of measuring magnetic moments of excited nuclear states by these methods was 
established. It was found that the time -integrated perturbation factors, ~. in the angular 
distribution 

W(8) 

k=2n 

L ~GkPk(cos 8) 

k=O 

( 1) 

followed the assumptions of a randomly oriented time -dependent magnetic hyper fine interaction. 1 

These results, obtained with 16o beams up to 40 MeV in energy, indicated fields of between 20 
and 30 MG. 

In the work reported here, strongly perturbed angular correlations have been studied following 
heavy-ion compound-nucleus reactions of the type (HI, xn). In the specific reactions chosen, 
120 122 124 40 156 158 160 . . . . . . . 

' ' Sn( Ar, 4n) ' ' Er, the reco1l veloc1t1es of the product nucle1 are of the order 
of 2o/o of the speed of light for a bombarding energy of 150 MeV. Thus large hyperfine fields are 
expected when the product nuclei recoil in vacuum. Ground -band transitions from states with 
spins I = 8 to I = 2 and mean lives from Tm = 3.1 to 433 psec were observed. Assuming a time
dependent, randomly fluctuating hyperfine interaction, the time -integrated perturbation factor in 
the angular distribution is given by Gk = 1/( 1 + Pk w2 T cTm). For the magnetic dipole case, 
w = gH fl.N/1i, g being the nuclear g factor and H the field at the nucleus. It is assumed that the 
field randomly changes direction with J, the atomic spin, in an average correlation time T c· 

If this simple time -dependent theory is assumed and the perturbation takes place during the 
entire decay cascade, the zrast region included, the fit shown in Fig. 1 is obtained. As can be 
seen, the fit is poor and X is large. Moreover, the average g factor obtained, g = 0.24, is 
considerably smaller than the value of gR found in this mass region, gR "" 0.3. The fit is relatively 
sensitive to the value of g; taking gas 0.3, for example, gives a x2 of 11. Thus, it seems that 
the assumptions of a constant g factor or a full perturbation during the entire decay are not in 
accord with the observations. 

The poo.r fit of Fig. 1 can be substantially improved by ignoring the perturbation in the time 
prior to entering the ground band. During this feeding stage the nuclei cascade through states of 
high spin, and we might expect a strongly reduced interaction for high nuclear spins. When a 
large nuclear spin I and a small atomic spin J couple to a resultant F, I is highly aligned with F. 
The precession of !·around F, caused by the hyperfine field, will not cause appreciable reorienta
tion of I under these circumstances. Only when I becomes comparable to J will large perturbations 
occur. A simple estimate of these effects is to assume that the perturbation disappears for I > J, 
and has the full value for I .:!i; J. In this case we obtain a curve similar to that in Fig. 2 as the best 
fit, with J = 8. Having explored other simplified models in which the J distribution varies both 
in time and over the system, and also in which the correlation time depends on J, we find the 
expression for Gk modified to include a factor K(I,J); ~ = 1/[1 + Pk w2 T<;: Tm K(l,J)]. 
Essentially, K(I,J)wasfoundtodependon the ratio I/J, and a best fit given m Fig. 2 was obtained 
with x2:::: 1.6. 

The g factors obtained, as is apparent from the figure, indicate no variation among the three 
Er nuclei. An absolute value for the average g factor, g = 0.37 ± 0.03, was derived with H2 Tc 

as above. Apparently, there is also no large variation of g factors with I, but as we have intro
duced an !-dependent correction, such a variation may be masked. However, since the mean 
life of a state with given spin.varies considerably among the three nuclei, a dependence of the 
g factor on I would have to be correlated with the mean life to produce such a masking. 
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In conclusion, we have found evidence that a strong I and J dependence does occur in the 
perturbation of angular distributions from high-velocity free atoms, an effect which has not 
previously been observed. It is still, however, possible to obtain g-factor estimates when these 
effects are taken into account. 
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tions in the ground bands of b6, 1:>8, 160Er 
recoiling in lead and in vacuum, plotted against 
the mean life of the emitting level. The lines 
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decay cascade, including the yrast region. 

(XBL697 -3195) 

T m ps 

• Lead backed target 

Er: 
0 160--

6. 158--
0 156----

Fig. 2. Perturbation factors, Gz, for transi
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recoiling in lead and in vacuum, as in Fig. 1, 
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LSOMERS IN 
156

Gd, 
172

Yb, AND 
182w 

t R. Nordhagen• R. M. Diamond, and F. S. Stephens 

With the increased use of pulsed-beam techniques and elaborate electronics the number of 
short-lived isomers found in nuclear reactions is rapidly increasing. ,Among the isomers of 
particular interest have been the low-lying, high-spin states found in the even-even rare earth 
nuclei. These are believed to be due generally to two-quasi-particle configurations. We have 
found three new microsecond isomers in the even-even rare earths which probably are additions 
to this general class of two-quasi-partiCle isomeric states. A more complete description of this 
work has been published elsewhere. 1 

The three isomers were produced with the a-particle beam of the Lawrence Radiation 
Laboratory Hilac. In addition to the overall pulsed nature of the beam (duty cycle z 20%) an 
electrostatic beam-pulsing system was employed to produce short beam bursts (down to z 1 fJ.Sec 
duration) at repetitive intervals during the z 5 -msec main pulse. For all isomers a beam energy 
of 2 7 MeV was used. For '{-ray studies, thick targets, mostly of natural composition; were 
bombarded. In a few cases targets of separated isotopes were also used. The spectra were 
obtained with Ge(Li) counters of about 6 cm3 volume, situated at 90 deg to the beam direction and 
with front faces a few em from the target position. Following each short beam burst, and after an 
adjustable delay, a gate unit would route the ADC addresses to consecutive subgroups of memory 
storage. In addition, the gate unit triggered the beam bursts and controlled their duration. Suit
able care was taken to avoid subgroup overlap and to obtain uniformity in time, and the delay had 
to be adjusted to avoid contaminating the subgroup immediately following the beam burst with in
beam '{ rays. The number of subgroups could be up to 7, one additional group always being 
reserved for the transitions being observed between the main beam pulses. These would b~ due 
to long-lived (t 1 ; 2 ~ msec activities. The number of subgroups and their length in time deter
mined the repetition interval for the short beam pulses. The conversion-electron spectra were 
observed with a 3 -mm-deep Si( Li) detector coupled to the same electronic system; A solenoidal 
field at 90 deg to the beam direction focused the electrons onto the detector. The targets 
employed in the electron-spectrum measurements were self-supporting or thin carbon-backed 
foils between 300 and 800 fl.g/cm2 thick. 

The information on 156mGd, produced via the 
154

sm(a, 2n) 
156

mGd reaction, is less clear 
than for the other two. The half-life data are shown in Fig. 1; a half-life of 2.7±0.1 fJ.Sec was 
obtained. The following relatively strong rays were found to follow the decay: 89.0, 128.6, 155.5, 
199.2, 228.3, 296.3, 380.2, and possibly 450.8 keV. A partial decay scheme is given in Fig. 2, 
based on the previously known2 states up to spin 6. The 8 - 6 and 10 --+ 8 ground-band transi
tions are assigned on evidence from the spectra observed in-beam, where both lines appear with 
the same intensity relative to the lower ground-band members, as do the corresponding known 
transitions in the other even-even Gd nuclei. They also follow the level systematics expected 
for the 156cd ground band. Electron spectra were observed, confirming the '{-ray information, 
but were not sufficiently good to add much to the decay scheme. The intensities of the ground
band transitions indicate feeding to the three highest states observed, but the decay sequence from 
the isomeric state could not be determined from the pre sent data. 

The isomer in 172mYb was studied by means of the 
170

Er( a, 2n) 
172

mYb reaction, mainly on 
targets of natural Er. For the final'{ -ray spectrum the separated isotope, 1 70Er, was used for 
target material. The transitions observed, with energies and intensities relative to the 78. 7-keV 
transition ( 100%), are given in Table I. The half-life data are given in Fig. 1; the observed half
life was 3.6±0.1 fJ.Sec. From the electron spectra it was possible to show that the 174.6-keV 
transition has an E 1 character. The decay scheme is shown in Fig. 3. Most of this scheme is 
reasonably easy to establish, due to the substantial amount of information available 2 on 172yb, 
and by making use of the observed intensities. However, the assignment of a level at 1353.5 keV 
rests solely on transition energies, and is tentative. The E1 character of the 174.6-keV transi
tion limits the spin of the isomeric state to I = 4, 5, or 6, all odd parity. However, it is hard 
to see why, if the spin were 4 or 5, the energetically favored transitions to the lower spin 3 or 4 
states, rather than to the 5 and 6 states, would not occur. Thus, a spin assignment of pr = 6-
seems favored for the 1551.1-keV state. 



Table I. Energies and intensities observed in 
the decay of the 17Zmyb 3.6-f.lsec isomeric 
state. 

Transition 
E 

y I a I~ 1T 
If, K. - Kf (keY) _:j__ l 1 

78.7 
b 

100 2+ o+, 0 0 

90. 7b 25 4+ 3+ 
' 3 3 

112. 7b 29 5+ 4+ 
' 

3 - 3 

174.6 ± 0.2 (6 -) 5+ ( 6) 3 70 -
181.6 b 50 4+ 2+ 

' 
0 0 

-
197.6 ± o·.2 7 (6 ) 1353.5 keV 

203.4b 38 5+ 3+ 
' 

3 3 

279. 7b 25 6+ 4+ 
' 

0 0 

813.5 ± 0.3 2 1353.5 keV - 6+ 

912.8± 0.3 13 3+ 4+ 
' 3 0 

1003.5 ± 0.3 3 4+ -4+ 
' 

3 0 
-

1011.1± 0.3 23 (6 ) - 6+, ( 6) 0 

1093.2 ± 0.4 5 1353.5 keV 4+ 

1094.4± 0.3 49 3+ + 
2 

' 
3 -0 

1116.2 ± 0.4 3 5+ 4+ 
' 

3 0 

a. Relative to I 78 7 . Larger intensities have 
errors ::::: 10o/o, weak lines up to ::::: 50o/o. 
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b. Used as relative standards, taken from Ref. 2. 

Table II. Energies of trans'itions observed in 

182mw. 

Transition 
Energy I~ I1T 

(keY) 1 f 

100.1a + 0+ 2 -
229.3a 4+ 0+ 

351.0a 6+ - 4+ 

464.0±0.2 8+ - 6+ 

518.5 ± 0.2 is om 10+ 

567.6±0.2 10+ 8+ 

1086.1 ± 0.4 is om 8+ 

----------------------------
511. oa ~+ 

----------------------------
a. Used as relative standards, 
taken from Ref. 2. 

I 

Among the nearest even-even nuclei, several two--quasi-particle states with I1T = 6 +are 
known. These states generally decay to both the spin 6 and 4 states of the ground band, a fact which 
supports the different assignment of the isomer 172myb, as in this isomer no direct transition to 
the spin 4 ground-band state is seen. Of the several possible combinations of the two-quasi
particle configurations found in this mass region, the Nilsson orbits due to the 5/2- (512] and 
7/2+ (633] neutronconfigurations are most likely the ones giving rise to the isomeric state with. 
I1T = 6-. The same two orbits are the lowest two in the neighboring nucleus 173yb. 

182m . 180 182m 
Natural targets of Hf were bombarded to produce W, matnly by the Hf( a, 2n) W 

reaction. Table II gives the energies of the gamma transitions assigned to 182mw. Figure 4 
gives the decay scheme with intensities for· the primary transitions, and the half-life data are 
plotted in Fig. 1. The observed half-life was 1.4± 0.1 f.LSec. To establish the sequence of the two 
transitions of 518.5 and 567.6 keV we note that the 567.6-keV energy is close to the one expected 
for a 10 - 8 transition in 182w. Moreover, this transition appears in the in-beam spectrum with 
approximately the same intensity relative to the other ground-band transitions in 182w as shown 
by the 10 - 8 transition relative to the other ground-band ones in 180w. The 518.5 -keV transition 
is relatively weaker in-beam, as would be expected ·for an isomeric transition. From the measured 
conversion coefficient of the 518.5 -keV transition and the lifetime of the 2230.5 -keV level, it is 
very likely that this transition is Mi. Since the 1086.-1-keV transition cannot be M3 the spin of the 
isomeric state must be I1T = 9 + or 10+. · 

As with the other•isomers we assume that the 2230.5 -keV isomeric state in 
182

w is probably 
3 based on a two-quasi-particle configuration. In the neighboring odd nucleus, 183Re, Emmott et al. 

observed an I1T = 25/2+ isomer (t1 ; 2 = 1.0 msec, E = 1907.0 keV) and proposed that the properties 
of this isomer could be explained By the state's having a three-quasi-particle configuration, con
sisting of the single proton in the ground-state orbit 5/2+ (402] coupled to a two-quasi-particle 
I1T = 10+ state. Possible configurations for this latter state are the two -neutron configuration based 
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Fig. 4. Decay ~cheme for the 1.4-f.Lsec· 
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on the orbits 9/2+ [624], 11/2+ [615] and the two-proton configuration 9/2- [514], 11/2- [505]. 
J. 0. Newton4 has pointed out that the state observed in 182 W is very likely this same I = 10 state. 
In this picture, the 1086.1-keV transition should be the same one as the 193-keV isomeric transi.:. 
tion in '183Re. In 182w, this reduced transition probability is only 1/10 as fast as ·in 183Re, 
presumably due to a smaller admixture into the isomeric state of the ground-band state with the 
same spin because of the greater energy separation of the corresponding levels of the two bands. 
Finally, it must be pointed out that other configurations producing reasonably low-lying pr = 9+ 
states are also possible. Without further information, such a spin cannot be excluded, although 
we prefer the assignment pr = ·10+, 
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QUASI-ROTATIONAL STATES OF 
172

os, 
174

os, AND 
176

os 

J. R. Leigh, F. S. Stephens, and R. M. Diamond 

The reaction (
28

si, 4n} on 
148

• 
150

• 
152

sm targets has been employed to study neutron-deficient 
osmium isotopes of mass 172, 174, and 176. The Berkeley Hilac was used to accelerate silicon 
ions to energies between 125 and 166 MeV. Angular distributions and excitation functions of the 
'{ rays have been performed, using Ge( Li} detectors. 

In the reactions with the 
148

sm and 
150

sm targets '{-ray spectra have also been recorded in 
coincidence with evaporated charged particles. Evaporated protons and a particles were detected 
in an annular phosphorus -diffused-silicon counter at 160 deg to the beam direction. The protons 
and alphas are distributed in energy about their respective Coulomb barriers, and their separation 
was further enhanced by adjusting the detector bias, and hence the depletion depth, so that the 
higher -energy protons were not completely stopped. Inelastically scattered Si ions were stopped 
by a .0.05-mm aluminum foil placed over the detector face. This allows the'{ rays arising from 
charged-particle reactions to be identified, making assignments of'{ rays associated with xn. 
reactions more reliable, even when the charged-particle reactions are competing strongly. These 
assignments are based on excitation functions, angular distributions, relative intensities, and 
energy-level systematics. 

The results for the Os isotopes are presented in Table I. The energies are expected to be 
accurate to 0.1% in all cases. The relative yields, corrected for internal conversion, detector 
efficiency, and absorbers, are generally accurate to within less than 20o/o. The assignment of 
transitions to the quasi-rotational band is better than 90% certain; where the confidence .level is 
les~ than this, the tran~i~ions, poss~bly belonging to the gro~nd-stat~ band, are not assigned. The 

1 ass1gnment of the trans1hons as hav1ng E2 character 1s cons1stent wtth the results of Newton et al., 
which indicate that the anisotropy, defined as (Io-I90}/I90• should lie in the range 0.33 to 0,75. New 
data on the ground-state rotational band of 170W have been obtained from the a--y coincidence work. 
Gamma rays from states up tothe 10+ have been observed following the reaction 148Sm(Si, a2n)170w. 

The variation in energy of the first 2 + level of some even-even nuclei for neutron numbers 
between 88 and 120 is displa·yed in Fig. 1. The lower-Z isotopes are characterized by the sudden 
onset of deformation at 88 to 90 neutrons, and then a region of relatively constant deformation. 
As Z is increased the change from the "vibrational" to the "rotational" isotopes is much more 
gradual and the deformed region covers fewer isotopes. The results presented here extend previous 
work on the Os isotopes2, 3 through the region of maximum deformation (minimum 2+energy} and 
are consistent with the trends presented above. 
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Table I. Transitions for osmium isotopes. 

172 . 
Os 1740s 176Qs 

Assignment 
E 

I A 
E 

I A 
E 

I A _ '{_ _'{_ _'{ _ 
Qround-state -band transition!i 

2+ -+ 0+ 227.7 100 0.30±0.05 158.5 100 0.34± 0.03 135.2 100 0.36 ± 0.09 
4+ 2+ 378.4 94 0.37±0.07 276.0 80 0.44±0.03 260.2 100 0.33 ± 0.04 
6+ -+ 4+ 448.4 80 0.25 ± 0.07 342.3 74 0.47±0.04 346.9 102 0.30± 0.03 
8+ 6+ 393.9 59 0.45 ± 0.06 415.0 66 0.37± 0.10 
10+ -+ 8+ 445.4 43 0.47 ± 0.09 476.3 48 0.40± 0.10 

Other :erominent transitions 

470.6 64 0.47±0.16 495.7 30 0.30±0.12 533.9 29 0.19± 0.15 

487.9 25 0.30± 0.29 541.9 26 0.10 ± 0.14 

499.0 39 0.41± 0.20 583.2 23 0.24±0.16 

The lightest mercury isotopes observed2 show 
little tendency for the· first excited state to drop. 
It would be interesting to extend these to lower 
neutron number to establish that there is a quali
tative difference between the Pt and Hg isotopes 
in this respect. 
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EVIDENCE FOR AN OBLATE BAND BASED ON THE 9/2- ISOMER IN 
199

Tl+ 

J 0 · * c· ·1 * s s h d R M D. d . . Newton, S. D. 1r1 ov, F. . tep ens, an . . 1amon 

Low-lying 9/2- isomeric states have been observed
1

' 
2 

in the neutron-deficient odd~~ass 
thallium nuclei from mass 201 to 193 (Fig. 1), but there has as yet been no explanation for t~1y 
existence of such states. We have studied the transitions and states feeding this isomer in 1 Tl 
by in-beam· spectroscopic techniques, involvi'Lg both conversion-electron and-y-ray singles spectra 
(Fig. 2), -y--y coincidence measurements, excitation functions, and-y-ray angular anisotropy deter
minations. The decay scheme deduced is shown in Fig. 3. Among the most prominent states 
found are an 11/2-, a 13/2-, and possibly a 15/2- state. These are also observed in the other 
light odd-mass thallium nuclei, as will be described in a later paper, and are shown in Fig. 4. 

Recently Blomqvist
3 

has suggested that the simple shell model considerably overestimates 
the energy required to excite the odd proton to the h9/2 state in thallium. The main reason is 
that in the ground states of the odd thallium nuclei very little energy can be obtained from pairing 
correlations, since the nearest unblocked level into which proton pairs can scatter is far above 
the Fermi surface. However, when a proton is excited to the h9/2 orbit there should be an . 
unblocked level close to the Fermi surface and the pairing energy should be correspondingly 
increased. The excitation energy to the h9j2 orbit should therefore be reduced over the single
particle spacing by an amount equal to the gain in pairing energy. It was estimated empirically3 
(by comparing the proton binding energies in 203Bi and in 201Tl and then correcting for the 
Coulomb energy) that this type of effect might reduce the excitation energy of the h9/2 state in 
201Tl from ::: 4.2 MeV (the s1/2 -h9/2 gap) to about 1.6 MeV, and it was suggested that interactions 
involving the neutron holes might lower this still further to the observed energy of 0.91 MeV. 
This idea seems valid; however, a difficulty that remains is that similar calculations for the lighter· 
thalliums yield similar excitation energies for their 9/2- states, whereas experimentally these · 
levels fall monotonically in energy to le.ss than 390 keVin 1931'1. . 

In addition, our measurements show the existence, not only of the low -lying 9/2- state, but 
also of the 11/2-, 13/2-, and possibly 15/2- states above it. In each nucleus the spacing between 
the 9/2- state and the other two states is strikingly similar, as shown in Fig. 4. This highly 
systematic behavior suggests strongly that these states are closely related to one another, possibly 
in some collective manner. 

We wish to point out a possible explanation for these levels which at first sight looks implau
sible, but for which a reasonably strong case can be made, nevertheless. This is that the odd
parity states arise from a rotational b~nd based on the 9/2- [5 05] Nilsson state. This state is 
derived from the h9j2 shell-model orbit, and in order for it to be a low-lying level, the excited 
thallium nuclei must have oblate deform.rtion, This last hypothesis can be supported by ,combining 
the calculations of Kumar and Baranger on the potential energy of deformation of the light mer
cury nuclei with an estimate of the lowering of the 9/2- [5 05] state at the appropriate deformatioi).. 
The results ofthis simple treatment are given in Table I, where column 5 shows that none of the 
Hg isotopes would be expected to be deformed, whereas the last column indicates that the 9/2-
state in the light Tl nuclei would be expected to be oblate. The change in energy of the 9/2- states 
as a function of mass number is also given approximately correctly in the last column of Table I. 
Even the observed distortion of the band energies from the simple I(I+1) dependence supports the 
idea that this is a deformed rotational band, and in particular one based on the 9/2- [5 05] state. 
Such a band would be indirectly Coriolis -coupled to the 1/2- [541] state, which has a large 
decoupling parameter, a ::: +4. 7, and so would distort the 9/2- band in about the observed fashion. 
Branching ratios and E2/M1 mixing ratios also are in approximate agreement with such a picture. 

We conclude that the pairing-energy correction suggested by Blomqvist, 3 together with the 
hypothesis that the 9/2- level in the odd-mass thalliums is the 9/2- [505] state in a nucleus with 
oblate deformation, is in satisfactory agreement with the data. To test this suggestion further, 
data on the lifetimes of the 11/2- and higher members of the proposed band would be especially 
valuable. 
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Table I. Energies for oblate shapes in the Tl nuclei. 

Neutron 
Edef 

a Zero-
E +Ed f Number point zp e 

Ef3(9/2- [505] )c 
Ezp +Edef+Ef3 

N A(Tl) f3(Hg)a (MeV) energy (MeV) (MeV) 

112 193 -0.135 -0.93 1.42 0.49 -1.50 -1.01 
114 195 -0.128 -0.77 1.49 0.72 -1.41 -0.69 
116 197 -0.116 -0.61 1.56 0.95 -1.28 -0.33 
118 199 -0.099 -0.38 1.00 0.62 -1.10 -0.48 
120 201 -0.080 -0.15 1.10 0.95 -0.88 +0.07 
122 203 0 0 1.42 1.42 
124 205 0 0 2.52 2.52 

a. f3(Hg) is the deformation at the oblate minimum in the potential of the Hg nucleus. 
b. Edef is the energy of the oblate potential minimum with respect to the potential energy for 
f3 = o. . 
c. EB(9/2- (505]) is the difference between the energy of this state at a deformation of f3(Hg) 
and tl:'iat at f3 = 0. 
d. The deformation may be stable provided that E +Ed f+EA is < 0. 

. ~ e ~ . 
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LIFETIME MEASUREMENT OF THE FIRST EXCITED STATE IN 
206

Pb 

. t k'* d h J. L. Quebert, K. Na a1, R. M. Diamond, an F. S. Step ens 

The first excited state of 206 Pb (2 +, 803 keV) is expected to have a half-life of a few pico
seconds. Production of this state by Coulomb excitation with 170-MeV 40Ar projectiles cin a 
thin target leads to a high recoil velocity of the excited nucleus. These .conditions allow us to 
apply the recoil-distance Doppler.:shift metliod1, 2 to determine the half-life rather accurately. 

' 
The experiment has been l,erformed at the Hilac, using an argon beam of z 2 nA intensity. 

The thin target of enriched 20 Pb ( 1.48 mg/cm2 ) was evaporated onto a nickel foil 4 flin. thick. 
This was then stretc~ed on a ring holder to get a surface as flat as possible. They rays were 
recorded by a 35 -em <,te( Li) coaxial detector at 0 deg to the beam and operated in coincidence 
with the backscattered 0 Ar projectiles detected by a silico-9 ring counter. The recoiling nuclei 
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were stopped at different distances from the target with a flat bismuth plunger. Comparison of 
the relative intensities of the Doppler-shifted (s) and unshifted (u) transitions as a function of the 
distance between the target and the plunger allows determination of the half-life of the transition 
under study. This is most conveniently done by plotting the fraction F = u/(u + s) against the 
distance, provided the recoil velocity is accurately known. This velocity has been evaluated from 
the energy shift between the shifted and unshifted lines. The effective velocity so measured was 
v = ( 0. 026 5 ± 0. 0003) X c. Figure 1 shows a few of the spectra obtained as a function of the stopping 
distance, and the variation in the relative intensities of the shifted and unshifted peaks can be 
clearly seen. 

A number of corrections and sources of error must be taken into account in the experimental 
data handling. These are: evaluation of the background; variations in the solid angle at they-ray 
counter for the two peaks (in fact, these corrections are very small because of the short distances 
between the target and stopper); variation in the counter efficiency for the shifted peak compared 
with the unshifted one; and correction of the shifted transition intensity for the change in the angular 
distribution due to the motion of the recoiling nucleus. 

In the theoretical amilysis the angular distribution of the y rays in coincidence with back
scattered projectiles has been evaluated by use of the de Boer-Winther program. 3 Corrections 
must be applied to this angular distribution, for the finite geometry of the detector and for the 
deorientation caused by the large hyperfine field acting on the recoiling nucleus. 4 

The feeding of the 2 + state coming from higher states has been assumed negligible because 
of the very small probability of exciting higher states in 206pb by the Coulomb excitation process 
with 40 Ar projectiles of the energy used. 

A least-square fit to the data points has been made to obtain the best value of the half-life. 
Figure 2. shows the corrected experimental values ofF as a function of the stopping distance, 
and the results for the best fit (straight line). 

The results, corrected for internal conversion, are: 

(9.17±0.57)X10- 12 s, 

This last value is smaller than the ones previously deduced by other methods,. as is shown 
in Fig. 3. 
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STROBOSCOPIC MEASUREMENT OF THE g FACTOR OF THE 7- LEVEL IN 
206

Pb 

t . * K. H. Maier, K. Naka1, R. M. Diamond, and F. S. Stephens 

206 
The 2 200-MeV 7 level in Pb of lifetime T = 178 flsec and its decay are well known. 

Recently Quitmann and Jaklevic 1 measured the angular distributions of the de exciting y rays and 
the g factor by a time integral method as g = 0. 035 ± 0. 020. They used the 204Hg( a, 2n)206pb reac
tion on a thick liquid 204Hg target to excite this level, and their results showed that the relaxation 
time in this case is at least comparable to the lifetime of the level. Thus all prerequisites were 
given for a more precise determination of the g factor by the stroboscopic method, which has 
recently been developed by the group at the Hahn-Meitner Institut, Berlin, 2 and independently by 
Nagamiya and Sugimoto, 3 and is especially suited for the lifetime encountered here. 

In short, the principle is to excite the nuclei with many equidistant beam pulses during the 
lifetime of the level studied and to observe the resulting coherent superposition of the angular 
distributions of the de-exciting y rays emitted by the nuclei rotating in an external magnetic field. 
In general this wipes out the angular distribution. But when the beam-repetition time is an 
integral multiple of half the Larmor period, a constructive interference results, and one gets 
an angular distribution at a time fixed relative to the beam pulse or a periodic distribution in time 
at a fixed angle. Therefore when the fieid B is being varied and the time T between beam pulses 
is kept fixed, the count rate at a fixed angle and corresponding time shows a resonance behavior 
at B = (mr1i)/( Tgfln). 

The 
206

Pb isomer was produced by a 26 -MeV a beam from the LRL Hilac in a liquid mercury 
target enriched in 204Hg to 84o/o. The target was about 4 mm in diameter and 0.4 mm thick. It 
was covered with a 0.0125 -mm Mylar foil. They-ray spectra were very clean. By far the largest 
background line was the 511-keV annihilation radiation, which amounted to 15o/o of the isomeric 
transition at 516 keV and was quite well resolved from it. The two Ge detectors were placed at 
± 45 deg to the beam and perpendicular to the magnetic field. This was produced by an electromagnet 
and measured with a rotating-coil gaussmeter. The timing shown in Fig. 1 was derived from a 
200-kHz quartz oscillator, so that the only adjustments required were a delay compensating for the 
time of flight of the beam and the widths of the windows. Neither of these values was very critical. 
The necessary adjustments were made by using a time-to-height converter spectrum. 

Figure 2 shows the double ratio of the intensity of the 516-keV line, namely (Y 11/Y 12l/(Y21/Y22L 
where the first index stands for the counter and the second for the counting-time window. This 
double ratio multiplies the effect by about four and eliminates almost completely the influence of 
instabilities in the apparatus. The other lines from the decay of the isomer at 343, 538, 803, and 
881 keV showed the same resonance, though less pronounced, due to smaller count rates and 
asymmetries. 

The final analysis of the data involves a fitting procedure taking into account the finite time 
windows, detector angles, etc., which is not completed yet. It is known, however, 3, 4 that only 
minor corrections have to be applied to the simple expression stated, yielding immediately 
g(uncorrected) = -0.0217 ± 0.0005.- The error is partly due to the incomplete evaluation and will be 
reduced to about 1 o/o, which is due mainly to the uncertainty of the field measurement. The width 
of the resonance is proportional to ( 1/T+1/T rL and at the present stage of the data analysis the 
relaxation time can be given as Tr:;;,. 0.6 msec. 

Assuming a pure (i13 ; 2 • P1/2) 7 - neutron configuration results in g = 0.182 using the Schmidt 
values for the single parti'cles and g = -0.063 using the measured moments of 197Hg and 207Pb. 
The discrepancy with the measured value can only be explained by assuming either a~ factor for 
the i 13 ; 2 orbit of only 40o/o of the Schmidt value, or complicated admixtures to the 20 Pb 7- level, 
as the most likely admixed neutron configurations5 tend to increase the g factor. For a more 
detailed analysis, a measurement o£ the magnetic moment of the i13/2 level in 205Pb or 207pb 
would be needed. 
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THE REORIENTATION EFFECT IN PROJECTILE EXCITATION. I. 
ZONe AND ZZNe 

K. Nakai, t F. S. Stephens, and R .. M. Diamond 

Determination of static quadrupole moments by the reorientation effect in Coulomb excitation 1 

provides a sensitive test for nuclear models. The magnitude of the effect is rou_ghly proportional 
to the mass (A1) of the nucleus with which the nucleus of interest (Az) is excited Lr cx:A/( i+A1/ Az)]. 
Thus Coulomb excitation of the projectile has the highest sensitivity for this effect when the 
nuclei are bombarded on heavy-mass targets. The Hilac provides heavy-ion beams suitable for 
this purpose, and more possibilities are expected with the proposed Super-Hilac. 

Measurements of the static quadrupole moments of the Z + states in ZONe and ZZNe have been 
performed by this method.Z The Ne bzam from the Hilac was used to bombard thin targets of 
iZOsn, 130Te, and 148sm (z 1 mg/cm ). Two coincidence y-ray spectra, one between aNal 
counter at 55 deg and a backscatter ring counter (at 160 deg) and another between the Nal counter 
and a particle counter at 90 deg, have been measured simultaneously. The ratio of they-ray 
intensities from the z+ state of Ne to that of the target nucleus at each angle (R160, R90) as well 
as the double ratio, R160jR90, were compared with values calculated by the deBoer-Winther 
Coulomb excitation program. 3 The single ratios are nearly independent of the efficiency of the 
particle detector except for small corrections which have been made. The double ratio also was 
independent of the efficiency calibration of the Nai counter. One of the main uncertainties in the 
final results is due to ambiguities in the excitation probabilities of the target nuclei (reorientation 
effect in target, etc.). However, by proper choice of the target; these ambiguities could be made 
small compared with the large reorientation effect in projectile excitation. Figures 1 and Z show 
typical results of the experiment and of the analysis. The results are summarized in Table I. 
The values obtained for the quadrupole moments are consistent with a measurement4 which came 
out during this work, and are more accurate. They are about 30o/o larger than the values calculated 
from the B(EZ, o+-+ j,+) b5 use of the rigid-rotor model. A similar situation has been reported 
for the z+ state in z Mg. 
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Table I. Summary of the experimental results. 

Target 

(a) ZONe 

120Sn 

130Te 

148Sm 

Summary 

(b) 22 Ne 

130Te 

148Sm 

Summary 

Basis of calculations 

B(EZ, f target) 

(ezbz) 

0.23 ± 0.012a 

0.23 ± 0.012a 

0.30±0.03c 

o. 79 ± 0.07 
d 

0.30±0.03c 

d 
o. 79 ± 0.07 

O(target) 

(b) 

. r·•forf 
0.0 

. -o.510r I 
(O.O± 0.5) lor lb 

-.0.15 ± o.zc 

-0.5 ± 0.3e 

-0.15 ± o.zc 

-0.5 ± 0.3e 

Result 

B(EZ, f Ne) 

(ezbz) 

0.048±0.0055 

o. 048 ± 0.0055 

0.048 ± 0.0055 

0.048±0.0055 

0.048± 0.009 

0.048±0.0086 

f 
0.048±0.007 

0.031±0;007 

0.034± 0.007 

f 
0.033 ± 0.006 

O(Ne) 

(b) 

-0.22 ± 0.020 

-0.25 ± 0.020 

-0.28± 0.020 

-0.25 ± 0.036 

-0.24± 0.035 

-0.23 ± 0~035 

f 
-0.24± 0.03 

-0.21±0.045 

-0.205 ± 0.03 

f 
-0.21±0.04 

a. P. H. Stelson, F. K. Mcgowan, R. L. Robinson, W. T. Milner, and R. 0. Sayer, 
Phys. Rev. 170, 1172 ( 1968). 
b. Assumptloil: Or is a value calculated from B(EZ) using the rigid rotor model. 
c. A. Christy, I. Hall, R. P. Harper, I. M. Nagib, and B. Wakefield, contribution 
to the International Conference on Properties of Nuclear. States, Montreal, 1969. 
d. R. M. Diamond, F. S. St1f.hens, K. Nakai, and R. Nordhagen, Lifetimes of 
Ground-Band States in 148, 15 • 152sm,to be submitted for publication. 
e. H. S. Gertzman, D. Cline, H. E. Gove, P. M. S. Lesser, and J. J. Schwartz, 
Bull. Am. Phys. Soc. 13, 1471 ( 1968); J. J. Simpson, D. Eccleshall, M. J. L. Yates, 
and N. J. Freeman, Nucl. Phys. A94, 177 ( 1967). 
f. Possible systematic errors of± 5o/o have been included. 
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THE REORIENTATION EFFECT IN PROJECTILE EXCITATION. II. 

. 28si, 32s, AND 40 Ar. 

K. Nakai, t J. L. Quebert, *F. S. Stephens, andR; M. ·Diamond 

Th · · ff · · ·1 c 1 b · · f 28s· 32s d 40A d' d e reor1entahon e ects .1n prOJeCh e ou om . exc1tat1o~ o 1 , an r were stu 1e 
by the same method as described in the previous article on 2 U, 22 Ne. 1 Because of some difficulty 
in getting low energy beams from the Hilac and because of the low yields with lighter tar~ets, the 
experiments have been carried out mainly with 2 06pb as the target. Only in the case of OAr 
were 120sn and 130Te targets used as well. In the analysis, the B(E2, o+- 2+) value o£,206pb 
played an important role. So, we measured the lifetime of th~ 2 + state in 206pb, using the 
''Doppler-shilt recoil-distance method," which is described in anothe'r article. 2 The static 
quadrupole moment of the 2+ state in 206pb wa~ assumed to be o.o + 0.5 Or· 3 

The results are shown in Table I. Figure 1 illustrates the data for 
28

si and 
32

s, and ~art 
of that ~or 40Ar. The evidence indicat3s a positive quadrupole moment (ob~ate shape) for 8si, 
a negatlVe moment (prolate shape) for 2s, and a small value (nearly sphencal) for 40A:r. The 
result for 28si agrees well with a previous measurement, 4 and the 40Ar result seems to us to be 
reasonable. But the change of shape from oblate to prolate between 28si and 32s is rather uri
expected. However, Hartree-Fock calculations have shown that the minimumHartree-Fockenergies 
are very close for both prolate and oblate shapes of nuclei in the region of 28si and 32s, 5 and so 
it may not be surprising that the shapes of nuclei change from one to another. 

The intrinsic quadrupole moments of the 2+ states in s-d shell nuclei measured by the present 
projectile -'excitation method are summarized in Fig. 2 together with values from other 
measurements. 4, 6-8 

Footnotes and References 
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1. Preceding paper, this report; submitted to Nucl. Phys. 
2. This report, Lifetime Measurement of the First Excited State in 206pb, 
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4. 0. _Hausser, T. K. Alexander, D. Pelte, B. W, Hooton, and H. C. Evans, Phys. _Rev. 
Letters 23, 320 ( 1969). 
5. G. Ripka, iri Advances in Nuclear Physics, vol. 1 (Plenum Press, Inc., N. Y., 1968)~ 
6. 0. Hausser, B. W. Hooton, D. Pelte, T. K. Alexander, and H. C. Evans, Phys. Rev. 
Letters 22 359 ( 1969). 
7. D. Schwalm and B. Povh, Phys. Letters 29B, 103 ( 1969). 
8. V. S. Shirley, Table of Nuclear Moments~ Hyperfine Structure and Nuclear Radiations, 
ed. by E. Matthias and D. A. Shirley (North-Holland Publishing Co.,· Amsterdam, 1968). 
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Table I. Summary of the experimental results. 

Ta_rget 

(a) 28si 

Summary 

40 
(c) __E 

120sn 

Basis of calculations 

B(E2, f target) Q(target) 
(e2b2) (b) 

0.091± ~.006a 
{

+0.5IQr I 

0.0 

-0.5IOr I 

0.091±0.006a 

rslarl 
0.23 ± 0.012c 0.0 

-0.5IOr I 

0.23 ± 0.012c (0.0±0.5IOrllb 

0.30 ± 0.03d -0.15 ± 0.20 
d 

{ +O.slar I 
0.091± 0.006a 0.0 

-0.5IOr I 

- a 
0.091± 0.006 (0.0±0.510rllb 

Result (projectile) 

0.033 ± 0.004 0.126 ± 0.040 

0.033 ± 0.004 0.110 ± 0. 040 

0. 033 ± o. 004 0.098± 0.040 

0.033±0.004 -0.20 ± 0.06 

o. 034 ± 0. 004 -0.032 ±0.040 

0.034± 0.004 -0.021± 0.040 

0.034± 0.004 0.081 ± 0.040 

0.034± 0.004 -0.021± 0.065 

0.032 ± 0.006 0.019 ± 0.060 

0.030 ± 0.005 0.052 ± 0.062 

0.030± 0.005 o. 040 ± o. 062 

0.030± 0.005 0.022 ± 0.062. 

0.030±0.005 0.040± 0.080 

--------------------------------------------------~--------------

Summary Average 0. 032 ± o. 003 0.01 ±0.04 

a. Reference 2. 
b. Assumption: Q:c_is a value calculated from B(E2) by use of the rigid rotor model. 
c. P. H. Stelson, 1<'. K. McGowan, R. L. Robinson, W. T .. Milner, and R. 0. . 
Sayer, Phys. Rev. 170, 1172 ( 1968). 
d. A. Christy, I. Hall, R. P. Harper, I. M. Nagib, and B. Wakefield, Contribution 
to the Inte_rnational Conference on Properties of Nuclear States, Montreal, 1969. 
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STUDIES OF Mo AND Ru ISOTOPES WITH (a, xn) REACTIONS 

J. M. Jaklevic, C. M. Lederer, and J. M. Hollander 

Continuing a program of in-beam y -ray spectroscopy at the 88 -inch cyclotron, we have studied 
levels in nu<;.lei produ~~d by (a, xny} reactions on targets of separated Zr and Mo isotopes. Level 
schemes of '1 2 Moand ':1 4 Ru, as well as some preliminary results on 94, 96, 98Mo and 96, 98, 100, 102Ru, 
have already been ~eported. 1-3 Of these latter nuclei, only 94Mo was found to have an isomer 
with t 1; 2 ~ 3 nsec. 

Recently we have used yy-coincidence measurements, employing two Ge(Li} spectrometers, 
in an effort to assign weaker transitions to the correct reaction products and to establish new 
levels. Some results for odd-mass ruthenium nuclei are given elsewhere. 4 Figures 1 and 2 
show the level schemes of 96Ru and 102Ru as examples of these results. Usually, the placements 
of transitions were establishedfrom the coincidence measurements, and the isotopic as~ignments 
were made by observing the change of relative y-ray intensities when the beam energy or target 
thickness was varied. 

Spin and transition multipolarity assignments are based on measurements of angular distri
butions of the y rays relative to the incident beam direction. Although these data alone do not 
determine spin uniquely, the interpretations are supported by observation of the occurrence or 
absence of crossover transitions, and also by the well-known general occurrence of stretched, 
downward transitions (.6.I = ->-.) following (a, xn} reactions. We feel, however, that caution must 
be used in the application of such spin-selection systematics to the weaker paths of de -excitation 
observed in these studies. 

The analysis of similar results of 96 • 98 Mo and 98Ru is in progress. 

References 

1. J. M. Jaklevic, C. M. Lederer, and J. M. Hollander, Phys. Letters 29B, 179 ( 1969}; 
Nuclear Chemistry Annual Report, 1968, UCRL-18667, Jan .. 1969 p. 12. --
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UCRL-1886, Jan. 1969, p. 15. . 
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AN 86 -NANOSECOND ISOMER IN 
94

Mo 

J. M. Jaklevic, C. M. Lederer, and J. M. Hollander 

Levels of 
94

Mo were studied in the reaction 
92

zr(a, 2ny). Targets of separated 
92

zr were 
bombarded with 30-MeV a particles at the 88-inch cyclotron, and the resulting y-ray spectra 
measured with Ge( Li) detectors, both during and between beam bursts. 1 

Gamma rays of 84, 449, 532, 702, 849, and 870 keV were observed to decay with a half-
life of 86.5 ± 2.0 nsec. Of these, all but the 84- and 532 -keV transitions have prompt components, 
indicating that these tw.o transitions originate from the isomeric level. These data support the 
presence of a level in '1 4 Mo at 2953 keV with the above half-life, which decays as shown in Fig. 1. 
The cascade relationships were also confirmed by y -y coincidence measurements employing 
two Ge( Li) detectors. 

The spin and parity of the isomeric state were deduced from the following considerations: 
Spins and parities of the levels at 870, 1572, and 2421 keV are well established by previous 
studies, 2 and these assignments are consistent with the angular distributions observed in our 
experiments., The 6+ state is fed directly from the isomer by the 532-keV transition, which 
has a partial half-life of 116 nsec. This value strongly suggests an M2 multipolarity and a cor
responding transition probability of 0.10 single-particle unit (spu). 3 An E2 assignment would 
imply a strength of only 5 X 10-3spu, which seems highly unlikely, and any other multipolarity 
can be virtually ruled out. The spin and parity of the isomer are thus 8-. 

· The 84-keV transition has a conversion coefficient a = 2.2 ± 0.3, which implies a pure E2 
multipolarity and therefore a 6- assignment for the 2870.lev level. The partial lifetime for this 
transition corresponds to a strength of 0.21 spu. 
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It is interesting that all'( rays which follow decay of the isomer, except the 84-keV transition, 
are also observed in the EC + 13+ decay of 94Tc.4 However, in the 94Tc decay study the 449- and 
532 -keV transitions were given different placements from energy sum considerations. It may 
nevertheless be worthwhile to search for both the 84-keV '( ray and a delayed component of the 
other transitions in the decay of 94Tc. 

The placement of most other transitions in the level scheme (Fig. 1) is derived from the 
coincidence measurements. Placement of the 292-, 306-, 365-, 484-, 598-, 911-, 941-, and 
1052 -keV '( rays above the isomeric level is supported by the observation of delayed'( -y 
coincidences. 
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LEVELS OF 97 • 99 • 101Ru POPULATED IN (a,xn) REACTIONS 

C. M. Lederer, J. M. Jaklevic, and J. M. Hollander 

Levels of odd-mass ruthenium isotopes were produced by the reactions 94Mo(a, n)9
7

Ru, 
98Mo(a,3n)99Ru, and 100Mo(a, 3n)101Ru. Targets of separated Mo isotopes were irradiated with 
30-MeV a particles in the 88-inch cyclotron, and the resulting y rays were observed by techniques 
already described. 1 Assignment of the transitions to the appropriate Ru isotopes was made by 
observing the variation in y-ray intensities relative to transitions in neighboring even-mass (a, 2n) 
products when the target thickness or beam energy was varied. 

Level schemes are shown in Figs. 1 and 2. The spin assignments for most of the low-lyirig 
levels in 99Ru and 101Ru were derived or confirmed in recent Coulomb-excitation experiments. 2 
Additional assignments have been made by us on the basis of angular distributions and decay 
patterns. 

101 
In Ru we observe a strong cascade feeding the well-known 11/2- isomeric state: 

(E2) (E2) (E2) 
2445(23/2-)----1594(19/2-) --- 959(15/2-) ---528 (11/2-). 

The energies and angular distributions of these transitions bear a strong_ resemblance to those 
of the dominant 6+ -4+-2+-0+ cascade observed .in the reaction ':18Mo(a, 2ny)100Ru (see 
Fig. 1). This suggests an interpretation of the 959-, 1594-, and 2445-keV states of 101Ru as 
(maximum-spin) members ofthe:multiplets formed from one- two-, and three-phonon excitations 
coupled to the h11/2 neutron state. 

By contrast, the Coulomb-excitation results on 
101

Ru indicate that the low-lying positive
parity states are not well described by the weak coupling model as simple phonon excitations 
based on tfe ground state. 2 A possible explanation of this different is the likely dominance of 
the (d5 ; 2 )v 2+ configuration in the "phonon," which would result inpositive-parity states whose 
character is intermediate between that of the weak coupling description and a multiparticle 
(d5; 2 )e configuration, subject to the exclusion principle. On the other hand, the (h 11; 2 )2 2+, 
4+ ... configurations are probably not a major component of the "phonon" structure, arid thus 
the weak coupling model may be more appropriate to levels related to the 11/2- state. 

A markedly different structure is seen in 97Ru and 99 Ru (Fig. 2). Failure to observe an 11/2-
isomer in either of these nuclei must indicate that it lies higher than in 101Ru. In all three 
nuclei we observe some positive-parity states of higher spin ( 11/2+, 15/2+) which may possibly 
contain some characteristics of multiple -phonon states. However, the level populations and decay 
patterns are markedly9 ~ifferent in the three cases. Other differences between the superficially 
similar structures of Ru and 101Ru have already been noted. 2 For example, the M1 transition 
3/2+-5/2+ is 1000 times as fast in 101Ru as in 99Ru. We conclude that the structure of the 
states of these isotopes, particularly those of positive parity, is poorly understood, and further 
theoretical as well as experimental attention is required. 
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Nuclear Reactions and Sea ttering 

RECOIL OF 
48

cr AND 49cr FROM 
4

He + 46
Ti REACTIONS 

M. K. Go and S. S. Markowitz 

A thick-target method for nuclear recoil studies has been proposed. 
1 

We wish to extend that 
method for targets with thickness that is comparable to but less than the average range (Ro) of the 
recoiling nuclei. 

By using a Gaussian distribution for the recoil nuclei, the recoiling behavior of any target 
thickness can be calculated. Figure 1 represents such a calculation for a 1-mg/cm2 and a 
200-J.lg/cm2 target for an average recoil range of 300 flg/cm 2 in aluminum. From Fig. 1, we see 
that the relative amount of activity in equal catcher foils does not change whenever the target thick
ness is large compared with R 0 . When the target thickness is less than Ro, the relative amount of 
activity in equal catcher foils not only depends on Ro but also depends ·on the target thickness. 

. To test such a semi-thi4~-target method, we used Ti02 targets a_::d aluminum catcher foils. 
The Ti02 us-ed (enriched in Ti), having the average atomic charge (Z) 12.7 and the average mass 
per atom (A) 26.2, can be considered to have the same stopping power as aluminum (A = 27, Z = 13). 

The target is made by vacuum evaporation of 
46

Ti-enriched Ti02 onto 1-mil aluminum foils 
The thickness is about 200 J.lg/ cm2 with good uniformity. Five to six aluminum foils ( 160 J.lg/ cm2) 
are stacked to form the catcher assembly. The target with aluminum degraders is bombarded 
with 45-MeV a particles in the 88-inch cyclotron at 1.5 J.1A for 10 to 30 min. After bombardment 
the target and catcher foils are counted with a Ge(Li) detector. Th-e 48cr and 49cr activities are 
determined from the 0.116- and 0.09-MeV y rays respectively. The relative amounts of activity in. 
the catcher foils are determined and plotted on probability paper. 1 From these probability plots 
(Figs. 2 and 3), the experimental average range can be estimated. 

With the compound-nucleus assumption, the recoil energy is given by2 

A A 
E 

r 
P r E), 

p 
( 1) 

where E and A are energy and mass number respectively. The subscripts r, p, and t refer to 
recoil, projectile, and target nucleus respectively. The average recoil ranges for different re
coil energies are calculated by Steward3 based on the theory of Lindhard et al. 4 

The actual a energy for the 
48

cr experiment is 27.8 MeV. Calculation with Eq. (1) and 
Steward's program gives a recoil range of 365 flg/cm 2 Al. From Fig. 2, the experimental range 
is estimated as 380 flg/cm2 Al. For the 4 9cr experiment, the calculated range is 240 flg/cm2 Al, 
whereas the recoil range from Fig. 3 is 250 flg/ cm2 . . 
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COMPARISON OF EXCITATION FUNCTIONS FOR 
48

cr AND 
48v PRODUCTION 

FROM 3He + 47Ti AND 4 He + 46Ti REACTIONS 

M. K. Go and S. S. Markowitz 

One of the main assumptions of the compound- statistical theory of nuclear reaction is that the 
decay of the compound nu~Jeus is independent of the mode of its formation. Ghoshal1 has verified 
this assumption with the Zn'~ system. · · 

When the projectile particle p fuses with the target nucleus t to form a compound nucleus 
C, the excitation energy (E>~) of the compound system is 

E* = E - E + EBE = E (A I A ) + EBE' p r p p c 
( 1) 

where ETL is the kinetic energy of the incident particle, E r is the recoil energy of the compound 
nucleus, "EBE is the binding energy of particle p to the compound nucleus, Ap and Ac are thf 
mass numbers of particle p and compound nucleus C. 
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If the independence postulate is correct, plots of the reaction cross sections versus excita
tion energy should be very similar for any one product from the same compound nucleus formed 
by different nuclear reactions. The difference in these excitation functions can be caused only by 
the difference in the formation of the compound nucleus. 

We wish to teJ>t the independence postulate with the 
5
°Cr* system. Titanium dioxide, en

riched in either4°Ti or 4 7 Ti, is vacuum evaporated onto thin (1.6 mg/cm2) aluminum foils. The 
stacked tarl5ft, with appropriate aluminum degrader foils, is bombarded at the 88-inch cyclotron 
with either He or a particles. After bombardment the target foils are counted with a Ge(Li) y
ray counter. The 48cr is determined from the 0.116-MeV -:y ray. The 48y is ~etermined by us-
in_g the 0.98-MeV y ray; and corrected for the decay from 48cr. 47Ti(3He, 2n) 4 Cr, 47n(3He, pn)48v, 
46-Ti(a, 2n)48cr, and 46Ti(a, pn)48y excitation functions are plotted in Fig. 1. Excitation energies 
are calculated from Eq. ( 1) and from the nuclear masses given by Harvey. 2 The growth and decay 
of 48v are displayed in Fig. 2. 

The excitation functions for 
4~v are very similar. They have the same magnitude and peak at 

the same excitation energy. The He excitation function above 40 MeV excitation energy may con
tain contributions from the 48Ti( 3He, p2n)48y reaction, since the target contains 48Ti ( 16.5o/o). 
The agreement for the 48cr excitation functions is not J>O good. However, they do have the same 
shape and peak at the same excitation energy. If the 40Ti(a, 2n)4 8cr excitation function is multi
plied by 0.8, the two excitation functions become almost identical. 
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FRAGMENT PRODUCTION FROM THE INTERACTION 
OF 5.5-GeV PROTONS WITH URANIUM 

Arthur M. Poskanzer, Gilbert W. Butler, and Earl K. Hyde 

Fragments ejected from uranium targets inserted in the 5.5-GeV external proton beam of the 
Bevatron have been detected by a telescope of silicon semiconductor detectors incorporated in a 
power-law particle-identification system. Individual isotopes of the elements from hydrogen to 
carbon were resolved (see Fig. 1), and from nitrogen to argon the study was continued for the el
ements without ·isotopic separation. One counter telescope could cover only a limited energy re
g.ion, so three sets of measurements were made with different telescopes in order to cover the 
entire· energy spectrum above an instrumental cutoff. Some typical energy spectra showing curves 
derived from data taken at 90 deg to the proton beam are displayed in Fig. 2. Similar sets of data 
were taken at 20, 45, 135, and 160 deg. The energy spectra were extrapolated and integrated to 
obtain the angular distributions of the fragments, and the results are given in Fig. 3. The integra
tion of these curves in turn resulted in the set of total cross sections for individual isotopes-shown 
in Fig. 4. 

This study has resulted in a detailed set of data on the energy and angular distdbution charac
teristics of 21 nuclides from hydrogen to carbon. The data are being studied to obtain insight on 
the nature of nuclear reactions between GeV protons and complex nuclei. Many of the fragment 
characteristics are superficially like those expected from nuclear evaporation. The data are being 
examined to determine whether these fragments can be accounted for partially or completely as 
the products of evaporation during the second step of the cascade-evaporation mechanism conven
tionally used to describe high energy reactions. 
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LJFETIME OF THE 3.19-MeV (6+) STATE IN 42ca t 

'~ R. A. Mendelson and R. T. Carpenter 

The lifetime of the (6+) 3.19-MeV state in 4 Zca has been measured by obtaining the time distri
bution of coincidences between positrons forming the state, from the d~cay of the (7+) 615-keV state 
in 4 2sc, and 440-keV-decay y rays. The metastable (61-sec) state in 4 ZSc was generated by the 
4CJca(3He, p)42sc reaction by use of a 6.10-MeV 3.He beam from the University of Iowa Van de Graaff. 
A 60- sec beam- on-off cycle was employed. Positrons were detected by a 2-in.-diamX 1-in.~high plas
tic scintillator, andy rays by a 1-in. X 1-in. Nai(Tl) scintillator. Both scintillators were viewed by 
RCA-8575 photomultipliers whose dynodes were gated to avoid damage during the beam-ontime. The 
value obtained for the mean lifeti~]{ was (7. 72 ±0.26) X 10-9 sec, which corresponds to a 
B(E2, 61+__,. 41+) = (6.40 ±0.22) e 2 F (see Fig. 1). 

The previously determined valuf 1 fo·r ~he reduced-transition probability from the first excited 
state to the ground state is B(E2, 2 1 __,. 01 ) = (74± 17)e2F4. If all the states involved were pure 
j-j coupling shell-model states, the B(E2)'s would have a spin dependence of the form (2Jf + 1)W2 

(JiJfjj, 2j), where Ji and Jf are the spins of the initial and final states and j is the spin of the or
bital involved. Removing th.ese factors from the reduced transition probabilities should give the 
same result for E2 transitions between any two states inthe same c~nfiguration, whereas exper
imentally the (61 + ...... 4 1 +) result is smaller than that for the 21 + ...... 01 transition by a factor 
5.3 ±0.8. This indicates that the lower states have larger collective·admixutres than the upper 
states. 

This interpretation can be made more quantitative by comparing the experimental result with 
recent theoretical calculations by Gerace. 2 In this work, Gerace has found an upper limit to the 
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amplitude of the collective admixture in the 6+ level at 3.19 MeV by extending the rotational band 
and assuming the interaction matrix element bftween the rotational 6+ state and the f7; 2 26+ state 
to be the same as between the corresponding 4 states, which was determined3 by fitting the ob
served energy spectrum. In this way, Gerace obtains an upper limit for the collective amplitude 
of 0.2. H~ then calculates B(E2) values for the 6+- 4+ transition and obtains 2.6, 7.0, and 14.0, 
all in e 2 F , for amplitudes of 0, 0.1, and 0.2, respectively. For these results an effective charge 
of 0.5 e is assumed for the neutrons. It is seen that the experimental value of (6.40 ±0.22)e2F4 is 
explained exactly with a collective amplitude of about 0.1. Thus the present result is entirely con
sistent with the earlier picture of levels in the calcium isotopes that contain sizable collective ad
mixtures. 
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.THE STRUCTURE OF 16o AND THE 170(p,d) 16o REACTIONt 

Robert Mendelson, J. C. Hardy, and Joseph Cerny 

Recent shell-model calculations 1 have eG;joyed considerable success in describing experimen
tal properties of the oxygen isotopes 15o, 1 0, and 17o. Unlike previous structure calculations, 
both "collective" and "spherical" states were described in a unified, microscopic picture .. By 
use of a spherical basis of 1d5/2• 1p 1; 2 , and 2s 1j 2 orbitals, wave functions were calculated 
which reproduced the energy level schemes, 1 gav satisfactory values for electromagnetic tran
sition rates, 1 and gave agreement with experimental single~nucleon stripping amplitudes. 2, 3 

We have t.ested these wave functions, using the pickup reaction 
17

o(p,d) 16o. A 31-MeV pro
ton beam from the 88-inch cyclotron was used to bombard oxygen gas enriched to 73% in 17o. 
Particles were detected by using two (dE/dX)-E counter telescopes which fed Goulding- Landis 

4 identifiers. A detailed discussion of the experimental equipment has been presented elsewhere. 

Figure 1 shows a typical (p, d) spectrum. The resolution (FWHM) was 100 keV. The 
(6.05-6.13)-MeV doublet was determined at all angles to be dominated (i.e., >70o/o) by the 6.13-
MeV state; this followed from consideration of the centroid positions and peak widths. No ev
idence of significant population of the 2+, T = 0, 13.0 1-MeV or 1-, T = 1, 13.08-MeV states was 
seen. Possible population of the 3-, T = 0 state at 13.12 ±0.010 MeV (I= 128 keV) was observed 
through the broadening of the high energy side of the 13.26-MeV state. 

The (p, d) angular distributions were fitted with the distorted-wave Born approximations (DWBA) 
code DWUCK, using finite range correction and no cutoff on the radial integration. The shape of 
the predicted angular distributions was found to be sensitive to the _deuteron parameters, so that 
parameter sets from several sources were used to obtain fits. (See Fig. 2.) A summary of our ex
perimental spectroscopic factors (C 2S) and theoretical pregictions using the complete shell-model 
wave functions obtained in Ref. 1 are presented in Table I. Two prescriptions were used in calcu
lating the Woods-Saxon form factors in the DWBA calculations: (i) the effective binding energy 
method (EBM), in which the bound- state well depth was determined by the binding energy of the T < 
state (for both T< and T> states), and (ii) the separation energy method (SEM), in which the well 
depth was dependent only on the binding energy of the final state. The experimental spectroscopic 
factors calculated by the EBM are shown in parentheses. 

The agreement with theory is seen to be fair for the negative-parity states. However, a 
prominent feature of transitions to even-parity states is the large discrepancy between theory and 
experiment for the population of the 10.36-MeV state. The spectroscopic strength of this state is 
calculated to be 30o/o of that of the ground state, but is observed to be too weak by at least a factor 
of twenty. This is far outside the error attributable to the reaction theory, and represents a sig
nificant failure of the model. The theoretical spectroscopic strength for this "rotational" state is 
contributed to approximately e~ually by 2p-2h and 4p-4h terms, which overlap with a large 3p-2h 
and a smaller 5p-4h term (in 1 0), respectively. Since the transition should take place through 
.major components in both initial and final wave functions, the disagreement indicates a gross in
adequacy in the description of either or both wave functions. 

- - 15 3 16 The 2 and (3 ) states '2t G5.22 and 15.42 MeV respectively were not seen in the - N( He, d) 0 
and 14 N(a, d)16Q reactions, • indicating that they do not contain significant (1p 1; 2 - 1 Jd5; 2l am
plitude; consequently these T = 0 states presumably contain some of the ( 1p3; 2 -1 1d5j2l amplitude. 
The maximum strength for 1p 1; 2 pickup is 1.0 forT< states (and T> states). and 3.0 if we allow 
ip 1 ; 2 and 1p3; 2 pickup. The maximum experimentally observed strength for £ = 1 T = 0 states 
is equal to i.tf, of which 0.5 comes from the presumed 1p 3 ; 2 strength. It thus appears th~t little 
of the totalip3/2• T = 0 strength is expended below 18 MeV. The weak population of the 1 , T = 0 
state at 7.12 MeV is of particular int:_rest, since it can _be populated only by iP3/2 pickup. Al
though the major components in the 2, 8.88-MeV and 3 , 6.13-MeV states must be different from 
those in the 1-, 7.12-MeVstate, it is not expected that the 2 and 3 states should have significant
ly more 1P3/2 s~rength. Thus the population of the 7.12-MeV state sets a value on (1p 3; 2-1 1dsjz) 
admixtures ofC S:::: 0.1 for each state. 

Thus. the weakness of lp3/ 2 admixture, with its attendant high-lying stre~gth, and the appar
ent high degree of concentration of the Jd3{2 ,strength (in the 12.53-MeV state) suggests that the 
neglect of these orbitals in the shell-mode calculation may not be responsible for the serious dis
crepancy found in the yield of the 4 +, 10.36-MeV state. It appears that the source of discrepancy 
may lie in the values of the matrix elements rather than in the approximations used. In fact, our 
data are consistent with less configuration mixing than the model indicates. 
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Table I. Spectroscopic factors (C
2

S) for major 
levels of interest in 16o. 

State J, T 
(MeV) 

0.00 o+,o 

6.05 0+, 0 

6.13 3 - '0 

6.92 2+, o 

7.12 1 -,0 

-8.88 2 '0 

9.85 2+,o 

10.36 + 4 ,0 

12.53 2 - ,0 

12.97 2-, 1 

13 08 1 - ' 1 

13.12 3 -'0 

13.26 3-' 1 

-15.22 1 ,0 

15.42 ( 3-)' 0 

Set I 

0.985 

<0.16 

0.38-0.48 

<0.08 

0.08 

0.36 

<0.004 

0.006 
±0.003 
<0.06 

0. 60-0.91 
(0.20-0.32) 

<0.23 
(<0 .. 08) 
<0.36 

0.54-0.90 
(0.19-0.32) 
0.08 

±0.03 
0.19 

±0.06 

Set III 

1.00 

<0.24 

0.30-0.43 

<0.07 

0.07 

0.27 

<0.008 

0.012 
±0.006 
<0.04 

0.40-0.61 
(0.13-0.20) 
<0.15 

(<0.05) 
<0.27 

0.37-0.64 
(0.12-0.20) 
0.13 

±0.04 
0.31 

±0.10 

Theory: 
ZBM 

·(Ref. 1) 

0.88 

0.00014 

0.40 

0.028 

0.26 

0.09a 

0.25 

0.29 

0.39 

a. This spectr.rscopic strength may actually refer 
to the nearby 2 state at 11.53 MeV. 

Fig. 2. Angular distributions and typical P, = 1 and 
P, = 2 DWBA fits. The dash-dot-dot line refers to 
Set I deuteron parameters, the solid line to Set II 
parameters, and the dashed line to Set III param
eters. (XBL 695-2760) 
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THE NEW NUCLIDES 19Na AND 
23 

Al OBSERVED VIA THE (p, 
6

He) REACTIONt 

Joseph Cerny, R. A. Mendelson, Jr., G. J. Wozniak, 
· John E. Esterl, and J. C. Hardy 

Although the masses and decay schemes of the A= 4n+ 1 series of Tz =- 3/2 nuclei in the 
light elements are fairly well established, 1 almost nothing is known abo'tt the comparable 4n + 3 nu
clei. We have successfully utilized a new nuclear reaction tool--the (p, He) reaction--capable of 
studying in general these 4n+3, Tz =- 3/2 nuclei. 

A 54. 7-MeV proton beam from the 88-inch cyclotron was used to bombard thin targets of ad
enine (C5H5N5), 24Mg, and natural silicon. Figure 1 presents a diagram of one of the two similar 
counter-telescope and electronic systems which were simultaneously employed. Four silicon trans
mission detectors were used in each telescope. After a fast coincidence among the first three de
tectors restricted the origin of all allowed events to a single beam burst, two particle identifica
tions (PI) were performed and compared, using the signals from the two successive differential
energy-loss detectors--denoted .6.EZ and .6.E1, respectively--and the third "E" detector. Any 
events traversing the first three counters were rejeCted by the fourth. 

Even with the above electronics, pileup between events coincident within a single beam burst 
were found to create a substantial background (~ 50 nb/sr at our typical counting rate) which in
terfered with reaction peaks (~ 100 nb/sr). As a result, time-of-flight (TOF) measurements over 
the 51-cm flight path between the target and the .6.E2 counter have been added, and, in addition, a 
subnanosecond pileup-detection system (PUD) on the signal from the .6.E2 counter places a further 
requirement on each event. These improvements make feasible the study of:highly endothermic 
nuclear reactions with cross sections as low as 10 nb/sr. . 

An outline of the added TOF and PUD electronics is also shown in Fig. 1. Signals from the 
(.6.E2) preamplifier were used in two ways. First, utilizing the leading edge of the pulse, they pro
vided a start signal for the PUD system time-to-amplitude converter (TAC). Second, by clipping 
this tail pulse to form a bipolar pulse of 30 nsec total width, a timing signal was obtained from the 
zero-crossing point. This latter pulse provided the PUD stop pulse. Any deviation between the 
normal leading-edge time and the cross-over time was indicative of pileup. 

The zero-crossing discriminator output was also used to start another TAC, which was stopped 
by a pulse derived from the arrival time of a beam burst in the fast Faraday cup shown in Fig. 1. 
The phase width provided by the cyclotron was restricted to about 6 deg (FWHM) by the use of inter
nal collimators, and an overall time resolution of 1.4 nsec FWHM was measured. 

Events in each system with acceptable identifications were sent via an analogue-tg-digital con
verter multiplexer system to an on-line PDP- 5 computer. Following the run, each He event was 
analyzed in detail. The PUD was corrected for time walk of the leading-edge trigger, and mass 
information was obtained by calculating q(TOF)2; the latter yielded an overall FWHM of 0.6 amu 
for mass 6. "Windows" were set on the PI, PUD, and mass data. 

. . 12 6 7 .14 6 9 24 6 1 q_-
F~gure 2 presents fmal energy spectra from the C(p, He) B, N(p, He) C, Mg(p, He) 'Na, 

and 2!5Si(p, 6He) 2 3 Al reactions. The 14N(p, 6He)9c data were used for calibration purposes. The 
spectra appear quite clean after the mass and pileup restrictions have been applied, with the slightly 
gre_ate_r backgr~und at the hig_her energies in th~ silicon _spectrum probably aris_ing from r~ac::tions 
on <::9sl and JOs1. If the aden1ne data were cons1dered w1thout these mass and p1leup restnchons, 
for example, the energy region of interest would contain a continuous background of magnitude 
~ 1/3 the corrected 9c ground-state peak extending from the 7B ground state to~ 18 MeV, as well 
as scattered courits at higher energies. · 

The mass excess of 
19

Na is1f_ezermined to be 12.97 ±0.070 MeV [
12

c = 0]. Since the first ex
cited state in the T = 3/2, Tz = -z- = 3/2 analogue nucleus 19o lies at only 96 keV excitation (the 
next state is at 1.47 MeV) and since the mechanism of the (p, 6He) reaction is uncertain, there is 
some ambiguity as to whether this mass excess applies to the ground state or to the first excited 
state of 19Na (the experimental resolution was ~ 200 keV), or both. We will take it to be the 
ground stfge, noting that in either event 19Na is proton unstable; with this assumption, 19Na is un
bound to ·· Ne + p by 366 ± 70 keV. 

The mass excess of 
23 

Al is determined to be 6.766±0,080 MeV. Therefore, 
23 

Al is bound to 
22Mg + p by 146 ± 82 keV and is nucleon stable. It should be the lightest such isotope in the T

2 
= ~ 3/2, 
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4n + 3 mass series, is expected to have half-life < 600 msec, and should emit !3-delayed protbns 
of z 200 keV. 

Both these nuclei complete isobaric quartets;
2

' 
3 

their masses have been predicted by the iso
baric multiplet mass equation (IMME), as discussed in Ref. 1, and thus permit yet another check 
of its validity. Mass predictions for these nuclei from the IMME, 1 from a systematic study of

4 Coulomb energies in the 1d5/2 shell, 3 and from the Kelson- Garvey nuclidic mass relationship 
are given in Table I. Good agreement is to be seen among the various theoretical predictions and 
between them and experiment for both 19Na and 23 Al. 

Table I. Experimental and predicted mass ex
cesses (in MeV ± keV). 

Nu
clide 

23Al 

Mass 
Predictions 

IMME d 5; 2 shell, 
Coulomb 
(Ref. 3) 

1.2.974±70 !2.90±130 12.965±25 

6.766±80 6.684±98 6.743±25 

Kelson
Garvey 
(Ref. 4) 

12.87 

6.71 

Fig. 1. An abbreviated diagram of the exper
imental layout and the eleCtronic equipment for 
one of the two similar detection systems em
ployed in these measurements. (XBL 691-1668) 

Footnotes and References 

tCondensed from Phys. Rev. Letters 22, 612 
( 1969). -
1. J. Cerny, Ann. Rev. Nucl. Sci. 18, 27 (1968). 
2. In fact, as is discussed in Refs. 1and 3, the 
mass 19 isobaric multiplet for which three mem
bers are known comprises the first excited 
T = 3/2 states (J'!T = 3/2 +) in the Tz = 3/2, 1/2, 
and - 1/2 nuclei. 
3. J .. C. Hardy, H. Brunnader, J. Cerny, and 
J. Janecke, Phys. Rev. 183, 854 (1969). 
4. I. Kelson and G. T. Garvey, Phys. Letters 
~. 689 (1966). 
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Fig. 2. The energy spectra ;!'4om the (p, 
6

He) re-
action on adenine (bottom), Mg (middle), and 
natural silicon (top). Data from detection sys
tem 2 only are shown for the first two targets; 
dat~~rom both systems are combined to produce 
the Si(p, 6He)23Al spectrum. Each block is one 
count and the block width is 80 keV. Transitions 
to the first excited state of 9c r,:ight be present, 
distorting the spectrum of the B g. s. in the data 
from the adenine target. (XBL 691-1667) 
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A SIMPLE METHOD FOR INVESTIGATING THE PARENTAGE OF STATES 
USING TWO-NUCLEON TRANSFER REACTIONSt 

* J. C. Hardy, H. Brunnader, and Joseph Cerny 

The simultaneous observation of (p, t) and (p, 
3

He) reactions on a target with isospin Ti has 
been used for some time to locate and identify analogue final states with isospin Tf = Ti + 1. The 
signature of a pair of such states is that the angular distributions of the correspondingtritons and 
3He particles have the same shape, and their magnitudes are related by. a simple calculable factor. 
We have examined what is now a fairly large body of relevant .experimental data, and used it as a 
means of establishing the validity of the approximations made in calculating the cross-section ra
tio. We have then used the same approximations to calculate ratios for analogue final states with 
Tf = Ti· In certain cases the same experimental techniques can be used not only to identify such 
states, but also to determine information regarding their structure. Experimental data presented 
on such states in sd- shell nuclei indicate a striking simplicity in their parentage. Evidently the 
experimental method described provides a new and useful spectroscopic tool for investigating the 
parentage of nuclear states. 

When (p, t) and (p, 
3

He) reactions on the same target produce analogue final states with 
Tf = Ti + 1, the ratio of their differential cross sections may then be written as 

R 

dcr dTI (p, t) 

dcr 3 
dn (p, He) 

( 1) 

where On is the overlap of the relative motion of the transferred particles as they appear in the 
target with their relative motion in the triton (or 3He particle); and BKN contains the distorted 
waves and the form factor of the transferred n~cleons. The numerator and denominator of the 
bracketed factor on the right-hand side of Eq. ( 1) differ principally inasmuch as the mass-3 wave 
functions and the reaction Q values are different. The effects of both can be estimated to be :5 7o/o 
for A<;;; 60 and Ep = 45 MeV. Thus, to a good approximation, the bracketed factor may be assumed 
equal to unity. 

Experimental cross-section ratios (15 deg :5 ecm;:; 45 deg) to such analogue states for anum
ber of nuclei with 14<;;: A<;;; 40 (and 1 <;;; Tf <;;; 3) are listed in Table I together with the values of R 
calculated from the first two factors in Eq. ( t). The agreement is uniformly excellent, and justi
fies neglecting the third factor in that equation. 

What has not been recognized previously is that by making the same approximations for any 0 + 
target a simple result can also be derived for the cross-section ratios corresponding to cy,tain 
analogue final states with Tf = ~)· Then, only transitions to natural-parity levels [1T = (-) ] should 
be excited in both (p, t) and (p •. He) reactions, and each would be characterized by a single L value, 
namely that for which L = J. The angular distributions should be identical in shape and their rel
ative magnitudes should acquire a maximum value [R = (kt/k 3HaH2Tf)] when the wave function of 
the final state differs from that of the target ground state by the removal of paired nucleons. This 
follows from the same approximation as was used to reduce Eq. ( 1). It should be emphasized that 
in principle any number of shells can be involved, and that there is no restriction on the complex
ity of the wave functions of the initial and final states. These transitions can be discerned, since 
any unpaired particles involved in the transfer would reduce the magnitude ratio. 

To provide a preliminary experimental investigation of this theory, we have examined the (p, t) 
and (p, 3He) reactions on the even-evenT= 1 targets 22Ne, Z6Mg, 30si, 34s, and 38Ar. The exper
iments were carried out using the external 45.0-MeV proton beam of the 88-inch cyclotron. Re
action products were detected and identified by using a solid-state counter telescope; spectra of 
tritons and 3He particles were recorded simultaneously. The apparatus is described in detail 
elsewhere. 1 Angular distributions were extracted for all statistically significant peaks whose 
energies might correspond to pairs of T = 1 final states; if the angular distributions for two of 
these states had the same shape, then they were positively identified as being T = 1 analogues. A 
list of such states cove ring all targets investigated is given in Table II together with cross-section 
ratios extracted from the data and calculated values for the cross-section ratios, assuming the 
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Table I. Expe Jjmental and caJculated relative 
c~oss sections arr(p, t)/ ~ (p, He) for states 
Wlth Tf = Ti + 1. 

Cross- section 

Final states Allowed Target 
ratio 

J1T, T f L-values(s) nucleus R(exp) R(calc) 

o+, 1 0 160 2.19 ±0.22 1. 88 
o+, 1 0 36Ar 1.92±0.19 1.80 
z+, 1 2 36Ar 1.54±0.20 1. 78 

3/2+,3/2 0,2 21Ne 1.05±0.10 0.93 
5jz+,3jz 0, 2,.4 25Mg 0.85 ±0.09 0.92 
5jz+,3jz 0,2,4 27 Al 0.89 ±0.09 0.90 
5/z+, 3/Z 2 31p 0.71±0.11 0.88 

o+ z 0 22Ne 0.70±0.09 0.62 
+' 0 26Mg 0.61±0.06 0.61 0+, 2. 

0 ,2 0 30si 0.54±0.10 0.60 
o+, z 0 348 0.66±0.06 0.60 
o+ z 0 38Ar 0.62 ±0.07 0.60 
o+' z 0 42 0. 60 ± 0.05 0.60 40Ca 
o+: 3 0 Ar 0.36±0.04 0.35 

picked-up nucleons are "paired." Those cases 
for which the experimental ratio is significantly 
less than the calculated one must involve some 
"unpaired" pickup; then the calculated ratio in 
the table is bracketed. The two pairs of o+ lev
els, which could be produced only by paired pick
up, do indeed snow the maximum ratio, and the 
(3-) levels, which could not involve paired pick
up, give a reduced value as expected. 

The most ·striking result, however, appears 
in the top half of the table .. Here, three transi
tions are indicated as being dominated by the 
transfer of paired nucleons. These transitions 
are just the ones which would have been predict
ed from the sim~lest shell model interpretation 
as being jn-+ jn- ; the remaining transitions 
would have been predicted as crossing subshells 
with unpaired transfer. There can be no doubt 
that the wave functions of the states involved in 
these reactions are vastly more complex than is 
indicated by such a simple model, so it is there
fore interesting that at least in the case of paired 
transfer the parentage remains simple. 

Footnotes and References 

tCondensed from Phys. Rev. Letters 22, 1439 (1969). 
>:<Present address: McMaster University, Hamilton, Ontario, Canada. 
1. J. C. Hardy, H. Brunnader, J. Cerny, and J. Ja:necke, Phys. Rev. 183, 854 (1969). 

. d!T (d<T 3 Table II. Experimental and calculated relative cross sechons <ID (p, t) d!J (p, He) 
for states with T f = Ti. 

Final states 
Target 

Cross-section ratio 

Nucleus Ex J1T,T nucleus R(ex12) R( jZ; calc) 

ZONe 10.275 } z+, 1 22Ne 2.00 ±0.20 1.88 ZOF g. s. 

24Mg 9.517 } 4+, 1 26Mg 2.50 ±0.30 1.86 24Na g. s. 

Z8si 9.379 } z+, 1· 30Si 1.I5±o.·toa [ 1. 84] 28Al 0.031 

3Zs 7.005 } z+, 1 34
8 1.20±0.30 [ 1. 82] 32p 0.078 

36Ar 6.612 } ·36cl g. s. 
z+, 1 38 Ar 1.90 ±0.20 1.81 

(continued) 
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(continued) 

Final states 
Target 

Cross- section ratio 
E Jrr, T R(j

2
; calc) Nucleus X nucleus R(exE} 

ZONe I2.25 ±0.03 } (3-), fb 22Ne 1.40±0.15 ZOF 1.851 c 

28si 10.70 ±0.03 o+, 1b,d 30Si 1.85±0.20 1.84 28Al 1.35±0.03 

28si 10.909 (2+), 1b 30Si 1.80±0.20 1.83 28Al 1. 633 

36Ar 8.55±0.03 z+, 1 38Ar 1.45±0.20 [ 1.81] 36cl 1.949 

36Ar 9.70±0.03 o+, 1b 38 Ar 2.20±0.70 1.80 36cl 3.12 ±0.10 

a. The ground state of 28 Al was not resolved irom its z+ state, so the 
quoted experimental ratio is a lower limit. For various reasons (e. g., pure 
L = 2 angular distribution) it seems unlikely that this ratio will approach the 
"paired" value. 
b. These spin-parities were determined from this work by fitting experimen
tal angular distributions with DWBA calculations. 
c. As a simple example of an "unpaired" ratio for this transition, pickup 
from the p 1; 2 and d 5; 2 shells yields a value for R of 1.30, 
d. A level1s known m 28Al at 1.372 MeV which is certainly 1+; the strong o+ 
observed by us presumably indicates the presence o.f a doublet. 

34
Ar AND T 1 STATES IN 

34
c1 FROM TWO-NUCLEON PICKUP REACTIONSt 

H. Brunnader, * J. C. Hardy, and Joseph Cerny 

Two-nucleon transfer reactions are characterized by selection rules which restrict the spin 
Sand isospin Taswell as the parity change .t>.rr which can be transferred during a reaction. 1, 2 
The most rigorous of these selection rules is that S t T = 1. For the (p, t) reaction the trans
ferred particles are both neutrons and require T = 1 (and consequently S = 0); for (d, a), the zero 
isospin of the deuteron and a particle require T = 0 (and S = 1). A somewhat weaker selection 
rule is that .t>.rr = (-)L, where Lis the total orbital angular momentum transferred by the reaction. 
Thus for the (p, t) reaction on o+ targets only those final states which have natural parity-i.e., 
7Tf = (-)Jf-can be produced. We have used these selection rules and by combining the r~sults of 
the reactions (p,t), (p, 3He), and (d,a) have determined spins and isospins of states in 4 Ar and 
34cl. · 

Since the target nucleus 
36

Ar has isospin Ti = 0, the differential cross sections for the (p, t) 
and (p, 3He) reactions leading to analogue final states (in 34 Ar and 34cl) with isospin Tf = 1 must 
both proceed by S = 0, T = 1 transfer, and hence should have the same shape, the ratio of their 
magnitudes being given by R = 2ktfr3He" Thus by comparing the angular distributions correspond
ing to states which, because of their excitation energies, are suspected of being analogues, it 
should be possible to ur,iquely determine the Tf = 1 final states. This is complicated in practice 
by the fact that the (p, He) reaction can produce both Tf = 0 and Tf = 1 states in 34cl; consequently, 
where the possibility of unresolved doublets is significant, some ambiguity can arise. By use of 
the (d, a) reaction, which can produce only Tf = 0 states, this ambiguity can generally be resolved. 

The expe rim~nts were carried out using the external 45-MeV proton and deuteron beams from· 
the 88-inch cyclotron. The reaction products were detected by using two independent counter tele
scopes on opposite sides of the beam. Signals from each telescope were fed into a Goulding- Landis 
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particle identifier, and the total energy signal was routed accg,rding to particle type into one of 
the 1024-channel segments of a 4096-channel analyzer. An 1 0 impurity in the 3bAr-enriched 
(99.6o/o)target gas provided continuous energy calibration, and a carbon dioxide target, ~un imme
diately before and after the argon, established the exact energy scale. 

The results on 34c1 and 
34

Ar are summarized in Fig. 1, where all irr, T assigments (except 
the ground states and the 0.146-MeVlevelin34 cl) are entirely due to this wor~. The J1T values for 
34Ar levels were determined by comparing the results of DWBA calculations with the experimen
tal angular distributions. Several such experimental distribut~ns are shown on the left side of 
Fig. 2. On the right side of the same figure are shown the (p, He) angular distributions corre
sponding to their suspected T = 1 analogues in 34cl; the latter have been multiplied by (2kt/k3He) 
to facilitate comparison. In this case, the dashed curves are not the results of calculations; 
their shapes were determined as providing the best fit to the triton data. The same curves, but 
rehormalized, were then drawn through the corresponding (p, 3He) angular distributions. Thus, 
if two states are analogues, the dashed curve should fit the (p, 3He) data, and the magnitudes of 
the distributions as they appear in the figure should be the same. With the exception of the 34Ar 
3.30-MeV and 34cl 3.35-MeV states, the experimental and calculated ratios agree, and on this 
basis it is possible to assign Tf = 1 to the ground, 2.16-MeV, 3.94-MeV, and 4.67-MeV states of 
34cl; the assignments are confirmed by the fact that none of these states is produced in the (d, a) 
reaction. Of.course, once it is established that they are analogues, their spin-parities follow 
from the calculations already described for the (p, t) reaction. 

Based on the intensity of the (p,t) reaction to the state in 
34

Ar at 3.30 MeV, a Tf = 1 state 
should be observed in 34cl at approximately the same energy, but the peak observed at this en
ergy w1~ the (p, 3He) · reactj.on was produced too strongly. Furthermore, the same peak appears 
in the Ar (d, a)34cl spectrum, for which Tf = 1 final states are forbidden. Thus an unre~olved 
doublet of states must be involved: one is the 2+, Tf = 1 analogue to the 3.30-MeV level in 4Ar;. 
the other has Tf = 0. The peaks observed at 4.97 and 6.16 MeV in 34cl can also be shown, by 
similar arguments,to be Tf = 0 and 1 doublets. 

Enough T = 1 states in 
34

c1 have been identified as a result of this work that it is possible to 
examine the variation of Coulomb displacement energies over a greater range of excitation ener
gies and configurations than is normally possible. In Fig. 1 the energy shifts for excited 0+ 
states are significantly less than those between 2+ or 3- states, and the energy shifts between 
states in the pair 34cl- 34s are in general less than those between the same states in the pair 
34Ar-34cl. These effects are both manifestations of the so- called Coulomb pairing energy and 
can be explained as the result of increased Coulomb energy due to the physical proximity of pro
tons that are paired in a seniority-zero configuration. The observed effects can be described 
quite well by assuming simple configurations for which expressions have been derived5 giving 
Coulomb displacement energies between states both with seniority zero and two. The agreement 
reflects the fact that the Coulomb force has a long range and consequently is relatively insensitive 
to details of the nuclear configurations. 
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T = 2 AND T = 3 ANALOGUE STATES, 28 ~A~ 40t 

~' J. C, Hardy, H. Brunnader, and Joseph Cerny 

The advent of new experimental techniques for measuring the masses of neutron-deficient 
nuclei has led to recent interest in investigating the limits of stability in the lighter nuclides. As 
an aid to such measurements, accurate mass predictions are of great value, and for this purpose 
the isobaric-multiplet mass equation (IMME) is frequently used: 

M(A, T, T ) = a(A, T) + b(A, T) T 
z z 

2 
+ c(A, T) Tz ( 1) 

To predict the mass of a particular state it is necessary to know the masses of three other mem
bers of the same multiplet, since the coefficients a, b, and c must be experimentally determined 
for each value of A and T. The masses of all Tz = +2 (A = 4n) nuclei are known to within less than 
±10 keVin the region 28 ~A~ 40 and consequently, for each value of A, measurement of the ex
citation energies ofT= 2 analogue states in two other isobars permits use of the IMME for rel
atively accurate predictions of other members of the multiplet. Similarly, the measure~gnt of 
two T = 3 states in mas,s 38 combined with the less accurately known mass (±150 keV) of S yields 
rough predictions for that multiplet. 

V:f6 have located and identified the lowest-energy (0+) l = 2 states in 28 Al, 28si, 
32

P, 32s, 
36cl, Ar, 40K, and 40ca, as well as the T = 3 states in 3 Cl and 38Ar. The method used was 
to simultaneously observe the (p, t) and (p, 3He) reactions. If the target nucleus has isospin Ti and 
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the reactions produce analogue final states with Tf = Ti + 1, then their angular distributions have 
the same shape and the ratio of their differential cross sections is given by (kt/k3HelX 2/(2Tf- 1). 
This provides an unambiguous experimental method for identifying high-isospin analogue states. 

·The measurements were carried out using the 45-MeV proton beam from the 88-inch cyclotron. 
Both solid and gas targets were used, the reaction products being detected by using two indepen
dent counter telescopes mounted on opposite sides of the beam. The signals from each telescope 
were fed into a Goulding- Landis particle identifier, and the total-energy signal was routed accord
~ng to particle type into the 1024-channel segments of a 4096-channel analyzer. Sample triton and 

He spectra are shown in Fig. 1. 

The excitation energies of observed states were determined by analyzing the data with the com
puter program LORNA. f This program corrects the energies of incoming and outgoing particles 
for kinematic effects and absorber losses, then determines the energies of unknown peaks, using 
an energy scale established from a least-squares fit to peaks whose Q values are known. For the 
experiments described here, contaminants were already present or introduced in the targets to 
provide calibration. The most useful calibration reactions2 were 12c(p, t) 1°c and 12c(p, 3He) 10B. 
The results are listed in Table I. 

Table I. Summary of experimental results- for 
high T states. 

Nu- Analogue 
Excitation energy 

cleus state This work Other work Average 
-----'"M:.o::..::e:....V:........;.±..:.;k:..::e:...:...VX MeV± ke V)(Me V ± ke V) 

5.983±25 
15.206 ±25 

5.071 ±40 
12.034 ±40 
4.295±30 

10.858±35 
8.216 ±25 

18.784±30 
4.375 ± 25 

11.978:f::25 

[5.983 ±25] 
15.221:f::5 15.221±5 

[5.071 ±40] 
11.984±4 11.984±4 
4.333±25 4.316±19 

[10.858±35] 
[8.216 ± 25] 

[18.784±30] 
4.370 ±70 4.374 ±24 

11.970±25 11.977±23 

Table II. Predicted mass excesses of unmeasured 
neutron-deficient nuclei. 

Estimated mass Kelson- Garvey 
Nu- T from IMME mass prediCtions 
cleus 

z 
(MeV±keV} (MeV) 

28s -2 4.31±200 ·4.44 
32Ar -2 -2.59 ±320 -2.28 
36ca -2 -6.58 ±210 -6.48 
38sc -2 -4.55 ± 1020 -4.70 
38Ti -3 11.08 :f:: 1680 10.82 
40Ti -2 -9.07 ± 265 -9.07 

The J;r values shown in the table were de
termined by comparing the results of DWBA 
calculations3 with the experimental angular 
distributions. In addition we investigated the 
strength of the (p, t) reaction leading to each 
analogue state (with·T> = I Tz I + 2) compared 
with the strength of the reaction to the ground 
state (which has T< = IT z I) of the same final 
nucleus. The comparison between the exper
imental results and calculations which assume 
the simplest shell-model configurations shows 
3ood agreement except for the reaction 
4s(p, t)32s. Obviously such simple configura

tions are unrealistic; however, the good over
all agreement cannot be ignored, since the 
(p, t) reaction is generally very sensitive to 
details of the assumed wave functions. In ad
dition, three more cases of similar agreement 
are known, 4 and together with the present data 
they span the region 20 $;A$; 52. Presumably 
these results reflect the fact that the parent
age of both the ground and analogue states are 
reasonably simple even if the wave functions 
themselves are not. This indication is sim
ilar to the more definite results recently ob
tained5 for certain states in the same mass 
region with T f = Ti. 

Using the IMME (Eq. 1) and measured en
ergies from Table I, one can predict masses 
for a number of neutron-deficient nuclei which 
are as yet unobserved. The results are given 
in Table II together with the predictions by 
Kelson and Garvey. 6 Both sets of predictions 
agree throughout. The observation and firm 
identification ofT = 3 states in mass 38 indi
cate that analogue states with T > 2 can be ade
quately studied by the present methods. Con
sequently, it appears that they can be extended 
to heavier nuclei, particularly those in the 
( 1h jz) shell. 
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Fig. 1. Energy spectra of the reactions 
40 Ar(p, t)38 Ar and 40 Ar(p, 3He)38cl. The states 
shown bracketed were determined in this work, 
the calibration having been established by using 
the other marked states. (XBL 684-2297) 
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ISOSPIN PURITY AND DECAY OF THE T ., 3/2 ANALOGUE STATE IN 17Ft 

J. C. Hardy, John E. Esterl, R. G. Sextro, and Joseph Cerny 

The Tz =- 3/2 nucleus 
17

Ne !3+-decays to levels in 17 F. With the exception of decay branches 
to the ground and first excited states--both first-forbidden--all branches lead to levels that are 
above the proton separation energy. From the relative intensities of the emitted proton groups, ab
solute log ft values can be determined for all significant 17Ne decay branches with a precision not 
afforded by other methods. In particular, since the strength of the super-allowed decay to the 
T = 3/2 analogue state is determined predominantly by the Fermi matrix element, an accurate eval
uation of its log ft value provides a sensitive measure of the state's isospin purity. 

Stacked foils ff Ti02 were bombarded in the external 45-MeV 3He beam of the 88-inch cyclo
tron, producing 1 Ne from the reaction 16o(3He, 2n)17Ne. At half-second intervals helium was 
swept through the target chamber, picking up the recoil nuclei. and transporting them in 100 msec 
to a counting chamber 15 ft away. This chamber was conical, with a cooled .D.E-E counter telescope 
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mounted internally at the apex and a 2X2-in. Nai(Tl) crystal mounted externally at the base. The 
L:I.E counters ranged in thickness from 14 to 50 fl• with a 1-mm E counter. Energy signals from 
these detectors were fed into a Goulding- Landis particle identifier and the total-energy signals 
corresponding to protons or alphas were then time-sorted into eight groups of a pulse-height ana
lyzer to provide lifetime as well as energy data. Coincidences between identified protons and-y's 
were also recorded, and the energies of both were stored two-dimensionally. The energy resolution 
(FWHM) for identified particles was"" 40 keV. 

Proton spectra from the decay of 
17

Ne are shown in both halves of Fig. 1. Center-of-mass 
proton energies (± z 20 keV) are shown for all observed peaks, the energy calibration having been 
determined from the peaks marked 10.60 and 4.88 MeV; the former is due to the decay of the an
alogue state1 in 17F, and the latter has been independently calibrated by comparison with known1 
decays of the analogue states in 33cl and 29 Al. The lifetimes for all peaks marked in the spectra 
were found to be compatible with 109.5 ± 1.0 msec. 

In the bottom half of Fig. 1 is a singles proton spectrum and below it is a spectrum recorded 
simultaneouslyofthoseprotons in coincidence with 511-keV 'Y rays. The chance rate was negligible. 
Most of the coincident -y rays result from the annihilation of the positrons feeding levels in 1 F, 
but note that the relative heights of the three peaks below channel 110 are approximate-ly doubled in 
the coincidence spect1,um. This indicates that they must correspond to proton decays to the first 
excited state (0+) of 1 0, which itself decays by infernal pair conversion. The proposed decay 
scheme is shown in Fig. 2; energies of l~vels in 1 F agree with Ref. 2 except for those at 4.609 
and 5.480 MeV, which were apparently incorrect in the earlier work. The analogue state decays to 
the 16o ground ( 0±3o/o), second (22±3%), third (24±6%), and fourth (44±7o/o) excited states. The 
upper limit for unobserved decay modes was determined to be ;S 10% of the total proton decays ob
served. The log ft value thus determined for the superallowed f3+ decay is 3.28 :':8§. 

Since the model-dependent Gamow- Teller matrix element is small ((a}·z 0.1) compared with 
the model-independent Fermi matrix element ((1)2 = 3), any significant discrepancy of the measured 
log ft from its calculated value3 of 3.29 should be interpreted as arising from admixtures of config
urations with T = 1/2 into the analogue state wave function; such configurations would cause a reduc
tion in the Fermi matrix element proportional to the percentage admixture. The experimental log 
ft value thus was used to determine the isospin purity of the analogue state to be ;;,:90o/o. 

Det.ailed calculations for levels in 17 F and the f3+ decay feeding them have been reported, 4 

and there is good qualitative -r;greement with our results. From these calculations, the wave func
tion for the ground s~ate of 1 Ne and its (T = 3/2) analogue in 17F is well represented by a (P1/2) 
hole coupled to the 1 0 ground state. The same components coupled to T = 1/2 wi]l be referre,d 
to as the "anti-analogue" configuration. It is expected to be split between t'fo 1/2 states in 1 F; 
one is the state at 3.1 MeV, the other is calculated to be at"" 6 MeV. The f3 decay to the former 
is correctly predicted to be retarded, but for the latter a log ft value of 3.4 is expected. It seems 
likely that one of the states observed just above 8 MeV is the other state involving the anti-analogue 
configuration. Based on the experimental log ft values, the components of the anti-analogue con
figuration in the levels a:t 3.1 and"" 8 MeV are approximately 85% and 15% respectively. 
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ISOSPIN-FORBIDDEN DECAY PROPERTIES OF THE LOWEST T 2 STATES 
OF ZONe, 24Mg, 28si, 32s, AND 40ca t 

Robert L. McGrath,* Joseph Cerny, J. C. Hardy, G. Goth, and Akito Arima t 

In the past several years the lowest T = 2 isobaric analog states in a number of Tz = 0 light 
nuclides have been located. 1 These states were first observed by using two-nucleon transfer re
actions, and, subsequently, as T-forbidden resonances. All available data are consistent with 
the expectation of relatively narrow widths for these states, sicne there are no T-allowed particle 
decay modes. These T = 2 states lie at least 3.5 MeV above the T-forbidden proton and alpha de
cay thresholds, and consequently the narrow widths imply a relatively high degreeofisospinpurity 
Study of both the particle andy-decay modes can provide information as to the T = 0 and T = 1 ad
mixtures and directly reflects upon the nature of the charge-dependent force itself. 

We
2
gave studied the T-forbidden particle decay modes of the lowest-lying T = 2 states in 20 Ne, 

24Mg, Si, 3Zs, and 40ca by utilizing the (p, t) reaction to form these states and then observing 
the coincidences between the tritons forming the states and the protons and a particles from their 
decay. The data were obtained by using proton beams from the 88-inch cyclotron, the beam ener
gy being adjusted between 42 and 46 MeV in order to maximize the (p, t) cross section. Self
supporting targets of 26M~. (99. Zo/o enriched), 30si (89o/o), Cd34s (37.2o/o), 42ca (94.4o/o), ranging in 
thickness between 400 f.Lg/cm2 and 1 mg/cm2, and a 2ZNe(91.3o/o) gas target were used. Tritons 
were detected in a dE-E counter telescope located <>t +22 deg (corresponding to the second max
imum in the L = 0 angular distribution). With the exception of 22Ne, where the gas target limited 
us to one decay telescope at -90 deg, two decay telescopes were positioned at -90 and -125 deg. 
Decay a particles from the analog states could not penetrate the dE detectors; but could be unam
bigously identified from the kinematics. If pulses from the decay dE and triton dE detectors were 
in coincidence (2'T =50 nsec), the signals from each telescope were passed on to Goulding-Landis 
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particle identifiers. Provided the event corresponded to a triton in coincidence with either a pro
ton or a particle stopping in the dE detector, total-energy signals and appropriate logic pulses were 
stored in the memory of an on-line PDP-5 computer and written on magnetic tape. Triton singles 
energy spectra were also accumulated. 

The kinematics of reactions with three-particle final states are completely specified if the en
ergies and angles of two of the particles are measured. A typical reaction, 4 2ca (p, t)40ca-+ 36Ar +a, 
is exhibited in Fig. 1. The data lie along bands determined by the kinematics and experimental 
resolution, and these were projected onto the triton energy axis in order to find the decay proper
ties. Figure 2 shows the projection for 40ca; the 36Ar ta projection exhibits a prominent peak at 
the triton energy corresponding to the T = 2 state, indicating the prinCipal mode of decay. 

Branching ratios wer·e calculated by comparing the net. number of coincidence events (after 
correction for "real" continuum and "chance" backgrounds) in a given decay mode to the number 
predicted from the net number of triton singles counts. Table I summarizes the branching ratios 
for all five T = 2 states, and it is apparent that the sums are close to iOOo/o, indicating we have ob
served most of the particle decay modes. Although experimental cutoffs did not permit the examina
tion of all allowed decay modes, barrier-penetration effects in general make transitions to higher
lying states unimportant. 

The T = 2 states studied were found to decay by both proton ( D.T = 1, 2) and alpha (D.T = 2) 
emission. With the exception of ZONe, these s·tates have large branching ratios to the ground states 
qf the residual nuclides, making it feasibl~ to study them as compound nuclear resonances. Sev
eral such studies (Refs. 2-5) are in qualitative agreement with the resu,lts of this work. 

An attempt to estimate the kinds of impurities that would be introduced by the Coulomb poten
tial was undertaken in 40ca in order to ascertain whether large D.T = 2 admixtures might be ex
pected. A first-order pe.rturbation theory calculation included mixing with the zero-particle zero
hole ground state, the four-particle four-hole 3.35-MeV state, and the two-particle two-hole 
states of the same configuration as the T = 2 state (but recoupled to T = 0 and T = 1). Within the 
framework of this calculation it seems reasonable to ignore other states, since none are expected 
to produce large Coulomb matrix elements. However, the calculated admixtures do not appear to 
be large enough to explain the observed decays. · 
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Table I. Summary of T = 2 branching ratio data. 

Branching Summed Normalized 
Mode Net ratios a branchi~g branching 

events (X 100) ratios ratios 

20Ne _,. 16o + ao -3 ± 2 -6±5 :::o 

1 60 + (a 1 + a 2) 17 ± 6 35 ± 12 38 

16 
Ot(a3ta4) 15 ± 6 29 ± 12 32 

19 
F+(po+P1 +pzl 7±4 14 ±9 16 

19 
F+(p3 +p4 +p5) 6±4 13 ± 8 14 

85 ±29 

24M 23N + g- a Po 108 ± 11 71 ± 7 74 

23 
Na + p

1 1±6 1±4 1 

20 
Ne + a

0 
7±6 3±3 3 

20 
Ne + a 1 48 ± 10 22 ±4 22 

97 ± 16. 

28Si 24 
93 ± 10 72 ±8 81 - Mgta0 

24 
Mgta

1 
11 ± 5 8±4 9 

27Al +po 4±7 4±8 5 

27Al +(p1+p2) 4±5 4±5 5 

88 ± 16 

32s 31P+ 
Po 32 ± 6 86± 17 75 

28s. + 
1 ao 9±4 18 ± 7 16 

28s. + 1 a 
1 

6±3 11 ± 5 9 

115 ±24 

40Ca- 36 
Arta0 

125 ± 12 116±11 100 

36 
Arta

1 
-2 ± 2 .-1 ± 2 :o:O 

39K 
+po -2 ± 7 -3 ± 9 :::o 

112±19 

a. Standard deviation includes only counting statistics. 
b. Standard deviation also includes uncertainties in the number of triton counts and in 
decay telescope solid angles. 
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of events consisting of tritons in coincidence 
with particles which stopped in the b.E detec
tor of telescope ff3. From the b.E energy 
losses, these particles are known to be a par
ticles and, consequently, the data correspond 
to the 42ca(p, t)40ca- a + 36Ar reaction. The 
diagonal lines were calculated from the kine
matics. The cluster of events along the 36Ar 
ground-.;. state line at 22.4 MeV triton energy is 
associated with the deca4 of the o+ T = 2 state 
located at 11.98 MeV in Oca. (XBL 687-3281) 
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THE (
3
He, 6He) REACTION ON 6Li AND 

7 
Lit 

~- :j: 
A. n-. Bacher, R. L. McGrath, ,. J. Cerny, R. de Swiniarski, 

J. C. Hardy, and R. J. SlobodrianH 

Current interest in the level structure of three-nucleon 1 and four-nucleon2 nuclei has _prompted 
an investigation of the systems (3p)and 4Li by means of the (3He, 6Iie) reaction on 6Li and TLi. In 
spite of its low yield [du/dn"'(1-4)f!.l:/sratforwardangles], the(3H:e,t:Jr.:re) reaction has been used pre
viously3 to determine the masses of several proton-rich nuclei (e.g,,· 7B and 9c). To the extent 
that the (3He, 6He) reaction on 6Li can be considered a direct three-neutron transfer, it should 
selectively populate the lowest state in the (3p) system, since the protons in the target alreadyhave 
the appropriate shell-model configuration. A similar argument applies to the formation of the 
lowest T = 2 state in 4Li. 

Previous investigations of the (3p) system have b3en made with the 
3

He(
3

He, t)3p and 
3

He(p, n)3p 
reactions. Measurements of triton spectra from the He( 3He, t)3p reaction at 18 to 20 Mev4 sug
gest a sequential decay through the 20-MeV level in 4He. At 44 MeV5 departures of the triton 
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spectra from four- body phase space can be accounted for by including the Coulomb interaction be
tween the triton and the (3p) system. Neutron spectra from the 3He(p, n)3p reaction at 25 MeV6 
indicate a slight deviation from four-body phase space. This has been tentatively explained as due 
to a 1so final-state interaction between two of the three protons. At 50 MeV7 the departure from 
phase space is considerably more pronounced and has been interpreted in terms of a T = 3/2 state 
in the (3p) system at Ex(3p) = (9 ± 1) MeV with a width T' = (10.5 ± 1) MeV. 

There have been several previous attempts to locate the T = 2 state in 4 Li. A careful search8 

of the 1T- decay mode4 of the hypernucleus 4 He (e. g. , 4He -+ 1T- + p + 3He) shows no evidence fo S 
sharp resonances in Li. In a high-resolution measurement of the excitation function for p + He 
elastic scattering '?,t backward angles, 9 there is no indication of a narrow level in 4 Li for excita-
7ions3 abo6e the p + He threshold between 9.5 and 11.6 MeV. Finally, in a recent study of the

4 Li( He, He)4Li reaction at 37 MeV and 20 deg10 no evidence was found for a sharp state in Li up 
to an excitation of about 12 MeV. 

In the experiment reported here a 53.2-MeV 
3
He beam from th~ 88-inch cyclotro:rr, was used to 

bombard self-supporting enriched 0Li and 7Li targets (""200 f.Lg/cmz). The resultant He nuclei 
were identified by using a three-counter particle identification system that has been described pre
viously: 3, 11 A typical particle-identifier spectrum is shown in Fig. 1. 

The 
6
He energy s~ectrum at 14.1 deg from the reaction 

6
Li(

3
He, 

6
He)3p is shown in Fig. 2(a). 

The spectrum covers He energies between 26 and 40 MeV, and allows an investigation of the re
sidual (3p) system from the threshold (Q = -10.45 MeV) to an excitation of about 12 MeV. The 
spectrum shape is remarkably smooth, and is quite simil~/ to the solid curve which gives the 
phase- space distribution for the four-particle final state, He + 3p, modified to include the Cou
lomb interaction between the 6He and the (3p) system. 12 

The 
6
He energy spectrum at 14.1 deg from the reaction 

7 
Li(

3
He, 6He)

4
Li is shown in Fig. 2(b). 

The spectrum covers an excitation in 4Li of 15 MeV relative to the p + 3He threshold (Q = -9.98 
MeV). In this range no evidence is seen for a narrow state in 4Li. It is clear, however, that if 
the order-of-magnitude estimates of a width of 10 keV for a T = 2 level in 4Li at 10.6 MeV9 are 
correct, its presence could be washed out by the resolution in this experiment, in view of the ap
parently large co~tributions to .the cross section from the three-, four-, and ~ive.-bo~y continu~m 
states. The relatively sharp nse of the spectrum betwgen 0 and 3.5 MeV exe1tatlon 1n the (p + He) 
system is similar to that seen at forward angles in the Li(p, t) 4 Li reaction, 13 and is presumably 
due to a p-wave p-3He final-state interaction corresponding to the low-lying, broad T = 1 states in 
4Li.} A :more detailed comparison indicates that this feature is considerq_bly less prominent in the 
7Li( He, bHe)4Li reaction. This raises the question of whether the (3He, bHe) reaction mechanism 
is selective of the simple configurations corresponding to higher isospin states, particularly in the 
very light nuclei for which contributions from the multi particle continuum states are known

6
to be 

large. At present there is insufficient data in the form of angular distributions for (3He, He) re
actions to test the three-neutron transfer mechanism. 
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ANALYSIS OF P- 4 He CROSS SECTION AND POLARIZATION .DATA 
FROM 20 TO 60 MeV 

t * E. T. Boschitz, M. Chabre, H. E. Conzett, 
R. J. Slobodrian, t and W. F. Tivol 

40 

scale 

In 1949 Critchfield and Dodder 1 carried out a phase-shift analysis of proton-
4

He cross-section 
data between 1 and 3.6 MeV. They found two acceptable solutions, one corresponding to the order
ing Pi/2• P3/2 of the ground and first excited state doublet of 5Li, and the other predicting the in
verted ordering. The two solutions predicted different polarizations in p-4He scattering, so a 
single polarization measurement by Heusinkveld and Freier2 in 1952 determined the ordering of 
the states. (In fact, it was necessary only to determine that the sign of the polarization changed 
between 2 and 3 MeV.) 

Since that time a very-considerable effort, both experimental and theoretical, has gone into 
the study of this systew.-for two reasons. First, large polarizations persist over a considerable 
energy range, so that He has been most useful and popular as an analyzer of proton polarization-
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which, of course, stimulated experimental determinations of its analyzing, hence polarizing, 
power. The second and more basic reason is that the 'p- 4 He system is the simplest nuclear system 
involving spin-a spin 1/2, spin-zero system with the spin-zero "particle" quite tightly bound. Thus, 
scattering states of a given total angular momentum and parity cannot be mixtures of different or
bital angular momenta, as is the case in nucleon-nucleon scattering, in which the attendant intro
duction of mixing parameters necessarily complicates phase-shift analyses. Hence, below the first 
inelastic threshold, the d + 3He channel, which sits at 22.9 MeV, there is only one parameter, the 
real phase shift, to determine for each angular. momentum state. On the other hand, the system is 
not so simple as to be uninteresting. The resonance behavior corresponding to states in 5Li and 
the effects of the inelastic channels provide the elements of interest. One would expect, then, that 
a description of the proton-alpha interaction in terms of a unique set of phase shifts would be more 
easily arrived at than has been the case, for example, with the nucleon-nucleon interaction. 

The sources o_f data used in our analysis are the following: cross section data from 20 to 
28 MeV are from Allison and Smyth? at 31 MeV from Bunch et al., 4 at 40 MeV from Brussel and 
Williams, 5 at 49 MeV from Davies et al., 6 and at 55 MeV from Hayakawa et al. 7 Polarization 
data at 29, 40, and 49 MeV are from Craddock et al., 8 at 38 MeV from Hwang et al., 9 and those at 
20, 27, 34, 44, 55, and 63 MeV are our measurements. 

Figure 1 shows our fits. Although only polarization data are compared with calculated curves 
from our phase-shift analyses, it should be noteP, that differential cross-section data were included 
at each energy at which they were available, and interpolated values were used otherwise. At 63 
MeV only the polarization data were analyzed. One can see the smooth change with energy of the 
polarizations. The scales are displaced by the value 0. 6; the back- angle maximum polarization 
stays near or above 80o/o. 

The results of our analysis are summarized in Fig. 2. Here we show the phase shifts and in
elastic parameters as functions of energy. The (real) phase shifts of and inelastic parameters . 
TJ_e± for the ;Zth partial wave, with total angular momentum j = .e ± 1/2, appear as follows in the ex
pression for the partial-wave scattering amplitude. 

TJ: exp(2i6 /l -1 
a; 2ik 

where k is the momentum in units of 11. The phase shifts up to 20 MeV are those of Weitkamp and 
Haeberli, 10 and the narrow resonance effect near 25 MeV is not shown here. Above 20 MeV the 
dashed curves show the trends of the phase shifts, with their actual values showing some scatter 
about these curves. The least scatter is shown by the 6o values and the most by the 61- values as 
shown. The 29-MeV s- and p-phase shifts stand off the curves by as much as 5 or 10 deg. Two 
possible explanations exist. The cross-section data were interpolated betweeg 27.5 and 31 MeV, 
so they may be in error. The other possibility is the tent!.tive 3/2+ or 5/2 + Li level at 20 MeV 
suggested by Tombrello et al. 11 in interpreting their d + He excitation function through that ener
gy region. Such a state would have an effect near 27.5 MeV proton energy.· This could affect only 
the d3j2(62-) or d 5 j 2(6! phase shift, but an appreciable change in one of those and the correspond
ing inelastic parameter might allow the s- and p-phase shifts to move back to the curves. 

In -summary, the general pattern is clear. The s-wave interaction is repulsive (we have plot
ted minus 60 here), consistent with the closed s-shell a particle. The interaction is attractive in 
the p, d, f, and g states and stronger in the j = ;2 + 1/2 states, again consistent with the shell-model 
ordering. The g7 /2 phase shift, 64-, is consistent with zero up to 60 MeV. The inelastic param
eters, which can deviate from unity only above 23 MeV, show that there is relatively little s·-wave 
absorption, and absorption in the higher partial waves comes in smoothly with increasing energy. 
No g-wave absorption was necessary. 
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ALPHA-
4

He ELASTIC SCATTERING FROM 30 TO 70 MeVt 

>!< 
A. D. Bacher, F. G. Resmini, ' H. E. Conzett, 

R. de Swiniarski,! and H. Meiner tt 

For excitation energies below 16 MeV the level structure in 8 Be is well understood in terms 
of states with a configuration of two a particles. However, it is apparent from the level diagram 1 

for 8Be shown i~Fig. 1 that t~e level structure above 16 MeV rapidly becomes more complex as 
the p + 7 Li, n + Be, and d + Li reaction channels open and other configurations for the states be
come more important.

4 
The even-spin, positive-parity states in this region, which are the only 

states formed in 4He- He elastic scattering, a4e shown in the expanded diagram on the right half 
of Fig. 1. Detailed measurements of the 4 He- He elastic scattering across this r~ion of excita
tion in 8Be were undertaken in order to resolve some ambiguities in earlier work. '3 I~ this work 
angular distributions have been obtained at 125 energies between 30 and 70 MeV using a He beam 
from the 88-inch cyclotrgn, magnetically analyzed to 0.02o/o in energy. The measurements cover 
a region of excitation in Be between 14.9 and 34.9 MeV. 

Figure 2 shows the behavior of the excitation functions at center-of-mass angles of 56 and 72 
deg. In the lower curve at 72 deg (a zero of P4), the 2+ doublet near 17 MeV excitation in 8Be is 
clearly seen. Anomalies due to higher 2+ states at 20.2, 22.2, .and 25.2 MeV are also evident. The 
gradual rise of the cross section above a 4He energy of 55 MeV is due primarily to a broad anom
aly in the P, = 6 partial wave. In the upper curve at 56 deg (a zero of P 2 ), 4+ states near 20·and 26 
MeV excitation are also apparent. 

Figure 3 compares the behavior of the excitation functions at ¥enter-of-mass angles of 32 deg 
(a zero of P4) and 76 deg (a zero of P6)· The anomalies due the 2 and 4+ states are most conspic
uous, but a comparison of the two excitation functions above 55 MeV clearly shows the importance 
of the P, = 6 partial wave. 

A phase-shift analysis of these data including partial waves up through P, = 8 is in progress, 
and some preliminary conclusions can be drawn. The P, = 0 phase shift follows a curve close to a 
hard-sphere behavior between 30 and 39 MeV 4He energy. Close to 40.5 MeV there is evidence 
for a broad o+ level with an elasticity (T'a/r) less than 1/2. This is in agreement with a prediction 
by Barker4 from an intermediate-couplin~ shell-model calculation. Measurements between 32 and 
35 MeV enable us to clearly resolve the 2 levels at 16.6 and 16.9 MeV and to determine their pa
rameters. Double-level fits to the P, = 2 phase shift indicate that the level positions are shifted 
slightly from those previously determined from measurements of the 7Li(3He, d) and 10B(d, a) re
actions. The excitations of the 2+ and 4+ levels near 20 MeV lie about 300 keV higher in excitation 
than previously reported, 3 namely, at 20.2 and 19.9 MeV respectively. 
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OBSERVATION OF THE 
3

He(p, n)3p REACTION AT 25 MeV t 

A. D. Bacher, F. G. Resrriini, ~' R. J. Slobodrian, t R. de Swiniarski, tt 
H. Meiner,~'* and W. M. Tivol 

Recent studies 1- 4 of the mirror reactions 3He(p, n)3p and 
3

He(n, p)3n have sought evidence 
for an enhancement near the four-body end point due to a three-proton or three-neutron interaction. 
These studies have been motivated by an intrinsic interest in the reaction mechanism leading to a 
four-body final state and by the possibility, admittedly remote, of detecting effects due t.o three
body forces. 

Previous work has set limits on the production of a .triproton
2 

or trineutron
4 

system and pro
vides rough v:flues of the cross section for the formation of the four-body final state. Measure
ments of the He(p, n)3p reaction have been made by Anderson et al. 1 at 14.1 MeV and 3 deg, and 
by Cookson2 at 13.1 MeV and 20 deg. There is no evidence for a neutron group, below the four
body end point, corresponding to a triproton system which Anderson estimates would be unbound 
by 1.2 MeV on the basis of previous 3 but unconfirmed4 work on the trineutron. Due to the ex
tremely low neutron yield, no distinct neutron spectrum was observed, and there is disagreement 
b'etween the cross sections reported. 

In experiment reported here we have measured the neutron spectrum from the 
3

He(p, n)3p re
action at a proton energy of 24.9 MeV. In contrast to previous.work this energy is considerably 
above the reaction threshold (10.3 MeV). One expects a higher neutron yield if the cross section 
is essentially determined by the energy dependence of four- body phase space. The experimental 
setup is sketched in Fig. L The proto:r; beam from the 88-inch cyclotron was focused at the center 
of a 15.2-cm-long gas target held at a He pressure of 1 atm by 6.2-mg/cm2 Al entrance and exit 
windows. The neutrons were detected at a lab angle of 8 deg' by means of a proton-recoil spectrom
eter. Protons recoiling from the polyethylene radiator were detected and identified by a tele.scope 
consisting of three counters of thickness 140 fl• 300 f.l• and 3 mm. A triple-coincidence require
ment was used to reduce the number of random events caused by the neutron background and by 
(n, a) processes in the Si detectors. The sum of the pulses from counters t~.E 1 and t~.E 2 was used 
as the ti.E signal for particle identificationS of the protons. The particle-identifier spectrum 
shown in Fig. 1 represents a considerable improvement over previous experience6 in this energy 
range with a two-counter system. 

The neutron background was measured by running the beam, for the same integrated charge, 
through a 4He gas target, chosen because of the high threshold for neutron production (25. 7 MeV) 
and the similar multiple scattering effec~ on the beam. The detection efficiency of the recoil spec
trometer was measured with the 2H(d, n) He reaction, at deuteron beam energies of 13.5 MeV and 

7 11.6 MeV. The cross section was calculated from the Legendre coefficients given by Brolley et al. 

The neutron spectrum from the 
3

He(p, n)3p reaction at 8 deg is presented in Fig. 2 for a total 
integrated charge of 43 000 f1C· The measured spectrum (not shown) was corrected for the back
ground contribution and the 1/E dependence of the spectrometer efficiency. The error bars in
clude the statistical errors for both the 3He target spectrum and the 4 He target background. The 
spectrum covers a neutron energy range down to 8.5 MeV, corresponding to a 3p excitation of 7 
MeV. The total number of counts beyond the four-body end point (16.7 MeV) is consistent with 
zero. There is no evidence for a distinct neutron group corresponding to a strong interaction in 
the three-proton system. The four- body phase- space prediction, indicated by the dashed curve in 
Fig. 2, does not appear to account for the observed rise of the spectrum below the end point. A 
more satisfactory fit is obtained by considering the sequential reaction mechanism 
p + 3He-+ n + p + (2p), in which the three-body phase space is weighted by a 1s 0 interaction be
tween two protons in the final state. 8 The result, shown by the solid curve of Fig. 2, has a shape 
more consistent with the trend of the experimental spectrum. 

In summary, the neutron energy spectrum from the reaction 
3

He(p, n)3p has been observed at 
a proton energy of 24.9 MeV and 8 deg .. The departure of the spectrum from four-body phase space 
is tentatively explained as due to a 1s0 final-state interaction between two protons. In view of these 
results it is clearly of interest to study this reaction at higher energies, 9 with particular attention 
to the forward angles. It is clear that the nature of the reaction mechanism leading to the four
body final state must be understood before departures from phase space can be attributed unambig
ously to an interaction in the three-nucleon system. 
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where E 2 is the excitation in the 2p system, p(En, E2p) is the three-body phase-space term, the 
second teil?n is the expression for the 1s0 interactiqn in effective range theory, and Emax• the up
per limit of the integral, is a function of En and E 2p. 
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Fig. 2. The neutron energy spectrum from the 
3tie(p, n)3p reaction at 24.9 MeV and 8 deg. The 
dashed curve corresponds to the four-body phase
space prediction. The solid curve corresponds 
to _three- body phase space weighted by a 1so inter
action between two l?rotons. The vertical scale is 
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-INELASTIC SCATTERING OF 24.5-MeV POLARIZED PROTONS ON 
20

Ne 

A. D. Bacher, R. de Swiniarski, t D. L. Hendrie, A. U. Luccio, ~' 
G. R. Plattner, F. G. Resmini, >:<and J. Sherman 

A recent experiment on the inelastic scattering of 24.5-MeV protons on 20 Ne has shown that 
a large hexadecapole ((34) deformation is needed to reproduce the shape and the magnitude of the 
cross sections leading to the 2+, 4+, and 6+ excited states of the ground-state rotational band. 1 
The optical-model parameters used in the analysis were determined by a search on the elastic 
cross section only, since no polarization measurements were available at the time. In order to 
improve the optical-model parameters and to test the sensitivity; to the f34 deformation, of the 
analyzing power for the first few excited states of the rotatiqnal band, we have measured the asym
metries for the low-lying states in 20Ne with the polarized proton beam2 from the 88-inch cyclo
tron. The measure_ments were made with eight cooled Si(Li) detectors (5 mm thick), located sym
metrically on opposite sides of the beam. Up to 40 nA of polarized protons was delivered on tar
get by the cyclotron with a polarization near 80o/o. The sign of the polarization was periodically 
changed at the source in order to cancel intrumental asymmetries. The overall energy resolution 
was about 150 keV, and therefore o!Fly asymmetries for the well-separated low-lying states in 2~e 
could be obtained, namely for the 0 (g. s. ), 2+(1.63 MeV), 4+(4.25 MeV), and 2-(4.97 MeV) states. 

Coupled-channels calculations with the parameters given in Ref. 1 are shown in Figs. 1-3 to
gether with the experimental analyzing powers. As can be seen from these figures, the coupled
channels calculations with the (32 and f34 deformations taken from Ref. 1 essentially fail to repro
duce the polarization data, the agreement being progressively worse for higher energy states. 
Similar effects have already been seen in recent polarization experiments on other nuclei in the 
s-d shell. 3 Further collective-model calculations are being made to investigate the behavior ofthe 
analyzing power with varying quadrupole and hexadecapole deformations and with a more realistic 
form4 of the deformed spin-orbit potential. 
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J. Thirion, and P. Vaganov, Excitation of Collective States in Light Nuclei by Inelastic Scattering 
of 20.3-MeV Polarized Protons (UCRL-18927, Aug. 1969), Phys. Rev. (to be published). 
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EVIDENCE FOR Y 4 DEFORMATION IN 20 Ne AND OTHER s-d SHELL NUCLEit. 

R. de Swiniarski, ':' C. Glashausser, +D. L. Hendrie, J. Sherman, 
A. D. Bacher, and E. A. McClatchiet.t. 

Accu2:ate measure.ments of the large intrinsic quadrupole deformation of the first excited 2+ 
states in ONe, 24Mg, 28si, and 32s have recently been performed. 1 Such data are a critical test 
of the detailed microscopic calculations of nuclear properties now being carried out by methods 
such as deformed Hartree-Fock. Some of these calculations suggest that nuclei of the 2s-1d shell 
should also have a ground-state hexadecapole deformation which changes both in size and in sign 
through the shell. Previous inelastic scattering results analyzed with DWBA, Austern-Blair, and 
other less sophisticated models indicate that large direct transition strengths a·re needed in order 
to explain the magnitude of the cross sections for the first 4+ states in 20Ne and 28si, but not 24Mg. 

We have measured the inelastic scattering of 24.5-MeV protons from 2 0Ne, using a proton 
beam from the Berkeley 88-inch cyclotron. The cross sections for the lowest o+, 2+, 4-f, and 6+ 
states are analyzed with the same coupled-channels method used for rare-earth nuclei. 2 The same 
model is then used to analyze the data of Crawley and Garvey3 for inelastic scattering of 17.5-MeV 
protons from 24Mg, 28Si, and 32s. 

In the coupled-channels calculations the states explicitly coupled are assumed to be the lowest 
members of a pure K = 0 rotational band. The intrinsic deformation of these states is parameter
ized according to the following definition of the nuclear radius: 

The interaction potential arises from the deformation of both the real and imaginary central terms 
of the optical potential and is calculated correctly to all orders.' Thus, all possible multiple exci
tation paths between the coupled states are explicitly included. Coufomb excitation and deformed 
spin-orbit terms are included in many of the calculations but are found to have no significant effect. 
The coupled-channels code of A. D. Hill, which includes a spin-orbit term in the optical potential, 
is used for most of the calculations. The predictions for the 6+ state in 20Ne are made with the 
program of N. K. Glendenning, which, however, does not include a spin-orbit term. The 2+ and 
4+ curves are insensitive to the spin-orbit potential. 

Starting optical'-model parameters were obtained by fitting only the elastic cross sections, 
using the search code MERCY. These parameters were then adjusted to preserve the fits to the 
elastic scattering in the coupled-channels calculations. Usually it was sufficient to adjust onlyWD, 
al' and V 

0
. The parameters used for the curves shown in Figs. 1 and 2 are given in Table I. 

The experimental cross sections and theoretical curves for the o+, 2+, · 4+, and 6+ states in 
20Ne are shown in Fig. 1. With values of +0.47 for 132 and +0.28 for 134• good fits are obtained to 
the shape and magnitude of the o+, 2+, and 4+ cross sections; the 6+ cross section is underesti
mated by a factor of about 2. The sensitivity of the predictions for the 4+ and 6+ states to the value 
of 134 is also illustrated in this figure. When l34 is omitted, the predicted 4+ and 6+ cross sections 
are too small by one or two orders of magnitude. If 13 4 is negative, the predicted shape of the 4+ 
angular distribution does not match the experimental curve. 

The coupled-channels predictions for the o+, 2+, and 4+ states in 24Mg, 28si, and 32s are 
shown in Fig. 2; no 6+ data were available. The values of 132 and l34 are given in Table I: The 
signs of the 13 2 deformations in 24Mg and 28Si were chosen to agree with the results of Ref. 1. 
Hartree-Fock calculations predict an oblate deformation for 32s, but this has not yet been verified 
experimentally and is not determined by the present analysis .. The sign and magnitude of l34 for 
32s are not very sensitive to the sign of 132· The fits to the elastic scattering are good for all three 
nuclei; the striking difference in the shapes of the 4+ angular distributions for 24Mg and 28si-32s 
is also qualitatively explained. However, the general quality of the fits shown in Fig. 2 is inferior 
to that obtained for the o+, 2+, and 4+ states in 20Ne. 

Nondirect processes may be resf.onsible for some of the discrepancies, especially for the 6+ 
state in 20Ne and for the 4+ state in 4M~ However, there is evidence that such processes are 
not important at forward angles for the 4 states with larger cross sections. Excitation functions 
for the o+, 2+, and 4+ states in 20Ne were smooth for proton energies between 23 and 26 MeV. 
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Table I. 

Nuclide 

24Mg 28Si 

46.0 46.0 

1.22 

0.60 

1.24 

0.62 

86 

3Zs 

47.0 

1. 21 

0.62 

In addition, the 4+ cross section decreases by 
more than an order of magnitude between for
ward and backward angles. An additional source 
of ambiguity is the known imperfection in the ro
tational description of these nuclei. The energy 
levels, particularly in 32s, already show consid
erable deviation from the strict rotational-model 
pattern. 

WD(MeV) 6 · 30 3 · 60 8 · 0 9. 5 In terms of the rotational model, nonzero 
r 1(F) 1.26 1.27 1.19 1.26 values of 13 4 imply a hexadecapole moment in the 

(F) 0.55 0.64 0 . 40 O.Z 8 ground state and in all the states of the rotation-
al al band built upon it. However, the inelastic 
V s(MeV) 3.57 7.26 6.0 6.0 scattering data alone might be equally well de-

(F) 0 95 i.ZZ 1.Z4 1.Z 1 scribed by a vibrational model, with some modi-
r s · fications of the values of 13z and 134· Thus, the 
as(F) 0.33 0.60 0.62 0.62 interpretation of l34 as describing the static Y4 

+0 . 49 +0 . 47 
deformation of the ground-state band relies upon 

13 2 (exp) -0.34 -0.30 f d. 1 measurements o a nonzero qua rupo e moment; 
13 4 (exp) +0.28 -0.05 +0.25 +0.25 such a measurement4 has not yet been made for 
--==------------------------ 32s. The quadrupole moments of the z+ states 

of ZONe and 24Mg are about 30o/o larger than ex
pected1 on the basis of the rotational model from the electromagnetic values of [B(EZ)z"t-+ o+]. 
Since the analysis of the inelastic scattering depends upon the evaluation of matrix elements be-
1tween the ground state and excited states, the present results should be interpreted in terms of a 
transition probability instead of a static moment when the two are not consistent. 

To summarize, the coupled-channels analysis of the present 20Ne data show clearly the ex
istence of a large hexadecapole deformation. A similar analysis of available data suggests a large 
hexadecapole deformation also in 28Si and 32s, whereas 24Mg is found to have a very small Y 4 
deformation. 
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INELASTIC SCATTERING OF 30.3-MeV PROTONS FROM 

10
B 

R. de Swiniarski, *F. G. Resmini. :1: A. D. Bacher, C. Glashausser, tt 
E. A. McClatchie, '~':' and J. Sherman 

The cross sections for inelastic proton scattering can in general be reasonably well reproduced 
by using either the DWBA or the coupled-channels method, together with collective-model wave func
tions for the nuclear states. However, if shell-model wave functions are used with a micros.copic 
model'for the interaction between the incident proton and the target nucleons, the calculations have 
been generally unsuccessful in explaining most of the inelastic scattering data. 1 This suggests that 
the present microscopic models are incomplete, and that the neglect of tensor and spin-orbit forces 
as well as knockout-exchange terms in the effective interaction is too restrictive. 

A pro~ram for a more sophisticated microscopic calculation has recently been written at 
Berkeley, and one of the aims of the experiment reported here was to obtain inelastic scattering 
data for a nucleus in the p shell (in this case, 10B) to test the new microscopic calculations. Since 
this work is still in progress, only some preliminary collective-model coupled-channels calcula
tions are presented here. 

The measurements for this work were made with magnetically analyzed 30. 3-MeV protons 
from the 88-inch cyclotron. Protons scattered from an enriched OB target were detected by an 
array of four cooled Si(Li) detectors (5 mm thick) with an overall resolution between 25 and 40 keV. 
This allowed eros s sections to be extracted for all the known states up to 7 MeV excitation, with 

-the exception of the 5.17-5.18-MeV doublet. The experimental spectrum at Blab= 135 deg is shown 
in Fig. 1. The 4+ state at 6.03 MeV is the most strongly excited state at this and all other angles. 
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The differential cross sections for the inelastic excitation of the 6.03-MeV state and 'of several 
others are indicated in Fig. 2. These other states are approximately equally excited with the ex
ception of the weak (0+, T = 1) state at 1. 74 MeV, which can be made only by a combined spin- and 
isospin-flip mechanism from the (3+, T = 0) ground state. It is worth noting the differences in the 
shapes of the angular distributions for excitations leading to states having the same spin and parity. 
Such differences cannot be explained by the usual collective-model description of the excitation. 

Optical-model fits to the elastic cross section have been performed using the search code 
MERCY. Figure 3 indicates the fit obtained with these ·parameters: V = 51.75 MeV, WD = 5.17 MeV, 
Vf? = 9.79 MeV, r 0 = 1.10 F, ao = 0.553 F, r 1 =1.30 F, a 1 = 0.685 F, rso = 1.01 F, aso = 0.57 F, 
X ;N = 1.29, N = 0.99. Preliminary coupled-channel or DWBA calculations have been performed 
for several of the more strongly excited states, using collective -model wave functions. The re
sults are presented in Fig. 4. These 1+, 2+, and 4+ states can be excited via either an P. = 2 or 
P. = 4 transfer. The forward-angle behavior appears to favor the P. = 2 calculations. Similar re
sults have also been obtained £roman analysis of the inelastic scattering of 32-MeV 3He particles 
on 10B. 3 The results of the microscopic model calculations will be reported in a forthcoming· 
paper. 

Footnotes and References 

t Presented as a contributed paper to the APS Summer Meeting, Hawaii, September 1969; Bull. Am. 
Phys. Soc. 14, 851 (1969). 
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Present address: Institut des Sciences Nucleaires, Grenoble, France. 

:f:Present address: University of Milano, Milan, Italy. 
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1. See, for example, G. R. Satchler, Nucl. Phys. A95, 1 (1967). 
2. R. Ascuitto and J. C. Hocquenghem (Lawrence Radiation Laboratory), private communication. 
3. G. T. Squier et al., Nucl. Phys. A119, 369 (1968). 
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THE 20 5T£ (p, p' ) 205T£ REACTION t 

C. Glashausser, *D. L. Hendrie, J. -M. Loiseaux, + 
and E. A. McClatchie tt 

lhe existence of at least five octupole transitions in 205 T£, suggested in work reported ear
lier, has been confirmed. In addition, a spin (7/2+, 9/2+) has been assigned to a state at 0.924 
MeV and values of B(EL) have been extracted for many levels. The new measurements, at 19.64 
MeV, were taken with 25 keV energy resolution and high statistical accuracy; they extend forward 
to 27 deg (lab) to insure proper identification of the angular momentum transfer (L). Similar mea
surements were performed for 206pb at the same time, so that the ratios of the absolute cross 
sections for 205T£ and 206pb are accurate to about ±7o/o, although the individual.absolute cross 
sections have errors of about ±15o/o. 

Angular distributions for the 0.80-MeV (2\ 2.65-MeV (3-), 1.69-MeV (4+), and 3.77-MeV (5-) 
states in 206pb are shown in Fig. 1. The curves are macroscopic-model DWBA predictions with 
optical parameters determined from the elastic scattering cross section and strengths determined 
by normalization to the experimental data. 

An~ular distributions for five states at excitation energies of 2.48, 2.62, 2.71, 3.21, and 3.26 
MeV in 05T £ are illustrated in Fig. 2. The solid line has the shape of a smooth curve drawn 
through the data points for the 2.65-MeV (3-) state in 206pb, This curve matches the 205T £ angu
lar distributions very well in every case, and allows the assignment of L = 3 (spin 5/2- or 7/2-) to 
each of these levels. 

The existence of so many L = 3 transitions appears to contradict the description of the 2.62-
and 2. 71-MeV doublet in 2 05T£ as a pure 3s 1/2 hole coupled weakly to the 3- state in 206Pb. This 
description has been suggested by Sol£ et al., 2 based on its excitation energy, resonant structure, 
and absolute cross section measurement in the study of isobaric analog resonances in 205T£(p, p') 
205T£. If the ground state of 205T£ were simply [3s1/2-1• 206pb o+], the present measurements 
would certainly rule out the simple description proposed by Sol£ et al. 2 However, it is possible 
that the extra transitions observed here are transitions from other configurations in the 205T £ 
ground state to relatively pure weak-coupling excited states. Such an explanation appears plausible 
for the 3.21- and 3.26-MeV states, based on the position and strength of these states. However, 
the 2.48-MeV level i/} less likely to be a pure weak-coupling state, since the only nearby configura
tion, [ 1h11/2- 1 , 20 Pb 2+] 7/2- , is expected to be very weakly excited. 

Another explan~tion for these strong L = 3 transitions, of course, is the possible admixture 
of the [3s1/2- 1 , 20 Pb 3-] component in 5/2- or 7/2- states whose dominant structure may be 
unrelated to the 3- state in 206pb, This is especially likely for the 2.48-MeV state, which lies 
close to the 2.62-2, 71-MeV doublet. The summed cross section for the doublet is 55±5o/o of the 
cross section for the 3- state in 206pb, The ratio of the cross sections for the two states of the 
doublet is 0.85±0.06. Both these values are in disagreement with the simple weak-coupling pre
dictions of about 75o/o and 0. 75, respectively. 

A summary of the positions and strengths of all levels observed in 
205

T£(p, p' )
205

T£ and of 
the principal levels in Z06pb is presented in Table I. The single-particle strength parameter GL 
was determined from the formula 

_ [
2Jo+1J (L+3)

2 
2 2 

GL - 2J+1 4rr Z f3L ' 

where J
0 

and J are the spins of the ground state and final state, respectively, Z is the atomic 
number of the target, and f3L is the deformation parameter. This last was determined by ad
justing the normalization of the appropriate DWBA curve (shown in Fig. 1) to give the best fit to 
the experimental angular distributions. The underlined values of J in Table I have been assumed 
in the calculation of GL. 

Of special interest is the level at 0. 924 MeV, whic~ has been assigned L = 4 (spin 7 /2+ or 
9/2+). This state was observed also in the 208Pb(!i, a) 05 T£ reaction, but not in the (t, a) or 
(d, He3) reactions 1 • 3 on Pb206 or the 205T £ ('{, -y' ) 05T £ reaction. 4 A spin of 3/2+ had previously 
been proposed for this state, 2 but such an assignment is ruled out by the present measurements. 
This state may correspond to the lowest 7/2+ state predicted by Covello and Sartoris5 to lie very 
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Table I. Energies, spins, and strengths of states 
observed in the 205T .£ (p, p' )205T .£ and 
206pb(p, p' ) 206pb reactions at 19.64 MeV. Val
ues in parentheses indicate tentative assignments. 
The underlined value of J has been assumed in 
the calculation of GL. 

A. 
E 

.__.lL 

0.297 
0.622 
0.924 
1.14 
1.340 
1.431 
1.484 
2.487 
2.625 
2. 716 
2.971 
3.18 
3.213 
3.256 
3.414 
3.537 

B. 206Pb 
E __ x_ 

0.803 
1.684 
2.648 
3. 776 

L 

2 
2 
4 

(2) 
(2) 
(4) 
(5) 
3 
3 
3 

(3) 
(3) 
3 
3 

(5) 
(5) 

L 

2 
4 
3 
5 

~ 
8.5 
8.6 
2. 7 
0. 96 
0.8 
4.2 
2.5 
5. 7 

14.7 
13.0 

0. 75 
1.5 
3.3 
5.2 
2.2 
6.9 

~ 
6.3 
2.5 

25.5 
6.9 

close to 0.9 MeV. Its strength, 2. 7 single
particle units, corresponds very closely to 
the strength of the 1.69-MeV level in 206pb, 

The values of GL determined for the first 
3/2+ and 5/2+ excited states are very similar 
to each other, a fact which might be taken as 
an indication of weak couplin~. However, such 
a description has been shown to be inappro
priate for these states; evidence for this view 
is found in the smaller value of GL for the 2+ 
state in 206pb, The present value for 206pb 
agrees well with that determined by Saudinos.6 

The 1.431-MeV level 1s an unresolved 
doublet; 7 its angular distribution is fitted 
very well, however, with L = 4. This may 
mean that both states are (7 /2+, 9/2+), or 
that one of the two states is weakly excited. 

The 1.484-MeV state probably corre
sponds to the single-hole 1h11/2 state ob
served in 206pb(t, a) 205T.£ and -zo6pb(d, He3) 
205T.£. The assignment of L = 5 here agrees 
with this description, but it can be only a 
tentative assignment, since it is difficult to 
distinguish L = 5. distributions from distribu
tions for states of higher spin. The absolute 
cross section for this state corres.ponds 
closely to the cross section for the 1.6-MeV 
(i1~/2)- 1 single neutron hole state observed8 
in 07Pb(p,p' )207Pb. Tentative L = 5 as
signments have also been made for several 
states around 3,5 MeV. The peak at 3.537 
MeV appears somewhat wider than the other 
peaks in the spectrum, and is likely to con

sist of two or more states. Many states in this region have been observed to resonate strongly in 
the 205T .£ (p, p' ) 205T .£ work performed at the University of Washington. 9 
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A STUDY OF THE LOW-LYING STATES OF 207Bi 

E. A. McClatchie, t C. Glashausser, * and D. L. Hendrie 

We have studied the (
3
He, d) reaction at 35 MeV on both 

206
Pb and 

208
Pb over the angularrange 

13 to 40 deg lab. This reaction should populate the single proton states in 207Bi and 209Bi of the 
type (nij), where (nij) represents a proton in the Z = 82-126 shell. Also populated will be particle
core coupled states of appropriate spin and parity that might mix a:Jmreciably with the single-particle 
states. Since there are many more low-lying collective states in W6pb than in 208pb, one should 
certainly expect the (3He, d) reaction on these nuclei to yield a much richer spectrum of states in 
207Bi than in 209Bi. This was indeed found to be the case. 

209
Bi Results 

The (
3
He, d) reaction predominantly populates only six states up to an excitation energy of 4 

MeV, as shown in Fig. 1. These are the expected single-proton states 1hgf2• 2f7 /2• 1i1.3/2• Zfs/2• 
3p3j2. and 3p1/2• arid lie at excitation energies of 0.0, 0.89, 1.60, 2.81, 3.10, and 3.61 MeV. Each 
state is populated with essentially the full spectroscopic strength, with the exceptions noted below. 

(a) A state at 2.59 MeV, which is the 13/2+ member of the h 9; 2 (3-) septuplet, is weakly populated 
by the (3He, d) reaction. This is no doubt due to a small admixture of i13/2 single-particle com
ponent in the 13/2+ member of the collective mul[iplet. 

(b) The 3p1;.2 state at 3.61 MeV is now thought to contain not all of the expected p 1; 2 strength. 
A state at 4.4 MeV, some 50% as strong as the 3. 61-MeV, is believed to account for the remainder 
of the P1/2 strength. · 

207 Bi Results 

The (
3

He, d) spectrum on 
206

Pb at 38 deg lab is shown in Fig. 1. Some 18 states are popu
lated with significant cross sections up to an excitation energy, of 3.5 MeV. This indicates that; as 
expected, the single-proton states are considerably more fragmented i~ 207Bi than in 209Bi. In a 
preliminary analysis of the 2 07Bi data, we have used the 208pb(3He, d) 09Bi angular distributions 
to assign spins and strengths to the stronger st~tes in 207Bi. The results are as follows: 

(a) 0.9 ± 0.1 of the h 9; 2 strength goes to the 07 Bi 2round state. 
(b) The f 7 ; 2 strength goes to at least two states in 07Bi. The fits to these states (0. 99 and 

0. 75 MeV) are shown in Fig. 2. Together they account for 0.9 ± 0.1 of the f7/2 strength. 
(c) 0.9 ± 0.1 of the i 13!z strength goes to the state at 1.6 MeV in 207Bi. 
(d) The f 5; 2 strength goes to two or more states. Fits to the 2. 78- and 2.93-MeV states are 

shown in Fig. 3, Together these account for 0.85 ± 0.1 of the fs/2 strength. 
(e) The states at 3.03, 3.13, 3.32, and 3.45 MeV all appear to have p-type angular distribution. 

No distinction can be made between P3/2 and p 1 ; 2• Together these four groups account for · 
0. 7 ± 0.1 of the total p strength, indicating that some p strength is probably present in states at 
higher energy than 3.5 MeV. 

Footnotes and Reference 

t Present address: Arkon Scientific Laboratories, Berkeley, California~ 
':'Present address: Rutgers-The State University, New Brunswick, New Jersey. 
1. B. H. Wildenthal, B. M. Freedom, E. Newman, and M. R. Eates, Phys. Rev. Letters .!...2_, 
960 (1967). 
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STUDY OF THE 58Ni(p, 3He)56co REACTION AT 45 MeV 

t ~,< 
G. L. Bruge, R. F. Leonard, and M. S. Zisman 

Among the odd-odd nuclei 
56

co is particularly interesting because it can be described in terms 
of a proton hole in the closed h/2 (Z = 28) shell and a single neutron outside the closed N = 28 shell. 
Although it cannot be studied by means of single-nucleon transfeG experiments, it ~as been studied 
by more fomplex two-nucleon transfer reactions, 54Fe(H~3, p)5 Co and 58Ni(d,a)5 Co (Refs. 1, 2) 
and the ( He, t) (Refs. 3-6) charge-exchange reaction on 56Fe. In these experiments the low-lying 
states were identified as nearly rure one-particle-OJ+e-hole states of the configuration ~1f77z)_p 
(2p3 ; 2 ) . Higher excited states 1.452 (0+), 1. 721 (1 ), 1.924 (3+), 2.296 (2+), 3.613 (0 ), ancr 
4.450 (2:'-)] are considered to be two-particle-two-hole states of the conf~uration [(1f7J2)o+(2p3 ; 2 )] 
(2p3 ;

2
) • Of these latter six states, the lower four have been interpreted a,s T = 1 antlanalog le\rel~ 

anatlie~pper two as T = 2 analogs of the ground and first excited state of 56Fe. The previous work 
has also reported an unexpectedly large number of L = 2 transitions. 

Observation of another 0+ level at about 3.52 MeV has been reported, 1 • 
3 • 4 

and, more recently, 
in a paper by Dzubay et al., 5 who studied the 56Fe(3He, t)5°Co reaction and dis§~ssef this level in 
terms of isospin mix~ng with the ground-state analog at 3.61 MeV. Moreover, Fe( He, t) experi
ments done at Saclay showed that, although some of the low-lying states in 56co ga3e angular dis
tributions with expected shapes, 7 some also showed unexplainable patterns. The (p, He) experi
ment reported here was done to obtain better knowledge of most of the levels of 56co, espe1cially 
the low spin states. 

The energy-analyzed 45-MeV proton beam of the 88-inch cyclotron has been used for this ex
periment. The outgoing particles were identified by an E-L:.E telescope followed by a Goulding
Landis identifier circuit. Angular distributions have been measured for 26 levels at excitation en
ergies up to 5.2 MeV, at scattering angles between 14.5 and 76.8 deg c. m. A typical 3He energy 
spectrum is shown in Fig. 1. The overall energy resolution (FWHM) is approximately 50 keV. 

Some preliminary estimates of the angular momentum transfers have been made by comparing 
angular distributions with those of previously identified levels. In addition, DWBA calculations have 
been carried out, using Glendenning's table of structure amplitudes 9 and a modified DWUCK com
puter code. 10 For these calculations the 58Ni ground state was described by Auerbach's wave func
tion11 and some of the 56co levels by the wave functions of Vervier. 12 Some of the results are 
shown in Fig. 2. The energies predicted by Vervier and the normalization factors N indicate the 
quality of the wave functions. The calculations are consistent with our preliminary L determina
tions and, in several cases, give the probable spin. Table I shows a summary of these results. 

The first four excited states are not badly described, .but there are many other problems. We 
have observed four L = 0 transitions at 1.444, 2.456, 3.501, and 3.587 MeV and two possible 1+ tran
sitions at 1. 714 and 3.137 MeV. This is more than any simple model can explain. 13 The 3.501-
and 3.587-MeV levels were extensively discussed when they were observed through the (3He,t) re
action. 3, 5 We can confirm that the 1.444-MeV level is a o+, but nothing is known about the level at 
2.456 MeV. The nature of these levels requires further study. The 1. 714-MeV level (a known 1+ 
state)2, 8 is strongly excited in the 56Fe(3He, t)56co experiment, 6 but its angular distribution does 
not correspond to the usual 1+ assignment. A similar behavior is observed in this work, where 
the 1. 714- and 3;137-MeV states have similar angular distributions not characteristic of any single 
L value. Both are therefore considered possible 1+ states. 

In addition to the 3.587-MeV level, which is the T = 2 isobaric analog of the 
56

Fe ground state, 
and L = 2 level has been observed at 4.432 MeV which is probably the analog of the first 2+ level in 
56Fe. As expected, a large number of 2+, 3+, 4+, and s+ levels have been observed. The cross 
section for the strongly excited 6+ level observed at 2.r71 MeV is reasonably well described12 by 
a DWBA calculation using the simple configuration (ff; 2)p (f5/2)~. In addition, two strong levels 
are populated at 5.09 and 5.17 MeV, the latter being a possible 2 . There is no indication of the 
nature of these two states. 

The experimental results show that analysis of the 
56

co le.vels requires more detailed wave 
functions than are available at present. Further analysis is planned when such wave functions be
come available. 
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Table I. Energy levels observed in the 58Ni(p, 3He)56co reaction at 45 MeV. The cross sections 
have been integrated between 12.5 and 62.5 deg c. m. The Land Jrr values as suggested in our 
work are given. The quoted·Jrr values marked by asterisks have been confirmed by DWBA calcu
lation. The known J7T values are taken from Refs. 1, 2, 3, 5, 6, and 8. Also listed are the en
ergies and Jrr values predicted by Vervier and the corresponding normalization factors N. 

Integrated Already known Predicted 
Energy cross section Probable L Suggested or suggested energy(MeV) 

(MeV) (fJ.b) value sEin sEin 

0.0 9. 79±1.68 4 4+'" 4+ 
0.166±0.010 15.8 ±1.9 2+4 +* 3+ 3 "· 
0.578±0.010 23.4 ±2.8 4+6 5+"' 5+ 
0.84 ±0.015 3. 75±1.25 s::} 0.961±0.015 10.9 ±2.2 2 2 2+ 
1.001±0.015 14.4 ±2.9 2 3+* 
1.106±0.015 4. 06±1. 4+'~ 

1.444±0.015 11.9 ±1.8 0 o+ o+ 
1. 714±0.015 5. 6 7±1. 56 0+2 1+ 1+ 
1.924±0.015 15.2 ±2.3 2 + +>!' 3+ 2 '3 
2.050±0.015 22.6 ±2.3 2 2+ * 2+ 
2.220±0.015 4.49±1.12 3+4 3+ 
2.271±0.010 41.2 ±4.1 6 6+* 
2.371±0.015 7.61±2.3 4 4+ 
2.456±0.015 12.8 ±2.2 0 o+, 1+ 
2.626±0.015 11.8 ±2. 2+,3+ 
2. 734±0.015 9. 54±1. 68 1+,3+ 
2. 946±0. 020 2.2 ±0. 94 
3.048±0.020 9.8 ±1. 7 
3.137±0.015 14.3 ±2.3 0+2? 1+? 
3.396±0.015 9.42±1. 9 2+4 3+ 
3.501±0.015 15; 7 ±3.4 0 o+, 1 + o+, 1+ 
3. 587±0. 015 19.5 ±3. 7 0 o+ o+ 
4.432±0.020 15.8 ±2.4 2 2+ 2+ 
5.090±0.020 51.4 ±6.4 
5.187±0. 020 15.4 ±6.2 2 z+? 
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THE 58Ni(p, t) 56Ni REACTION AT 45 MeV, 
COMPARISON WITH THE 58Ni(p, 3He)56co REACTION 

G. L. Bruge, t R. F. Leonard,>!< and M. S. Zisman 

The 58Ni(p, t)
56

Ni reaction was studied with the 45-MeV proton beam from the 88-inch cyclo
tron. The triton spectra were obtained simultaneously with the 3He spectra discussed in the pre
ceding paper in this report. 1 Figure 1 shows a typical triton spectrum. The enefgy resolution 
(FWHM) is about 40 keV. We have observed 25 levels in a 9-MeV energy range, and we have mea
sured angular distributions for 21 of them. 

In Table I we give, as for the (p, 
3

He) experiment, a summary of our results. It should be noted 
that most of the energies we give in Table I differ systematically from these determined in Ref. 2 
by about 50 keV. Our calibration, which includes the contaminant peak from the 16o(p, t)14o re
action, gives good agreement with the prev~ous energy determinations3, 4 for the first few states 
in 56Ni, and is also consistent with our (p, He) calibration. 1 ,In the same way as for the (p, 3He) 
experiment, a preliminary determination of the angular momentum of the transferred neutron pair 
has been made, usin2 a set of" typical curves" corresponding to several levels previously identi
fied by Davies et al. These empirical assignments have been further confirmed by a set of rough 
calculations involving simple configurations for several excited states, 5 using Glendenning's tables 
of structure amplitudes. 6 

Table I. Energies, cross sections (integrated from 12.5 to 62.5 deg c.m. ), and 
suggested spins for excited states of 56Ni. For comparison 

the results of Davies et al. (Ref. 2) are given. 

Levels observed in Ref. 2 
Poss- Sug- Integrated 

Energy ible gested cross sections Energy 
(MeV) L JTr (fl.b) (MeV) JTr 

0.0 0 o+ 192± 19 0 o+ 
2. 697±0. 014 2 2+ 23.6 ±2.8 2.64 2+ 
3. 956±0.014 4 4+ 37.1 ±4.1 3.90 4+ 
5. 000±0. 020 0 o+ 6.49±1.50 4.95 o+ 
5.339±0.019 2 2+ 12.7 ±1.7 3.33 (2+) 
5. 483±0. 024 (3) (3-) 4.80±1.12 
5.989±0.020 4 4+ 7.48±1.37 5.90 4+ 
6.222±0.026 2, 1 2+,1- 2.24±0. 74 
6. 318±0. 028 4 4+ 5.80±1.25 6.38 4+ 
6.419±0.015 4 4+ 17.5 ±1.93 
6. 554±0. 018 21.4 ±2.55 

6.58 a+ 
6.644±0.019 0 o+ 16.8 ±2.12 
7.021±0.026 2 2+ 4.36±1.0 7.00 
7.170±0.027 1 1- 6.99±1.37 7.12 1-

7.289±0.025 
2+ 

7.55±1.50 
7.455±0.017 2 43.4 ±4.3 7.42 2+ 

"7.567±0.018 3 3- 25.7 ±2.55 7.56 3-
7.653±0.031 6.99±1.37 
7. 788±0.024 5. 86±1. 75 
7.912±0.040 0 o+ 2.52± .27 7.92 o+ 
8.082±0.100 (8.09) 
8. 654±0. 020 8.48 2+ 
8. 771±0.026 
8. 896±0. 02 0 
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Our results can be compared to those of Davies et al. 2 We can confirm most of their strongly 
excited levels; however, our better resolution allowed us to split some of them. In addition, four 
new levels have been observed at 5.483, 6.222, 7.289, and 7. 788 MeV. All of them are weakly ex
cited. The 5.483 -MeV level has an angular distribution which suggests a 3- assignment. A study of 
(a, a') systematics 7 in the Ni isotopes indicates that the first 3- state in 56Ni should be at about 5 
MeV excitation. If this tentative assignment is correct it will be necessary to find another inter
pretation for the 3- state observed previously at 7. 56 MeV2 and found at 7. 567 MeV in this work. 
The level at 6.222 MeV is either 1- or 2+. The last two do not display classifiable angular distri
butioris. 

A 6.38-MeV level has been identified by Davies et al. as the isobaric analog state of the T = 1 
56co ground state. 2 In this work two levels have been observed, at 6.318 and 6.419 MeV, both dis
playing L = 4 angular distributions. The analog state is expected at 6.424 MeV, 8 and can be identi
fied with the stronger 6.419-MeV state within the limits of the various errors. 

Davies's 6.58-MeV level is split into the 6.552- and 6.641-MeV states. The angular distribu
tion for the 6. 641-MeV state is compatible with an L = 0 transition. Taking into account the experi
mental errors, the 6.552-MeV level could be the isobaric analog of the 0.166-MeV level of 56co, 
whose spin (3+) is reasonably well established. 1 This seems unlikely, however, since excitation 
of a 3+ level is forbidden by the selection rules for (p, t) reactions, and the 6.641-MeV state is 
relatively strongly excited. 

We have tried to study the parentage of possible pairs of analog states, using the method of 
J. C. Hardy et al. 9 Table II gives the values of the ratio R ={dO" /dnl(p, t) j(da /drl)(p, 3He), taken 
at the first measured maximum of the angular distributions. The calculated ratio is 
Real = (kt/k3H ) (2/Tf), where Tf = 1. This relationship is valid only if all the transferred nucleons 
are picked up from the same orbit. 

The experimental and calculated values agree for the first and third cases. The 2+ levels are 
not easily compared, since the angular distributions are somewhat different, suggesting that they 

Table II. Ratio of (p, t) to (p, 3He) cross sections 
for the three possible pairs of analog states ob
served in this work. 

Level energy (MeV) 

56Ni 56 Co 

6.419 o. 
7.445 0.96 
7.908 1.444 

iTT 

4+ 
2+ 
o+ 

R 

1.55 
2.5 
1.72 

1. 73 
1. 70 
1.67 

are not analog .states. The experimental 
ratio for the o+ pair agrees very well with 
the calculated ratio. This would be expected 
for a o+ T = 1 two-particle-two-hole state, 
the description suggested for the 1.444-MeV 
state in 56co. However, a more detailed 
calculation is necessary to determine the ex
act nature of the T = 1 state in 56Ni. Such 
calculations are planned for this as well as 
for the other levels in 56Ni. 
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Fig. 1. Observed experimental spectrum for the 
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Ni reaction at 18 deg. 
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A SEARCH FOR HIGH-SPIN STATES IN THE A= 90 REGION 

M. S. Zisman, E. A. McClatchie, t and B. G. Harvey 

In recent years a search for high-spin levels has been carried out at the 88-inch cyclotron.
1

-
3 

The technique used is to observe the states which are strongly populated in the (a, d) reaction at 
a-particle energies in the range of 40 to 50 MeV. This reaction has previously proven its useful
ness in selectively populating high-spin states in light nuclei, 1, 3 and the trend has been shown to 
continue in the medium-mass (54::::: A::::: 70) region. "2, 3 

Up to this point, the high-spin states were always of the same type, namely 

[
-- 7-+2 ]· 

(Ji' Ti) + (J, t) J=2j, T=O J' T =T.' 
. f f 1 

where J., T. are the spin and isospin of the target, j, tare the spin and isospin of the shell-model 
state inlo wlhch the stripped nucleons are captured, and Jf' T{ are the spin and isospin of the final 
state. When J. f. 0, more than one state of this structure can 'be formed (due to the vector coupling 
Jf =-Ji + J) arid-multiplets have been observed. 1, 3 However, as the target mass increases the pro
tein-neutron configurations for low-lying states ·are no longer of the (j) 2 type, since the particles 
are filling different shell-model states .. Thus, the most likely high-spin levels will now be of the 
(j 1 ' j 2) J = . + . type; 

J1 J 2 

It i's worthwhile to mention again the reasons for the strong population of such high-spin states 
with the (a, d) reaction. First of all, the cross section for a high-spin state is enhanced relative 
to that for a lower-spin state by the statistical factor 2J + 1. Second, the kinematics of the (a, d) 
reaction favors a large· angular momentum transfer. By this we mean that Q X R [=I k. - k I X R], 
the "classical" angular· momentum transfer at the nuclear surface, is large. For thl 90Zr(a, d)-
92Nb (g. s.) reaction at () = 0 deg and Ea = 40 MeV, Q = 1.1 and Q X R "" 8. This indicates a pref
erence for pop\1lating states which require an L"" 8 transfer. The third reason concerns the gen
eral tendency of all two-nucleon transfer reactions to exhibit a selectivity based on the degree to 
which the transferred nucleons are correlated in the nucleus. In particular, the (a, d) reaction 
shows a preference for populating states which ~ook very much like a deuteron coupled to an 
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unperturbed target core. This implies a wave function for the two transferred particles which has 
large amounts of triplet spin orientation and £ = 0 (i.e. , no relative angular momentum of the parti
cles about their center of mass). This selectivity has been treated quantitatively by Glendenning. 4 
In his notation, the preferred states are those which have a large 11 structure factor, 11 GNLSJT" 
This factor too can be seen to favor high-spin states of the type mentioned above (see Ref. 5). 

The A = 90 mass region was selected for this study because it is near the N = 50 closed shell, 
where the shell-model concept is useful. The two targets used in the initial experiment (at Ea = 40 
MeV) were 88sr and 90zr. In this region the high-spin shell-model configurations which might be 
expected to be preferentially populated are (suppressing radial quantum numbers) (g~;2 , d5;2 )1 +' 
(g~;2 • g7L2 )8+' (g 7 ; 2 )2;t+' and (d 5;2 J~+· The picture is simplified somewhat by the fact tliat tli.e 
state of conhgurat16n (g

9
,..:2 , d~L2 ) 7 -l: 1s known6, 7 in both final nuclei. This gives an immediate 

test of whether the (a, d} reachon w11l still selectively populate such high-spin states in this mass 
region. As can be seen in Figs. 1 and 2, the 7+ member of the (g9;2 , dS/2 ) m};ilti,.plet is selected 
in.both cases. Also, in each spectrum there is one other level [E"'(9(Ty) = 3.11 MeV, 
E'''(92Nb) = 2.58 MeV] whose cross section is comparable to that of the (g9;2 , dS/ 2 )7+ state. 

The problem of discriminating among the various possible configurations for these higher ex
cited states is a difficult one. We hope to be able to observe this state in other nuclei in this mass 
region and establish systematic trends in its population. This should give some insight into the 
correct configuration involved, as it has in other regions of the periodic chart. 1-3 

Footnote and References 

t Pre sent address: Arkon Scientific Laboratories, Berkeley, California. 
1. E. Rivet, R. H. Pehl, J. Cerny, and B. G Harvey, Phys. Rev. 141, 1021 (1966)~ 
2. C. C. Lu, M. S. Zisman, and B. G. Harvey, Phys. Letters 2 7B, 217 (1968). 
3. C. C. Lu, M. S. Zisman, and B. G. Harvey, Phys. Rev .. 186,1086 (1969). 
4. N. K. Glendenning, Phys. Rev. 137, B102 (1965). --
5. N. K. Glendenning, Tables of Structure Amplitudes for (a, d) Reactions, UCRL-18270, Aug. 1968. 
6. J. B. Ball and M. R. Cates, Phys. Letters 25B, 126 (1967). 
7. W. L. Alford, D. R. Koehler, and C .. E. Mandeville, Phys. Rev. 123, 1365 (1961). 

'
0 Zr (a,d) 

12
Nb 

Ea= 40 MeV 

400 BJ = 25' 

6000 !J-C 

2.58 

I Pulser -
300 

o.o 

2 I 
c:: 14 N (0.0) 
:::> I 0 
u 

500 600 700 900 

Channel 

Fig. 1. Deuteron energy spectrum from the· 
90zr(a, d)92Nb reaction at Ea = 40 MeV and a 
scattering angle of 25 deg (lab). Excitation 
energies are given in MeV. (XBL6912-6379) 

14 N (0.0) 

I 81
Sr (a,d)

90
Y 

E0 = 40 MeV 

81" 25° 
400 4ooo l'c 

3.11 
Pulser 

300 I 
! 
c:: 0.69 :::> 

I 0 
u 

200 

4.2 1.03 

I I 

Channel 

Fig. 2. Deuteron energy spectrum from the 
88sr(a,d)90y reaction at Ea = 40 MeV and a 
scattering angle of 25 deg (lab). Excitation 
energies are given in.MeV. (XBL6912-6378) 



102 

EXCITED STATES OF 54Fe t 

J. M. Moss,'~ ·c. Glashausser, :t: D. L. Hendrie, and J. Thirion':' 

Among the large amount of theoretical and experimental effort to determine the range of valid
ity of the nuclear shell model, considerable recent interest has been aroused! in the purity of shell 
closure at 56Ni (Z = 28, N = 28). The solution to problems like this lies in large measure in.de
terminatio~ of the proEerties of excited states in nuclei 1 or 2 nucleons removed from the proposed 
closed shell, such as 4Fe in this case (Z = 26, N = 28). The absence of suitable targets ~revents 
single-nucleon transfer reactions leading to 54Fe. Attempts to investigate the states of 5 Fe by in
elastic scattering have been partially foiled by the large number of close-lying, and hence unre
solvable, multiplets in the sp'ectrum. We have avoided these problems by investigating the states 
of 54Fe by means of an 54Fe(p, p'y) prompt coincidence experiment in the standard collinear ge
ometry, 2 using the resolving power of Ge(Li) gamma detectors to separate the multiplets. Crucial 
to success of the experiment was the manufacture of a large -volume Ge (Li) detector of high ef
ficiericy by the Nuclear Instrumentation Group. 

Previous to the coincidence experiment, a (p, p') excitation· function was measured; from this 
we ascertained that a beam energy of 10 MeV best avoided experimental problems due to compound 
nuclear resonances. For coincidence counting, the scattered protons were detected in an annular 
Si(Li) counter which subtended an angular range of 168 to 172 deg. The beam was prepared by ac
celerating 20-MeV Ht ions in the 88-iilch cyclotron and energy-analyzing them with a bending mag
net and a slit of small aperture. Ions scattered from the slit would be degraded to H+ ions, and 
were removed from the beam by a second magnet well removed from the target area. The beam 
was then focused through the annular counter onto a self-supporting isotopically enriched 54Fe 
metal foil and then collected and measured in a well-shielded Faraday cup. Deexcitation y rays 
were measured in a movable 40-cm3 cylindrical drifted Ge(Li) counter with experimental resolu
tion of 6 keV. Data were taken at five angles from 25 to 90 de g. The gamma detector was calibrat
ed for energy and efficiency with standard y-ray sources from IAEA and a 56co source. 

Signals from the counters were prepared by Goulding-Landis high-rate amplifier-pileup re
jector systems. 3 Fast coincidences were determined by a time-to-amplitude conversion technique; 
the apparatus was arranged to provide four additional time peaks for analysis of chance events. 
Time resolution was 23 nsec, well within the cyclotron repetition time of 142 nsec. Coincident 
proton and gamma signals were analyzed by a multiplexed Robinson 4000-channel ADC4 into an 
on-line PDP-5 computer, and then onto magnetic tape for. later data extraction. .Calibrated and 
synchronized pairs of pulses were fed into the preamplifiers and continued through the remaining 
system exactly as real events; from these we could detect gain shifts (none were found), monitor 
electronic efficiency, and measure dead-time effects. A proton monitor counter was used through
out to check beam energy shifts and Faraday cup normalization. The gamma counter position was 
moved hourly to reduce possible systematic errors; a total of 10 hours of data was taken at each 
of the five positions. 

Contributions of chance events in the spectra were analyzed by evaluating four "chance" peaks 
in the time spectrum. This result was checked by comparison with the gamma spectrum produced 
by coincidences (necessarily chance) with elastically scattered protons; the two methods gave sta
tistically identical results. A gamma spectrum corresponding to each proton group was then pro
duced; a typical spectrum is shown in Fig. 1. The angular distribution for each gamma decay 
from each excited state of 54Fe was then generated; the full-energy peaks and escape peaks from 
the spectra were used. The decay scheme and branching ratios obtained for states up to 5 MeV are 
shown in Fig. 2. 

Because of the simplifications in nuclear alignment resulting from the standard collinear ge
ometry, parameters involving the excitation mechanism can be removed from the analysis of the 
angular distributions. Each decay can then be analyzed for spectroscopic content, viz, spin of 
initial and final states and the mixing ratio between the two lowest multipolarities (usually Mi and 
E2) in the gamma decay. Warburton et al. have provided a program that statistically analyzes 
each decay in terms of these parameters. 5 A typical analysis, showing X2 as a function of the 
mixing ratio for several choices of initial spin, is shown in Fig. 3, along with the predicted gam
ma angular distributions plotted with the data. Table I gives a summary of the results of this a
!lalysis. 

Further, we could measure the lifetimes of many of the states by the Doppler-shift attenuation 
method, the stopping medium for the recoiling nucleus being the target itself. Estimates of the 
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stopping power of Fe in Fe are taken from the literature. 
6 

Figure 4 shows a sample datum; the 
results for all states are given in Table II. 

The sum total of these data are ample to provide severe restrictions on possible descriptions 
of the levels. Only a qualitative discussion will be given here in terms of states expected if one 
assumes that 56Ni is a good doubly magic core. First one expects a 0+ 2+ 4+ 6+ multiplet due to 
recoupling of the two f 7; 2 proton holes: the 0.0-, 1.409-, 2.540-, and 2.948-MeV states are ob
vious choices. Secondly, the excitation of an f7/2 nucleon to the next highest P3/2 orbital should 
yield four states; based on levels in 56co they should be from the lowest, 4+, 3+, 5+, and 2+, and 
spread over about 1 MeV. Likely candidates are the 3,296-, 3.345-, 4.029-, and possibly the 
4.700-MeV levels, based both on energy systematics and on the decay data. The two-particle-two
hole band of 56Ni can be estimated from a model of Bansal and Franch 7 to start about 2.5 MeV; 
candidates for the 0+, 2+, and 4+ members are the 2.564-, 2.959-, and 3.838-MeV states. On the 
other hand, Auerbach8 calculates an[(£? jz)3j2 • P3/2 J O+ state at 2. 53 MeV, providing an alternative 
explanation for the 2.564-MeV state. However, decay rates indicate that in no case can the con
figurations be as pure as the above discussion would indicate, nor does this scheme explain other 
known states, such as the 2+ level. at 3.164 MeV. 
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Table I. Multi pole mixing -ratios Table II. Mean lifetimes for states in 54Fe 
for transitions in 54Fe. from the Doppler-shift attenuation analysis. 

Level E (MeV) Ji - Jf (E2/M.1) Level E (MeV) T 

y y (psec) 

2.959 1.550 2--+ 2 0 105±0.040 
• 0.042 1.409 1.409 1.1 ±0.50 

0.32 

3.164 1. 755 2- 2 0.63 ±~:~~,6~ 2.4 2.540 1.131 ~ 3 

6:::; -10 2.564 1.155 ~2 

3.296 0. 756 4-4 -1.1 :::;6 ::5-0.6 7' 
2.948 0.408 2: 0.8 

-0.24::56::50.18 2.959 1.550 0.075±0.012 

o. 756 3- 4 o. 38::56::51.66 2.959 

1.887 3- 2 -12.:::;6:::; -0.25 
3.164 3.164 0.23 ±0.05 

3.345 0.806 3- 4 0±0.14, 6~3.5 0.04. 

±0.18 
3.296 1.887 2: 3 

1.936 3- 2 -0.65 3.345 1.936 ~ 3 
2.25 3.838 2.429 0.091±0.02 

4.029 o. 733 5- 4 0.27 ±0.07 4.029 o. 733 2: 1 

o. 733 3- 4 -1.2 ±0.82 
4.048 2.639 0 44 ±0.34 1.5 

o. 733 4- 3 0.27 ±0.09 
. 0.15 

0. 733 2- 3 -9::56::5-0.43 
4.074 2.665 0.084±0.025 

4.048 o. 703 2- 3 -2.75::5 6 ::5-0.38 4.265 1. 725 0 119±0.033 
0. 703 4- 3 0.23 ±0.09 • 0.025 

4.074 2.665 3- 2 1.88 ±0.50 
0.44 

4.287 2.878 0 080±0.024 
. 0.020 

±0. 73 
4.579 3.170 ::5 0.01 

4.265 1. 725 3- 4 0.81 4.656 1.360 
0.39 4. 700 1. 355 

1. 725 4-+4 -0.53 ±0.24 4. 781 3.372 0.048±0.016 
4.287 2.879 1- 2 All values of 6 

2.879 2--+ 2 0.40 ±0.07 6<-14 4.949 2.409 0.042±0.015 
0.04' -

2.879 3- 2 -0.16 ±0.05 
0.01 

4.579 3.170 2- 2 -0.105±0.09, -1.8±0.5 
4. 781a 3.372 3- 2 -0.018±0.026 

4.949 2.409 4--+4 -0.36 ±~:~ 
-------------------------------------------
a. This state is known to have negative parity, 
thus the mixing ratio is 6 (M2/E1 ). 
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Nuclear Theory 

GENERALIZATION OF THE THEORY OF STRIPPING REACTIONS TO INCLUDE 
INELASTIC PROCESSES t 

,., 
R. J. Ascuitto' and Norman K. Glendenning 

The usual distorted-wave Born approximation (DWBA) for transfer reactions makes three 
basic assumptions. First, it assumes that the transfer takes place directly from the elastic en
trance channel to the residual channel. Only the transferred particles are treated explicitly, 
while all the others, which we shall refer to collectively as the core, are regarded as passive. 
The reaction is assumed to proceed only to the extent that the core state is unchanged. Second, 
it assumes that the elastic optical potential provides wave functions for the relative motion that 
are good inside the nucleus, or at least in the surface region, since this is where the transfer 
process is concentrated. Third, it assumes that the transfer process itself is weak, so that it 
can be treated in first order. With these assumptions the transition amplitude can be computed 
for (d, p) reactions from 

,., 
T = S ljJ(-), (cj> (At 1) !v lc!> (A)) ljJ(+) dr dr 

p, d p· · p np d d -n -P 
( 1) 

where lj!d and ljJ are distorted waves describing only the elastic ~cattering in the channels d and 
p, and cl>p and c!>d describe the nuclear states between which the reaction takes place. 1 

There are certaLnly situations in which one or both of the, first two assumptions are false, al
'though the third assumption is probably usually valid for particle transfer reactions. As concerns 
the first assumption, the theory fails to the ext'ent that the reaction oi interest does take place be
tween states, one of which is not the parent of the other. 

However, if there are strongly enhanced inelastic transitions, the usual DWBA fails in all cases 
because of the second assumption. This. can be understood as follows. The (one-channel) optical 
potential is chosen so as to reproduce the elastic cross section. This assures that the wave func
tion for the relative motion is correct in the external region. However, for the purpose of calcu
lating the reaction, it is needed in the interior region, or at least in the neighborhood of the nu
clear surface. It is here that the one- channel optical model breaks down due to de- excitation of 
other channels back to the elastic channel, if their coupling is sufficiently strong. 

In this papel we present a generalization of the usual treatment of stripping reactions, which 
includes higher-order processes that proceed through intermediate states of the nuclei involved. 
Our method is more amenable to numerical calculation than an equivalent generalization proposed 
by other authors. 3, 4 

Let the target nucleus (A) be governed by the Hamiltonian JCA• whose eigenfunctions are de
noted by cl>aJ(~). For the total system we have 

JC = JCA t T + V(;!, ~), 

where T is the energy of relative motion and V is the deuteron-nucleus interactio.n. With the 
eigenfunction of total angular momentum 

M ~ [ ~ ]M cj>d I (R, A)= 1/d(R) 1i J (A) , 
1T_-- -add-

' I 

( 3) 
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where 1f: is a spin-orbit function, we expand a solution ·t\J of JC, corresponding to incident par
ticles in the channel d as 

M 
t\Jd:rri ~I 

d' 

udd:rr' I (R) -~.M (R A) 
'~'d':rri -·-' 

(4) 

where we use d to denote the whole collection of quantum numbers in a deuteron target channel, 
d =ad Jd fd j d, and by d' some other state of intrinsic motion aJ Jd or relative motion ~a. or both. 
In the usual way5, 6 we get a system of coupled equations for the radial functions u( r). They have 
the form, for each channel d', 

[ :rri ] d:rri \ rri d:rri 
Td' + V d'd' (R) - Ed' ud' (R) = - L V d'd" (R) ud" (R). 

d"9fd' 

(5) 

These are to be solved subject to the boundary conditions that there are incoming waves (I) 
only in the channels containing the nucleus in its ground state, whereas all channels may have out
going waves (0): 

d:rri . v 1/2 

ud' (R)-cSd'd I,e (k R)- (....E._) S ~I 0 (k ,R). 
. d d v d' d ,d .ed' d 

( 6) 

For the proton system we could obtain an analogous system of equations, except that we recognize 
that the stripping reaction acts like a source of protons in the various proton channels. We must 
instead solve the inhomogeneous system 

[T t v:rri ( r ) - E ] 
p pp p p (r ) 

p 

where p denotes the proton source. W.e calculate this from 

d:rri d:rri 
( r ) w 1 ( r ) - pp ( rp), 

p p p 
( 7) 

(8) 

Here r = r -- r and 2R = r n+ !p• and cp is the deuteron wave function. In this matrix element 
all coordiiiftes';""Pincluding r-, are integra~ed except rp. The terms. in this sum represent the 
various transitions, both th'f direct and the many indirect ones that proceed through excited states 
of the deuteron system to the channel p. Of course the strength with which the various levels d' 
contribute depends on the extent to which each of them is a parent of the level p. 

Equation (8) is to be solved with the physical boundary conditions that proton channels of this 
reaction have only outgoing waves, 

d:rri 
w 

p 

. 1/2 . 

(
v ) d s :rri 0 

- -;;- p, d £ (k r ) . 
p p p p 

The cross section can be written now in terms of these S-matrix elements. 2 

(9) 
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The source term can be explicitly evaluated under the usual zero..: range approximation, 

v (r) q,
0

(r) = n
0 

cS(r). 
np -

To carry out the integration of the coordinates A we make a parentage expansion 

M 
~ Jp (A+1) 

p 
i3 .e j 

nn 
(Jd' J ) [q, J (A) .II.{. (r )] Mp 

P ad d - ([Jn -n 

where X is a single: particle radial function for the neutron in the nucleus (A+ 1). We obtain, 
eventually, 

_ed' + J + jp +I 
i3h, 0 (Jd'' J ) (-) p 

x,nJn P 

X 
(

j ... ] f )1/2 p Jd' p n 
4rr 

X Xn J. (r) drrl ( ) 
"'nn ud' r. 

Here we see explicitly the radial form of the source, which 
bound state and the deuteron scattering state, as expected. 
follows of course from the zero- range approximation. For 
center-of-mass correction. 

contains the product of the neutron 
That they have the same coordinate r 
simplicity we have omitted the usual 

To summarize, we have shown how to go beyond the, usual DWBA treatment of transfer reac
tions to include the effects of inelastic scattering in both entrance and exit channels. Our basic 
equations cannot be rigorously derived from the Schrodinger equation for the system. However, 
we can say that they embody no approximations beyond those made in the usual distorted-wave 
method, whereas they do carry the effects of inelastic processes on the transfer reaction. These 
effects are carried to all orders among the retained channels so that both causes of failure of the 
usual DWBA are covered. However, like the DWBA, the transfer reaction is treated as a weak 
process, in first order only. 
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STUDY OF INELASTIC PROCESSES ON (d, p) REACTIONS IN 
DEFORMED NUCLEI 

Norman K. Glendenning and Raymond S. Mackintosh 

It was pointed out by Satchler 1 some years ago that the intensity of the (d, p) reaction, as then 
treated, could be used to measure directly the decomposition of the single-particle wave functions 
in deformed nuclei. The Nilsson wave function is expressed as a superposition of components 
having various angular momenta 

The cross section to a member of the rotational band with spin I, based on this single-particle 
st_ate, is pro~ortional ~o. c2 I~, and thus the reac~ion c_an be _used as an :xperimental te~t of the 
N1lsson functwns. Th1s tetlfn1que h~s -been extens1vely 1nveshgated, par'hcularly by Shehne and 
collaborators2 and Elbek and Tj~m. However, the above proportionality holds strictly only if 
the reaction proceeds directly from the ground state of the even target nucleus to the state in ques
tion on the odd nucleus. If either the target or final nuclei is set into rotation by the free particle, 
this no longer is true, because the transferred neutron, in this case, is not obliged to carry all 
,the angular momentum into the final state. Since the cross sections for inelastic scattering by de
formed nuclei are large, we undertook to c~pute the effect of inelastic processes on the (d, p) re
action by use of the source term technique. 

In 
24

Mg(d, p) at 10.1 MeV leading to the states of the [211] 1/2+ band, we not only see in Fig. 1 
the relative strengths of the 3/2+ and 5/2+ levels greatly altered by the inelastic processes, but 
also we find substantially different angular distributions for these two P, = 2 states emerging from 
the calculation. In this figure we have multiplied the arbitrarily no~alized data5 for the four 
states by 0.29, 0.57, 0.4, and 0.4 respectively. Other calculations have been performed which 
include inelastic effects but with "better" intrinsic wave functions. In this case it was possible to 
fit the data with a much smaller range of normalization factors-~except, that is, for the 7/2+ state. 
This state, which is forbidden in a DWBA calculation using the usual -intrinsic wave functions (which 
have no~= 7/2+ component), cannot be fitted. The same is true for the 7/2+ state in the ground 
band of 5Mg (see Fig. 2). However, we have achieved a considerable improvement to the angular 
distribution of the ground state. In Fig. 3 we illustrate the effect of inelastic processes on the 
polarization. In these cases we have found that coupling among the outgoing channels contributes 
an amplitude to the weak 7 /2+ states coml?arable to that arising from the excited 2+ state of the 
target, and also substantially alters the 3/2+ and 5/2+ angular distributions near 60 deg. 

Among the calculations 2erformed6 in the rare earth region is that for stripping to the three 
states of the 5/2- band in 167Er with 12.1-MeV deuterons. The results are shown in Fig. 4, where 
we also find that, as is not the case for ma15nesium, the 4+ state of the target is also important for 
some states. A calculation in which the 7/2-, 9/2-, and 11/2- levels are included is also illus
trated in this figure. Here again we see' large modifications for the weaker states introduced by in
elastic effects. 

In summary, our calculations show that the usual method of analysis, which neglects the effect 
of inelastic processes on the (d, p) reaction, leads to large errors (factor of 7 or so) for the weaker 
members of a band and small but significant errors (::::: ZOo/a) for the strongest states. 
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Fig. 2. As for Fig. 1, but the ground band of 
25Mg. With the particular wave functions used, 
the 7/2+ state is forbidden without indirect tran
sitions; in this case scattering in the entrance 
and exit channels contributes about equal ampli
tudes. The data are normalized to the stripping 
peak of the CCBA 5/2+ state calculation. Also 
shown is a DWBA calculation of the g. s. without 
spin orbit interactions in the optical potential. 

(XBL 701-2088) 

Fig. 1. The effect of inelastic scattering pro
cesses in the reaction 24Mg(d, p) at 10.1 MeV is 
illustrated by comparing the complete calculation 
CGBA with the usual DWBA, which omits these 
processes. This calculation includes the four 
lowest states of the [211] 1/2+ band. Also shown 
is a CCBA calculation in which the nuclear de
formation in the 25Mg channels is increased from· 
0.3 to 0.4. (XBL 701-2086) 
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Fig. 3. The influence of inelastic processes on 
the polarization of protons from the g. s. of 
25Mg for 10.1-MeV deuterons. (XBL 701-2087) 

Fig. 4. The effect of inelastic processes on the 
stripping of 12.1-Mg¥. deuterons leading to the 
[512] 5/2- band in 1 Er. We compare calcula
tions in which transitions through the target 4+ 
state are included with those with the 2+ state 
alone. We also give the result of a calculation 
in which the 7/2-, 9/2-, and 11/2- levels of this 
band are coupled together. (XBL 701-2085) 
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SPACE EXCHANGE EFFECTS FOR COMPOSITE PROJECTILES 

Richard Schaeffer 

Microscopic calculations of inelastic scattering on charge exchange with light projectiles are 
usually performed by using! an effective interaction between the excited nucleus of the target and 
the center of mass of the projectile, but neglecting exchange effects arising from antisymmetriza
tion of the projectile and target wave functions and from the exchange nature of nuclear forces. 
However, analysis2 of (3He, t) data3 on N = 28 targets, where states with spins up to 7 was ex
cited, showed serious discrepancies. In order to fit experimental results, the strength of the ef
fective force, which should be the same for any final state, had to be strongly increased for trans
fer of high angular momentum. Such discrepancies appeared also for (pp') scattering, 4 but were 
removed 5-9 by introducing a knock-on term that takes account of the antisymmetrization of the in
cident particle and target nucleons and of the exchange nature .of nuclear forces. It was not possible 
to draw definite conclusions about the importance of exchange for composite particles from an ear
lier attempt2 to introduce these exchange effects because of the approximations made; i.e., we as
sumed2 that the nucleus in the 3He and 3H were concentrated at the center of mass of the projec
tile. We here take account of the space extension of the projectiles as suggested in Ref. 2. The 
formalism we propose is simple, but accurate enough to give a definitive answer about the size of 
the exchange effects. They are still treated approximately, but the approximation we use, intro
duced by Petrovich et al.7 for (p,p') scattering, was seen to be a good one, especially for transfer 
of high spin. 

48 48 3 48~' The lowest states of Sc, excited by Ca( He, t) · Sc, at 30 MeV can reasonably be assumed 
to be due to a recoupling of a f7 /2 neutron hole and a f 7/2 proton particle, which makes this re
action especially interesting when compared with others such as inelastic scattering of 3He and nu
cleons. We shall study only the natural parity states (0+ to 6+), since the excitation of the un
natural parity states occurs through a strong tensor force, as preliminary calculations indicated 
in Ref. 2 and as was shown in Ref. 10. The exchange_J:erm for unnatur<!J parity states requires 
therefore the introduction of a tensor term built with k instead of with r, and we have not included 
such an interaction. We have taken the range of 1F for the n-n force, generally used for these 
reactions since it leads to better angular distributions. With such a force, the ratio V 6/Vo is 2 

about 4 when exchange effects are neglected. These effects, when a Serber mixture is used, in
crease the 6+ cross section by a factor of 2.2 at the first maximum. They are slightly larger at 
backward angles. The o+ cross section on the contrary is not modified. These contributions in
crease regularly. with increasing spin .transfer (Table I) and thefefore the d~screpancy between 
theory and expenment due to the relative strengths of 6+ and 0 cross sections 1s partly removed. 

With a Rosenfeld mixture, exchange effects ·are even more important (a factor 4 for the 6+ 
5 

cross section). Such a force, however, gives very poor results for (p, p') scattering calculations. 
The relative magnitude of direct and exchange contributions at the first maximum of the cross 
section does not depend strongly on the shape of the interaction used, as shown in Table I. For the 
Gaussian and the 1.37-F range Yukawa, the direct contribution decreases very rapidly at large 
angles and becomes comparable in size to the exchange term. 

Even if the effects due to exchange processes are quite important, they are not strong enough 
to explain the discrepancy seen in Ref. _2. The ratio V 6/Vo is still about 2. 6 in the most favorable 
case, i.e., with a Rosenfeld mixture and a 1-F range Yukawa radial shape. 

At lower energy, the ratio (O'[D+E])/O'rpl) at the first maximum is slightly larger·, and at 75 
MeV it is only about 1.9 for the 6+ cross se<':h6n (Table I), compared with 2.2 at 37 MeV. 

The exchange effects have about the same magnitude for inelastic Cl!, 
3

He,_ and 
3

H scattering. 
We have taken.the 3He a~d ~H potent.ials from Ref. 2 and compute? .the r?'tio (O'ID +E))/(O'[D]) of 
the cross sechons at the1r f1rst max1mum for a f7 ; 2 ->- f7 /2 transthon w1th va·nous sp1n transfers 
(Table II). The optical potential for Cl! particles is taken from Ref. 11. The two-body interaction 
is taken to have a Serber mixture, and a Yukawa-type radial form of range 1 F. The small differ
ences have their origin in the projectile size, but they may not be really significant when the un
certainties in the optical parameters are considered. The magnitude of the exchange effects, as 
studied for the (3He, t) reaction, are therefore typical for inelastic scattering of composite par
ticles with masses up to 4. 

In particular, their energy and range dependence are approximately the same for a, 
3

He, and 
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3H. They have also the same qualitative features as for (p, p 1 ) or (p, n) scattering, 6, 12 but are 
considerably smaller, mainly because of the strong absorption which does not allow the nucleons 
of the projectile to penetrate very far into the target nucleus. 

Table I: Ratio O'(D+El/oTD] .of the c~oss section i~cludin~ exchange effects (O'fD+E.l to the one 
neglectm~ th.em (O'[nl) at tl'i~ flrst max1mum for.varwus spm trans~ers. Colum'ri: 1 gr'ves the ener
gy ofthe mc1dent 5He particles and column 2 g1ves the type of rad1al shape used for the nucleon
nucleon interaction, that is, before averaging over the pr>jectile. This average has been per
formed in the calculation The mixtures used are the Serber (S) and Rosenfeld (R) ones. 

Energy Radial shape of Mixture 
o+ 2+ 4+ 6+ (MeV) N-N force 

30 ·Yukawa, iF s i.3 i.5 1.8 2.2 
30. Yukawa, iF R 1.6 2.1 2.8 3.9 
30 Yukawa, 1.37F s 1.1 1.3 1.7 2.4 
30 Gauss 1. 78F s 1.4 1.6 1.9 2.5 

(2.32F) 
18 Yukawa,1F s 1.3 1.5 1.8 2.3 
75 Yukawa, iF s 1.2 1.4 1.6 1.9 

Table II. Ratio O'rD+El/O'[D] of the cross section including exchange effects (O'rD+El) to the one 
neglecting them (d'rD]) at their first maximum for various spin transfers and vahous projectiles. 
:>.. is the range of the Gau~sian used for th.f projectile mass distribution. The transition is as
sumed to be (h/2 f-77z>O - (f7; 2 f?}z )J , J = 0, 2, 4, and 6. 

:>.. o+ 2+ 4+ 6+ 
.ill_ 

3 
1.48 1.3 1.5 1.8 2.2 ·He,t 

3He, 3He 1 1. 6i 1.3 1.5 1.8 2.1 
t, t' 1. 37 1.3 1.5 1.8 2.3 
a, a' 1. 31 1.2 1.4 1.7 2.3 
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IMPORTANCE OF TWICE-DOUBLE TRANSFER IN INELASTIC SCATTERING 
TO PAIR VIBRATIONAL STATES 

t ~ R. Ascuitto and B. Sprensen · 

In this note a novel mechanism for inelastic proton scattering leading to a pair vibrational 
state is studied. A microscopic calculation of 48ca(p, p'), elastic and inelastic scattering, is made 
which includes exchange effects and two-step (p, t) plus (t, p) reactions through the ground state of 
40ca. The method used to do this is the source-term approximation of Ascuitto and Glendenning. 1 
The inclusion of exchange effects in the inelastic processes were made by the method of Ascuitto 
and Hocquenghem. 2 The nuclear structure wave functions were taken from Sorensen. 3 

In order to treat the strong coupling of reaction channels involving the strongly pair-corre
lated o+ states into the weak inelastic channels involving such states, a symmetric set of coupled 
equations including the source terms was solved: 

-I 
t' 

(T + V - E ) u (r ) 
p pp p p p -I 

p' 

exc 
p pp' 

reac 
Pt 

p 

reac 
p pt (r ). 

p 

The expressions for the individual terms are given in Refs. 1 and 2. ·The center-of-mass ·motion 
of the transferred pair was matched to a Hankel function of the correct asymptotical behavior in. 
order to lessen the influence of the harmonic oscillator wave functions used for the two trans;.. 
ferred.neutrons. The opticalparametersoftheprotonwereobtainedfrom a fit totheelastic scat
tering data, those of the triton from the (p, t) angular distribution for the ground-state transition. 

The scattering potentials were taken to be of Gaussian form, 

2 
V. (-33.12- 3.390: ·rr.)e- 0 ·46 r MeV, 

pl p 1 

2 
Vti -51.35 e- 0 ·296 r MeV. 

The proton potential is taken from a phase-shift analysis, 
4 

and the triton·potential is obtained from 
it by averaging over the triton wave function, assumed to be Gaussian. 

The stripping interaction is assumed to be of zero range with a strength determined from the 
(p, t) data. 

Two 0+ excited states in 48ca are excited in (p, p'), which has been studied at Ep = 12 Mev?· 6 

The main fragment of the pair vibration is believed to be the level at 5.45 MeV, to which we con
fine the analysis. This state is mainly of 2p-2h character and gets only direct excitation by admix
ture with the ground state. In comparison with conventional shell-model calculations, the boson 
calculation is believed to give an upper limit for the direct matrix element between the ground state 
and this excited state. On the other hand, no renormalization for three-body effects was intro
duced in the potentials. Such effects lead to direct excitation of a pair of neutrons by the collision 
with the incident proton, but they may be compensated by the amount of 2p2h configurations re
moved from the 5.45-MeV level by admixture with the other o+ level at 4.3 MeV. Thereby one also 
explains the similarity in the inelastic excitation of these two levels. 

Our computer codes do not allow a simultaneous consideration of exchange and transfer-source 
terms, so we first determined effective potentials that simulated the effect of exchange (which turns 
out to imply a factor of 2 in the proton interaction depth) and used these potential~ for the calculation 
including transfer processes. At the incident energy considered here only th4

6
4 Ca ground state 

serves as intermediate state. Virtual reactions through excited o+ states in Ca are neglected in 
the first-order treatment of the source terms. 1 Calculations have also been performed at higher 
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E , including now the pair vibrational state in 46ca. p . . 

The 12-MeV results are pre.sented in Figs. 1 and 2. It can be seen that the direct inelastic 
transition is too weak by more than an order of magnitude. With exchange effects the situation is 
improved, but only by a factor of about four. On the other hand, when the indirect transition 
through the ground state of 46ca by means of a (p, t) followed by a (t, p) reaction is included, the 
observed cross section is accounted for very well. 
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COUPLING OF TWO-NUCLEON TRANSFER AND INELASTIC SCATTERING 
PROCESSES IN THE LEAD REGION 

t * R. Ascuitto and B. Sorensen 

A nuntber of low-lying excited states in 
208

Pb may be well described as either 1p1h or 2p2h 
configurations based on a closed core. Since the particle and hole configurations belong to differ
ent major shel~s, one may even to a first approximation neglect their interaction and thus construct 
2p2h states in 08Pb by simply combining the low-lying 2p states of 210f~ with the low-lying 2h 
states of 206pb, and construct the 1p1h states similarly by combining 7Pb and 209pb states. 
The energies of levels obtained in this way agree surprisingly well in a large number of cases with 
observed levels of the same spin and parity, but of course there are exception such as the strongly 
collective 3- state. In any case the uncorrelated combinati'ons provide a basis that is useful for 
studying transfer and scattering processes on the same footing. In particular their couplings, 
which require knowledge of matrix elements between excited states, may be related, in the combi
nation picture with equal matrix elements in neighboring nuclei, to a ground state, and hence in 
some cases have been measured. In Fig. 1 we illustrate schematically a number of levels and 
transitions between them that we can include in a coupled-channel treatment of the processrs men
tioned, such as the source term calculations first performed by Ascuitto and Glendenning. 

Let us first consider the pair vibration 0_ 0+, for which we have used a notation which sug
gests that this state has two holes distributed as in the (Ao-2) ground state 0_ and has two parti
cles distributed as in the (A0 + 2) ground state, 0+. This now implies that the transition matrix 
element between 0_ and 0_ 0+ equals the one between the (Ao) ground state 0 and 0+. Similarly 
the matrix element between 0+ and 0_ 0+ equals the one between 0 and 0_. We can play the same 
game to relate matrix elements between others of these special 2p2h states and the 2p or 2h state 
on which they are built to matrix elements between the Ao core and a 2p or 2h state. For ex-
ample, 

where 

In some cases we are forced to consider residual admixture. For example the states 2_ 0+ and 
0_ 2+, which have unperturbed energies only 8 keV apart, therefore mix strongly even with a mod
est matrix element. We have calculated their admixture, which is found to be nearly 50o/o, and the 
energy difference is increased to 230 keV, compared with the experimental one of 253 keV. A re
sidual quadrupole interaction was used to calculate the splitting, corresponding to the fact that we 
obtained wave functions for the 2h and 2p states in a BCS + TDA calculation with a pairing plus 
quadrupole interaction. 2 The two states on the figure are denoted . 

and 

Similarly one can calculate the mixing between (2_2+lo and 0_ 0+ or between (2_2+ )2 and 2 1 or 
2 2 . It is clear that the quintuplet (2_ 2+)J will appear nondegenerate. 

Considering now a (p, t) reaction on 210 Pb, one may reach the state 2 1 by three main routes, 
either directly, 0+-->- 2 1 (which really goes via the 2_ 0+ component only), or by either of the two
step routes 0+-->- 2+ .... 2 1 (which uses only the 0_2+ component) and 0+ __.. 0_0+ -+21(which can use 
both components). It is clear from the difference in relative phase in the wave-function that the 
three possible routes for reaching 2 1 and 22 will not. interfere in the same way. In Fig. 2 the 
cross sections fre shown for the (p, t) reaction at 20 MeV, which has been studied by the Los 
Alamos group. The form of the interactions causing the inelastic processes is similar to the ones 
described in. our other contribution to this report (preceding pape.r), except that the scalar strength 
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~i was adjusted to reproduce the inelastic cross section for 20 6Pb(p, p') 0_-+ 2_. Optical param
efers were fitted to elastic scattering of protons and tritons. The strength of the stripping interac
tion does not affect the relative cross sections, since the reaction was consid-ered weak enough to 
be treated only in first order (i.e., source term in the triton channels, not in the proton channels; 
cf. the coupled equations of the other contribution to this report). Here also the effect of the ex
change source term is considered to be incorporated in the renormalized yO. and vtO .. 

pl 1 

Figure 2 shows that although the inelastic processes are themselves weak (corresponding BE2 
values are about 5 spu) the two- step routes do still contribute significantly to the total cross sec
tions. Inelastic scattering in the final nucleus adds to both the 2 1 and 22 cross sections, but con
siderably more in 21, in which the two components in the wave function then must be excited co
herently. The routes via inelastic excitation in the target interfere at forward angles largely in a 
destructive way, but at backward angles in a constructive way. The opposite is the case for 22 . 

In Fig. 3 we show the reaction cross section for the states (2_ 2+)J, which could not be reached 
by a direct process, but has to go through either 2+ or 2 1 or 22. One may note that the unnatural
parity states have zero differential cross section at ec. m. = 0 or 180 deg. 

There are a large number of experimental levels in this region, but poor angular distributions 
make it difficult to establish a correspondence. The 20-MeV (t, p) data from the same group, lead
ing from 206pb to states in 208pb, is of limited help because of the lack of J dependence of the 
(t, p) angular distributions in the region of Q values in question. Yet some progress may be 
achieved in pursuing the comparison of the (t, p) and (p, t) data, since the (2_2t)J states should be 
characterized by equally probable excitation in the two reactions, a property not shared by states 
such as 0_4+, 4_0+, 2~ 0+, and 0~ Ot, which are in the same region (cf. Fig. 1), but unfortunately 
shared by several 1p1h states. 

The angular distributions of 1p1h states does not generally distinguish them from the 2p2h 
states excited by direct reaction. However, if the 2p2h state is excited by a two- step mechanism 
its angular distribution may be changed. As an example of this, one may compare the J = 2 level 
in Fig. 3 with the ones in Fig. 2. Such behavior has not been found earlier. In the study of vibra
tional nuclei 1 the harmonic two-phonon J = 2 state built of two identical J = 2 quanta had the same 
angular distribution as the direct transition to the one-phonon state. It is thus encouraging that we 
have found an example in which the two-step process can be distinguished from the mere admix
ture of states that can be reached directly. The reason may be related to the fact that the state 
(2_2t)J is not built of identical quanta. Looking at the particular routes included in cases a, b, and 
c of the cross sections for the levels 2 1 and 2 2 shown in Fig. 2, one also sees that the interfer
ence between different two- step processes of different nature may change the angular distribution. 
An example of a 1p1h level of angular momentum J = 2, reached by a direct process, is shown at 
the bottom of Fig. 4. 

Figure 4 also shows the transition leading to the collective 3- state and a harflonic 0+ two
phonon state built on it. Here the calculation used wave functions of Gillet et al., and the inelas
ti1 matrix element between the ground state and the 3- as well as the one between the 3- and the 
(3 )o were_ included (cf. Fig. 1). The main route for the process leading to the o+ state is in 
this picture Ot- 3-+ (3 2 )0 , but it is seen to give an order-of-magnitude too small a cross section. 
We therefore calculated the mixture of the state (32) 0 with the nearby pair vibration O_Ot and with 
the ground state, both of which, to first order, can be expressed by an overlap, and we found that 
the state (3 2)0 contained respectively 5 and 4o/o of the two other states, Including the direct cross 
section to these components, we obtained the solid curve shown in Fig. 4, in excellent agreement 
with experiment. 

It is the aim of this investigation to consider a large number of additional states of nature 
similar to the few discussed here, and to compare the (t, p) and (p, t) data leading to these states. 

Footnotes and References 

tPresent address: Yale University, Department of Physics, New Haven, Connecticut· OE>250. 
':'Present address: Niels Bohr Institute, Blegdamsvej 17, Copenhagen, Denmark. 
1. R. Ascuitto and N. Glendenning, in Nuclear Chemistry Annual Report, 1968, UCRL-18667, 
Jan. 1969, p. 133, and The Role of Inelastic Processes in Two-Nucleon Transfer Reactions, 
UCRL-18 874, April 1969. 
2. B. S,z5re.nsen, On the Description of Fermion Systems in Boson Representations. IV. Numer
ical Calculation of Quadrupole Excitations in Cd, Sn, Te, Sm, and Pb (UCRL-18903, April 1969), 
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DIRECT TWO-NUCLEON TRANSFER REACTIONS AND THEIR INTERPRETATION IN 
TERMS OF THE NUCLEAR SHELL MODEL t 

* I. S. Towner and J. C. Hardy 

The distorted-wave Born approximation (DWBA) treatment for direct two-nucleon transfer re
actions has been derived following the formalism of Satchler, spin-orbit coupling being included in 
the distorted-wave expansions. Methods for the evaluation of the integrals involved are described, 
and in particular a discussion is given of two different "zero- range" approximations, one involving 
an assumption that the heaviest projectile has zero extent, the other assuming the interaction to 
have zero range. These two approaches are compared. The main emphasis, however, is directed 
towards extracting reliable spectroscopic information from experimental two-nucleon transfer re
actions, and to this end, shell-model expressions for the spectroscopic amplitude have been de
rived, together with closed formulae for two-particle coefficients of fractional parentage (cfp). 
The JT representation is used principally throughout, but expressions are given for the LSJ·T rep
resentation as well as for the separate treatment of neutrons and protons. Examples illustrating 
(i) excitation of analogue states, (ii) comparison of (p, t) and (p, 3He) reactions to mirror states, 
and (iii) coherence effects between different shell model orbitals indicate the usefulness of two
nucleon transfer reactions in determining nuclear structure information such as spins, parities, 
two-body matrix elements, etc. As a further aid to the analysis of experimental data, numerical 
tables of two-particle cfp' s in the isospin formalism for j = 1/2, 3/2, and 5/2 are given for states 
of low seniority, and in the non-isospin formalism for j = 3/2, 5/2, 7/2, and 9/2 shells. 
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Footnotes 

tAbstract from Advan. Phys . ..!§_, 401 (1969) 
>:<Nuclear Physics Laboratory, Oxford, England. 

TABLES OF FRACTIONAL PARENTAGE COEFFICIENTS IN THE ISOSPIN 
FORMALISM FOR THE j = 3/2 AND 5/2 SHELLS t 

I. S. Towner~' and J. C. Hardy 

Values of one- and two-particle coefficients of fractional parentage in the isospin formalism 
have been computed for the j = 3/2 and 5/2 shells. These values are tabulated for the first half 
of each shell. For the second half particle-hole formulae are quoted by which the coefficients of 
fractional parentage may be readily obtained. 

Footnotes 

t Abstract from Nucl. Data A6, 153 ( 1969). 
*Nuclear Physics LaboratorY."" Oxford, England. 

TABLES OF CLEBSCH-GORDAN COEFFICIENTS FOR ODD- AND EVEN-MASS 
DEFORMED NUCLEit 

David·J. Gorman and Frank Asaro 

A set of tables has been prepared as a convenient source of the Clebsch-Gordan coefficients 
commonly used in the calculation of nuclear transition P'robabilities for deformed nuclei. 

The coefficients are written in the form 

II, L, IF 
c 

KI, KF!KI, KF 
<II L KI KF-KI I II L IF KF), 

where II and IF are the spins of the initial and final states; KI and KF are the projections of the 
nuclear angular momentum on the nuclear symmetry axis for the initial and final states; L is the 
angular momentum carried off by the radiation emitted during the transition betwee:n the initial 
and final states. 

The compilation is arranged into four tables applicable to both odd- and even-mass nuclei. 
In all cases the maximum value of L was 6. 

Four tables, produced on the CDC 6600 computers at Lawrence Radiation Laboratory-Berke
ley, are included in the article from which this is condensed. Table I gives the coefficients for 
values of KI and KF from 1/2 to 31/2. Table II gives the coefficients for KI from 1/2 to .11/2 
and negative half-integral values of KF. Table III gives the coefficients for integral values of KI 
from 0 to 16. Table IV gives the coefficients for KI from 0 to 5 and negative integral" values of 
KF. 

Footnote 

tCondensed from David J. Gorman and Frank Asaro, ·Tables of Clebsch-Gordan Coefficients for· 
Odd- and Even-Mass Deformed Nuclei, UCRL-18975, Sept. 1969. 



122 

A CALCULATION OF THE MAGNETIC MOMENTS OF THE 
86.5- AND 105.3-keV STATES IN 155Gd 

E. Browne t and D. J. Gorman 

The magnetic moments of the 86.5- and 105.3-keV levels of 155 Gd were calculated by taking 
into account the coupling of the even-parity rotational bands due to the Co rio lis and LI.N == 2 inter
actions. 

The expectation value (tPJ I f.l.z ltPJ) of the "z" component of the magnetic moment was evaluated 
by using the "mixed" wave functions given by Borggreen et al. 1 and the gyromagnetic factors 
gR == 0.3, gs == 0.6 gs £ . == -2.3, and gP. == 0. The magnetic moment of a state with spin J, (M==J) 
mixed by the Coriolis 1i;.l~raction with other states of the same spin and parity but differing in 
their value of K is given bythe relation 

f.l. == gRJ + (H JOIJJ) l CKCK' X {(Ji K K'-KIJK')(K'IGi<,-KIK) 

k,K' 

where CK and CK'• are the Coriolis admixtures, IlK is the parity of the state(+ or-), and the 
summation is over all values of K and K' such that K' == K, K ± 1; ( J1 JO I JJ) is a Clebsch
Gordan coefficient. 

When Nilsson wave functions are used the single-particle matrix elements can be written ex
plicitly: 

(Kiq)IK) 

X J[P,t (K+t)][P,± (K+t) + 1] +an K'-!. an K-!. 
JJ' z x-' ·z 

X Jr[t (K- i)][P, de (K- t> + 1) )} 

+ 1 
..[2 an K' +-!. a~ K±!. . x., 2 Xt, 2 

The calculation was performed on the CDC 6600 computer, using Nilsson wave functions .for a 
deformation of T] == 6 in the L-S representation. Our results are given in Table I together with 
those of Ref. 1 and the experimental values. 3 The calculated magnetic moment of the 86.5-keV 
state agrees with the corrected one of Borggreen et al.; 2 however, it does not agree with the ex
perimental value. 3 
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tPresent address: Care of Gloria Lando, P. 0. Box 760, Asuncion, Paraguay. 
1. J. Borggreen, G. Loevhoeiden, and J. C. Waddington, Nucl. Phys. A131, 241 (1969). 
2. J. C. Waddington, private communication, 1969. ---
3. H. Blumberg, B. Persson, and M. Bent, Phys. Rev. 170, 1076 (1968). 

Table I. 

Excited- state 
energy 
(keV) 

86.5 

105.3 

Comparison of values obtained in various works. 

Magnetic moment, f.L (nm) 
Bo rgg reen This Experimental 
et al., Ref. 1 work value 

-0.5 -1.31 
-1.3(2) 

-0.33 -0.28 

-0.53 ±0.05 

l -0.38 ±0.06 
or 

0.13 ±0.04 

MICROSCOPIC DESCRIPTIONS OF'{- VIBRATIONAL BANDS 
IN THE RARE EARTH REGION 

S. Cheng, G. L~ Struble, and J. Wong 

We have performed a calculation to describe '{-vibrational bands in deformed nuclei in the 
framework of Migdal's finite Fermi system theory. 1 According to this theory, the role of the 
nuclear structure in the interaction of nuclei with the external field can be treated exactly on the 
basis of phenomenological constants. One set of constants determines the self-consistent field in 
which the indepe_pdent particles move. There are also introduced two phenomenological ampli
tudes rw and rl; characterizing the interaction in the particle-hole and particle-particle channels, 
respectively. Migdal's theory is a generalization of the random-phase approximation (RPA), since 
the two-particle interaction is replaced by the amplitudes r wand r s, which include the effects of 
multiple collisions. From general arguments 1 the amplitudes are taken to be of the form 

The constants are chosen to fit the experimental data. 
given by the poles of the quasi-particle density mat·rix. 
these poles reduces to 

The collective excitation energies are 
The system of equations for determining 

Here the E's are the quasi-particle energies, zt2 are simply related to the density matrices, 2 

the u' s and v' s are occupation amplitudes for the single-particle states and are obtained by solv
ing the well-known BCS equations, and w is the collective excitation energy. 

The most recent attempts at a microscopic _description of the '{-vibrational bands were by 
Faessler and Plastina. 3 These authors used the RPA and a spin-independent surface~ a interac
tion. In fact the amplitudes r are density dependent, and so the surface- o interaction may be a 
reasonable approximation. However, in order to solve the RPA equations, the authors made a 
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number of approximations in order to solve these complex ~atrix equations by a relatively simple 
dispersion relation. It is our purpose here to numerically examine the implications of these 
approximations. 

There are ·five different approximations to make the equations separable: (i) only the k = 2 
multipole of the amplitude is kept. (ii) the particle-particle amplitudes are discarded, (iii) the 
exchange particle.,..hole amplitude is neglected, (iv) terms with factors (uv-vu) are ignored, and 
(v) an arbitrary truncation in the number of single-particle states is made. In Table. I we isolate 
the effect of these approximations on six nuclei by removing them individually from the Faessler
Plastino calculation. The calculation was performed by use of a set of 13 proton orbitals and 16 
neutron orbitals. The coupling constant was chosen to be -120/ A MeV. In column I we give the 
TDA result with all approximations. In column II we lift the restriction of approximation 1, in 
column lli we lift restriction 2, in column IV we lift restriction 3, and in column V we lift 
restriction 4. Comparing the results in column I with those in II-V, we observe that the in
clusion of all multipoles has a marked effect on the results, not accounted for by a simple renor
malization of the coupling constant. The inclusion of particle-particle matrix elements also has 
a large effect. In the degenerate model the inclusion of the particle-particle matrix elements 
merely renormalizes the strength of the interaction. In this nondegenerate sample the effect is 
similar. The neglect of the exchange particle-hole elements is a relatively small effect, never
theless it is not systematic and can yield 16o/o changes, usually in the direction to improve agree
ment with experiment. 

Table I. Results obtained for various approximations to the exact TDA. See text for discussion. 

Experimental. 
Column number 

Nucleus energ:i I II III IV v 
168Er 0.83 0.84 0.28 0.40 0.88 0.15 

170Er 0.93 0.93 0.52 0.48 0.98 0.27 

168Dy 1.00 1.02 0.47 0.49 1.07 0.36 
172D . y 1.48 1.30 1.10 0.66 1.29 0.68 
174Dy 1.67 1.07 0.80 0.51 1.16 0. 78 
176Dy 1.29 0.61 0.22 0.14 0.73 0.27 

We conclude that the gross qualitative features of energy systematics can be deduced from 
simple separable models, but for a quantitative interpretation other effects--in particular the 
inclusion of all multi poles in the interaction- -and the possibility of a spin dependence in the inter
action amplitude must be considered. 

References 

1. A. B. Migdal, Theor:t: of Finite Fermi S:t:stems and Properties of Atomic Nuclei (Nauka, 
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2. S. T. Belyaev, in Selected Topics in Nuclear Theor:t:, edited by F. Janouch (IAEA, Vienna, 
1963). 
3. A. Faessler and A. Plastino, Nucl. Phys. A94, 580 ( 1967). 
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ON THE VALIDITY OF QUASI-PARTICLE DESCRIPTIONS FOR 
N = 83 ODD-ODD ISOTOPES T 

~' Jean Kern and Gordon L. Struble 

Recently several groups i- 4 have obtained new and precise results on the low-energy struc-'
ture of 140La and 14 2Pr using (d, p) and (n, 'Y) reaction spectroscopy. We wish to present a very 
simple phenomenological picture that can explain these experimental data. 

We assume that the system of neutrons can be described by one particle in the 2£7/.2 shell
model orbital plus the inert core of 82 neutrons. The protons, however, are described. by a sys
tem of independent quasi particles. 5 Experimental systematics on neighboring even- and odd
mass nuclei suggest that only configurations with one quasi proton in either the 1g7/. 2 or 2d5/2 
states are important in the description of the lowest excitations. For a given spin J, we may 
write the 142 Pr wave functions as 

0 . . 
JM) + f31J I 1g7/2 2f7/2' JM) 

I JM)2 = a2j 
0 

JM) + f32J I 1g7/2 2f7/2; JM). 

Because of the orthonormality constraints, only one of these four parameters and the relative 
phase are independent. 6 

Analysis of (d, p) cross sections allows a simple determination of the absolute values of the 
amplitudes. But gamma branching ratios depend on the sign as well as the magnitude of the am
plitude, and, because all the relevant transitions have Mi multipolarity, the branching ratios are 
sensitive to the effective dipole moments of the neutron and the quasi protons. 

In the table we list the levels observed!, 
3

• 4 in 142Pr and 140 La and their properties insofar 
as the experiment data are uniquely determined by the model wave function. 7 The measured (d, p) 
intensities are entirely consistent with the amplitude assignments (see columns 4 and 5) within the 
experimental error. Similarly, when experimental values are used for the magnetic moments, 
the amplitudes given in columns 6 and 7 fit all the branching ratios within the experimental error. 
Both these agreements suggest that our physical picture is reasonable. 

The x-ray transition probabilities are more sensitive than the (d, p) spectroscopic factors to 
small admixtures in the wave function. Thus the amplitudes determined by the two experiments 
might not be expected to agree. However, in comparing the amplitudes, we see impressive agree
ment with few exceptions. But we should point out that the assignment of the amplitudes from the 

. branching- ratio calculation might not be unique and that the (d, p) results were considered in choos
ing the initial guesses for the least- squares fit to the experimental data. 

Footnotes and References 

tSubmitted to International Conference on Properties of Nuclear States, Montreal, August 25-30, 
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5. A. M. Lane, Nuclear Theory jW· A. Benjamin, Inc., New York, 1964). 
6. In using this description for 1 OLa, the roles of a and 13 must be interchanged. 
7. The 140La y-branching analysis must be considered as preliminary, since it will be redone, 
using recent experimental data from Ref. 4. We include this calculation as additional proof for 
the validity of the quasi-particle picture. 

Nucleus 

140 . 
La 

Table I. 

State vectors 
From the From y-

Level.energy Spin (d, p) analysis branching 

[keV] 0! I {3 I 0! 

0.0 2 0.87 0.49 0.96 
3.683 5 0.64 0.77 0.63 

17.740 3 0.59 0.81 0.60 
63.746 6 1.00 ~o 0.997 
72.294 4 0.34 0.94 0.22 
84.998 1 0.93 0.37 0.995 

128.251 5 0.77 0.64 o. 78 
144.587 4 0.94 0.34 0.975 

. 176.863 3 0.81 0.59 0.80 
200.525 2 0.49 0.87 0.28 

0.0 3 0.90 0.43 0.99 
29.956 2 0.69 0.72 o. 72 
34.659 5 1.0 ~o 0.99 
43.806 1 0.81 0.59 0.89 
48.81 6 0.98 0.2 
63.171 4 1.0 ~o 0.97 

103.75 6 0.2 0.98 
162.656 2 0.72 0.69 0.69 
272.318 4 ~o 1.0 0.25 
284.64 7 1.0 0.0 
318.201 3 0.43 0.90 0.11 
321.95 5 ~o 1.0 0.11 
467.8 1 0.59 0.81 0.46 
581. 1 0 1.0 0.0 1.00 

PAIRING CORRELATIONS IN THE TIN ISOTOPES IN 
THE FRAMEWORK OF THE HFB METHOD 

J. Bar-Touvt and G. L. Struble 

{3 

-0.28 
-0.78 
-0.80 

0.07 
-0.975 

0.10 
0.63 
0.22 
0.60 
0.96 

0.11 
-0.69 
0.11 

-0.46 

0.25 

0.72 
-0.97 

-0.99 
-0.99 

0.89 
o.oo 

A common feature of many nuclear structure calculations for the tin isotopes 
1 

is the 
assumption that the spherical shell model single-particle field is the canonical basis to be used in 
the study of pairing correlations. The implication of this choice, as various calculations (including 
the one discussed here) show, is that for tin isotopes even with an open core (e. g., letting all nu
cleons above an inert 56Ni core participate in the production of the self-consistent field), all pair
ing correlations are due to the valence neutrons. With a reasonable choice of single-particle ener
gies and a big enough model space (e. g., 12 orbitals above the 56Ni core), Baranger and Clementi 
were able to get quite satisfactory results for the odd-even mass differences and somewhat reason
able agreement between the low-lying states of the odd-mass isotopes and the one-quasi-particle 
states of the spherical Hartree-Fock-Bogoliubov (HFB) solution. 

Our purpose is to reexamine the various assumptions commonly employed in the study of pair
ing correlations in the tin isotopes. Specifically we examine whether the spherical Hartree- Fock 
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(HF) solution is the lowest solution in all the tin even-mass isotopes. Then, by using both the 
lowest spherical and lowest deformed HF solutions for constructing the trial wave function for 
solving the HFB equations, we examine which HFB solution is lower in energy. It is commonly 
argued thq.t even if one starts with a deformed basis, pairing correlations restore spherical sym
metry for these nuclei. In doing so there is no need to consider proton-proton pairing, since t%is 
kind of pairing is excluded by the relatively big single-particle gap of the protons (e. g., for 11 Sn 
this gap for a reasonable set of parameters is of the order of 5 MeV, compared with 0.65 MeV for 
the neutrons). 

In order to be able to make comparisons with other recent calc~lations we choose our single
particle parameters in such a way that our spherical HF field for 11 Sn is close to the correspond
ing one used in Ref. 1. We also employ the Tabakin interaction with an oscillator length b = 2.22 F. 
In order to test our single -particle parameters, we first calculate the spherical HFB solutions 
for the even-mass isotopes between 11 2sn and 124sn. We find the single-particle gap in the pro
ton HF field is preserved to the extent that all pairing correlations result from the pairing of neu
trons. Due to this result and the fact that these spherical HFB solutions give a somewhat improved 
description of the odd-even mass differences, we believe we have a reasonable set of parameters 
for extending the HFB calculations. 

Our extended calculations reveal that as soon as deformati,on in the underlying HF field is al
lgwed, the proton single-particle gap disappears (e. g., for 1 1 6sn the proton gap reduces to 0.1 
MeV while the neutron gap stays at its initial value). This reduction makes the. proton Fermi sur
face vulnerable to dispersion, and indeed the corresponding HFB solutions have strong pairing be
tween protons. The results for the pairing energy, the HF energy, and the HFB energy of the low
est deformed and spherical solutions are presented in Table I. The quadrupole deformation param
eter f3 for the deformed HFB solution is also given. The HF and HFB energies of each isotope are 
defined up to a constant Eo that varies with each isotope. In all the spherical HFB solutions pair
ing is due only to the neutron~, whereas in all the deformed solutions both the protons and neutrons 
pair. Up to and including 11 Sn the deformed HFB folutions are lower in energy. The differences 
between the two solutions start with 3. 94 MeV at 11 Sn and decrease (almost linearly with a con
stant .slope of 0.54 MeV per particle) with mass number to the point where the spherical solutions 
become lower. It is also observed that the deformation of the HFB solution is rather large, i.e., 
the deformation of the underlying HF field does not vanish due to pairing although some reduction 
does occur. Another observation one can make from this table is the reduction of f3 with mass. 
This is accompanied by a lower gain for the deformed HF and HFB solutions. 

To summarize briefly, it is shown here that the self-consistent HFB field is not necessarily 
spherical, and that for deformed HFB solutions proton pairing is ncit excluded. Unfortunately the 
utilization of the deformed quasi-particle field for calculating the properties of the low-energy 
spectrum (e. g., by the RPA approximation) would be quite tedious. However, from the point of 
view of relating the intrinsic structure of Sn isotopes to the solutions of the HFB equations, one 
cannot ignore the fact that for some cases the commonly used approximations may not be valid. 

Footnote and Reference 

tCase Western Reserve University, Cleveland, Ohio. 
1. David L. Clement and E. W. Baranger, Nucl. Phys. A120, 25 (1968). 
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Table I. Properties of the HFB solutions for the Sn isotopes. A~l energies are in MeV. 

Isotope B EHF EPAIR EHFB 

112Sn 0 276.25 -9.89 266.36 

112Sn 0.421 269.78 -7.36 262.42 

114Sn 0 277.95 -8.41 269.54 

114Sn 0.391 274.06 -7.07 2 66.99 
116Sn 0 280.96 -8.18 272.78 

116Sn 0.373 276.23 -5.04 271.19 

118Sn 0 285.27 -8. 73. 276.54 

118sn 0.366 278.90 -2.76 276.14 

120Sn 0 290.49 -9.54 280.95 

122Sn 0 295.79 -10.45 285.34 

122Sn 0.249 297.33 -9.83 287.50 

124Sn 0 300.68 -10.91 289.77 
124Sn 0.191 302.79 -10.49 292.30 

GENERALIZED PAIRING CORRELATIONS IN THE s-d SHELL t 
;.:<: * 

A. Goodman, G. L. Struble, J. Bar-Touv, and A. Goswami 

An investigation of pairing correlations in light nuclei must consider the possibility that 
neutron-proton pairing may be present. In particular, isospin pairing1 might occur as a result of 
the importance of the T = 0 component in the force. 1 In this paper, only N = Z even-even nuclei 
are discussed. Experimentally

2
these nuclei appear to possess deformed equilibrium shapes. 

Hartree-.Fock (HF) calculations confirm this, but a serious difficulty arises si~ce they give many 
different self-consistent solutions, some of which differ only slightly in energy. The usual choice 
for the physical state is the solution for which (H) is a minimum. However, this criterion may 
not be meaningful, since higher correlations-- e. g., pairing- -could lower the energy of other so
lutions relative to the lowest HF solution, which itself often shows large fluctuations. Therefore 
we examine Hartree-Fock-Bogoliubov (HFB) solutions. 

We start with the Hamiltonian 

Ia) = In .e j m T), 

and look for self- consistent solutions to the HFB matrix 

In the I a) representation, 

T' ""=E 6 ""+~ (a-yiVI~o) (ct c.,), at-- a at-- a '{ u 
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By assuming that 6. is diagonal in the space-spin.part of the underlying HF representation and 
( T) = 0 1 , one can simplify equations for N = Z even- even nuclei. · 

The HFB equations are solved by using experimental E 1 s and the force taken from the work of 
Bar-Touv and Kelson. 2 The solutions exhibit two systematic features: first, that T = 0 and T = 1 
pairing are mutually exclusive, and second, that a large HF gap excludes pairing (in the BCS sense). 

24
Mg and 

32
s are of special interest, since HF calculations give two solutions which differ in 

energy by only ""3 MeV. The lower solution is axially asymmetric, with an HF gap of ::::3 MeV. The 
energy gain due to pairing in the higher solution makes (JC) comparable for both solutions. How
ever, the axially asymmetric solution has one crucial defect, since the spacings between the K = 0 
and the K = 2 bands are underestimated by a factor of almost two. 4 In the paired solution, the two
quasi-particle state with K = 2 has an unperturbed energy of 5.6 MeV in Z4Mg and 6. 7 MeV in 32s. 
Preliminary calculations suggest that the quasi-particle interaction will bring this state to the ex
perimental energy. Also, by using HFB solutions, the cranking moment of inertia is lowered. In 
addition, the Thouless- Valatin correction is expected to be less important for the paired state, 
since a larger part of the residual interaction has been considered. A comparison of t1J,1oretical 
and experimental moments of inertia is shown in Fig. 1. The experimental values for Sand 
28si are the result of an extrapolation subtracting out the effect of the interaction of the I = 0+ mem
ber of the ground band with the spherical 0+ state observed at 3.78 MeV and 4.97 MeV respectively. 
For ZONe and 28si, the moment of inertia elected corresponds to the HF states. The HFB solu
tions for 3Zs are listed in the table. The ground- state ener.gy is -179.41; the pairing energy is 
-5.4 MeV. 

In conclusion, it should be noted that the axially symmetric solution with pairing may result. in 
an intrinsic basis for 24Mg and 32s that is closer to the physical state than the axially asymmetric 
HF solution. 

Table I. Best axially symmetric solution for 32 S. 

E (MeV) 6.04 5.60 3.83 3.28 2.85 5.17 
a 

n (MeV) 1/2 3/2 1/2 5/2 3/2 1/2 
a 

2 
0.984 0.980 0.968 0.838 0.210 0.020 v 

a 
2 

0.016 0.020 0.032 0.162 o. 790 0.980 u 
a 

.c:, T = o(a) -1.53 1. 57 1.36 -2.41 -2.33 -1.44 
np 

Footnotes and References 

tSubmitted to International Conference on Properties of Nuclear States, Montreal, August 25-30, 
1969. 
>~Case Western Reserve University, Cleveland, Ohio. 
1. A. Goodman, G. Struble, and A. Goswami, Phys. Letters 26B, 260 (1968). 
2. J. Bar-Touv and I. Kelson, Phys. Rev. 138, B1035 (1965); for earlier work see this reference. 
3. M. K. Pal and A. P. Stamp, Phys. Rev.08, 924 (1967). 
4. J. Bar- Touv and I. Kelson, Phys. Rev. 142, 599 ( 1966). 
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Fig. 1. Comparison of theoretical and exper
imental moments of inertia. (XBL 701-2102) 
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HARTREE-FOCK-BOGOLIUBOV CALCULATIONS IN THE s-d SHELL 

A. L. Goodman, G. -L. Struble, J. Bar- Touv, t and A. Go swami t 

·Attempts to describe theN= Z even-even nuclei in the s-d shell in terms of simple intrinsic 
state models have in general been unsuccessful. Although the low-energy structure of 20Ne is 
very well described by Hartree-Fock (HF), there are serious problems in the description of 24Mg, 
32s, and 36Ar. 1 Still, the. concept of an intrinsic state is very attractive, and so we tried to gen
eralize HF by including pairing correlations. 2 In this paper we approximate the Hartree-Fock
Bogoliubov (HFB) equations in such a way as not to allow the pairing degrees of freedom to in
fluence the underlying single-particle structure. Further, we use a simple phenomenological 
force and work in a rather restricted shell-model space. We have now solved the complete HFB 
problem3 in a completely parameter-free manner in order to check the validity of our previous re
sults and to better understood the nature of both T = 0 and T = 1 pairing in light nuclei. 

The HFB equations may be written in matrix form as 

[

(JC-X.) 

e:.+ 

where JC is the matrix representation of the HF Hamiltonian, X. is a Lagrange multiplier which 
fixes the number of protons and neutrons, and t::.. is called the pairing potential. 3 TheE's are 
quasi-particle energies and the vectors u and v are the complex coefficients of the quasi-particle 
transformation 

+ a au =I 
iv 

+ [u . c. + v . c. ] . 
Cl!f.J., lV lV af.l., lV 1V 

Here a and i denote space-spin indices, and f.l. and v are isospin indices. We assume general
ized time reversal as our only self-consistent symmetry and solve these equations by iteration 
until self- consistency is achieved. 

The HFB transformation matrix (Bgen) can be written as the product of three separate trans
formations, 3 

B 
gen 

R B D, 
sp 

where D is a transformation among the particle basis states ·and defines the canonical basis, Bsp 
represents a special Bogoliubov transformation (BCS) between particle and hole states in the canon
ical basis, and R is a transformation among the quasi particles defined in the first two trans-
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formations. The essential approximation we made in Refs. 1 and 2 is to assume that the canon
ical basis is given by HF and that JC and ·6. are diagonal in this basis. 

We carried out the calculations, using the Yale t matrix. 
4 

In Table I we give the pairing 
potential in the canonical basis. As can be seen, 6. is far from diagonal. In Table II we list HF 
energies, pairing energies, and the total binding energies for 24Mg, 32s, and 36Ar as predicted 
by the theories used in Refs. 1 and 2 and the complete HFB. It is concluded that the diagonal 6. 
approximation may lead to serious discrepancies. 

Table I. The pairing potential 6. expressed in the canonical basis for the nuclei 
24

Mg, 
32

s, and 
36

Ar. 

5/2+ 
-3/2+ 

1/2+ 

-3/2-
1/2-

1.372 
1.428 0.678 
0.678 -2.604 

1.189 0.378 -0.116 1.058 
0.378 -2.589 0.845 -0.458 

-0.116 0.845 2.547 0.367 
1.058 -0.458 0.367 1.656 

-2.178 
-2.264 -·0.022 
-0.022 2.537 

-1.934 
3.355 0.466 
0.466 -2.166 

-3.707 -0.365 -0.530 -0.402 
-0.365 3.561 -0.103 0.019 
-0.530 -0.103 -1.940 -0.989 
-0'.402 0.019 -0.989 -4.104 

3.411 
-4.153 -0.015 
-0.015 3.524 

-1.372 
2.508 0.425 
0.425 -1.526 

-3.862 -0.553 -0.264 -0.610 
-0.553 2. 755 -0.256 0.030 
- 0. 2 64 -0. 2 56 - 1. 3 60 -0. 3 10 
-0.610 0.030 -0.310 -4.016 

2.620 
-4.003 -0.034 
-0.034 2. 707 

Table II. Energies given for several pairing approximations. HF + BCS refer to the approxima
tion of Ref. 2. Approx. HFB refers to the approximation of Ref. 1. 

Method EHF E 
pair 

24Mg 
HF + BCS -126.02 -6.31 -132.33 
Approx. HFB -126.53 -5.58 - 132.11 
HFB - 124.73 -7.80 -132.53 

3z
5 

HF + BCS -219.01 -4.75 -223.76 
Approx. HFB -218.94 -4.88 -223.83 
HFB -215.32 -9.21 -224.53 

36Ar 
HF + :ecs -283.71 -3.39 -287.10 
Approx. HFB -282.76 -3.92 -286.68 
HFB -282.24 -9.52 -291.76 

The validity of the number nonconservation approximation has been tested by calculating the 
mass discontinuity in the canonical basis, and it is found that there is no significant difference 
between the theory of Ref. 1 and the HFB results. Numerical calculations also show that T = 1 
pairing and T = 0 pairing between particles in the same single-particle state are suppressed and 
that only T = 0 pairing between particles in time-conjugate states occurs. 

The inclusion of pairing correlations has very significant effects on the intrinsic states. In 
the first place it restores axial symmetry to 24Mg and 32s, bringing them into qualitative agree
ment with experiment. Further, the pairing always reduces the a-clustering effect and reduces 
the overall deformation. This ij\illustrated by comparing Figs. 1 and 2, where we have plotted 
the equidensity contours for the Ar HF and HFB solutions. Both solutions are oblate, but the 
HFB solution is much less deformed. This is reflected in the m~ment of inertia, which is only 
half as large for the HFB solution. These results suggest that 3 Ar is more p!'Operly described 
as a vibrator. This is again qualitatively borne out by experiment. 
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36Ar 

Yale H F 

Fig. 1. Equidensity contours for the 
36

Ar 
Hartree-Fock solution using the Yale potential. 
The densities are given in the units of 0.302 F-3 

(XBL 6912- 6351) 

36Ar 

Yale HFB 

36 
Fig. 2. Equidensity contours for Ar 
Ha rtre ~- Fock- Boholiubov solution using the 
Yale potential. The densities are given in 
units of 0.300 F-3 .. (XBL 6912-6347) 

THE ANALOGUES OF A FOUR-PARTICLE-FOUR-HOLE STATE OF 
16o IN 2s, 1d SHELL NUCLEit 

G. L. Struble and S. N. Tewari 

It is well known that the 0+ state at 6.06 Me~ in 16o is the beginning of a rotational band. 
Banerjee et al. [Phys. Letters 24B, 209 (1967)] have successfully explained this state on the basis 
of the Hartree-Fock (HF) theory. ·It is identified as the lowest mernf

0
er of a triaxial four-particle

four-hole HF state. Further, one of the o+ states around 7 MeV in Ne cannot be explained by 
using the space of 2s, 1d shell alone._ In the opinion of several authors it may be an eight-particle
four-hole state, the analogue of a four-particle-four-hole state in 16o. In view of these results, 
we have been prompted to calculate the analogous n-particle-four-hole states inN= Z even-even 
nuclei of Jhe 2s, 1d shell.- For the Hamiltonian we have used the two- body Rosenfeld force and as
sumed a He core. The single-particle energies relative to this core were chosen to fit the ex
perimehtal energies of 17o.and 15o. It has been shown by Banerjee (Maryland Unive:rsjty Tech
nicj-1 Report No. 875) that the invariance of HF densities under the operations T, Pe- 1 rr Y and 
e 1rr z allows one to predict the shapes of the HF state (T and P refer tci the time- reversal and 
parity operations). Our calculations confirYb these predictions an~<five the following energies for 
the band head relative to the ground state: 0 (triaxial) 2.4 MeV, Ne (triaxial) 4.23 MeV, 24Mg 
(oblate) 9.1 MeV, 32s (oblate) 47.90 MeV, 36Ar (oblate) 73.64 MeV. 
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The positions of the band head were determined by -subtracting an appropriate value of A J 2 

from the ground-state and n-particle-four-hole HF energies. The moment of inertia parameter 
A was computed by the second-order cranking model. Despite the simple nature of our Hamilton
ian and the crudeness of our approach it is clear from our results that the n-particle-four-hole 
states will not be observed beyond 24 Mg. In the upper half of the 2s, 1d shell hole-particle de
grees of freedom from the 40ca core should become increasingly important. 

It is observed that in both 
16

0 and 
20

Ne the energy of then-particle-four-hole state falls con
siderably below the experimental energies. In view of the fact that then-particle-four-hole HF 
states in both nuclei have a large value of ( JZ ), a slight overestimate of A by the cranking model 
could easily account for the discrepancy. For example, in ZONe the value of ( rZ) for the eight
particle-four-hole state is 30 units, compared with 15 units for the ground state. If the cranking
model value of A for the eight-particle-four:-hole state is decreased by only "'0.08, the state is 
placed close to the experimental energy. 
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The n-particle-four-hole HF intrinsic sta~{Js 
exhibit very lar~4e-energy gaps, 10.29 MeV in Ne 
and 9.2 MeV in Mg. This suggests that they will 
be stable to two-particle-two-hole and higher ad-
mixtures and that the projected angular momen-
tum states may yield ,rood approximations to the 
physical states. In 2 Mg the energy spectrumhas 
been calculated by us1ng the projected states. The 
accuracy of the projected states has also b~en 
tested in this case by calculating the energy flue-. 
tuation (PJH2)- (PJH)z. The fluctuation turns. 
out to be between 4 and 5 MeV2 for the J = 0, 2, 4 . 
states. The smallness oft~~ fluctuation suggests-
that the projected states in Mg are approximate-
ly good eigenstates. The energies from the eight-
particle-four-hole state in 20Ne were calculated 
by the Davidov-Filipov model because of the com-
plexities of the nonaxial projection calculation. 
The comparison between theory and experiment is 
shown in Fig. 1. 

Footnote 

tSubmitted to International Conference on Proper-
ties for Nuclear States, Montreal, August 25-30, 
1969. 

Fig. 1. Comparison between experimental and 
calculated energies. (XBL 701-2 103} 

A CALCULATION OF ODD-PARITY STATES IN 
16o AND 

40
ca 

FROM THE NUCLEON-NUCLEON INTERACTIONt 

P. K. Haug ~'and M. Weigel* 

It is well known that the excitation energies w~ = Ek(A} - Eo(A} are given by the poles of re
duced renormalized response function. 1 Near the pole one.can.express the response functipn by 
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"" Pj..i.a,kp!3v,k 
L (w)"" - - k- , 

fl va!3 w-wA+-io 

where Pfl\l!, k is the renormalized particle-hole amplitude correspondip~to the quantum number 
sets fl and a. If one neglects retardation effects the equation for p is ' 

It can be shown
3 

that t~e ladde~ approximat~n sho~ld be appropriate for dealing with the short
range nucleon-nucleonr_;nteractwn yN ( = K ), wh1ch reduces the equation for the unrenormalized 
particle-hole force K to 

= 2 X 

We used the solutions for this equation in the so-called A OO -approximation 
4 

for t,pe nuclear matter 
problem. For the nucleon-nucleon potential we took the hard- shell]?uff potential fitted to the S
wave phase shifts up to 320 MeV. The solutions are density-dependent. The density dependence 
of the particle-hole force was interpolated with the help of a Thomas-Fermi distribution from the 
values inside the nucleus and the vacuum values (local density approximation). Furthermore we 
assumed all renormalization factors to be equal. Nuclear matter calculations suggested a value 
of 0.8 + 0.05 for z at the lermi level. 5 We obtained best agreement with the experimental situa
tion with z = 0. 795 for 1 0 and z = 0.81. for 40ca. Therefore in order to avoid additional param
eters we set z = 0.8 for all cited calculations, so making our model practically free of adjustable 
parameters. The results are shown in Figs. 1 and 2. For comparison with other calculations we 
calculated the weighted mean quadratic deviation for 16o. We obtained the value 0.27. Withgut 
renormalization one gets for the comparably simple Kallio-Kolltveit potential the value 0.36. 
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SINGLE-PARTICLE RESONANCES IN THE RPA TREATMENT OF 
NUCLEON-NUCLEUS SCATTERING 

L. Garside and M. Weigelt 

In an earlier work it was shown how one can treat the nucleon-nucleus scattering in the frame
work of RPA. 1, 2 In order to achieve a practicable treatment we assumed that the so-called 
bound- state problem is solved with the full particle-hole force. The coupling to the continuum was 
done by approximating the particle-hole matrix elements containing single-particle continuum states 
by a schematic force. The model was so designed that one assumes the solutions of the bound-
state problem to be already a good first approximation to the experimental situation. But it is well 
known that in many cases one has to include in the bound- state problem certain single-particle res
onances in order to obtain good agreement. A famous example is, for instance, the 1d3~?. res
onance of 16o necessary for the calculation of the excited negative parity states of 16o.s- We over
come this difficulty by using a method of Garside and MacDonald, 4 in which one shifts the single
particle resonance into a bound state by adding a small single-particle potential to the original one. 
Due to this shift one can now apply the original formalism but with a different coupling fo the con
tinuum, since one has to compensate the additional potential. We are able to give the explicit for
mulas for the scattering problem and the modified bound- state problem containing only the separa
ble particle-hole force, the additional single- particle potential, and the bound- state solutions. 
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LINEAR RESPONSE THEORY IN NUCLEON-NUCLEUS SCATTERINGt 

Manfred Weige(' 

The general theory for scattering of nucleons on a hole nucleus was investigated in the frame
work of Green's functions. 1 We have been able to express the scattering amplitude TR due to the 
effective particle-hole interaction in terms of the effective particle-hole interaction and the re
duced renormalized linear response function. In this treatment ground-state correlations of the 
nucleus are included. Furthermore we took into account Migdal's quasi-particle description of 
nuclei, thus dealing only with renormalized quantities. 2 We also give the method of obtaining the 
particle-hole force starting from the real nucleon-nucleon force. Assuming pure quasi-par~icle 
propagation in the intermediate states we obtain a formalism similar to the RPA treatment, but 
in contradiction to the RPA method we have been able to show that one has to use the experimental 
single-particle energies instead of the Hartree-Fock single-particle energies, and the effective 
particle-hole force instead of the true nucleon-nucleon force. 4 If we neglect ground-state corre
lations we obtain the results of MacDonald. 5 

The resonances of the scattering are determined by the zero points of .the Fredholm determinant. 
The expansion of the Fredholm determinant contains only the effective particle-hole interaction 
and the shell-model single-quasi-particle propagator. In principle one could obtain the resonances 
by summing up terms in the Fredholm expansion until convergence is achieved. The main problems 
are the multidimensional integrations involved in this approach. In order to avoid this difficultywe 
treated only the extended schematic model. 4 Due to the degeneracy of the Fredholm determinant 
only the first two terms of the expansion are nonzero. In this model the T matrix can be given ex
plicitly. Furthermore one obtains the energy shift caused by the continuum and the width. 
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INCLUSION OF NUCLEAR-STRUCTURE CALCULATIONS IN 
NUCLEON -NUCLEUS SCATTERINGt 

M. Weigel 

The goal of this investigation is the inclusion of a normal shell-model structure calculation 
in the treatm'ent of the nucleon-nucleus scattering. The microscopic approach to the scattering 
problem with inclusion of ground-state correlations usually leads to a very complicated system of 
equations for the particle-hole amplitudes which is hardly solvable for a general particle-hole 
force. The reason is the necessary inclusion of continuum single-particle states, so that one is 
no longer able to solve a problem in a finite vector space only, as in the case of a nuclear-struc
ture calculation. 1, 2 Therefore one usually treats the whole problem in the framework of a sche
matic model. 1 But it is well known that a schematic approach is poor in the bound-state problem. 
For this reason the model designed splits the problem into two parts: First, one has to solve the 
usual nuclear structure problem with the full particle-hole force (or to take it from the literature), 
taking into account only bound one-particle wave functions. It is known that this approach is al
ready a good first approximation to the physical situation. Then we use the solutions of the nu
clear-structure problem in the scattering problem and in the extended bound-state problem. The 
deviations from the nuclear structure calculations--caused by the matrix elements of the inter
action between continuum-bound and continuum-continuum single-particle states--are treated by 
a schematic approach. This implies that these special matrix elements can be approximately 
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represented by a separable particle-hole force. We have given the explicit expressions for parti
cle-hole amplitudes and the scattering amplitude in terms of the solutions of the nuclear-struc
ture problem and the separable force alone. Furthermore we derived the energy-dispersion rela
tion for the energy eigenvalues for "bound" states, which may be complex. The scattering ampli
tude has resonances for these complex energy values-as expected. 2 

In several cases one has to include a single-particle resonance in the nuclear-structure calcu
lation in order to_obtain a good first approximation (for example the 1d3;2 state in 16o). Since 
our formalism does not directly apply to this situation, we will have to treat this problem in a 
forthcoming paper. 
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PROPERTIES OF NUCLEAR MATTER IN THE A OO APPBOXIMATION WITH LOCAL 
NUCLEON-NUCLEON FORCESt 

H. Gall,,;, G. Wegmann,>:< and M. Weigelt 

It is well known that the Brueckner approach to the nuclear matter problem consists mainly in 
summing up the ladder-graphs in the effective two-body scattering amplitude. Fur.thermore one 
neglects all terms in the K matrix that lead to an imaginary contribution for the effective one-parti
cle potential. If one includes some (or all) of these terms several new approximations can be c.re
ated. They are denoted by the type of intermediate particle-particle-propagation used1 (A 00, A 0 1 , 
AHF 1 , and A11 approximation). Since these approximations do not lead to a single-particle de
scription of nuclear matter a priori as the Brueckner approach does, the nuclear matter problem 
in these approximations has been studied only with simple separable nucleon-nucleon-interactions. 1 
But it is known that velocity-dependent potentials fitted to the nucleon-nucleon scattering data with
out a hard-core behavior give too much binding energy. 2 Therefore we tested the relatively simple 
A00 approximation in a model calculation to show the decrease of binding energy in comparison 
with a separable interaction. We ·restricted ourselves to a localS-wave potential. 3 In the case 
of a local potential one cannot solve the T-matrix equation directly, as in the separable case. We 
overcame this difficulty by using a method designed by Laughlin and Scott. 4 Our results show the 
decrease of the binding energy (see Fig. 1, for instance: E/N = - 34.5 MeV for the separable 
Foster potential in the A00 approximation). One can see, furthermore, that the equilibrium data 
are not uniquely determined in the A00 approximation (Figs. 1 and 2). 

The condition should be E/N =fl. =dE/ dp (pres sure = 0, fl. denotes the chemical potential). This 
condition can be fulfilled a priori in the Hartree-Fock and A11 approximation only. 5 Since we have 
used an S-wave potential our results seem to be reasonable. Furthermore, we did not obtain the 
momentum distribution of the shell model (see Fig. 3, Ps. P· (P/PF) = 1 for P::::: PF). . 
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Fig. 1. Energy per nucleon as a function of 
Fermi momentum. (XBL701-2097) 
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Fig. 2. Pressure according to different 
equilibrium conditions. (XBL 701-20 98) 
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TRITON CALCULATIONS WITH REALISTIC POTENTIALS 

t * :t: A. D. Jackson, A. Lande, and P. U. Sauer 

Usual calculations of the triton binding energy follow a variational approach, and their success 
depends in large measure on the insight employed in the choice of a trial wave function. An alter:.. 
native approach is to generate a complete set of three-body states and to diagonalize the Hamiltonian 
matrix in a truncated basis of such states. The nature of the nucleon-nucleon interaction suggests 
that only states having particle permutation symmetry [ 3] S, [ 21] D, and [ 21] Splay an impor
tant role in dete'rmining the properties of the triton ground state. It is thus desirable to construct 
a complete set of states so that they will have well-defined orbital permutation symmetry. Moshin
sky et al. 1 have shown that it is a relatively simple matter to generate just such a set of states. 

The most convenient coordinate system for the three~body calculation may be written in terms 
of single-particle coordinates as 

~1 (1/ JZ) ~1 - ~2), 

~2 (1/ Vb) (~1 + ~2 - 2 ~3), 

~3 (1/ J3) (~1 + ~2 + ~3) . ( 1) 

The harmonic oscillator Hamiltonian is invariant under this coordinate change, and we may write 
a complete set of orbital states for the three-body system as 

lq, £ (x1 J q, £ (x2 ) LM) 
n1 i - n2 2 -

(2) 

(The coordinate x3 may be ignored because of the translational invariance of the nucleon-nucleon 
potential. ) Moshl.nsky et al. 1 define a second coordinate transformation 

and demonstrate that the states 

(1/ ftl (-i~1 +~2) 

(1/ JZ) (+i ~1 + ~2) 

{I £ +£ - L+I I } cj> ;_(r1 )q, .p_(r)LM)+(-) 16 cj> ;_(r1 )q, ;_(r2 )LM) 
n1 1 n2 2 2 n2 2 n1 1 

(3) 

(4) 

are states of well-defined particle permutation symmetry. Moreover, states having the form (4) 
may be expanded as a sum of states of the form (3) in such a way that the expansion coefficients 
are trivially related to the ordinary harmonic oscillator transformation brackets. 2 Totally anti
symmetric states of the three-nucleon system may be obtained by combination of the orbital states 
(4) with spin-isospin states of adjoint symmetry. 

We can now construct and diagonalize the Hamiltonian matrix including all states for which 
Q = (2 n1 + £1) + (2 n2 + £2) is less than some Qo. It remains to be demonstrated that a value of 0 0 
small enough,to permit calculation will provide a good basis for describing the triton wave func
tion for realistic nucleon-nucleon interactions. 

As a simple example we consider a Yamaguchi potential, which is the average of the singlet
and triplet-S potentials and has the form 

(P IV I P') 
~ 1 1 

M P2+!32 P' 2+!32 ' 
(5) 
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where >-. = 0.35249 F- 3 and f3 = 1.4487 F- 1 . Since this potential is separable, our results may be 
compared with the binding energy of 12.49 MeV obtained from a solution of the Faddeev equations.3 
By design, this potential contains only [ 3] S states. For Q 0 = 28 and 1iw = 64.79 the Hamiltonian 
matrix contained 147 [3] S states and gave a binding energy for the triton of 12.19 MeV, in satis
factory agreement with the exact result. It is of interest to note that a similar shell-model calcu
lation of the deuteron binding energy displayed very similar convergence as a function of Qo. It 
would appear that the deuteron might provide a simple and sensible way to estimate a value of Q 0 
satisfactory for a triton calculation. · 

The Reid potential4 is a soft-core potential which provides a quantitative fit to scattering data 
for laboratory energies less than 350 MeV. It should provide a more rigorous test of the applica
bility of this method. A deuteron calculation suggests that Oo = 28 and 1iw = 51.19 will provide suf
ficient freedom for the triton calculation. Due to the large number of [ 21] D states at QO = 28 
(i.e., 560) the calculation was performed with Os = 28 and QD = 16. Only [ 3] S and [ 21 J D states 
were included in the calculation. The resulting triton binding energy was 3.86 MeV. This estimate 
of the binding epergy would surely be improved by the addition of more J 21] D states. This result 
is roughly comparable to the value of 6.8 MeV obtained by Delves et al. for the hard-cord Ramada
Johnston potential. 

Calculations are in progress to increase the number of [ 21] D states and to include the effects 
of other permutation symmetries. It is already clear, however, that this straightforward ap
proach to the three-body problem is a practical one and· is capable of providing meaningful results 
even for realistically hard nucleon-nucleon potentials. 
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MATRIX ELEMENTS OF THE LAMBDA-NUCLEON POTENTIAL FROM PHASE SHIFTS 

t >:< :1: 
A. D. 'Jackson, A. Lande, and P. U. Sauer 

Elliott et al. 
1 

have described a technique for deducing matrix elements of the nucleon-nucleon 
potential directly from phase shifts. This technique can be used to relate the limited L\.N scattering 
data to the separation energy BL\. in hypernuclei. 

Following Ref. 1, we construct an auxiliary potential of the form 

2 2 2 
V 

0 
= (1/2) tJ.W r - (1i /2fl)a 
= 0 . 

for r < a, 
for r > a, 

where f1 is the reduced mass of the system. When (1'1
2 

/2f1) (k
2 

+a) = (2n + P. + 3/2) 1iw, the solution 
to the Schrodinger equation for v 0 has the form B RnP. for r < a, where Rn is the ordinary harmonic 
oscillator wave function. By matching this solution to the plane wave at r = a we obtain an auxiliary 
phase shift cS 0 . Provided that the difference between the true potential V and v0 is sufficiently 
small to be treated in Born approximation, we find 

2 I 2 ( nP. IV lnP.) =( nP. I v 0 I nP.) - (1i k 2f1B ) tan (cS-6 0 ). 
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The parameters a and a, chosen separately for each n, £, and 1iw, are such that o -6 0 is small. 
The resulting values of ( n£ IV I ni.) are found to be insensitive to the choice of a and a, which leads 
Elliott et al. to conclude that they are, in some sense, model-independent. 

The AN scattering data for laborator4 energies less than 45 MeV can be described in terms of 
scattering lengths and effective ranges2- under the assumption that low-energy cross sections are 
dominated by the 1s

0 
and 3s1 channels. Oscillator matrix elements in these channels deduced 

according to the Ellwtt procedure for several sets of scattering parameters were found to be in 
substantial agreement with one another. Matrix elements were also deduced from the effective 
ranges and scattering lengths of a variety of potential constructed to reproduce II.. separation en
ergies of s-shell hypernuclei. 2 We note that in the vicinity of 1iw::::: 17 MeV, a value appropriate 
for the calculation of II.. separation energies in light hypernuclei, the matrix elements deduced 
from phenomenological interaction are approximately 25o/O smaller than those deduced from phase 
shifts. Thus, we would expect that the matrix elements deduced from scattering data would seri
ously overestimate A separation energies. 

In calculating separation ~nergies for A 
5
He, A 9Be, and A 

13
c, we assume that the nucleons 

lie in their lowest shell-model states. The values of the single-particle oscillator parameter. b 
were picked to reproduce the mean square charge radii of 4He, BBe, and 12c. (The effects of a 
finite proton charge distribution were included.) The A was assumed to occupy the OS oscillator 
state with the same value of 1iw. The p-shell nucleons in 8Be and 12c are assumed to be in an 
LS-coupled state with L = 0 and S = 0. Matrix elements of the AN interaction were evaluated with 
the aid of an unequal-mass Moshinsky transformation. 5 The results of this calculation are sum
marized in Table I. The errors on b reflect the experimental error in the determination of charge 
radii. The errors quoted for separation energy include the effects of the uncertainty of b and the 
spread of values obtained for the relative oscillator matrix elements. 

Our expectation that the matrix elements deduced from scattering data would overestimate A 
separation energies is confirmed. This disagreement may be due to the importance of higher 
partial waves in low-energy scattering or the importance of tensor forces in the. 3s1 channel. The 
latter explanation is appealing, since nucleon-nucleon matrix elements derived from scattering 
length and effective range data are about 30o/o more attractive than matrix elements deduced from 
a proper coupled-channel calculation as described in Ref. 1. 
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Table I. Comparison of calculated and experimental 

Scattering 
b data 

(F) (MeV) 

1. 34±0. 03 

1.66±0.05 

1.66±0.05 

9.1±1.8 

10. 5±0. 9 

19.5±1.2 

A separation energies. 

Phenomena- Experiment 5 
logical 

potentials (MeV) 

3. 5±1. 5 

4.6±0.6' 

11. 5±0. 8 

3.0.0±0.02 

6.52±0.05 

10. 51±0. 51 
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REARRANGEMENT EFFECTS AND THE PARAMETERIZATION 
OF THE EFFECTIVE FIELD IN NUCLEit 

H. Meldner * and C. M. Shakin :t: 

In this work we provide a simple parameterization of the nonlocal effective field in nuclei. 
The parameters as determined by fitting the properties of nuclear matter are quite similar to those 
which have been shown to yield good results for the size and binding energies of finite nuclei through
out the periodic table. i The computed self-consistent single-particle energies are significantly dif
ferent from the separation energies due to rearrangement effects. This fact has important conse
quences for structure calculations and the analysis of particle knock-out experiments. 

Avoiding the introduction of an explicit form for the two-body force, we simply assumed that 
the nonlocal potential for a single particle in nuclear matter is given by 

V (-+ """'i ) _ ..:..ex:.=...:..p_.._[ _-...:..1 ~-; __ "-r'i--'-1 '-'/a:::....] r-r - v 
1-;- r'il /a 

(i) 

where p is the density, v is a strength parameter (v < 0), a is a nonlocality parameter, and pi 
we term the saturation parameter. The nonlocal single -particle potential due to an effective non
local two-body interaction could have t;he above form. 

The single -particle energy for the infinite system is 

(2) 

where the second term is the Fourier transform of V(-:(-r'i ). We maintain the distinction between 
the single -particle enerfy E as defined in (2) and the separation energy S which differs from E by 
rearrangement effects, , 3 

S(k) = -E(k) - .6-R (k) (3) 

(Examples of .6-R for finite nuclei are presented in Table I. ) 

Note that for a saturating system, S(kF) = Eav = EB/ A, 
4 

where EB is the binding energy. The 
relation given in Eq. (3), as well as the conjecture that .6-R will not always be small in the atomic 
case, is due to Koopmans. 2 

For our model, the binding energy per particle is Eav• where 

-E = av 

with p = (2kf
3 
/3rr

2
). We require that Eav = +15.6 MeV and ( oEav/akF) = 0 at an appropriate 

kF "=' 1.3 F- . The values of v and Pi satisfying these conditions are plotted as function of a for 
various kF in Fig. 1. The small circles and squares of Fig. i correspond to the values for v, Pi• 
and a determined independently from a fit to various data for finite nuclei. i Optimum values of 
the parameters are being determined by making a more careful study of the shape of the charge 
density than that performed in Ref. 1. 
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Table I contains the single-particle energies (i.e., eigenvalues, E) of protons in a self-con
sistent solution for i6o. The parameters Pi• v, a, and 7" are those of Set A of Ref. i, which were 
chosen there ·to give good results for 208pb, The separation energies are obtained by comparing 
the self-consistent solution for i5N with that for i6olEav = + 7. 76 MeV, (Eav)expt = + 7.98 MeV]. 
Particularly remarkable is the very large rearrangement effect for the more deeply bound orbitals, 
a systematic feature for all nuclei. For 40ca, E(is) = - 79.6 MeV and S(is) = + 45.8 MeV, etc. 
Roughly, S(is)"" t IE (is) I. Although the magnitude of ~R decreases as one considers more weakly 
bound orbits, the rearrangement energy remains a significant fraction of E and may not be neglected. 
Here we face a general inconsistency of the so-called shell-model calculations which is, in fact, an 
old topic. 3, 4 As a quantitative example, we have calculated the energies of the configuration 
(1f7/2)n(id3; 2 -i)n for neutron or proton excitations in 40ca. The energies of these configurations 
including the rearrangement effects (self-consistency of the field) are roughly one-half of that as
signed by using the eigenvalue difference E(1f7/2)-E(id3j2). 

Summary 

1. In the calculation of energy differences, as in the case of particle-hole excitations and separa
tion energies, rearrangement must be included. The eigenvalues E obtained from self-consistent 
calculation should not be compared with experimental separation energies, except possibly in the 
case of high-energy knock-out experiments such as (e, e'p). 

2. Rearrangement effects are relatively less important for absolute quantities. For example, 
when a particle is added or subtracted, the changes in the eigenvalues E are such that 6 E rarely 
exceeds 0.5 MeV for light nuclei, and is usually smaller. The change in the self-consistent single
particle wave functions is very small. For example, if we remove a column (is proton) from the 
self-consistent Slater determinant for 40ca, and take the overlap integral with a self-consistent 
solution for 39K with a is proton hole, we find a spectroscopic factor"=' 0.999. 

Table I. Single -particle, rearrangement, and 
separation energies (in MeV) for ~roton orbitals 
in a self-consistent solution for 1 0. The pa
rameters are those of Set A of Ref. i, except 
that the spin-orbit parameter has been changed 
to a = 0.45. 

~ E ~R s sexpt 

ipi/2 -i4.6 2.3 i2.3 i2.i 

ip3/2 -29.2 9.5 i9. 7 i8.4 

1s -64.3 26.2 38.i 
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Fig. 1. Parameters v and Pi for nuclear matter 
as a function of the nonlocality parameter a for 
various values of kF· Values of v (circles) and Pi 
(squares) independently determined from a study 
of finite nuclei (Ref. i) are indicated. The com
pressibility K is also shown. (XBL702-2322) 

THE OCCURRENCE OF SHAPE ISOMERS OVER THE PERIODIC TABLE 

Chin Fu Tsang 

Shape isomers may be classified into different types. Three types are shown in Fig. i, which 
shows the potential energy of a nucleus as a function of a deformation parameteri E leading to fis
sion. For each curve, the lowest minimum corresponds to the ground state and the secondary 
minimum corresponds to the shape.isomeric state between two potential barrier peaks. In the 
Type I nuclei, the ground state is spherical (E = 0) and the isomeric state is at E"" 0.4. In the 
Type II nuclei, the ground state is deformed (E "" 0.2) and the isomeric state is at E ::: 0.6. In the 
Type III nuclei, the ground state is again spherical and the isomeric state corresponds to a third 
minimum at E "" 0. 8. The deformations of the ground states and secondary minima are due to 
single-particle shell effects and stay about the same for all nuclei. This can be understood on a 
schematic study of the Nilsson level diagram due to Myers and Swiatecki2 and Strutinski. 3 This 
can also be seen from the calculated barriers. of Nilsson et al. 4 Thus the first point to note is that 
the secondary minimum due to the shell effect occurs atE"" 0~4. 0.6, and 0.8 for Type I, II, and 
III shape isomers respectively. 

The second point to note is that these potential energy curves are obtained by imposing shell 
effects on a smooth liquid-drop barrier shape. When the secondary minimum falls on one side of 
the liquid drop saddle point, one finds a small peak on this side and a large peak on the other. But 
when it falls on top of the liquid drop saddle point, a most prominent two-peak structure is· found 
(i.e., the two peaks are of about equal height). This provides a necessary condition for the oc
·currence of the shape isomeric states. 
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Therefore the shape isomer may occur when its liquid drop saddle points are at deformations 
E :::: 0.4, 0.6, 0.8. Once we know the liquid drop saddle-point deformation the fissibility parameter 
may be found, 5 which, in turn, gives the particular nucleus, based on a mass formula.· We use 
the Myers-Swiatecki mass formula2 and find bands on the Z, N plane where Type I, II, and III iso
mers may be found (Fig. 2). Type I and III isomers occur when the ground state is spherical, i.e., 
when their Z' s or N' s are close to magic numbers, and Type II isomers occur when the ground 
state is deformed, i.e. , when their Z and N are away from magic numbers. 

Based on this simple picture it is found that the observed fission isomer in the actinide region 
falls very nicely on the Type II band, which appears in our figure to be the only shape isomer that 
is on the beta-stability line. Ruddy and Alexander have recently found fission isomers in other 
regions. Their fission isomers in the Rn region may, perhaps, be our Type III isomers, but their 
lighter fission isomers cannot be explained in our picture. 
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Fig. 2. The occurrence of shape isomers of 
Types I, II, and III over the Z, N plane, indicated 
by shaded areas in bands. The broken line indi
cates the approximate line of beta stability. The 
vertical and horizontal lines indicate neutron and 
proton magic numbers. Experimentally found fis-
sion isomers are indicated by dots. (XBL701-82) 

Fig. 1. Classification of shape isomers. Potential 
energy is plotted as a function of deformation· E for 
three types of shape isomers. (XBL 701-154) 

SHAPE ISOMERIC STATES IN HEAVY NUCLEit 

C. F. Tsang and S. G. Nilsson~' 

When the total potential energy of a nucleus is plotted as a function of deformations, there may 
exist a secondary minimum, in addition to the lowest minimum. The lowest minimum represents 
the ground state; the secondary minimum represents an isomeric state with a different nuclear 
shape from the ground-state deformation. This state is prevented from decaying into the ground 
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state by an inner potential barrier peak, and from fissioning by an outer potential barrier peak. 

The isomeric state is studied for nuclei in (a) the actinide region, (b) the neutron-deficient 
region about Pb, and (c) the superheavy region. The method of calculation is described in Ref. 1, 
which gives nuclear potential energy surfaces as a function of deformations. 

For the actinide region the results are displayed in Fig. 1; which shows the potential energy 
of all even-even nuclei between U (Z = 92) and Fm (Z = 100) as a function of the Nilsson deformation 
parameter1 

E. By assuming an empirical inertial parameter associated with fission, 1 the half-life 
of penetration through the outer peak from the isomeric state is calculated. The results can be com
pared with the observed spontaneous fission half-lives of the actinide fission isomers with very 
good agreement, as shown in 'Fig .. 2. · 

We have also calculated the potential energy barrier for the neutron-deficient isotopes of Th, 
Ra, Rn, Po, Pb, and Hg. A typical result is shown in Fig. 3. In this region the outer peak is 
usually much larger than the first peak, and also the isomeric state is at a much higher energy 
than the ground state. Hence the isomer is more likely to penetrate through the inner peak and 
y-decay to the ground state than to penetrate through the outer peak and fission. 

Similar results are obtained for shape isomers along the beta-stability line with 70 < Z < 90, 
and also in the superheavy region. In the former case the outer peak is very large, so that no fis
sion of the isomeric state is expected to be observable. In the latter region, however, a fission
ing shape isomer may perhaps be found. 

Footnotes and Reference 

tCondensed from UCRL-18963, to be published in Nucl. Phys. 
*Present address: Department of Mathematical Physics, Lund Institute of Technology, Lund, 
Sweden. 
1. S. G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. Szymanski, S. Wycech, C. Gustafson, I. L. 
Lamm, P. Moller, and B. Nilsson, Nucl. Phys. A131, 1 (1969). 
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Fig. 1. The two-peak 
barrier shapes for iso
topes of elements Z=92 
to 100. (XBL691-1638) 
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Fig. 2. Theoretical half-lives (solid curves) 
for fission barrier penetration of the outer 
peak. Experimental spontaneous fissionhalf
lives of U isomers are shown as open tri
angles and circles, and those of Pu are shown 
as filled triangles and circles. (XBL698-1387) 

Fig. 3. Total potential energy minimized with 
respect to E 4 for each E as a function of E for 
neutron-deficient isotopes of 34Po. (XBL694-2443) 

FURTHER THEORETICAL RESULTS ON THE STABILITY OF 
SUPERHEAVY NUCLEI t 

* Chin Fu Tsang and Sven Gosta Nilsson 

In a recent work1 we have calculated the stability properties of superheavy nuclei near the 
proton closed shell 114 and neutron closed shell 184. We have found in the same calculation that 
N = 196 is also a neutron closed shell. This latter result is not confirmed by other calculations 
and its physical validity is not assured. However, we have taken the approach of assuming our 
model and deriving all possible results on this basis. Therefore ·we have studied the stability of 
superheavy nuclei over an extended region, i.e. , 106:::: Z :::: 128 and 176 :::: N :::: 204. 

In Fig. 1 are shown the estimated half-lives of alpha decay and spontaneous fission in contour 
plots. Some of the beta-stable nuclei are also indicated. It is clear that any stability against spon
taneous fission in this region is due to the extra binding resulting from the shell effect centered 
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around Z = 114 and N = 184 to 196. On the other hand, the trends of alpha half-lives are essenti
ally determined by the liquid drop model with modifications caused by the extra .shell effect. Thus 
the kinks in the curves occur when either the parent or the daughter nucleus is associated with a 
nucleon closed shell. One has to point out here that the numbers represented by these curves are 
uncertain by a factor as large as 106 due to various uncertainties in the calculations discussed in 
Ref. 1. 

Assuming the face values of this figure, one can make use of i.t to indicate ~ssibilities of pro
duction of superheavy nuclei. An example is to study the possibilities when a ~ Kr ion beam be
comes available. In Table I we show the compound nuclei that might be formed y bombarding 
various neutron-rich targets from Pb to Cm with 86Kr. It is still very much an open question 
whether such a compound nucleus would be formed in the first place. At the moment let us assume 
that through emission of four neutrons a cold com~ound nucleus is obtained in the ground state. 
From Fig. 1, it is apparent that. for 208pb and 2 Opo tar.gets, the compound nucleus undergoes 
spontaneous fission instantaneously and one may not expect to produce any superheavy nuclei. With 
targets heavier than 226Ra, it turns out that the alpha half-life is less than the spontaneous-fis
sion half -life at each step (Fig. 1 ). If the compound nucleus decays by emitting a particles all the 
way, in each case we end up with a long-lived superheavy nucleus. Any 13 decay on the way, if 
competitive, will always help in reaching even longer-lived nuclei. 

It is here ap.propriate again to emphasize that Fig. 1 and the conclusions based thereon depend 
strongly on the magnitude of theN= 196 shell spacing, which, as stated earlier, is a controversial 
result obtained on the basis of our specific potential model. 

Table I. Production of superheavy nuclei by ~ZKr50 beam. The first column identifies the target 
nucleus. The second column indicates the compound nucleus that is formed by the fusion ·Of the 
target and the projectile. If all the excitation energy were carried away by the emission of four 
neutrons, one would get the nucleus shown in the third column. Now assuming that beta decays 
were extremely slciw compared with spontaneous fission and alpha decay, one finds the longest
lived superheavy nucleus that can be reached, as indicated in the fourth column with its major mode 
of decay. If the nucleus in column 4 undergoes beta decay one gets the superheavy nucleus shown 
in the fifth column with its major mode of decay. 

Longest-lived 

After 
nuclei reached 

Target 
Compound 

emitting 
after competition 

Nucleus between s. f. and 
4n 

successive 
a-decay 

Major 
A z N z _l:L z N z N decay 

Pb 208 82 126 118 176 118 172 (s. f) 

Po 210 84 126 120 176 120 172 (s. f) 

Rn 

Ra 226 88 138 124 188 124 183 118 178 
-3 

a(10 s) 

Th 232 90 142 126 192 126 188 116 178 
-1 

a(10 s) 

u 238 92 146 128 196 128 192 114 178 
3 

a(10 s) 

Pu 244 94 150 130 200 130 196 114 180 
4 

a(10 s) 

Cm 248 96 152 132 202 132 198 114 180 
4 

a(10 s) 

Footnotes and References 

tCondensed from UCRL-18966, to be published in Nucl. Phys. 

z 

112 

112 

110 

112 

112 

After 13 decay 

184 

182 

182 

182 

182 

Major 
decay 

4 
a(10 y) 

2 
a(10 y) 

2 
a(10 y) 

2 
0!(10 y) 

2 
a(10 y) 

*Department of Mathematical Physics, Lund Institute of Technology, Lund, Sweden. 
1. S. G. Nilsson, C. F. Tsang, A. Sobiczewski, Z. Szymanski, S. Wycech, C. Gustafson, I. L. 
Lamm, P. Moller, and B. Nilsson, Nucl. Phys. A131, 1 (1969). 
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Fig. 1. Contours of theoretical half-lives for 106 ::::: Z ::::: 128, and 
176::::: N::::: 204. The thick dark lines are contours of spontaneous-fission 
half-lives. The broken lines are contours of alpha half-lives. Some of 
the beta-stable nuclei are shaded. (XBC692-1535) 

THE NUCLEAR STRUCTURE AND STABILITY OF HEAVY AND 
SUPERHEAVY NUCLEit 

S. G. Nilsson,'~ C. F. Tsang, A. Sobiczewski, t 
Z. SzY!Uanski, t S. Wycech, t C. Gustafson,'~ I. L. Lamm, '~ 

P. Moller,'~ and B. Nilsson~~ 

To describe a deformable heavy nucleus, we have employed a generalized harmonic oscillator 
potential with distortion coordinates E, E4 representing essentially P2 and P4 distortion in shape. In 
addition to a spin-orbit force, a shape-correction term is used to flatten the bottom of the well. 
The strengths of the terms added to the oscillator potential represent two adjustable parameters 
for protons and two for neutrons, which are fitted to reproduce optimally the observed level order 
in the actinide (A z 242) and rare earth (A z 165) regions. A linear A dependence is assumed for 
these parameters for extrapolations to the superheavy region (A z 300). Pairing energy contribu
tions are calculated on the basis of the single-particle levels obtained. The pairing matrix element 
G is assumed to be isospin dependent and proportional to the surface area of the nucleus. The con
servation of the volume of equipotential surfaces usually employed is complemented by the Strutinsky 
method of liquid-drop normalization. 1 This method ensures that on the average the behavior of 
deformation energy is that given by a charged liquid drop. If correction terms in the normalization 
function are employed up to sixth order, the final results are stable with respect to the range pa
rameter employed in the normalization~ 2 The liquid-drop parameters are taken, without read
justment, from those of the semi-empirical mass formula of Myers and Swiatecki. 3 

Two major types of results are obtained from the calculation. The first type is the single
particle level diagrams for the heavy and superheavy nuclei. An example is shown in Fig. 1. We 



150 

find, in addition to the known magic numbers, a proton-magic number at Z = 114 and a neutron 
magic number at N = 184, confirming previous studies by various authors. The second type is 
potential energy surfaces of these nu,clei. Examples are shown in Fig. 2, where we plot the energy 
minimized with respect to E:4 as a function of E:. The lowest minimum of the curves gives the 
ground-state binding energy and its deformation. The secondary minimum gives the energy and 
deformation of a shape isomeric state. The. level diagrams at the secondary minimum for the 
actinide nuclei are also obtained. 

The stability of the nucleus is understood by its alpha-decay, beta-decay, and spontaneous
fission half-lives. From the ground-state masses, alpha half-lives have been calculated and beta 
stability is also studied. The beta-stable nuclei in the region A::::: 300 are found to lie on the beta
stability line extrapolated from the region of known nuclei. The alpha half-lives in this region 
range from 10-6 sec to 1013 years. · 

The estimation of spontaneous ·fission half-lives depends very strongly on the estimation of 
inertial parameter associated with the fission process. In 'Fig. 3 are plotted the spontaneous fis
sion half-lives as functions of the inertial parameter B. Three methods of estimating B are shown. 
The first is an empirical estimate obtained by using the barriers we calculated for the actinides 
and requiring these to give the correct experimental half-lives. The second estimate is also em
pirical and is due to. Moretto and Swiatecki. 4 They used, instead of ou.r cal.culated barriers, 
liquid-drop barriers_.modified by a Myers-Swiatecki shell-correction term, with the ground-state 
mass·es and fission barriers adjusted to experimental values.· The third is a microscopic calcula
tion based on the assumption of adiabatic collective motion in the fission degree of freedom. The 
estimated initial parameter is a sensitive function of the pairing-force strength as well as of the 
coupling between quadrupole and hexadecapole modes. Each _of the three estimates involves un
certainties as large as 30% of its value, and they are within 30% of each other. In lieu of any
thing definitely better we have used the lowest of the three estimates to give the spontaneous fis
sion half-lives. 

By these calculations, half-lives of the superheavy nuclei around Z = 114 and N = 184 are cal
culated. The even-even nucleus with the longest spontaneous fission half-life is 298114 with a val
ue of 1016 years, but the even-even nucleus with the longest total half-life is found to be 294110 
with a value of 108 years. These numbers are found to have an uncertainty as large as a factor 
of 106. · 

Footnotes and References 

tCondensed from Nucl. Phys. A131, 1, 61 (1969), and Izv. Akad. Nauk SSSR, Ser. Fiz., to be 
published. 
*Department of Mathematical Physics, Lund Institute of Technology, Lund, Sweden. 
:t:Institute for Nuclear Research and University of Warsaw, Warsaw, Poland. 
1. V. M. Strutinsky, Nucl. Phys. A95, 420 (1967); V. M. Strutinsky, Nucl. Phys. A122, 1 
(1968). --
2. C. F. Tsang, On the Microscopic and Macroscopic Aspects of Nuclear Structure with Applica
tions to Superheavy Nuclei (Ph. D. Thesis), UCRL-18899, May 1969. 
3. W. D. Myers and W. J. Swiatecki, Arkiv Fysik 36, 593 (1967). 
4 .. L. G. Moretto and W. J. Swiatecki, private corr1munication, 1967. 
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THE POTENTIAL ENERGY OF A LEPTODERMOUS SYSTEM 

W. J. Swiatecki t and C. F. Tsang 

A leptodermous system is a system with a bulk region and a thin surface region. Examples of 
leptodermous systems are: 

A drop of water (consisting of strongly interacting molecules). 
•. A classical gas of noninteracting point particles in a container. 

A degenerate gas of noninteracting fermions in an external potential well. 
A system of particles interacting by short-ranged saturating forces treated in the statistical 

Thomas-Fermi approximation. Electrostatic forces can also be present. 
Amorphous solids. 
Nuclei. 

By studying, in general, such a system, one derives an expression for its energy as an ex
pansion 

E' = a V + bS + cL + · · · , (1) 

where the volume V, surface area S, and integrated curvature over the surface L are defined with 
reference to "the equivalent system" with the same volume but zero skin thickness. The coeffi
cients a, b, c are expressed in terms of the particle-density and energy-density functions of the 
system. The orders of successive terms differ by a factor corresponding to the ratio of the skin 
thickness to the dimension of the system. The first two terms of Eq. 1 are the energy terms given 
by the well-known liquid-d,rop model, which is a specialized case of this general type of system. 

In order to test the validity of the leptodermous approach in the case of systems resembling 
nuclei, the analysis is applied to noninteracting fermions in an orthorhombic box (of nuclear di
mensions) with infinite potential outside and zero potential inside. The energy of such a system is 
found exactly by summing the single-particle eigenvalues. This sum is investigated as a function 
of both particle number and shape. This (exact) sum E is then compared with the energy expression 
given by Eq. 1. It is found, on comparison, that the exact result is very well represented. Ex
amples of the comparison are shown in Figs. 1 and 2. The convergence of the terms in the expan
sion is good, and is illustrated by listing. below the contributions from terms of successive orders, 
for N = 60 eigenvalues (corresponding to 240 nucleons). 

The 14 MeV represents the difference between the exact result and the expression 1 with the 
first three orders. It consists of higher-order terms as well as single-particle effects (shell ef
fects), which are recognized as wiggles in Fig. 2. 

Term a:. N 
Terms a:. N 2/3 
Terms a:. N 1/3 
Rest 
Exact result 

4830 MeV 
1845 MeV 

225 MeV 
14 MeV 

6914 MeV 

The conclusion is that the leptodermous ex
pansion (a liquid-drop type of expression) is a good 
approximation for a system of noninteracting fermi
OTIS in a potential well, i.e. , for a nuclear shell 
model. The condition for the validity of a lepto
dermous expansion is not that the system should 

resemble a liquid drop, b.ut that it should have a reasonably thin surface region. 

Footnote 

tTheoretical Physics Group, Lawrence Radiation Laboratory, Berkeley. 



Fig. 1. The energy of particles in a cubic 
potential box as a function of eigenvalue num
ber calculated in four different ways: 
(a) using the approximate expression E' 
with only theN term, ~· (N); (b) E' with 
the N term and the N;2/3 term, E' (N2/3); 
(c) E' up to the N1/3 term, E' (N1/3); 
(d) the exact calculation E. The volume of 
the box is assumed proportional to N. The 
unit of the ordinate is in rr~2/2Mf32, where f3 
is given by V = f33N. (XBL693-2256) 
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Fig. 2. The energy differences between E 
and E' (N2/3) and between E and E' (N1/3) as 
a function of the eigenvalue number N for a 
cubic Hill-Wheeler box. See Fig. 1. 
(XBL694-2445) 

DROPLET MODEL ISOTOPE SHIFTS AND THE NEUTRON SKINt 

William D. Myers 

A refinement of the liquid-drop model--called the "Droplet Model" --has recently been formu
lated. 1 One of the consequences of this approach is a nuclear mass formula that .gives new in
sights into the relationships between various nuclear properties. For example, it provides us with 
a means for calculating both the isotope and isotone shifts in the nuclear charge radius and relating 
them to the existence and thickness of the neutron skin. 

The droplet model is based on an expansion of nuclear properties about their liquid-:-drop-model 
values in terms of the two small quantities E and 6, which are related to the neutron and proton den
sities Pn and Pz (p = Pn + Pz and PO is the density of nuclear matter) by the expressions 

E -+ <P-Po>IPo • 

(pn- pz)/p • 

( 1) 

(2) 

If the avera~ values of the quantities E and 6 over the central region of the nucleus are speci
fied by 'E and 6, then the radii of the spheres corresponding to the proton and neutron density dis
tributions are given by 

and R [ 2N ] 1/3 
n ro (1-3'€)(1+6) . 

(3) 

For a nucleus with N neutrons, Z protons, and a total of A particles we can define the quantity 
I by the expression 

I (N-Z)/ A , (4) 
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and then the neutron skin thickness t (equal to Rn - Rz) is given approximately by 

(5) 

The above relations are discus sed in more detail in Sec. II of Ref. 1. 

In o.rder to calculate the charge radius Rz or the neutron skin thickness t we must know the 
values of € and 6 as functions of N and Z. The appropriate expressions, which are derived in 
Ref. 1, are 

The various coefficients appearing in these expressions are listed below with estimates of their 
values: 

a 1 15.6 77 MeV, volume energy coefficient, 
az ZZ. 0 MeV, surface energy coefficient, 
J 35 MeV, symmetry energy coefficient, 
K 300 MeV, com pre ::;sibility coefficient, 
L 99 MeV, density-symmetry coefficient, 
M 4.5 MeV, symmetry anharmonicitycoefficient, (8) 
Q Z5 MeV, effective surface stiffness, and 
c 1 0. 745 MeV, Coulomb energy coefficient, 

where 
c

1 
3ez /5r 

0 
and 

r 0 1.16 F, the nuclear radius constant. 

Figure 1 is a plot of the neutron skin thickness t as a function of the particle number A for 
nuclei along beta stability. It shows, for example, that in the mass region A "' ZOO the radius of 
the neutron distribution is expected to be, on the average, 0.3 F larger than that of the proton dis
tribution. The neutron skin predicted in this work is relatively small compared with the spatial 
e:xtent of the surface itself. In the mass region of A "' ZOO we find that the neutron skin is only 
0.3 F thick, as compared with the Z.4-F thickness of the diffuse surface region. However, this 
0,3-F neutron skin thickness is by no means negligible in comparison with the 1.0-F skin thickness 
that would result if the entire neutron excess of these nuclei were in the surface (thus making the 
neutron and proton bulk densities equal). It should be stressed that the droplet model predicts the 
neutron skin thickness to be expected on the basis of statistical considerations alone. One expects 
the skin thickness of any particular nucleus to depend also on the particular single-particle states 

. that are occupied. 

The anomalous behavior of the isotope and isotone shifts in the nuclear charge radius is re
lated to the existence of a neutron skin. The quantity usually considered in these discussions is 

z z 
6 ( r z )/ 6 ( r z ) standard" (9) 

The quantity 6( r z z) is the change in the expectation value of rz for the proton distribution when 
a neutron or proton is added. In our case 

(10) 

The quantity 6 ( r.zz) t d d is defined in exactly the same way except that one uses for Rz the 
san ar 

standard expresswn 
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(11) 

The quantity of interest, expression 9, is plotted in Fig. 2 as a function of the mass number A. 
The dashed line in the lower part of the figure is the droplet-model prediction for nuclei along beta 
stability for the case in which ll.N = 1. It is seen to be almost' constant at a value of about 1/2. The 
circles are experimental points referring to atomic isotope shifts from the compilation of Brix and 
Kopfermann, 2 and the triangles refer to experimental points given in Elton's compilation3 of iso
tope shifts in fl.-mesic atoms. The upper part of Fig. 2 is again a plot of the quantity 9, but this time 
for the case ll.Z = 1. The dashed line, which is approximately constant at a value of about 1.5, is 
the droplet-model prediction for nuclei along beta stability, and the experimental points are from 
a review paper by Quitmann. 4 The experimental points show considerable scatter, which is pre
sumably due to single-particle and deformation effects. An extensive discussion of the microscopic 
origin of the isotope and isotone shift anomalies is contained in a paper by Uher and Sorensen,5 
and a related work by Brueckner et al. has recently appeared. 6 

One of the most interesting aspects of treating isotope shifts by means of the droplet model 
was the discovery that previous explanations2, 7 of this effect in terms of the nuclear compressi
bility are probably incorrect. In fact, in the calculations shown here nuclear compressibilitytends 
to reduce the size of the isotope-shift anomaly rather than be the cause of it. This is shown in 
Fig. 3, where the quantity 9 is plotted as a function of A for nuclei along beta stability. 

It seems useful to point out that so far as the isotope and isotone shifts calculated here agree 
with the experimental results they provide indirect support for the validity of the neutron-skin 
thickness calculations plotted in Fig. 1. The accumulating evidence in support of the results shown 
here makes more accurate experimental determination of the neutron skin thickness itself more 
important than ever before. 

The author wishes to acknowledge the hospitality of the Niels Bohr Institute in Copenhagen, 
where most of this work was performed. 
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DROPLET-MODEL NUCLEAR DENSITY DISTRIBUTIONS AND 
SINGLE-PARTICLE POTENTIAL WELLSt 

William D. Myers 

The primary purpose of this work is to present a method for determining the single-particle 
potential wells appropriate for use in shell-model calculations. The study is based on a calculation 
(in terms of the Thomas -Fermi statistical method) of average nuclear properties using a phenomeno
logical velocity-dependent force. 

In Ref. 1 we found that the Thomas-Fermi method of Seyler and Blanchard2 could be applied with 
profit to the calculation of nuclear binding energies and density distributions. It also predicts veloci
ty-dependent neutron and proton single-particle potential wells, and the potentials obtained in this 
way for particles at the Fermi surface may be compared with the static wells normally employed 
for investigation energy levels in that region. 

In this work the Thomas-Fermi method is applied to infinite and semi-infinite nuclea,r matter 
respectively. The properties of the neutron and proton potential wells which are deduced are then 
combined with previously determined droplet-model expressions in order to provide a description 
of the potential wells to be expected for finite nuclei. 
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As the first step in our formulation of a macroscopic theory of single-particle potential wells 
we used the Thomas '-Fermi model to estimate the numerical values of the potentials felt by neutrons 
and protons in infinite nuclear matter. 

We find that the potential well depths (N for neutrons and Z for protons) are given by 

N 2 
V(z) =- 51.4 (±) 46.2 6 - 28.3 E + 1.96 MeV (1) 

(+for neutrons, -for protons), where the quantities .€ and 6 are given in terms of the neutron and 
proton densities, Pn and Pz (p = Pn + Pz• and Po is the density of nuclear matter), by the expressions 

(2) 

(3) 

The surface properties to be expected for the single-particle potential may be determined by 
solving the nuclear matter problem in the semi-infinite case. Using the same Thomas-Fermi 
method, we can find the surface density distributions of the neutrons and protons as a function of 
6 (the bulk value of 6, which describes the system away from the surface region). The potential 
wells, which are self-consistent with these density distributions and are appropriate for particle's 
at the neutron or proton Fermi surfaces, can also be calculated. Figures 1 and 2 are examples of 
such semi-infinite density and potential well distributions. 

In order to make use of these results for predicting the properties of finite nuclei we mustfirst 
calculate the radius of an equivalent sphere of constant density which represents the density distri
bution. This radius fs given by the droplet-model expression 

(4) 

The quantities E (which appears above) and 6 (which finds application in the following discussion) 
are the average values over the central region of the nucleus of the quantities E and 6 defined in 
Eqs. 2 and 3. The values of these quantities appropriate for a nucleus with N neutrons and Z 
protons, where A = N + Z and I= (N- Z)/ A, are given by the droplet-model expressions 

€ = (-2a
2 

A - 1/ 3 + L62 + c
1 

z 2 A- 4/ 3 )/K, (5) 

6 = (I+ (3c/8Q)Z 2 A - 5/ 3 ) /( 1 + (9J/4Q) A - 1/ 3 ] . (6) 

These expressions (discussed in detail in Sec. 2 of Ref. 1) make use of coefficients which describe 
various properties of infinite and semi-infinite nuclear matter. 

In Table I the most useful relationships based on Figs. 1 and 2 and the droplet model are sum
marized. The numerical values of the various parameters which enter have been inserted so as to 
make the expressions convenient to use. 

In order to facilitate comparison with experiment the droplet-model predictions (calculated ac
cording to the expressions in Table I) for various nuclear properties of interest are plotted in Fig.3. 
That the predicted proton radii correspond closely to the experimental results is not surprising, 
since the parameters of the theory were chosen partly to insure this agreement. No parameters 
were adjusted to give the agreement seen to exist between the predicted potential well radii and 
depths and the values of these quantities determined by fitting single-particle energy levels. 

The droplet-model approach has found application in an improved semi-empirical nuclear 
mass formula, 1 and in the prediction of isotope shifts and the neutron skin thickness. 9 In this 
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paper it has been ~uccessfully appl.ied to I?re~icting s.ingle-particle potenti.al.wells, and wo~k is in 
progress to apply 1t to the calculation of hsswn barners. 10 It seems as 1f 1t·may be poss1ble to 
encompass most macroscopic nuclear properties within a s,ingle algebraic theory which has at its 
heart the droplet model and which makes use of statistical methods such as the Thomas-Fermi 
model for extending the theory to new applications. 

Footnote and ·References 

tCondensed from UCRL-18997. 
1. William Don Myers, Average Nuclear Properties (Ph. D. Thesis), UCRL-18214, :ty1ay 1, 1968; 
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3. A. E. S. Green, Nuclear Physics (McGraw-Hill Book Company, Inc., New York, 1955). 
4. H. R. Collard, L. R. B. Elton, and R. Hofstadter, Nuclear Radii, Volume 2, Group I, Landolt
Bornstein, Numerical Data and Functional Relationships in Science and Technology (Springer-
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Table I. Droplet-model formulae (all distances in F). 

N = neutron number, 

A=N+Z 

b= (1+0.0112 z
2 

A-
5

/
3
)/(1+3.15 A-: 1/

3
), 

E=- 0.147 A- 1/ 3 + 0.33062 + 0.00248 z 2 A-4/ 3 . 

Density 
1/3 -R = 1.16 A (1 + e:), 

t p = 0. 773 A 1/ 3 (I -b), 
N 1 . 

Rp(Z) = Rp (±) 2 t. 

For a Fermi function, 
2 

R ·1; 2 = R [ 1 - (0. 99/R ) ] , p, . p p 
a = 0.55. 

Potential 

RV = R + 0.82 - 0.56/R , 
N p - p 

Rv(zl = Rv(=F) 0.22 6. 

For a Fermi function, 

RV,1/2 = RV[ 1 '_ (1.19/RV)2]' 

av = 0.66, 
N -V(z) = - 51.4 (=F) 46.2 6 MeV. 

Z =proton number, 

I = (N + Z)/A 
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Fig. 2. The Thomas-Fermi density distribu
tions and single -particle potential wells for a 
case of nonvanishing asymmetry o. As in 
Fig. 1, the curves are plotted relative to the 
effective location of the surface of the total 
density. In addition, the locations of the neu
tron and proton surfaces are indicated by 
small vertical bars. The separate locations 
of the neutron and proton potential surfaces 
are given by the smaller bars on either side 
of the long vertical bar that indicates their 
average position. (XBL6911-6085) 
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CALCULATED FRACTIONAL INDEPENDENT YIELDS OF PRODUCTS FORMED 
. IN THE SPONTANEOUS FISSION OF 252cf 

R. L. Watson t and J. B. Wilhelmy 

The independent yields of all isotopes produced in the spontaneous fission of 
252

Cf have been 
calculated using the simple Gaussian distribution formalism of Wahl et al. 1 The assumption in this 
approach is that for each mass chain there is a Gaussian distribution of product yields having a 
fixed standard deviation, a , and a mean corresponding to a most probable charge, ZP' for that 
mass chain. Since the charge and mass values are discrete for individual isotopes we can mathe
matically evaluate the yield as 

(Z.-Z )
2

] 1 P · dz 
2 ' 2a 

where 

I 
YM (Zi) is the independent yield of any specific isotope, 

YM is the total chain yield for a specific mass, 

a is the standard deviation of the Gaussian for all mass chains, 

Zp is the centroid of the distribution for a specific mass chain. 

Equation (1) can be more conveniently expressed by changing variables so that 

substituting this in Eq. 1 gives 

The limits are found to be 

.Z. - z + i 
1 p 

a 

t = (Z. - z )/a; 
1 p 

z. - z - i 
1 p 

a 

(1) 

(2) 

The independent yields can thus be calculated as the difference between two normal probability 
integrals: 

(3) 
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Values of these integrals are given in Ref. 2. 

In order to quantitatively evaluate these equations it is necessary to know for each mass chain 
the values of a, Zp, and YM· Norris and Wahl report3 that the standard deviation of the charge 
distribution is approximately constant for all mass chains and has a value of a= 0.59±0.06. This 
value was obtained as an average of the individual determinations of a for ten mass chains. The 
studies were done primaril]: with the 235u(nth• F) reaction, but were also correlated with data on 
other fission reactions, 23 U(nth• F), 239Pu(nth• F) and 252cf(SF). The most probable charge val
ues (Zp) were taken from Fig. 1. This curve was constructed on the basis of empirical Zp values 
given oy Wahl et al. 1 and ZP values determined by x-ray measurements by Kapoor, Bowman, and 
Thompson. 4 The values of the chain yields (Y M) were taken from the radiochemical work of 
Nervik. 5 The results of these calculations for all isotopes that have prompt fission fields and have 
masses between 86 and 162 and charges between 36 and 62 are presented in Ref. 6. 

By evaluating the elemental yields of all fission products a simple consistency check can be 
made on the calculations. The elemental yield is given as the sum of the independent yields of all 
products having the same atomic number: 

Since there are usually only two products formed in the fission process, the requirement is that 
the sum of the two charge values add to give the atomic number of the fissioning nucleus. For the 
fission of 252Cf this implies that 

The comparison of the calculated complementary elemental yields is presented in Fig. 2. It is 
seen that the deviations are reasonably small (10-15%) for the majority of the cases. However, 
for regions· around symmetric fission (Z = 47-53), the deviations are larger, and in the worst 
case (Z = 48; 50) differ by a factor of 2. These deviations are ~ot completely understood, but prob
ably represent a breakdown in the simple assumptions, especially with regard to a constant a val
ue for all mass chains. 

Footnote and References 
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5. W. E. Nervik, Phys. Rev. 119, 1685 (1960). 
6. R. L. Watson and J. B. Wilhelmy, Calculated Fractional Independent Yields of Products 
Formed in the Spontaneous Fission of 252c£, UCRL-18632, Feb. 1969. 
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Fission 

SEARCH FOR CALIFORNIUM AND BERKELIUM FISSION ISOMERS 

E. Cheifetz, t R. C. Gatti, and H. R. Bowman 

The isotope 244cm was bombarded by alpha particles in an attempt to produce the fission 
isomer 246Cf in an (a, 2n) reaction. The discovery of a 246cf fission isomer in a 238u ( 12C, 4n) 
reaction with a lifetime of:::: 50 nsec and aisomer/ag. s. :::: 10-2 was reported. 1 This reported 
ratio of aisomer/ag. s. was the highest of any of the known fission isomers. 

A target of 50 1J.g/cm2 244cm was placed in the experimental system which was used for 
detecting delayed fission in mica. A schematic diagram of this equipment is shown in Fig. 1. 
The products that did not undergo fission were collected on a silicon catcher of 100 fJ. thickness 
and counted for alpha activity after the bombardment. The target was also bombarded with 
protons and deuterons of several energies. No significant delayed fission activity was detected. 

The results for the cases in which. a definite alpha-emittin~ product was isolated are presented 
in Table I and are given directly in terms of the ratio aisomer/ag. s.. In the three cases presented 

Table I. a. /a upper limits in cases where an alpha-emitting product was formed. 1somer · g. s. 

Projectile 
Energy Detected Atoms 

Product Reaction (MeV) alphas of g. s. Tracks a ja. 
1 g. s. 

246Cf 244 
29 Large 2.8X10

6 
5 .:o;;;2x1o- 6 Cm(a, 2n) 

243Bk 244c ( l m p, 2n 12 62 7.9X10
5 

15 .:o;;; 2X 10"5 

Z43Bk 244 
18 183 4.3X10

6 
10 .:o;;; 2 X 10-6 Cm(p, 2n) 

in Table I the number of tracks was consistent with the background measured with a beryllium 
target. In Table II we present the results obtained in the cases where no alpha emitters were 
isolated. Again only upper limits were found. For the higher bombarding energy the background 
increased, presumably because of lead and bismuth contamination in the silicon catcher. The 
value of the upper limits in Table II is based on the monitored beam current, the target thickness, 
and the efficiency for detecting a recoil product. The last value was obtained from the 246cf 

Table II. aisomer upper limits for various reactions. (Ep = projectile energy, I co total. 
beam current. When X4 appears in the track number, only 1/4 of the mica was scanned. 
BG = background target). 

E I 
Reaction (MJ'v) ( IJ.Ah) Tracks Product ais(IJ.b) 

244Cf +a 43 0.31 58X4 244Cf 245Cf .:o;;; 1.0 ' BG +a 43 0.30 47X4 
244Cm + p 18 0.42 10 243Bk, 242Bk .:o;;; 0.5 
BG + p 18 0.37 20 
244c m+p 28 0.39 45 242Bk, 241Bk .:o;;; 1.1 
BG + p 28 0.30 28X4 
244Cm + d 12 0.5 4 244Bk, 245Bk, 245Cm .:o;;; o.:i. 



alpha activity detected in the catcher in the 30-MeV alpha bombardment. All the factors mentioned 
may, however, introduce an uncertainty of a factor of 2 in the results of Table II. 

Since no isomer was detected in any of the reactions, the upper limits of the cross sections 
depend on the lifetimes of the unobserved isomers. In Fig. 2 we show the correction factor that 
must multiply the upper limits as a function of the lifetime, the projectile mass, and its energy. 

Our limits on the production of a 5 0-nsec fission isomer in 246cf is 5 X 103 smaller than the 
reported ratio Gisomer/ag. s. for the 238u ( 12c, 4n) reaction. Such a large effect cannot be due 
to angular momentum effects only; in fact, among the known fission isomers, angular momentum 
has little effect on the Gis~mer/ag. s. ratio. We therefore suggest that the assignment of 246cf 
identity to the fission isomer observed in the 238u + 12c reactions is in error and that no isomer 
of 50-nsec half-life exists in berkelium or californium within the limits in cross section given in 
Table I or II. 

The general observation that the isomer lifetimes or their production cross sections are very 
low for berkelium and californium isotopes is consistent with the detailed description of the double
peaked barrier in this region. The calculations indicate that the height of the second barrier is 
decreased by=:: 2 MeV as compared with plutonium isotopes. 2 The calculated lifetime for the 246cf 
isomer is 10- 15 sec. Such a short lifetime .would be undetectable in our experiments. 

Footnote and References 

ton leave from the Weizmann Institute, Rehovoth, Israel. 
1. Yu. F. Gangrskii, B. N. Markov,. S. M. Polikanov, I. F. Kharisov, and Kh. Yungklaussen, 
Bull. Acad. Sci. USSR~· 1644 ( 1968) (English Trans!., p. 1525). 
2. Chin Fu Tsang and Sven Gosta Nilsson, UCRL-18963, Aug. 1969 (submitted to Nucl. Phys. ). 
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THE DISTRIBUTION OF K x RAYS AS A FUNCTION OF MASS AND 
ATOMIC NUMBER IN THE SPONTANEOUS FISSION OF 252cft* 

t R. L. Watson, R. C. Jared, and S. G. Thompson 

Measurements of the intensities of K x rays in coincidence with fission fragments were carried 
out in an experiment in which the energies of complementary fission-fragment pairs and K x rays 
were recorded event by event by using silicon semiconductor detectors and a multiparameter 
analyzer. The purpose of this study was to further examine the applicability of high resolution x-ray 
measurements as a means of defining features of the primary charge distribution and to investigate 
the effect of fragment total kinetic energy on the K x-ray spectra. 

In processing the data the fission-fragment pulse heights were transformed into fragment masses, 
the x-ray pulse heights were sorted according to the mass of the fragment detected in fragment 2 
detector and the total kinetic energy of the fission event into separate x-ray energy spectra for each 
2 -amu interval of mass and 15 -MeV interval of total kinetic energy, and these "mass and energy 
sorted" x-ray spectra were plotted by a CalComp plotter. 

The spectra of K x rays summed over all mass intervals are shown in Fig. 1 for the three 
intervals of total kinetic energy: (a) 190 to 205 MeV, (b) 175 to 190 MeV, (c) 160 to 175 MeV, 
and in (d) the K x-ray spectrum is summed over all mass and total kinetic energy intervals ( 160 to 
205 MeV). The marked changes of x-ray intensities exhibited by the spectra compared in Fig. 1 
clearly illustrate the variation of fragment atomic number as a function of total kinetic energy. It 
can be seen that sorting the total x-ray spectrum (d) with respect to total kinetic energy has the 
effect of accentuating the contributions of spectrum (a) of the light fragment-high Z and heavy 
fragment-low Z elements, to spectrum (b) of the light and heavy fragment-intermediate Z elements, 
and to spectrum (c) of the light fragment-low Z and heavy fragment-high Z elements. This 
behavior is a reflection of the fact that the average total kinetic energy increases as the atomic 
numbers of the light and heavy fragments approach z~49 and is in accord with the well-known 
variation of the average total kinetic energy with fragment mass. 

Each of the mass-sorted x-ray spectra was analyzed by using a computerized least-squares 
peak-fitting procedure to separate the individual x-ray distributions of each element from those 
of the other elements contributing to the same spectrum. In this way the intensities of x rays 
associated with every mass and total kinetic energy interval were determined for each element. 
The x-ray intensities are presented in a contour plot as a function of atomic number and neutron 
number in Fig. 2. In this figure, large variations are observed in x-ray intensities from one Z 
to the next and it is interesting to note the occurrence of the intense peaks centered at the odd-

odd nuclei 
1 ~~Tc65• 1~~I83• 1t~cs85• and 

1t~La89· In the work described in Ref. 1, it was found 
that these x-ray intensity peaks are accounted for by highly converted transitions occurring at 69, 
59, 78, and 64 keV respectively. 

The absolute x-ray intensities summed over the whole range of total kinetic energy ( 160 to 
205 MeV) are listed in Table I as a function of mass interval and atomic number, These absolute 
.intensities are estimated to be accurate on the average to within less than 20% and the relative 
'intensities to within approximately 10%. 

Pursuing now the question of how best to relate the K x-ray yield distribution to the nuclear 
charge distribution, we begin by noting that the yield of K x rays from a fission fragment of atomic 
number Z and mass number A may be expressed as the product of a K x-ray emission probability 
[C( Z, A)] and the fragment yield 

y (z, A) = C( Z, A) y( Z, A) ( 1) 

The K x-ray yields measured in the present experiment are not the yields of K x rays from frag
ments of specific mass and atomic numbers, but rather the yield ofK x rays from fragments of 
specific atomic numbers averaged over a range of mass numbers, Hence Eq. 1 must be refor
mulated slightly to take into account the large dispersion associated with the mass determinations. 
In terms of the mass dispersion function, dA(M), which describes the yield distribution of 
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Table I. K x-ray intensity as a function of fragment mass interval and atomic numbe.r. 

Light fragment atomic numbers 

·Light fragment Total Total 
post-neutron- xray sa x rays 

emission per per 
mass interval 38a 39a 40a 41a 42a 43a 44a 45a 46a 47a fission fragment 

91-93 0.31 0.39 0,27 1.05 0~063 
93-95 0.33 0.50 0.58 0.26 0.11 1.86 0,081 
95-97 0,37 0.67 0.95 0.52 0.36 0.18 3.05 0.106 
97-99 0.38 0.83 2.04 1.18 0.82 0,39 5. 72 0,132 
99.,-101 0.40 0.64 2.96 2.53 1.90 1.07 0.36 9.85 0.156 

101-103 0.54 0.72 2.69 3.82 4.24 2.72 0.97 0.16 15.9 0.178 
103-105 0.38 o. 70 1. 71 3.85 6.81 7.03 1.90 0.46 22.9 0.203 
105-107 0.24 0,50 0.65 2.21 6.87 12.5 4.79 o. 71 0.10 28.6 0.221 
107-109 0.38 0,50 0.56 1.16 4.36 15.1 8.56 2.46 0.51 33.6 0.264 
109-111 0.36 0.34 0.59 1.47 9.31 10.6 3. 70 1.47 28.0 0.243 
111-113 0.13 0.55 3.61 7,08 4.16 2.63 0.56 18.8 0.191 
113-115 0.10 0.21 1.04 2.45 2.56 4. 71 1.37 12.4 0.164 
115-117 0.2 7 0.69 0.95 4.17 2.16 8.35 0.169 
117-119 0,17 0.13 1.14 1.02 2.52 0.119 
119-121 0.20 0.20 0.43 0,074 
121-123 

Total light 3.39 5.90 12.8 16.5 27.8 53.4 37.7 15.3 15.0 5.44 193.2 
fragment 
in tens itie s 

Heavy fragment atomic numbers 

Total 
Heavy fragment Total xrays 

a post-neutron- xrays per 
emission 

54 a 55 a 57a 58a 60a 62a 
per frag-

mass interval 51 a 52 a 53a 56 a 59 a 61a fission ment 

131-133 0.91 0,54 2.03 0,30 3.83 0.084 
133-135 0,89 0.42 7.14 0.53 1.39 10,4 0.135 
135-137 o. 76 0.24 9.94 1.80 5.44 o. 74 0.12 19.0 0.213 
137-139 0.72 0.48 8.19 3.67 13.5 2.60 1.00 0.26 30.5 0.290 
139-141 0.88 0.55 4.29 3.53 20.5 5.89 3.64 1.17 40,4 0.350 
14.1-143 0.69 0.61 2.19 2.40 17.2 10.7 8.58 1.67 0.25 44.4 0.374 
143-145 0.31 0.41 0.88 0.97 10.1 11.9 16.3 4.08 1.45 46.4 0,396 
145-147 0.10 0.57 0.82 3. 74 7.50 18.6 9.32 4.15 0.41 45.2 0.386 
147-149 0.34 0,50 1.20 2.69 11.5 12.5 8.32 2.36 0.59 40.1 0.570 
149-151 0.26 0,44 0.46 1.16 4.43 9.62 10.5 4.81 1.67 0.66 34.0 o. 742 
151-153 0.30 0,37 0. 71 1.68 4.60 8.48 7.67 2.89 1.04 27.8 0.909 
153-155 0.21 0.21 0.52 0.81 1.84 4.36 8.00 4.48 1. 75 22.2 0.974 
155-157 0.11 0.13 0.31 0.67 1.28 3.84 3. 70 2.13 12.2 0.884 
15 7-159 0.18 0.25 0.88 1.28 1.30 3.89 0.549 
159-161 0.14 0.26 0,38 o. 78 0.23 
161-163 0.13 0.13 0.13 0.33 0.22 

Total heavy 5.16 3.34 36.0 15.3 74.5 44.5 66.9 46.0 39.1 28.3 15.0 7.47381.4 
fragment 
inte ns itie s 

aNumbers in this column have units of 10-
3 

x rays per fission. 
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fragments having "mass number A as a function of mass interval, the measured yield of K x rays 
arising from fragments of atomic number Z and sorted into mass interval M is given by 

Y(z, M) = ~ Y(z, A)dA{M) 

~ C{Z, A) y{Z, A)dA{M). 
A 

{ 2) 

It was pointed out by Clendenin et al. 
2 

that if the function dA{ M) is broad compared with the width 
of a mass interval, then the detailed structural features of the yield of K x rays as a function of 
mass interval will be washed out and Y(z, A} will be averaged over a large number of isotopes. 
It is _likely that, i? general, the K x-ray em1ssion probability, C(z,A)• does not vary rapidly from 
one 1sotope of a g1ven nuclear type to the next {such as from one even-odd nucleus ·to the next even
odd nucleus of the same Z), and even though a large difference in the magnitude of C( z A) may be 
expected in going from a nucleus of one nuclear type to the nuclear type of the immedi;{teiy adjacent 
nuclei {such as from an even-odd nucleus to the two adjacent even-even nuclei), if the fluctuation 
from one isotope to the next is fairly constant and the dispersion function dA{ M) sufficiently broad, 
then it is quite possible that the measured K x-ray distribution can be sa!isfactorily represented by 
replacing C{ z, A) in Eq. 2 with an average K x-ray emission probability C z such that 

{3) 

The yield distribution of fission fragments as a function of atomic number can similarly be 
formulated in terms of a smoothly varying distribution function Pz(A) defined by the relation 

{ 4) 

where Y( Z) is the total yield of fragments of atomic number Z. Although the function Pz(A) may 
deviate very slightly from a Gaussian due to small variations which occur in az from one mass 
chain to another, the most probable mass number Ap defined by the distribution function Pz{A) 
will correspond to the mass number of the most probable atomic number, Zp. The total yield of 
K x rays from fragments of atomic number Z is obtained by summing over all mass intervals as 
follows: 

but 

hence 

X 

y(Z) Cz y(Z) {5) 

or 
·X 

cz 
y(Z) 

y{Z) 
{ 6) 
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Substituting Eqs. 4 and 6 into Eq. 3, we obtain 

( 7) 

The dispersion function was determined experimentally and found to be Gaussian. Since the dis
persion function issyrl}metri):al about the ~verager:n~s~ of_a giv_en.rnascs ~~~erval, its. overall .. , 
ef~e~.t ~pl b~ t,P, brb~d-~:~ ~h~ ~istri,bu~}?,i:i,o£yfz, M} .V.dthoiit cha'ng;ing the P()~~tipn)~£_ its' mo~t ' . ' . ' ' 
prcibab1e value.· Hence; w,i:thin.the lim1ts ofer:ror 1mposed by th~ assumptlon that. the. K.x-:ray ... 

0 0 0 f , , , •',:, ,: , - ,•. ; ' " 'o • , ,· \ •;,,' , ~:. •, , !, '_',,, • 1 ~ '·• \,' , '.(.~ • •, \ •'' :> "· :, '' · · '• 'o' (.' .,•- \; 'I : ', •·' I I •.' '•.1' I 

d1stnbut10n_ can be, reprf'!~ent_e~ ;by_ the ~ave ,Fag~ _K :l§c-;-ray ~P:l~~~~~n p;robab1l~ty:, <:::z.' ~h;e ~()st p~~b~ble 
n;-as,s. fl~ ~?~.1ate~ ,w1t~ th~ e_m~~ s1gn ~,£ ~; x:r~ys; Aw ql.f-1-Y ,be .. takeq, ,!!-fip1-,7 ~~ntlj~l~_,, A2 ,_,, of they_P~ 1• 
d1stnbu'tlon defmed 1~ ~q., 4 .. · The_ rr1ost ,pJ:op~abl~, IJ:I,ass, i}p• p,lptted. a~ .. a fu~~,t1on 9£. ~-, sho?Ia .. C.,?:~;
resp~nd ide,ntic?-llY:to tlie~cuF.ve obtaine,d by plpttgtg_the. :IT1ost proqaRl,e charge,, .. ~p. <J.S a funct~on ·~ 
of A.~·--.. · .,, · ' ..... " · ·." · · · .· · · ·' " ·- · · · ... · ·-· · · ·' · · ... .. " ,... · · 

I~ ~'I '':." : .• ·..:: .•• ;•' .:,:' ••'d;1 I• '·, '""''''" .,,·~··.-·:·;...: ... ~ .. •••··-· • :.::. ;,··-~:·).,':~-1~ 

All of the Y(z, M) distr~butions were fitted ~ith G~~ssian functions and in this way' th~' c'eri.ti,-6ids, 
A~, and widths were obtained. The average atomic numbers, Z~, associated with the emission of 
K x rays from fragments of a given mass interval were also determined as a function of the aver
age fragment mass. 

The accept.ability:of th~_:A~ v_~hi~s; for r:~pre~~nti:l1&f theZP turye c<7~-be teste-d hy'•checkin~ to 
see how well they fulf1ll the req:uu.ement ·of·.charge and mass-'conservatwn. If the values of Ap 
are taken as corresponding to the values of Ap, then these mos~ probable post-neutron-emiss10n 
numbers, when transfo:rmed to pre -neutron,,.·ernission mass.-numbe·rs;.~for compl'ementary atomic 
number pairs (i.e., 'Zt;andZHpairs that.fulfillthe relationship··Zi_t+·'ZH··= 9-8) should sum to 
the mass number of the fissioning nucleus, 252. The average deviation from this sum for the 
pre-neutron-emission values of A~ was 0.3 amu. The deviation is in all cases except one (for 
the pa:i:r--Zv=44, ZH=54) within·e~perimental,error, and·since it··is highly, unlikely-that such con
sistency could be o,btained if substantial biasing of the A~ values due to details-of nuclear•st:ruc~ure 
were•o.cctirring; Vl!e conclude that they rnus_t-accurately represent the .true valu•es 0f A:p•;- · Thus·tt·' 
appears that the Zp curve can in this ·.way :be :adequatel.y:.defined. by'··K· ;K..;.ray :meas·ut•;etnen.ts,< · ··· 

'!'he degre;e. of consistency· of. the pre sent ·data. in: fulfilling the requiretrients :of •charge ·and 
mass con,servation•-is shown:.grapi;J_ically iri Fig,· 3. · In<this:·figut~ are plotted'.the'.experimental·< · · 

... ,. •:· · :- ·, · · · ·values '.of:pre'-z:iet.tt:rori'-emissiort Ai§:vetsu:s• Z<~eJ>-
·.Table' II; Values of the most probable nuclear··· ar·ately for light·and·heavy fragments;'· Th-e atomic 

charge (Z' ).-.· number a:nd mass-number sdaies·have o~en ar:i-'anged p . ----------------,-"-,,-':-;:-,...,.-;,-,-..,.,-,..,.....,...-,.......;----,-_such' that 'complementary z··and-'A combinations· 
Post- Post-

neutron-·.·:·'.\;,-_.; ·:· .neutron-. ::• ., .. ... 
intersect at the same relative positions on the two 
graphs; .-The solid: line· 'is an·average:Of'th'e light-

emission· 
mas-s·.· • 

number· 

. ' too .. ·'·'. 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 
113 
114 
115 

·i' 
'P 

· · · erhis sion!,;.;: 
·mas·s······. 

--number: 

• ~i ,, fragrrlE!nt and ::ne'ary-·£ragmerit'p6ints ob'titined 'by'' 
.• <siipe riin:po sirtg·the tbn:iplemeirtary Z aiild A ·-poin'ts 

of the two graphs and d:i'i\:wing a curve ':Pa~s'sing . , 
··equidi'stant between adjacent data''p6'ints/ .· Th€dact 

,,,;53. o ± ·0;2 ·that the· curve .·pas·ses''very clol.ii'i t-o alro'f the,; ex c. 

.·'' z . ; p 

.39;2± 0.3 '· 
40•. 2 ±'0;,3. 
40.6± 0.3' 
41.1±0.2 
41.6± 0.2 
42.0± 0.2 
42.5 ± 0.1 
43.0± 0.1 
43.4± 0.1 
43.9± 0.1 
44.4± 0.2 
45.0± 0.2 
45.4± 0.2 
45. 7± 0.2 
46.0± 0.3 
46. 7± 0.5 

1'37.· 
138 
.139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
150 
151 
152 
153 

., .. _ 5 3:3:±. 012. · •peri-rheritiH point's indid.te~-ith~t th'e ch'afge artd · ·, 
..•. ·53 .. 8 ±i. o.z,: mass· C'onse'r'vation requirements 'a'r'e 'fulfilled :ex'-

54;4± 0.2 · trernely well.· Also 'shoV:.n in Fig. '·3''are th'e eX:per-
55.0 ± 0.1 imental values of Z~ plotted versus pre -neutron-
55 .4 ± 0.1 emission A. The dashed line n; the 'avera:ge' curve 
55.9± 0.1 passing through complementary pairs of th.es'l'i 
56.3± 0.1 points. It is seen that very poor fulfillment of the 
56.8± 0.1 requirement of charge and mass conservation is 
57.2± 0.1 obtained for this set of data points. The apparent 
57.6± 0.1 reason for this is that the atomic number resolu-
58.1± 0.1 tion is one Z unit, and hence there is no effective 
58.5 ± 0.2 averaging.of C(z, A) over Z in the determination 
59.0± 0.2 of Z~, wh1ch would tend to average out the effects 
59.4± 0.2 of specific features of nuclear structure. 
59.8 ± 0.2 
60.3 ± 0.3 
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Using the post-neutron-emission va:lues of Ap, a curve was constructed from which the Z 
value for each mass chain could be read. These values of Zp are listed in Table II. The errJ'rs 
quoted for these numbers were determined graphically from the errors in the values of~· 
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A STUDY OF THE LOW ENERGY TRANSITIONS ARISING FROM THE PROMPT 
DE-EXCITATION OF FISSION FRAGMENTSt* 

t R. L. Watson, J. B. Wilhelmy, R. C. Jared, C. Rugge, 
H. R. Bowman, S. G. Thompson, and J. 0, Rasmussentt 

A four-dimensional experiment in which the energies of coincident complementary fragment 
pairs

2 
internal conversion electrons, and K x rays emitted as a result of the spontaneous £is sion 

of 25 Cf were recorded event by event by using a multiparameter analyzer has previously been 
described, 1 Here we report the major results of this investigation. 

The fourfold coincidence data were used to make "x-ray window sorts" for the purpose of 
determining the atomic number of the nuclide responsible for any given electron peak appearing 
in the internal conversion electron spectra. This was accomplished in the computer processing 
of the fourfold coincidence events by placing "windows" on each observed electron peak .and sorting 
out only those fourfold coincidence x-ray events in the electron "window. 11 These sorts were 
carried out for each mass interval in which the electron peak appeared. 

Examples of the results of this analysis of an electron spectrum for the light fragment mass 
interval 107 to 109 are shown in Fig. 1. The energy intervals labeled alphabetically in the 
electron spectrum delineate the "windows 11 used in the "x-ray window sorts. 11 The x-ray sp·ectra 
shown in Fig. 1 were obtained by sorting out of the fourfold coincidence x-ray data only those 
events that were in coincidence with fourfold coincidence electron events falling in the electron 
window corresponding to the appropriate alphabetic label. The mass intervals associated with the 
x-ray spectra in this figure are those in which the x rays appeared in their highest intensity. It 
is clearly seen from the Ka x-ray components in Fig. 1 that electron peaks A, B, C, D, and E 
arise from isotopes of Tc, Mo, Mo, Mo, and Ru respectively. 

Determinations of the masses of the fragments responsible for the various electron peaks 
were made by plotting the intensities of x rays derived from the "x-ray window sorts" as a func
tion of mass. These plots for any given single electron peak uniquely establish the mass resolution, 
and the first Il}Oment of the distribution identifies the true mass of the fission fragment. 

The results of the analysis of the data obtained in this experime.nt combined with those obtained 
by Watson2 in earlier experiments are tabulated in Table I. Explanatory information pertaining 
to the various headings is as follows: 

1. Mass number: Determined from the centroid of a plot of electron peak intensities or coin
cident K x-ray intensities as a func;tion of mass. 
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Table I. Interpretation of data. 
a 

Kline 
t1/2 

y-ray 
Mass Atomic energy I 1abs 

energy Confidence 
number number (keY) rel (nsec) (keY) level Observations 

,98 40( Zr) 194 1.2 213 B 
101 40(Zr) 80 13 99 c 
102 40( Zr) 134 4.9 1.7 1.6 153 B 

40( Zr) 189 2.5 ( 208) A 
106 42(Mo) 74 27 1.1 6.2 95 A K to L ratio ( 4.8) 

consistent with E2 
42(Mo) 130 ( 151) B 
42(Mo) 151 172 A 
42(Mo) 171 11 1.2 8.1 192 A 

107 43( Tc) 44 25 1.0 6.0 (66) c 
108 43(Tc) 47 47 1.0 11 69 A 

43( Tc) 76 12 0.9 2.7 98 B 
109 43( Tc) 101 4.3 123 A 
110 44(Ru) 49 18 2.2 7.5 72 B 

44(Ru) 127 150 c 
44(Ru) 218 4.7 <0.5 241 A K to L ratio ( 4.0) 

consistent with E2 
113 45(Rh) 38 8.7 ( 62) c 
116 46(Rh) 24 4.3 0.6 0.82 49 A K to L ratio (2.4) 

consistent with E2 
136 53( I) 25 10 59 B 

53( I) 54 2.5 0.4 0.56 ( 88) B 
139 54 251 0.38 283 
140 55(Cs) 24 ( 61) B 

55( Cs) 41 44 1.0 11 78 A 
55(Cs) 81 18 2.6 8.8 118 B K to L ratio (5.3) 

consistent with M1 
143 55(Cs) 75 112 c 
144 56(Ba) 75 30 1.2 9.4 113 B 

56( Ba} 145 183 A 
56(Ba) 161 9.4 1.0 2.5 199 A K to L ratio (4.1) 

consistent with E2 
56 245 0.27 283 

145 57( La) 60 15 1.7 7.3 100 c 
146 57( La) 24 39 0.6 9.4 64 A K to L ratio (2.5) 

consistent with E2 
57( La)· 91 7.2 2.7 2.0 131 A 
57 256 0.17 296 

148 58( Ce) 117 11 1.3 3.4 158 A K to L ratio (3.7) 
consistent with E2 

149 59(Pr) 100 8.4 1.8 3.2 143 A K to L ratio (3.6) 
consistent with E2 

58 204 0.36 (245) 
150 59(Pr) 23 66 c 

59(Pr) 31 30 1.4 9.9 74 A 
152 58(Ce) 122 163 B 
156 62(Sm) 24 4.8 2.9 2.6 72 c Kto L ratio ( 1. 7) 

consistent' with E2 
62 43 2.7 1.9 1.1 91 

158 62 66 7.9 1.9 3.2 ( 114) 
62 70 ( 118) 

aSee text for explanatory remarks. 
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2. Atomic number: Determined from the "x-ray window sorts" for those cases in which the 
chemical symbol (in parentheses) follows the atomic number. For those cases in which only the 
atomic number is listed no determination was possible, and the numbers listed are the atomic 
numbers of the most probable charge elements. 

3. Kline energy: These energies were determined from the least-squares analysis of the triple 
coincidence electron spectra. They have been corrected for momentum shift but not for binding 
energy shift (i.e., the same Kline from stopped fission fragments would appear 0.9 keV higher 
than the listed energy). 

4. Irel: Under this heading are listed the intensities of the peaks as they appear in the 1-nsec 
electron spectra of Watson. 2 These intensities are listed in units of 10-4 electron/fission and the 
relative values are estimated to be accurate to± 10o/o for peaks above 50 keV and to± 20o/o for 
peaks below 50 keV. 

5. t1.: The listed transition half-lives were determined from the relative intensities of peaks 
appearlng in the 1- and 2 -nsec electron spectra of Watson. 2 These numbers are estimated to be 
accurate to better than± 20o/o. Transitions 'for which relative intensities appear but no half-lives 
are given decay with half-lives less than 0.5 nsec. 

6. ~b~: The absolute intensities listed here were corrected for decay and are listed in units 
of 10- electron/fission. The decay corrections were based upon the half-life determinations 
listed in the preceding column. These intensities are estimated to be uncertain by± 25o/o for peaks 
above 50 keV and± 35o/o for peaks below .50 keV. 

7. y-ray energy: Gamma-ray energies not enclosed in parentheses were determined from the 
-y-ray spectra of Bowman3 and of Cheifetz. 4 They are the energies of prominent gamma rays 
appearing in these spectra at positions predicted by the conversion electron energies and are 
estimated to be accurate to± 1 keV. Energies that are enclosed in parentheses are y-ray transi
tion energies estimated solely on the basis of the conversion electron energies and are given only 
for those cases in which clearly visible gamma rays could not be seen in they-ray spectra. 

8. Confidence Level: Three levels of confidence were used to grade the degree of certainty in 
the various assignments. Level A distinguishes those cases that were clearly enough resolved to 
allow relatively unambiguous determinations in mass, atomic number, and peak energy. For 
these cases the mass assignments are believed to be accurate to± 1 amu, the atomic number 
assignments are believed to be exact, and the energy assignments are believed to be good to ± 1 
keV. Level B denotes cases in which interfering structure caused larger uncertainties in the mass 
and energy assignments (± 2 amu and± 5 keV respectively). Level C was assigned to those cases 
in which interfering structure or low statistics gave rise to an uncertainty of± 1 in the atomic 
number assignments as well as to uncertainties in the mass and energy assignments. No con
fidence level was assigned to cases in which an atomic number determination was not possible. 

9. Observations: Listed in this column ~are K to L~electron intensity ratios (numbers in 
parentheses) for those cases where such a determination was possible. These ratios are to be 
taken as rough estimates since interfering structure in most cases prevented the accurate deter
mination of L line intensities. 

Footnotes and References 

tcondensed from UCRL-19510, Nov. 1969 (to be published in Nucl. Phys. ). 
*Part of this work was carried out at Texas .A & M University, College Station, Texas, and wa·s 
supported by the U.S. Atomic Energy Commission and the Robert A. Welch Foundation. 
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BETA-DECAY STUDIES ON THE SHORTEST-LIVED FISSION PRODUCTS 

J. B. Wilhelmy, S. G. Thompson, and J. 0. Rasmussen t 

The fission process produces isotopes with large neutron excesses and.therefore gives a 
unique opportunity for the study of high-Q-value j3-decay systematics. As part of a detailed 
study on radiations emitted by short-lived fission products, 1 information has been gained on the 
total gross j3-decay rates of all fission products. In addition, significant new data has been 
obtained on lifetimes of several specific short-lived isotopes. 

The fission fragments from a 10-f.Lg source of 252c£ ( 3. 7 X 108 £/min) we·re collected on a 
continuously moving belt and transported past a detection point located~ 50 em from the source. 
At the detection point a Ge( Li) detector was used to measure the gamma rays emitted after the 
beta decay of the products. To a good approximation the physical dimensions of the detector could 
be considered to give a window of fixed geometry at which the fadiations could be detected. By 
varying the velocity of the belt, then, the time spent within the detection window could be altered. 
It is easy to show that for a single component decay, the number of decays observed in the detection 
window can be expressed as 1 

-At 
const (At) e ( 1) 

where A is the decay constant and tis the transit time from the sourc.e to the detector. For any 
specific half -life this function will have a maximum which, through differentiation, can be shown 
to occur at 

t=~ 
Therefore the observed counting rate for a single transition will have a maximum that is related 
to the half-life of its beta-decaying parent. Thus the gross observed counting rate as a function 
of time should reflect the weighted yield of the half -life distribution of the fission products. 
Figure 1 presents the experimentally measured counting rates as a function of the transit from the 
source to the detectors. Experimental measurements were made with transit times from as short 
as 0.27 sec to as long as 4.8 hr. At the longest transit times the recorded rates are decreasing, 
indicating a reduction in the specific activity of the products. This occurs because the decays are 
feeding long-lived or stable isotopes. Moving to shorter times, there is an increase in counting 
rates, reflecting a higher yield of products with shorter half-lives. There is a broad maximum 
at around 10 to 100 sec and then the curve decreases quite rapidly. At the shortest measured 
time the rate is down by a factor of ~ 8 below the maximum. This decrease indicates the absence 
of a substantial yield of fission products having half-lives shorter than~ 1 sec. We have attempted 
to interpret these experimental observations from the known j3-decay properties. 

Using the standard r~duced transition probability description of Moszkowski2 the j3-decay 
log(ft) value can be given by the familiar relation 

log(ft) = log(£
0
t) + log(c) (2) 

Moszkowski presents a nomogram relating log(fot) to the decay energy and half-life of the transition. 
This coupled with a presentation of graphs for log(c) versus energy gives a very rapid method for 
determining the log(ft) value. Rearranging Eq. 2 , the half-life can be expressed as 

10
[log(ft) - log(c)] 

fo 
( 3) 
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To give an analytic method for the calculation of half-lives we have approximated the value of 
log( c) in the fission fragment region as 

log( c) (-0.19 + (Z 20)(-0.095/20)] log(E) 

+ (0.35 + (Z- 20)(0.36/20)] 

where E is the f3-decay energy. The quantitative relationship for fo is
2 

( 
2 ) 1/2 

wo - 1 

+ 2.~02 w o log10 [w o + ( w o 2 - 1) 1/J. 

where Wo is the total decay energy expressed in units of the rest mass of the electron (m0c 2 ). 
Therefo:re_,_th!! ha.lf-life to a specific state can be calculated if the decay energy is known and an 
assumption is made about the total log(ft) value. To determine the total decay lifetime it is 
necessary to couple the above prescription, which is for the decay to a single level, with a com
posite level density formula. 

The level density formalism we have chosen' is that developed by Gilbert and Came"ron. 3 This 
was done primarily because they present a complete prescription for explicity evaluating the 
nuclear level densities without any a priori knowledge of resonances, pairing, or shell corrections 
in the desired isotopes. At high energies they represent the level density for spin state J as 

_.Jfr 
p (U, J) - f2 e 

2 .Jar] 

where U is the effective excitation energy given by 

2 .JTrr a 

U = E - U O = E - P( Z) - P( N) , 

( 4) 

with P( Z) and P( N) being the proton' and neutron pairing energies tabulated by Cameron and Elkin. 
4 

The level density parameter ~ is given by 

x = o.oo917 s + o.142, 

where A is the mass of the isotope and S is the shell effect given by 

S = S( Z) + S( N) , 

with S(Z) and S(N) also being presented by Cameron and Elkin. 4 The s%in cutoff parameter a can 
be evaluated through an empirical relationship of Jensen and Luttinger: 
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2 2/3 a = 0.0888 · a · t · A , 

where t is the thermodynamic temperature of the nucleus given by 

. /u 
t='\}a: 

At energies below a specific tangency point given by 

t1 2.5 + 1A50 
x· 

the level density formula is taken to be 

p(E,J) 
1 (E-Eo)/T (2J + 1) e -(J+~l /202 

= T· e 
2a 

The values ofT and Eo are determined by requiring that Eqs. 4 and 5 and their first derivatives 
be con~inuous at E = E x· 

Combining the level density formalism with Eq. 3 , we can express the total decay constant 
as an integral over the allowed energy: 

ln(2) f
0 

10
[1og(ft) - log( c)] P [(Qf3 -E), J] dE ( 6) 

To integrate this expression a value has to be assumed for log(ft) and for the spin state J. To 
obtain the half-life of a specific isotope we assume that the decay will occur through a Gamow-Teller 
allowed transition (Ll.I = 0, 1, Ll.rr = 0). This gives a total decay constant of -

( 7) 

where the individual >..J terms are evaluated by Eq. 6 . The factor of 0.5 comes from the parity 
requirements and ass\lmes that states of spin J have equal chance of positive or negative parity. 

Figure .2 presents the results of the calculations for the half-lives of 110Tc as a function of 
[3-decay energy for various assumed ground-state spins. There are two abscissa scales shown. 
One is for the half-life obtained by assuming a log(ft) value of 5 and the other is a reduced half
life independent of the log(ft) value where 

( [ 10
1og(ftn 

t1/2 = t1/2 red.) J 

There is a spread of :::: 3 to 4 in the calculated half-life, depending on the value of J assumed. 
A change of 1 MeV in the [3-decay energy yields a change in half-life between a factor of 5 and 8. 
The half-life is exponentially dependent on the value of log(ft), but a value of 5 for this constant 
appears to be reasonable, since only Gamow-Teller allowed transitions are considered. Using the 
Qf3- value of 8.59 MeV given in the mass table of Myers and Swiatecki6 and assuming the ground-
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state spin to be 5+ we calculate a half-life of 0.0134 sec for the 13- decay of 110Tc. The experi
mental value is believed to be 0.83 sec, 1 which is a factor of 60 longer than the calculated number. 
Deviations of this order of magnitude were typically found for the calculations of the highest known 
Q-value beta decays. For these cases the calculated values were always much. shorter than the 
experimental data. Such observations imply that the assumptions of simply including all.allowed 
spin states tend to overestimate the number of decay channels. This is, of course, seen most 
clearly for the highest Q-value beta decays where the number of apparent allowed channels is 
drastically affected by the exponential dependence of the level density formulas. The fact that the 
half-lives do not experimentally become this short supports the speculations of recent years 
regarding a total radiative strength in beta decay. The theoretical development has followed the 
experimental discovery that medium and heavy nuclei have sharp isobaric analog states with well
defined isospins. 7 

In 13- decay a neutron is effectively changed into a proton and the ground state isospin is 
lowered by one unit. In the Fermi-allowed beta decay the interaction potential is assumed to be 
constant, which implies that the only change in 13- decay is that a neutron is changed into a proton 
with the total nuclear configurations remaining the same. The state which meets the requirement 
is in fact the isobaric analog state of the parent. It would be degenerate in energy with the parent 
except for the Coulomb energy, which is added by placing an additional positive charge in the 
nucleus. This Coulomb displacement energy is always positive (for 13- decay) and therefore this 
isobaric analog state lies higher in energy than the parent, and transitions to it are energetically 
forbidden. Fermi transitions can thus only occur to the extent that the isospin representation is 
not valid (i.e., to the extent of the mixing between the states of various isospin). These consid
erations qualitatively explain the large hindrance factors that are experimentally found for 
Fermi transitions. 

For Gamow-Teller transitions, the interaction potential is not a constant but includes the 
Pauli spin flip operator, (a), which reverses the intrinsic spin of the particle relative to its 
orbital angular momentum. Such an operator gives the familiar Gamow-Teller selection rules 
C..I = 0, ± 1 (except 0 -+ 0 is forbidden). Since isobaric analog states appear to explain the 
hindrances for Fermi transitions, there has been conjecture that there inay be §iant resonance 
effects that concentrate the Gamow-Teller radiative strength; Fujita and Ikeda state that if the 
nuclear forces were spin independent as well as isospin independent, then the locations of the 
isospin resonance (the isobaric analog state) and the Gamow-Teller resonance would coincide. 
They conclude that the Gamow-Teller resonance would be appreciably wider since the nuclear 
forces are not spin independent. Howe~er, since the predominant part of the transition operator 
is still the isospin lowering operator, T , the Gamow-Teller resonance should be located in 
energy near the isobaric analog state. -

The existence of such a resonance has several experimental consequences. For fission 
products the isobaric analog state lies in energy :::: 10 MeV above the ground state of the parent. 
Therefore, the majority of the theoretical Gamow-Teller decay strength is not obtainable, since 
it is energetically forbidden. The increase in 13-decay energy associated with the very neutron
rich isotopes does not exhaust the total strength of the Gamow-Teller resonance, since the reso
nance is correlated with the parent, not the daughter. The higher 013- values only imply that the 
resonance has a higher energy relative to the daughter 1s ground state. This theory gives a total 
radiative strength for beta decay and is independent of the nuclear level density. It thus avoids 
the very short half-lives which are calculated for regions with high level densities. 

To quantitatively study the predictions of the theory it would be necessary to represent the 
extent of the mixing of the resonance. state with states that are energetically <,tllowed. The high 
Q -value beta decays associated with the short-lived fission products should enable sampling of · 
portions of the tail of the resonance distribution and could be most helpful in testing the quanti
tative aspects of the theoretical predictions. We hope to proceed with these studies as more 
specific isotopic half-lives become known in this region through correlations with information on 
prompt fission radiations. 9 

;;. 
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Fig. 1. The observed y-ray counting rate as a 
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Fit}. 2. The calculated half-life for the decay of 
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GAMMA-RAY STUDIES ON SHORT-LIVED FISSION PRODUCTS 

J. B. Wilhelmy, S. G. Thompson, J. 0. Rasmussen, t 
J. T. Routti, and J. E. Phillips 

Long-term experiments have recently been completed on the study of radiations emitted 
following beta decay of short-lived fission products. 1 The primary objective of these studies was 
to obtain information in a region which, due to the very short half-lives, was inaccessible by 
standard radiochemical techniques. The shortest-lived fission products generally are those 
isotopes that have appreciable yield as prompt fission products. It was therefore hoped that many 
of the transitions observed following beta decay would also be observed as prompt radiations 
arising in the de -excitation of the primary fission products. Correlations are now being attempted 
between the beta-decay transitions and transitions observed in various experimental studies of 
prompt radiations, 2-5 This includes a very recent experiment, which is still in the process of 
being analyzed, where measured in coincidence with the kinetic energies of the prompt products 
were: (a) gamma rays of energies up to 2 MeV, (b) gamma rays in coincidence with K x rays, and 
(c) gamma rays in coincidence with other prompt gamma rays. 6 
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· For the studS of the post-beta-decay transitions the fission fragments from an ""' 10-flg source 
of 252c£ (3. 7X 10 £/min) were embedded into a continuously moving belt system and transported 
past a detection point some 50 em from the source, By varying the velocity of the belt, measure
ments were made with transit times from the source to the detection point from as short as 0.2 7 
sec to as long as 4,8 hr. Three individual experiments were performed: (a) K x-ray, y-ray 
coincidence studies; (b) high resolution y-ray singles studies; (c) high resolution K x-ray singles 
studies. The coincidence studies were used to obtain information on the atomic number of the 
decaying isotope, and the K x-ray andy-ray singles measurements were used to give high resolution 
information on the quantitative yields of the individual radiations. The complexity of the spectra 
required sophisticated computer processing codes for both the x rays 7 andy rays. 8 A typical 
y -ray spectrum is shown in Fig. 1. This spectrum was taken with a transit time from source to 
detector of 57.7 sec and covers an energy range from 10 to 730 keV. From such spectra, absolute 
intensities of the transitions were extracted as a function of transit time, thus enabling information 
to be obtained on their decay characteristics. In the course of the analysis ::::: 20,000 y-ray photo
peaks were processed in the various spectra. The determined intensities of the lines at the specifc 
transit times were fitted to decay equations, thus obtaining information on half-lives and total 
yields per fission for the individual transitions. Results listing energies, half-lives, and inten
sities for approximately 750 transitions have been tabulated. 1 Of these about one-third have been 
assigned to specific isotopes, The majority of the assignements have been based on information 
presented in the literature and these correlations have, in general, been good, Figure 2 presents 
the experimental data and computer fits for sicf transitions assigned to the decay of 139xe _.. 139cs. 
This decay has been studied by Alvager et al. by use of mass-separated xenon fission products. 
The results of their analysis and our current results are shown in Table I. It is seen that, with 
the exception of the 613-keV transition, which is quite weak in our determinations, the agreement 
is quite satisfactory. The energies of the tra.nsitions and the overall half-life are very good and 
the relative intensities are reasonable in light of the uncertainties in the efficiency calibrations. 

Of special interest in these studies have been the beta decays leading to the population of states 
in even-even nuclei, The systematics of the first excited levels of these nuclei are of use in 
determining characteristics of the nuclear potential energies and in particular for studying regions 
of proposed deformation. Many of the very neutron-rich isotopes can only be produced in the 
fission process, and some of these in both the light and heavy regions are in areas of proposed 
deformation. In the li!fJht fission products the isotopes in the regions near 110Ru have been pre
dicted to be deformed1 and in the heavy products those isotopes having around 90 neutrons are 
also believed to be good candidates for permanent deformation. We have attempted to correlate 
the 13-decay transitions with transitions observed from prompt radiations which appear as possible 
assignments as the first excited states of neutron-rich even-even isotopes, Since many of the 
prompt data are still under analysis, many of the assignments have to be regarded as tentative. 
Listed in Table II are the energies of the first 2+ states of even-even nuclei observed as 13-decay 
products. The energy values are the arithmetic means of the energy determination for the transi
tion of the various experimental transit times, and the error estimates are the standard deviations 
obtained in calculating these means, The lines are classified A, B, C according to a subjective 
confidence level in the assignment. Also, for comparison, are listed the literature values of the 
transitions that are known. The agreement is, in general, quite good. The authenticity of many 
of the assignments to the most neutron-rich isotope will be determined upon further analysis of 
the prompt fission data. 

From the 13-decay studies information has been obtained on previously unreported short-lived 
fission products. Table III contains the new assignments and includes: the beta-decaying isotope, 
the subjective confidence level classification, the half-life, the energies of any observed transitions, 
the absolute yields of these transitions per fission, and the calculated transition yields per 13-
decay. For five of the isotopes, half-life information has been presented in the literature, but 
since major transitions have now been assigned they are included in this tabulation. Again many 
of the assignments have to be regarded as tentative until verification is possible from the prompt 
radiation studies. It is also hoped that the analysis will yield substantially more isotopic assign
ments for the 13-decay transitions thathave already been tabulated in Ref. 1. 
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Relative 

Energy intensity 

(keV) (per cent) 

175.0 ± 1.5 33.4 

218.8 ± 1.0 100. 

289.9 ± 1.5 18.7 

296.6 ± 1.5 42.2 

393.5 ± 1.5 14.4 

612.6 ± 1.5 9.4 

tt = 39.3 ± 0.7 sec 

Table .1. Measured properties for some of the transitions in the decay of 
139

xe. 

Current experiment 

N1.m1ber of 

Energy points used in Half-life Absolute intensity8 

(keV) calculations (sec) (per cent per fission) 

175.0 ± 0.3 9 .41.7 ± o.8 0.627 

218.7 ± 0.2 22 41.7 ± 0.8 2.360 

289.7 ± 0.3 8 38.1 ± 1.2 0.565 

296.5 ± 0.3 9 34.9 ± 0.9 0.855 

393.6 ± 0.3 39.1 ± 6.7 0.277 

613.4 ± 0.5 78.0 ± 29.2 0.496 

t 1 = 39.5 ± 1.1 sec .. 
8Absolute ·intensities were determined using a calculated rate for the fission source (see Ref. 1, page 90). 

Relative 
b 

r/~- intenait/ 

(per cent) (per cent) 

13.0 26.3 ± 0.4 

49.4 100. ± 1.4 

11.8 23.9 ± 0.6 

17.9 36.2 ± 0.6 

5.7 11.6 ± 0.9 

10.3 20.8 ± 5.0 

bThe branching ratios were calculated using the absolute intensities and a value of 4.83-;L per fission for the cumulative yield of 139xe as 

calculated in Ref. 17. 

cErrors quoted for the relative intensities are the statistical nncertainties found upon performing a weighted least-squares fit through the 

data points. They do not reflect the errors in the efficiency determination (~ lo;(,) and are presented only to indicate the relative accu-

racy within the determinations. 
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Table II. Current experimental values of the energies of the 
observed first 2+ states in fission product nuclei, 

Element Mass 2+(keV) Class Lit.(Ref.) 

Mo 100 535.77 ± 0.41 A 533 (11) 

102 296.01 ± 0.16 c 

104 192.02 ± 0.15 B 

Ru 102 475.09 ± 0.49 A 474.8 (12) 

104 357.96 ± 0.96 A 357.7 (13) 

106 269.83 ± 0.4o A 280 (14) 

108 242.27 ± 0.16 B 

110 240.67 ± 0.11 A 

Pd 108 433.70 ± 0.36 A 433.8 (13) 

110 373.93 ± 0.56 A 373.8 (13) 

112 348.88 ± 0.17 c 

114 332.86 ± 0.19 c 

Cd 114 558.46 ± 0.44 A 558.1 (13) 

116 513.70 ± 0.55 B 573.1 (13) 

Xe 138 589.64 ± 0.84 . B 

14o 372.35 ± 0.19 c 

Ba 14o 602,22 ± 0.71 A 602.2 (9) 

142 359.70 ± 0.18 A 361.0 (9) 

144 199.31 ± 0.17 A 

Ce 142 641.21 ± 0.54 A 641.6 (9) 

144 397.49 ± 0.53 A 

146 258.53 ± 0.15 c 

148 158.45 ± 0.08 B 

Nd 146 454.15 ± 0.26 A 455 (13) 

148 301.72 ± 0.34 A 302 (15) 

150 130.12 ± 0.06 A 130~1 (16) 

Sm 152 121.20 ± 0.14 B 121. 78(13) 

154 81.89 ± 0.07 'B 81.99 (13) 
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Table III. Isotopic assignments for new results on the short-lived fission products. 

Gamma transitions 

Decaying Half-lifea Energyb Yield/fissionb Yield/13- c 

isotope Class (sec) (keV) (percent) (percent) 

102Nb c 2.97 ± 0.09 2<)6.01 ± 0.16 2.57 ± 0.30 76 

104Nb B 1.02 ± 0.08 192.02 ± 0.15 1.21 ± 0.53 74 

(2 __, c in 
104

Mo) 

368.69 ± 0. 22 0.408 ± 0.017 25 

(4 __, 2 in 
104

Mo) 

105M
0

d B 58.1 ± 1.4 .68. 71 ± o;10 2.37 ± 0.57 50 

376.03 ± 0.32 0.294 ± 0.008 6 

423.91 ± 0.37 0.492 ± 0.028 10 

a[93.12 ± 0.10 0.319 ± o.oo6 7] 

106Mo A 7.89 ± 1.18 

108Mo B 0.860 ± 0.389 

108Tc B 5.17 ± 0.07 242.27 ± 0.16 2.55 ± 0.26 83 

(2 __, 0 in 108Ru) 

109Ru B 34.5 ± 2.9 116.39 ± 0.13 0.411 ± 0.010 9 

358.78 ± 0.33 o.8o5 ± o.o4o 17 

l09Rh B 90.1 ± 3.6 151.44 ± 0.48 0.124 ± 0.027 2 

177.92 ± 0.19 0.675 ± 0.016 12 

215.09 ± 0.32 0.102 ± 0.002 2 

326.81 ± 0.31 3.42 ± 0.50 62 

noTe A 0.825 ± 0.039 24o.67 ± 0.11 0.599 ± 0.016 77 

(2 __, 0 in 110Ru) 

llORu A 15.9 ± 0.5 

111 / 
(109)Rh B 62.7 ± 2.1 249.46 ± 0.26 0.767 ± 0.020 16 

291.33 ± 0.33 1. 22 .± 0.29 25 

ll2Ru c 0.686 ± 0.545 

ll2Rh c 4.65 ± 0.14 348.88 ± 0.17 3.39 ± 0.66 100 

(2 __, 0 in 
112

Pd) 

113 
( lll)Rh B 0.910 ± 0.081 128.51 ± 0.10 0.167 ± 0.009 7 
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Table III. (Continued) 

Gamma transitions 

Decaying Half-life a Energyb Yield/fissionb Yield/f'l- c 

isotope Class (sec) (keV) (percent) (percent) 

114Rh c 1.68 ± 0.07 332.86 ± 0.19 0.782 ± 0.20 83 

(2 .... o in 114Pd) 

1381 B 6.30 ± .0.29 589.64 ± 0.084 1.01 ± 0.03 41 

(2 _, 0 in 138xe) 

1401 c o.88o ± 0.120 372.35 ± 0.19 0.24o ± 0.017 60 

143Ba e B 13.7 ± 0.6 81.37 ± 0.10 0.221 ± 0.019 4 

156.55 ± 0.13 0.492 ± 0.166 9 

172.75 ± 0.12 0.758 ± 0.013 14 

289.81 ± 0.13 0.490 ± 0.018 9 

515.50 ± 0.31 0.673 ± 0.030 13 

[103.78 ± 0.06 0.849 ± 0.011 16] 

[228.83 ± 0.11 0.389 ± 0.306 7] 

144C
8
f A 1.01 ± 0.05 199.31 ± 0.17 0.302 ± 0.010 44 

(2 ..., 0 in 144Ba) 

144Bae B 9.02 ± 0.45 388.47 ± 0.23 1.63 ± 0.05 41 

430.38 ± 0.40 1.23 ± 0.04 31 

[418.02 ± 0.32 0.33 ± 0.03 8] 

14\ag A 39.8 ± 0.6 397.49 ± 0.53 5.51 ± 0.47 98 

(2 ..., 0 in 144ce) 

145Ba B 5.60 ± 0.59 297.82 ± 0.38 0.232 ± 0.009 10 

544.88 ± 0.48 0.383 ± 0.047 16 

571.10 ± 0.29 0.330 ± 0.039 14 

1451a A 29.2 ± 0.8 160.33 ± 0.25 0.397 ± 0.072 8 

146Ba c 2.18 ± 0.18 327.00 ± 0.26 0.259 ± 0.013 38 

[64.44 ± 0.04 0.125 ± 0.004 16] 

[251.29 ± 0.18 0.233 ± 0.015 30] 

146La c 8.34 ± 0.28 258.53 ± 0.15 2.49 ± 0.24 65 

(2 _,o in 146ce) 
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Table III. (Continued) 

Gamma transitions 

Decaying Half~lifea Energyb Yield/fissionb Yield/tl- c 

isotope Class (sec) (keV) (percent (percent) 

148La B 1.29 ± 0.08 158.45 ± 0.08 0.452 ± 0.171 65 

(2 -+ 0 in 148ce) 

(149) 
(150) 
(15l)Ce B 1.02 ± 0.06 84.79 ± 0.09 o.o68 ± 0.005 

118.57 ± 0.09 0.182 ± 0.005 

150Pr A 12.4 ± 0.4 130.12 ± 0.06 0.788 ± 0.014 4o 

(2 -+ 0 in 150Nd) 

151Pr B 4.04 ± 0.73 164.00 ± 0.10 0.195 ± 0.045 14 

aThe value is·calculated as a weighted average of the individual half-life determinations for the listed 

transitions and, where applicable, from genetically determined half-lives. Transitions listed in 

brackets are taken to be less certain in assignment and are not used in the half-life calculations. 

bThese values are taken from Table VI-5 of Ref. 1. 

cDetermined by using the calculated fission yield of 252cf by Watson and Wilhelmy. 17 These values should 

be regarded as only approximate. 

dThe Table of Isotopes13 lists half-life as 42 sec. 

eWahl et a1~8 list half-life of 14~a as 12 ± 2 sec. Amarel et al~9 list half-life of 144Ba as 

11.4 ± 2.5 sec·. Because of the very similar half-lives, some of the specific transition assignments 

may be ~ the wrong isotope. 

fAmarel et al~9 list half-life as 1.06·± 0.10 sec. 

8Amarel et a1~9 list half-life as 41 ± 2 sec. 
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Fig. 1. A typical '1-ray spectrum, 
source to the detector of 57.7 sec. 

This spectrum was recorded with a transit time from the 
(XBL697-971) 
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EFFECTS OF ANGULAR MOMENTUM ON KINET~C ENERGY RELEASE IN FISSIONt 

Torbjorn Sikkeland* 

Values for the most probable kinetic energy release in fission following compound-nucleus 
reactions between various targets and ions are reproduced, with a standard deviation of 1.5 MeV, 
by the expression 

E~ (MeV) = 0.0042 Z~/A~/3 + 0.075 E
0

, ( 1) 

where) Zo, Ao, and Eo are respectively the atomic number, mass number, and the excitation energy 
of the compound nucleus. 

The total kinetic energy, EK, of the fission fragments at infinite separation depends primarily 
on their mutual Coulomb potential, Vc, at the scission configuration, and hence on the nucleonic 
composition and sha~e at that configuration. This dependence has been studied both theoretically1 
and experimentally. It has been deduced that the scission shape is approximately equal to two 
spheroids connected with a neck. 1• 2 

As will be described below, values for EK can be evaluated from the experimentally deter
mined most probable laboratory-frame (lab) angles between coincident fragment pairs. 

The technique u.fed in measuring the angular correlation functions has been described in 
detail elsewhere. 3• The ion beams at an energy of 10.4 MeV /nucleon were furnished by the 
Berkeley Hilac. Lower energies were obtained by degradation withAl foils. The ion energy 
spectra were measured with a silicon diode detector. The two silicon diode detectors, in the 
coincidence experiments, were in the plane with and at opposite sides of the beam axis. In 
general one was kept at an angle l)J 2 = 90 deg to that axis, and the correlation function was then 
obtained by measuring the fragment-fragment coincidence rate as a function of the lab angular 
position lJ!1 of the other. For the system ZONe + natpd this rate was measured as a function of 
the position l)J, where ljJ = lJ!1 + l)Jz. · 

The correlation functions have been shown in general to consist of two peaks. 3, 4 The frag
ments recorded at the narrower one come from fissioning nuclides produced in compound
nucleus reactions, and those arriving at the most probable angles, ljJ 1, for this peak represent 
the most probable fission event in those reactions. We now assume for this event that (a) the 
coincident primary fragments have the same nucleonic composition and excitation energy, and 
(b) nucleons are emitted symmetrically around 90 deg in the center-of-mass system of the 
emitters, e. g., the compound nucleus and the fragments. Then, throughout the acceleration, 
the fragments have the same velocity and mass. Let us denote by v and v 0 the respective velocities 
of the fragments at infinite separation when nucleon emission does or does not occur before full 
acceleration. Let us furthermore denote by EK and Ei>c the total kinetic energies of the_fragments 
when their mass is Ao/2 and their velocities are v and vo, respectively. The quantity Efc is of 
primary interest, since it represents the kinetic energy release of a nucleus for which the com
position ( z

0
, A

0
), excitation energy, E

0
, and angular momentum distribution can be estimated. 

-0 
From the law of conservation of linear momentum we obtain for EK the expression 

(2) 

where 

90 deg (3a) 

for ljJ 
1 

= lj)
2 

(3b) 
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and 

(1/r J. (4) PJ] 
Here, z0 and Ao have been defined before; AI and EI are the mass number and lab energy of the 
ion respectively; NN and Np represent respectively the number of nucleons and of protons emitted 
before scission; a?d rni and rpj a~e the distances b_etween the cen,~ra of the frag~ent~ at ~hich, 
respectively, the 1th neutron and Jth proton are em1tted. These d1stances are g1ven 1n un1ts of 
the distance, R 0 , between the centra at scission. 

For our systems, first-chance fission was estimated to be the most probable event, hence 
NN = Np = 0. The dii..stance, rxi• is related to the level width, rxi' for the emission of the ith 
particle x by the expression 

1i/r . = 
Xl 

+ 1/2 ln 2 (r 2 . - r .) 1/ 2 + 2 r . - 1 
Xl Xl Xl 

(5) 

where 1i is Planck's constant divided by ZiT. 

Approximate values for Ro and v were obtained from the expressions Zb e
2

/( 4Ro) = EK and 
1/2 moAov2 = EK, where mo is the nucleonic mass. 

In the estimation of rxi we used the equation based onthe level density expression 
p PO exp(aE)1/2 (Ref. 5). Here, E is the excitation energy of the nucleus following particle 
emission, and a is the level density parameter, which was set equal to A/10. In the cascade we 
assumed the kinetic energy carried off by a neutron to be 4 MeV, and that carried off by a charged 
particle to be equal to its Coulomb barrier with respect to the residual nucleus. · 

Values for EK and E~ are given in columns 4 and 5 of Table I. The errors in E~ given in 
column 6 represent one standard deviation and are estimated from the uncertainties of 1o/o in EI 
and 0.22 in lj)i, and the error of 1o/o introduced by the uncertainty in the values for rxi· 

The accuracy of E~ also depends on the validity of assumptions (a) and (b) given above. 
Assumption (a) has been shown to be valid for products in (I, xn) reactions. 6 Furthermore, the 
mass and kinetic energy distributions of the final fragments in heavy-ion ion-induced fission have 
been shown to be symmetric. 2 • 7 These experimental facts strongly suggest that assumptions 
(a) and (b) are indeed correct. 

Included in Table I are many systems for which E~ was measured only ~t full ion energy. 
These experiments were per!9rmed in order to test also the dependence of E~ on ( Zo, Ao) and to 
compare directly values for EK with those obtained previously from the measured most probable 
lab kinetic energy. 2 The agreement is satisfactory. 

It is apparent from Table I that E~ increases slightly with increasing EI. However, only for 
the system '197Au + 40Ar is this increase outside ~crerimental errors. Using a simple model, 
we can show in the following that this variation in EK is mainly due to angular momentum effects. 
This model is based on these six assumptions: (a) the Coulomb potential, Vc, at scission is 
converted solely into kinetic energy; (b) the scission shape is characterized by two touching 
collinear spheroids of uniform density; (c) the ratio, C, of the major to the minor axis is the same 
for both fragments and independent of bombarding energy; (d) the nuclear matter is incompressible 
and the moments of inertia of the spheroids are those of a rigid body; (f) the fragments are emitted 
along the symmetry axis, i.e., the major axis; and (f) the most probable value of the projection 
of the total angular momentum, I, on the symmetry axis is zero. 

It follows from these assumptions that experimental values for Vc should be given by 

(6) 

and that they should be independent of bombarding energy. Here, ~is the most probable value 
of I and 
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( 7) 

-13 
where for ro, the nuclear radius parameter, we used the value 1.2 X 10 em, and values for C 
were taken from the liquid-drop model calculations by Cohen and Swiatecki. 1 Estimated values 
for B are given in column 7 of Table I. 

Since essentially no nucleons are emitted before fission, the I-distribution at scission is equal 
to that of the compound nucleus. Assuming a sharp cutoff at I = leN• the .average value, ( I2), of 
the square of I can be estimated for such a distributi~n. 8 A realistic I-distribution is probably 
rounded near the top in such a way that the value of Ip is somewhere between those of ( I2) and 
Ic N2. We shall therefore set 

and as sign an error of 3 O% to the values for I2. 
p 

( 8) 

Values for V c are given in column 8 of Table I, and we see that they are, within errors, 
independent of bombarding energy. A least-squares analysis of the data gives for Vc the expression 

2 1/3 
Vc = 0.1187 ZofAo (9) 

It is interesting to note that Vc is proportional to the quantity z5/A~/3 , which is what one 
should expect for point charges. Values for Vc' as estimated from Ecf. 9, can be compared directly 
with those estimated on the basis of the liquid-drop model. Such a comparison, based on data 
similar to those obtained here, has been performed previously, 2 and we shall therefore not dis
cuss this aspect of the results. 

Values for E~ calculated according to Eqs. 6 through 8 fit our experimental data with a standard 
deviation of about 1.5 MeV. They also fit fairly well experimental values for low-energy fission. 
This, however, is to be regarded as fortuitous, since at low energy asymmetric division is the 
most probable event, and effects of shells and structure in the mass surface of the fission products 
play an important role. 9 

The value of the quantity I~ increases almost linearly with that of the excitation energy, Eo, 
of the compound nucleus. Then, if we assume, to a first approximation, the parameter B in: Eq. 6 
to have a constant value, :EO will vary linearly with Eo. This is the basis for the empirical 
expression, Eq. 1, given afthe beginning, which is easier to use than Eq. 6, which contains an 
angular momentum term. 

I thank Professor Marc Lefort for hospitality during my stay at the Institute of Nuclear Physics, 
Orsay, France; the _Norwegian Research Council for Science and the Humanities, Oslo, for a 
research grant; and the Hilac crew for excellent operation. 
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Table I. Values for various quantities connected with kinetic energy release in fission following 
·compound nucleus reactions between complex nuclei. The quantities in the table have been defined 
in the text. 

System 

238u + 40 Ar 

238u + 40 Ar 

238u + 40 Ar 

197Au + 40Ar 

197Au + 40Ar 

197Au + 40Ar 

197Au + 40Ar 

197 Au + 20Ne 

197 Au + 20Ne 

197 Au+ 20Ne 

197 Au+ 160 
197 Au+ 160 

165Ho + 160 
165Ho + 160 

238u + 20Ne 

238u + 160 
209Bi + 20Ne 

209Bi + 160 
175Lu + 160 
159Tb + 160 
natSb + 20Ne 

natAg + 160 

1854 

1854 

1854 

1520 

1520 

1520 

1520 

1318 

1318 

1318 

1267 

1267 

994 

994 

1634 

1579 

1414 

1362 

1084 

953 

714 

607 

414 

348 

272 

415 

352 

278 

187 

207 

160 

132 

165 

108 

154 

122 

207 

165 

207 

165 

165 

154 

207 

~ 165 

231 

226 

220 

195 

189 

185 

177 

160 

15 7 

154 

154 

148 

123 

121 

196 

191 

171 

165 

134 

120 

95.2 

84.0 

227 

224 

220 

191 

187 

185 

177 

160 

157 

154 

154 

148 

123 

121 

196 

191 

171 

166 

134 

120 

95.2 

84,0 

Std. dev. 
(MeV) 

3.8 

3.8 

4.0 

3.2 

3.2 

3.2 

2.9 

2.8 

2.8 

2.8 

2.8 

2.7 

2.2 

2.2 

3.5 

3.4 

3.7 

3.0 

2.4 

2.2 

2.4 

2.2 

B 
(keV) 

0.45 

0.45 

0.45 

0.67 

0.67 

0.67 

0.67 

0.87 

0.87 

0.87 

0.93 

0.93 

1.40 

1.40 

0.58 

0.62 

o. 76 

0.82 

1.22 

1.51 

2.50 

3.2 

vc 
(MeV) 

219 

219 

218 

180 

180 

181 

176 

156 

155 

153 

.150 

147 

117 

118 

193 

188 

167 

163 

129 

114 

82 

72 

Std. dev. 
(MeV) 

4.6 

4.2 

4.1 

4.7 

4.1 

3.5 

3.2 

3.3 

2.9 
·2.8 

3.0 

2.7 

2.8 

2.4 

3.6 

3.5 

3.9 

3;2 

2.9 

3.0 

4.9 

5.0 
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Atomic and Molecular Spectroscopy 

ATOMIC fOLARIZABILITIES FOR THE FIRST EXCITED 2D STATE 
OF ALUMINUM, GALLIUM, INDIUM, AND THALLIUM 

Joseph Yellin 

One of the reasons for measuring the Stark effect is that polarizabilitie~ deduced from such 
measurements serve as a useful test for oscillator strength calculations. 1, The atomic polar-
izability can be simply related to oscillator strengths. For example, it has been found that the 
Bates-Damgaard (B-D) Coulomb approximation3 predicts correctly alkali polarizabilities. Mea
surements of polarizabilities by the atomic beam and level-crossing technique have helped to 
clarify the range of applicability of the B-D theory. Recently we have begun measurements of 
polarizabilities in the group lila elements. 4 It is known that the single-configuration B-D theory 
does not predict correctly the oscillator strengths of the diffuse series of these elements, and 
this failure may be due to configuration mixing. 5 Thus, the group Ilia elements are interesting 
from the viewpoint of multiconfigurationfl Coulomb approximations. It is of particular interest to 
measure the polarizabilities of the s 2d D state~, since there is evidence that they are perturbed 
by the 2D states arising from sp2 configuration. 0 

We have calculated the polarizabilities of the first excited 2D states of the group lila elements 
in the single configuration approximation. The polarizabilities were calculated from a general 
formula that is valid for alkali-like states. 4 The radial integrals were calculated directly from 
the B-D theory. The results are summarized in .Table I, and their comparison with experimental 
results should prove interesting. 
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Table I. Atomic polarizabilitiesa X 10 24 em -
3 

Element a(D3/2 ± 3/2) a(D3/2 ± 1/2) a(D5/2 ± 5/2) (a(D5/2 ± 3/2) a(D5/2 ± 1/2) nb 

Aluminum -259.1 - 1282.4 -47.7 -895.5 -1319.3 3 
Gallium 103.0 604.0 -15.6 454.0 480.0 4 
Indium 113.4 808.8 -113.4 772.4 1215.0 5 
Thallium 67.6 385.2 -146.6 632.0 1021.0 6 

a. Bates- Damgaa rd; a is defined by t::. W = 1/2 aE2. 
b. Principal quantum number. 
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ATOMIC BEAM MEASUREMENT OF THE POTASSIUM-39-41-42 ISOTOPE SHIFT 

Richard Marrus, Edmond C. Wang, and Joseph Yellin 

The isotope shifts of 
41

K and 12.4-hour 
42

K relative to 39K were- studied in the n1 line 
(7699 A). An important preliminary to this experiment, the measurement of the Stark shift in 
the D 1 line of 39K, was reported previously. 1 The measurements were made by the atomic 
beam method, i,f; which electria fields are used to tune the hyperfine absorption lines of beam 
atoms (41K or 2K) into coincidence with the emission lines of the lamp (3'lK). The resulting 
resonance absorption leads to a spin-flip which alters the trajectories of beam atoms, causing 
them to focus at the detect~r. The relevant energy-level diagram and the possible ov.erlaps or 
coincidences for the 39K- 1K and 39K- 42K systems are ~own in Fig. 1. The atomic beam ap
paratus was tuned to pass only atoms with mJ =- 1/2 for 1K and mJ = + 1/2 for 42K(fli < 0), so 
that most of the beam atoms are in the lower hyperfine state. 

A similar e~perimental arrangement was previously used to study isotope shifts in cesium 
and rubidium. 2, 5 A dense beam of potassium interposed between the lamp and C region acts as 
a hyperfine filter, removing the hyperfine components of the lamp line. Thus the light emerging 
from the absorption beam has a spectral distribution showing intensity minima at the centers of 
the hyperfine lines. The width of the intensity ~inima is determined by the collimation of the ab
sorption beam, and was about 200 MHz in this experiment. The use of a hyperfine filter is crucial, 
since the isotope shift is determined from the Stark shift and the latter is calibrated on the ground
state hyperfine structure [ ~vhf(4 2 S1j2) = 462 MHz], which must be present in the exciting light. 
Since the hyperfine structure is not resolved in the 39K lamp line a hyperfine filter is essential. 

In Fig. 2 are shown the results of Star~- scanning the filtered 39K lamp line with a 41K 
(99.18"/o) atomic beam. We find for the 41 - 9K isotope shift 7.4±0.3 mK (1 millikayser = 10- 3cm-1). 
This result is in agreement with an earlier spectroscopic measurement by Jackson and Kuhn, who 
found 7. 6 ± 0. 5 mK for the isotope shift. 4 

42
K was produced by the reaction 

41
K(n, y)

42
K. The target sample consisted of 1g KCl en

capsulated in quartz under a helium atmosphere (100 mm of Hg). The sample was irradiated for 
24 hours at the G. E. Reactor Facility at Vallecitos, which provided- a neutron flux of 

::::: 2X 10 14/cm2 -sec. Approximately 2.5 Ci of 42K was produced in each sample. In a typical ex
perimental run 100 to 200 mg of KCi was consumed. The potassium was collected at the detector 
on a quartz surface for 5 mip at each value of the applied vo~age. The amount collected (signal) 
was m_e<tsur.ed throug~ the f3 activity. Typical results for 4 K are shown in Fig. 3. We find for 
the 39 42K Isotope shift 16 ± 4 mK. · 

The 39- 41K isotope shift is based on 10 measurements, of which Fig. 2 is a typical example. 
The line width in each case is 7 mK, and the center of the line can be determined easily to ± 2 mK 
or less. Systematic effects due to isotopic impurity were investigated by making several mea
surements with a lamp containing potassium in natural abundance. These measurements yielded 
a value for the isotope sf~ft which is 0.2 mK higher and with the same accuracy as measurements 
made with the enriched K lamp; though this increase is within the experimental error, it can be 
shown that an isotopic impurity of 41K produces a systematic error in the same direction as the 
isotope shift. 

Table I. Comparison of m.easured and calcu
lated isotope shifts. 

Isotopes 

0 
7.4±0.3 
16 ±4 

0 
8.9 

13.0 

0 
-1.2 
-1.8 

The measurements are summarized in Table I 
and compared with the normal mass effe§t 
(Bohr) and the field-effect isotope shift, assum
ing a uniform charge-distribution model for the 
nucleus. 
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Fig. 3. Sign.;_l observed when a 39K lamp fil
tered by a potassium absorption beam is scanned 
by a 42K atomic beam. (XBL 6812-7548) 

ELECTRIC FIELD EFFECT IN THE RESONANCE LINES OF INDIUM AND THALLIUMt 

Thomas R. Fowler and Joseph Yellin 

The atomic beam isotope- shift method depends on the possibility of tuning atomic energy lev
els by the application of electric fields (Stark tuning). 1 Although Stark tuning does not represent 
a fundamental limitation to the method, it is the most practicable technique at present. For the 
technique to be useful it must be calibrated; this is accomplished by measuring the Stark shift in 
terms of the hype rfine structure (hfs) present in the exciting radiation. Therefore, it is impor
tant to ascertain that the frequency of the transition under investigation can be changed by an 
amount equal to some hfs present in the transition (otherwise calibration is not possible). For 
this reason a determination of the relative (to hfs) Stark shift must precede the measurement of 
isotope shifts. By combining the relative Stark shift with a determination of the electric field, one 

.can determine the absolute magnitude of the Stark shift, and hence the difference between the 
atomic polarizabilities of the levels involved in the transition. The polarizability difference is 
useful in checking methods for calculating f values. In this' experiment the Stark shifts in the res
onance lines of indium (4102 A) and thallium (3776 A) have been studied as a preliminary to mea
surement of isotope shifts as well as for its own sake •. 
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The experimental technique is similar to that previously applied to cesium and rubidium. 2 
The relevant energy-level diagrams are shown in Fig. 1, and in Fig. 2 are shown, as an example, 
the possible coincidences oroverlaps between the emission lines of the thallium.lamp and the ab
sorption lines of the thallium beam atoms. Table I summarizes the frequencies at which overlaps 
occur, the corresponding electric fields (approximate), and the theoretical signal intensities. 
Typical experimental results for thallium are shown in Fig. 3. Table II summarizes the exper
imental results for indium and thalli~ and compares the atomic polarizabilities with calculations 
based on the Coulomb approximation. It is concluded that the Stark effect is sufficiently large 
for both indium and thallium to permit the measurement of isotope shift. 
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Table I. Frequency shifts, electric fields, and signal intensities associated with thallium (no 
state selection). 

Overlapping lines a' = a 'Y' 0 a' = 'V a' 0 

'V' = '{, o• = 0 

6.v (MHz) 0 s 12 090 21 311 33 401 

Approx. kV/cm 0 366 485 610 

Signal intensity 1.50 0.50 0.50 0.25 

Table II. Summary of calculated and experimental polarizabilities. 

Theoretical polarizabilitie s * X 1024 em- 3 

Indium 4.7 4.5 7.4 150.8 

Thallium 2.7 4.4 9.0 125.0 

*Bates-Damgaard. 

146.1 

122 . .3 

Experimental 

138( 11) 

115( 12) 
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HYPERFINE STRUCTURE OF THE 4102-A LINE OF INDIUM, AN INVESTIGATION 
BY AN ATOMIC BEAM SPECTROMETER 

Richard Marrus and Joseph Yellin 

It has been shown that an atomic beam apparatus may be used as a spectrometer of very high 
resolving power. 1 If the resolving power is defined as usual by R = X./ 6:.X, then for the atomic 
beam spectrometer R::::: 2-rrc-r/X., where T is the lifetime of the upper state of the transition which 
gives rise to X.. This follows from the fact that the absorption width of the atomic beam is the 
natural width 6:.vN = 1/2-rrT. As an example, we have for the resonance line of cesium R:::: 6X 10 7, 
a considerable improvement over the best interferometers. It is for this reason that the atomic 
beam technique can be used to obtain extremely fine detail of optical lines. 1, 2 

In its present form the atomic beam spectrometer relies on Stark tuning for its operation. 
The spectral line under investigation is sampled by beam atoms moving perpendicularly to the 
light, and the application of electric field to the beam atoms causes a displacement of their absorp
tion lines so that different portions of the spectral line can be sampled. The signal output of the 
spectrometer is simply related to the intensity of the spectral line at the frequency that is res
onant with the absorption lines of the sampling beam. 

A question arises whether the absorption width of the beam atom is 6:.vN and whether system
atic line shifts occur at high electric fields. There are two reasons to suppose that both broaden
ing and line shifts can occur. First, there is the purely technical problem of achieving uniform 
electric fields. Electric field gradient causes the line width to broaden and such broadening has 
been observed when the field plates are not parallel. The broadening increase~ with the applied 
electric field and can amount to many MHz. Secondly, hyperfine Stark effects may become sig
nificant at high electric fields, causing a relative shift of the hyperfine absorption lines. The lat
ter may result from a large tensor polarizability. In order to investigate these effects an anal
ysis of the hyperfine structure present in the 4102-A line of indium was undertaken by the atomic 
beam method. The large hyperfine splitting of both the 52P1; 2 and 62s 1; 2 states, the large po
larizability of the 62s1; 2 state, and the possibility of completely resolving the hyperfine structure 
in a suitably made radw- frequency discharge lamp make indium particularly attractive. In addi
tion the isotope shifts of indium are being investigated by the atomic beam m~thod, so it is imper
ative to understand any systematic effects associated with the electric field. 

In indium the possibility exists for comparin$ hyperfine lines separated by :::::0.6 cm- 1 corre
sponding to an electric field greater than 400 kV /em. Furthermore, the separations of the var
ious hyperfine components of the 4102-A line can be accurately predicted from the known hyper
fine- structure splitting of the 52p 1; 2 and 62s 1; 2 states. Thus hyperfine line shifts can be easily 
detected. 

Preliminary results are shown in Fig. 1. No significant broadening or line shifts have thus 
far been observed. Note that the signal is plotted against the applied voltage V 0: E and not v 2 . 
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Fig. 1. Hyperfine structure of the 4102- A line 
of indium. (XBL 6912-6359) 

A SIMPLE METHOD FOR OBTAINING ATOMIC BASIS FUNCTIONS 

Rolf J. Mehlhornt 

Radial wave functions are usually obtained by means of the Hartree-Fock method or one of 
its relativistic extensions. Experience with spectroscopic data has shown that these wave func
tions are rather inaccurate, particularly in view of the labor required to achieve convergence. 

Klapisch 1 has shown that a simple alternative to these methods produces wave functions of 
comparable, or better, accuracy for the alkali metals. In essence the method uses an analytic , 
function of the radius, depending on a few parameters, to describe the potential function seen by 
a given electron. The parameters are determined by comparison with spectroscopic data. 

Schwartz
2 

used a parametric potential function suggested by Tietz
3 

to deduce relativistic wave 
functions for hyperfine-structure calculations. The advantage of the Tietz potential is its simplic
ity; it depends on a single parameter wh1ch can be estimated from a physical model. We have cal
culated non relativistic wave functions of complex atoms, using various modifications of the Tietz 
potential. The most useful form proved to be the function 

2 2/ 2 U(r) =- Ne /r-. (Z-N)e r(i +!3.2r ), 

where the parameter 13.£ can be adjusted for each configuration, if necessary. N refe.rs to the 
spectroscopic state of ionization; Z is the nuclear charge number. The radius r is expressed 
in atomic units. This function is easily seen to have the correct asymptotic behavior for small 
and large values of r. 

To illustrate the accuracy of wave functions obtained with this potential we compare calcu
lated and experimental Slater parameters of Pu II. The exP.erimental values were deduced by 
Fred, 4 using the usual least- squares energy fitting ~ethod. 5 In Table I we have set out these 
values together with available Hartree-Fock values. The removal of a 7s electron from the Pu I 
spectrum is not expected to change the Slater parameters appreciably. The parameters of U I 
should not deviate by more than 10o/o in going to Pu II. 

Calculations for other spectra, e. g., rhenium I, indicate that the wave functions in general 
are not sufficiently accurate,to serve for energy-level identification in a complex electronic 
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configuration. Probably this shortcoming is inherent in any procedure which assumes one set of 
radial wave functions to describe all the energy levels of a configuration, be it Hartree- Fock, 
Dirac-Slater, or the parametric potential. 

The principal advanta'ge of using a simple parameterized potential function to deduce the ra
dial wave functions of a spectrum is the high efficiency of the method. Given values of the 13.z 
parameters, we were able to compute wave functions for 18 single electron states and 32 Slater 
parameters of Pu II in about 11 seconds on the CDC 6600 computer. It is suggested for future 
work that wave functions deduced with the aid of the parametric potential be used as basis func
tions for perturbation calculations involving a large number of excited configurations. Such cal
culations have been quite successful for simple spectra. 7 It will be of considerable interest to 
extend these studies to the heavier atoms. 
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Table I. Theoretical and experimental Slater parameters for PulL 

Parametric 
potential 

2130 

70119 

45244 

32956 

1130 

7210 

18003 

6124 

8662 

4756 

3105 

Least squares 

2341 

67326 

56067 

29962 

1150 

8000 

17300 

5600 

7790 

4800 

2445 

Hartree-Fock 

82182 (Pui) 

52822 (Pui) 

39555 (Pul) 

13984 (UI) 

10792 (UI) 

27122 (UI) 

14064 (UI) 

8218 (UI) 
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AB INITIO CALCULATIONS OF THE ELECTRONIC STRUCTURE OF 
- --- DIATOlvfiC MOLECULES 

Henry F. Schaefer III, Timothy G. Heil, and Stephen V. 0' Niel 

During the past 6 months we have developed methods 
1

• 
2 

for the calculation of configuration 
interaction (CI) wave functions for diatomic molecules. In addition we have applied these methods 
to the calculation of potential curves for F 

2 
and c1

2
. 2, 3 

It is possible to carry out CI calculation for diatomic molecules directly in terms of single 
Slater determinants. However, the size of the secular equation to be solved can be greatly re
duced by performing the calculation in terms of symmetry-adapted functions, fixed linear combi
nations of determinants. Thus a significant problem to be solved is that of obtaining symmetry
adapted functions for diatomic molecules. This problem has-been solvedi in a practical manner 
by direct diagonalization of the operator

1 
§2 ± (1/2) uv, where uv is the operator that determines 

the +or - character of a~ state. The .other diatomic symmetries (A, Ms, and g or u) are read
ily satisfied by discarding all inappropriate Slater determinants arising from a given orbital oc
cupancy. 

Perhaps the most difficult technical problem involved in theoretical studies of diatomic mol-. 
ecules is the computation of large numbers of one- and two.,. electron molecular integrals. We have 
developed methods and computer programs2 for th_e direct numerical calculation of two-center in
tegrals over arbitrary molecular orbitals. This approach differs radically from other presently 
used two-center integral techniques, which are performed at least in part analytically and require 
the use of standard analytical functions, usually Slater-type orbitals. The basic approach uged is 
to expand 1/r12 in ellipsoidal coordinates4 and to use crossed Gauss-Legendre quadratures for 
the two-dimensional(~, n) integrations. 

Using the above methods for the computation of integrals, it is possible, for example, to make 
calculations directly in terms of atomic Hartree-Fock orbitals. Therefore the first application of 
the above techniques was to the calculati~n ofvalence-bond wave functions for the F2 and Cl2 mol
ecules. In these calculations2, 3 all 1~g configurations were included that arose from the atomic 
Hartree-Fock orbitals. For F 2 this complete and literal application of the VB method yielded a 
dissociation energy of 0.32 eV, much better than the molecular Hartree-Fock De (Ref. 6), -1.4, 
but much less than the experimental value, 7 1. 65 eV. For Cl2 the computed dissociation energy3 

was 0. 71 eV, compared with the experimental value 7 2.48 eV. We hasten to point out that the F2 
and Cl2 molecules are among the most difficult to describe theoretically. More extensive calcu
lations, including up to 318 configurations, were carried out for F2, and a dissociation energy of 
0.80 eV was obtained. 

References 

1. H. F. Schaefer, Diatomic Molecule Symmetry Eigenfunctions by Direct Diagonalization, 
J. Comput. Phys. (in press). 
2. H. F. Schaefer, New Approach to Electronic Structure Calculations for Diatomic Molecules, 

~ J. Chern. Phys. (in press). 
3. T. G. Heil, S. V. O'Neil, and H. F; Schaefer, High-Precision Valence-Bond Potential Curve 
for the Cl2 Molecule, Chern. Phys. Letters (in press). 
4. K. Ruedenberg, J. Chern. Phys. 19, 1459 (1951). 
5. A. D. McLean and M. Yoshimine;-lBM J. Res. Develop . .2_, 203 (1965). 
6. A. C. Wahl, J. Chern. Phys. 41, 2600 (1964). 
7. A. G. Gaydon, Dissociation EMrgies and Spectra of Diatomic Molecules (Chapman and Hill, 
Ltd. , London, 1968 . 



200 

THE SPECTRUM OF Dyi 

J. G. Conway and E. F. Wordent 

The term analysis of atomic energy levels of dysprosium is nearing completion. The spec
trum of a single isotope of Dy has been photographed in the region of 2500 to 9800 A, by use of 
Dyi3 sealed into a quartz tube and excited by microwaves of 2450 MHz. The spectrum has been 
completely measured and some 2200 lines recorded. Energy levels of both Dyi, the neutral atom, 
and Dyii, the first ion, have been found. 

In the spectrum of Dyi we have 2ad two separate groups of levels of different parity. One 
configuration we knew was the 4f96s . Attempts to connect these groups have failed until recently. 
It was suspected that the second group belonged to the 4f95d6s2 configuration, but the spacing of 
the levels did not seem right for wheyt one expected from L-S type coupling. To carry the problem 
further the matrix elements of the f d configuration were generated, reasonable parameters were 
used, and the matrices were diagonalized. This calculation placed the S = 8 lowest and the S = 7 
about 935 cm-1 away. Hund' s Rule would put J =10 lowest. J = 7 from the calculations was at 
2201 cm-1. -The levels we had known and were trying to understand were at 0, 953.39,afod 2425.35 
cm-1. With the J values known, a search was made going from the low even level of f s 2 to low 
odd levels, then to very high even levels, and finally searching for low odd levels. By this route 
we located the second configuration at 7565.~2 cm-1. This is the 7H8 of the 4f95d6s2, which is 
7565.62 cm- 1 above the Dyi ground state of I 8 (4f106s2). 

Footnote 
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ATOMIC ENERGY LEVELS OF SOME HEAVY ACTINIDES 

John G. Conway and Earl F. Worden t 

In the last two years sufficient quantities of Bk, Cf, andEs have become available that we 
have been able to prepare electrodeless discharge tubes of the iodides. These lamps are excited 
in a microwave cavity at a frequency of 2450 MHz. For Bk about 150 flg were available, for Cf 
about 35 flg, and for Es about 10 flg. In all cases lamps were prepared and spectra observed with 
less than this amount of material, since yields of 80 to 9CY/o are common. Some spectra of Es were 
observed with 0.1 flg added to 100 flg of Gd!3. The work on these spectra is continuing, and will in 
fact take several years before the. presently available plates are completely analyzed and an exten
sive list of energy levels is prepared. However, as the work has progressed we have been able to 
obtain certain information about the lowest levels of these elements. 

Knowing the two lowest levels and having accurate hype rfine- structure measurements of these 
levels, we can calculate a nuclear moment and quadrupole moment. Such information is available 
for 249Bk and 253Es, and calculations of these moments have been made and reported. 1 The mo
ments are the same for 249Bk and 253Es, and are 5.1 ± 0. 7 nm. The measurements of the hyper
fine structure give values for a7s which are accurate to a few percent. However, certain assump
tions are made in using the Gouds~iJCjFermi-Segre formula that increase the final error to between 
10 and 20"/o. The value of a 7 s for Bk is 1.424 cm-1 and for 25 3Es is 1.526 cm-1. 

The hyperfine structure is wide enough and can be measured with sufficient accuracy: that in
formation about the quadrupole moment can be obtained. The quadrupole moment for 249Bk is 
4.7±1 barns and for 253Es it is 5.1±1 barns. 

There are four levels known for Bki and 8 levels for Bkii. The electron configuration that 
is lowest in Bki is the 5f97s 2 , the lowest configuration in Bk!I is 5f97s. 
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Table I. Atomic energy levels of berkelium; 

Level J value 
(em -f) 

Bkl (5f9 7s2) 

0 7.5 
5416.69 5.5 
6530.71 6.5 
9535.12 5.5 

Bkii(5f9 7s) 

0 8 
1487.56 7 
5598.11 6 
6051.19 5 
6809.52 7 
6906.07 5 
7038.48 4 
7786.75 6 

g value 

1.288 
1.333 
1.263 

SL 

Table II. 11 Atomic energy level for Esii(5f 7s). 

Table III. 

Level 
(cm-1} 

Levei 
(em- ) 

0 
938.66 

Atomic 

Cfl(5f10 7s 2) 
0 

Cfii(5f
10

7s) 

0 
1180.55 

J 

8 
7 

SL 

energy levels of californium. 

J g value SL 

8 1.213 51 

61 8.5 
7.5 41 

There are no new levels for Es. Those known 
are for Es II. 

When the levels in Bkll and Esii were 
known, a calculation to determine the G3 value 
for these io~s was made and compared with the 
values of G for other actinides. It was found 
that G3 is fairly constant across the actinide 
series. (The same is true for the 3are earths.) 
By using an interpolated value of G , the posi
tion of the two lowest levels in Cfii was calcu
lated. At the same time a search was made 
for these two levels. The level was found at 
1180.55 cm-1; the calculation had predicted 
1155 cm-1. 

The examination of several resolved Zee
man lines of Cf yields J and g information 
which makes it possible to identify the ground 
state ofCfl as a J=8, g=1.213, w~ichmakes 
the ground state a 5r8 of the 5f107s configura
tion. 
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FORMATION AND CHARACTERIZATION OF 
DIVALENT EINSTEINIUM IN A CaF 

2 
CRYSTAL 

N. Edelstein, D. Fujita, W. Kolbe, and R. McLaughlin 

Although no compounds of divalent actinides have been isolated, tracer che~istry experiments1 

and interpretation of charge-transfer bands in the visible and uv spectral range indicate that acti
nide elements with Z > 97 might form a chemically stable dipositive oxidation state. Dipositive 
states of the entire lanthanide series have been stabilized in crystals of CAF2. 3 Howe¥er, the only 
dipositive actinide ion positively identified as being stabilized in CaF2 has been Am2 +. We re-
port in this paper the identification by electron paramagnetic resonance of Es2+ in CaF2 . 

Dipositive Es has the electronic configuration outside closed shells of 5f11 . The lanthanide 
analog Ho 2+ has the configuration 4f11. Both nuclei 253Es and 165Ho have I = 7/2, so the spectra 
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should be very similar. The EPR sp~ctrum of Ho 2+ in CaF2 was studied by Sabisky5 and the opti
cal spectrum by Weakliem and Kiss. b The ground term of the f11 configuration is primarily 
4I

15
; 2 . Spin orbit coupling will mix

4
other L-S states and, in the case of f11, lower the Lande g 

va ue from that expected for a pure I 1<;;2 • but Jwill remain a good quantum number. For the 
purposes of this discussion we assume llie crystalline field does not mix in other J levels. A cubic 
crystalline field will split a J = 15/2 state into three r8 quartets and two doublets, a r6 and r7. 
For the likely values of the crystalline field parameters, B4 and B6, either the r6. or T'7 doublet 
should be the ground crystalline field state. If we assume E 1 >> gi3H, where E 1 is the energy of 
the first excited crystalline field state relative to the ground state, we may then predict the g val
ues of the possible ground doublets. 

Powdered CaF2 (:::: 3 mg) to which had been added 2 wt o/o PbF2 was placed. in the center of a 
spectrosco~ic-g,rade carbon rod in which a small hole had been drilled. Approximately 6 f.Lg of 
purified 25 Es +(t1/.2 = 20.5 days) in a volume of"" 1 X. HCl was pipeted onto the powder. 7 The 
carbon rod was attached to two electrodes, the apparatus was evacuated, and current was passed 
through the rod until the CaF2 powder was observed visually to coalesce. The current was imme
diately turned off, and after cooling for approximately 10 min the CaF2 crystal, now ""a 1 mm 
sphere, was removed. The crystal was colorless after annealing, but in approximately 1 hour 
turned medium red, and in about 3 to 4 hr was· dark red or black due to radiation damage. The 
amount of Es that was incorporated in the crystal is unknown, but from radiation surveys of the 
carbon rod and crystal it was estimated that not more than 3 f.Lg was contained in the crystal, and 
the actual amount Wight be much less. The radiation-induced emission of this crystal will be re
ported separately. 

The EPR spectrum of this crystal was taken at a frequency of"" 35 GHz and T = 4.2• K. An 
isotropic eig_gt-_!ine SE_e£.!rum was found which can be fitted to the parameters of a spin Hamilto
nian JC = gl3 H ·S' +A I· S', with I = 7/2 and S' = 1/2. Because of ~e large hyperfine interaction, 
spin levels were mixed and the energy expression given by Sabisky was used to determine the 
parameters; the values obtained were I gl = 5.809 ±0.005 and IAI = (0.1216±0.0001) cm-1. The 
line widths were initially about 20 gauss peak to peak (the first spectrum was obtained about 1 hour 
after annealing the crystal), but continually broadened due to radiation damage of the crystal, and 
8 h after annealing the spectr.um was too broad to observe. The calculated g value for the r6 
state is - 6.0, which is in reasonable agreement with the experimental value when effects of spin
orbit coupling and covalency are considered. An analysis of the hyperfine- coupling constant is 
now under way in order to evaluate the nuclear moment of 253Es. 

The results of this investigation show that dipositive Es is more ~eadily stabilized in CaF2 
than the earlier actinides (excepting Am). This evidence supports the earlier work, which pre
dicted that the heavier actinides should have chemically stable dipositive oxidation states. 
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SPECTRA OF Es IN CaF 2 
John G. Conway, N. Edelstein, D. K. Fujita, and R. McLaughlin 

A crystal of CaF2 containing about 0.1 wto/o Es was prepared by melting the materials together 
in a carbon resistance furnace. Three mg of a mixture of optical-grade CaF2 and 2 wt o/o PbF2 
were used, which produced a spherical crystal of about 1 mm diam. The Es was added to the mix
ture in hydrocholoric acid solution after being purified by a series of cation-exchange columns. 
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The spectra were recorded by use of a Jarrell-Ash 3/4-meter model 75-000 spectrograph. 

The crystal was radioluminescent, and was definitely more .reddish in appearance at liquid 
nitrogen temperature than at room temperature. The spectral difference between liquid nitrogen 
and room temperatures was very pronounced. At low temperature the spectrum consists of a few 
relatively sharp lines superimposed upon a continuum which extends from 590 to 670 nm. At room 
temperature the lines disappear and the continuum extends from 560 to 700 nm. The sharpening 
of the broad- band continuum is responsible for the color change observed when the temperature of 
the crystal is lowered. A tracing of the low-temperature spectrum is contained in Fig. 1. 

With the crystal at liquid nitrogen temperature a search was made for sharp absorption lines, 
but none were found. Intense continuous absorption was observed which started at 410 nm. 

These spectral results are consistent with the finding from EPR measurements 1 that Es is 
present in the divalent state in this crystal. The intense absorption at 410 nm represents a tran
sition to a f1° d or charge-transfer state. The broad-band emission results from a transition 
from this state to an excited state of the f 11 configuration. The relatively sharp f11 transitions 
become more intense at low temperature. The wavelengths of these lines are ~ive;r in Table I. 
Similar effects have been observed in CaF2 crystals that contained divalent Sm +. 

253Es decays with a half-life of 20 d into 314-d 249Bk. It is to be expected that the radiolumi
nescence spectrum will be affected by this transformation of Es atoms into Bk atoms. Figure 1 · 
compares the spectrum taken 10 days after Es purification with the spectrum taken 73 days after 
purification. The most reasonable explanation of these data is that the spectral features which 
grow in at 680 nm represent transitions associated with the Bk ion. The wavelengths of these 
lines are given in Table II. The decay of the spectral features associated withEs is also apparent~ 
In order to verify these results the investigation of a more concentrated CaF2 :Bk crystal is 
planned. 

Table I. 
in A. 

Es radioluminescent lines; wavelength Table II. Bk radioluminescent lines: wavelength 
in A. 

S,= sharp 

5877.4 
5902.2S 
5927.8 
5958.4 
6022.0 

6200.6 
6244.2S 
6255.2 
6364.4 
6381.0 

1. N. Edelstein, unpublished work. 
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Fig. 1. Radioluminescence of CaF2:Es. Upper 
curve displays the emission spectrum 73 days 
after purification of the Es; lower curve displays 
the spectrum 10 days after purification. 

(XBL 701- 2250) 
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THERMOLUMINESCENCE OF ACTINIDE IONS IN" CaF2 

J. J. Stacy, R. McLaughHn, N. Edelstein, and John G. Conway 

600 

The thermoluminescence of lanthanide ions incorporated in CaF2 has been studied by Merz and 
Pershan. 1 Each of the crystals was irradiated at 77• C and its temperature subsequently raised 
to above room temperature. During the heating process the crystal emits the characteristic spec
trum of the trivalent ion. The intensity of the thermoluminescence changes with temperature, and 
all the lanthanides have peaks at the same temperature. Thus the thermoluminescence spectrum 
is a function of the host lattice and not of the dopant ion. Irradiation of the crystal causes divalent 
ions and holes (electron-deficient centers) to form in the lattice. As the crystal is warmed these 
holes recombine with the divalent ions and form an excited trivalent ion which thEm fluoresces. 
The temperatures at which different peaks occur are characteristic of different types of holes that 
can exist in CaF2. 

We have performed a similar set of experiments on actinide ions incorporated in CaF;t· Am 
in CaF2 is similar to the lanthanides in that it forms the divalent state upon'{ irradiation; how
ever, Np(3), Pu, and Cm(4) form the tetravalent state upon'{ irradiation. Thus the irradiated lat
tice containing the tetraval,ent ion should contain electron traps rather than holes. 
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CaF2 crystals containing from 0.05 to 0.30 wt o/o of dopant ion were '{-irradiated in liquid nitro
gen and slowly warmed to room temperature by means of an adjustable flow of nitrogen gas. The 
light emitted was recorded by a photomultiplier and plotted as a function of temperature. The re
sults are given in Table I. The temperature peaks are affected slightly (±3°) by differences in con
centration, method of crystal growth• and heating rate (within the range 0.5 to 5.0 co /min). The 
emitted light in all cases is characteristic of the trivalent ion. We had difficulty detecting the weak 
infrared thermoluminescence of Np, hence it is not included in the table; however, in the following 
discussion we assume that it behaves the same as Pu and Cm. 

From Table I it is apparent that the thermoluminescence peaks occur at the same temperature 
for all the dopant ions. The most obvious explanation is that the divalent actinide is formed upon 
'Y irradiation, and the mechanism for thermoluminescence is the same as that proposed by Merz 
and Per shan; 1 however, this is not true for the actinides. When Np, Pu, and Cm are irradiated 
at 77° C, broad absorptions occur in the visible and near-infrared regions. Since these absorp
tions occur at approximately the same wavelength for all three ions (as shown in Table II), they 
could not be the intense f-d transitions expected for divalent actinides, and must instead be due to 
color centers. Hence it is unlikely that the divalent actinide is formed upon 'Y irradiation. We are 
currently investigating other explanations for the"thermoluminescence of these actinides. 

Table I. Temperature peaks in the thermolumi- Table II. Absorption maxima in trivalent acti-
nescence spectra of some lanthanides and acti- nides upon 'Y irradiation. 
nides in CaFz. 

Dopant TemEeratures of Eeaks (o K} DoEant Ion 
ion ..1.L __jf_£_ ~ .J!.i_ ....fi2_ 

NE Pu Cm 
Tm 136 178 241 263 
Er 140 183 206 246 272 A (A) 5800 5800 5300 
Ho 139 176 205 443 271 A (A) 8100 7800 
Am 141 192 248 \( J.L) 1.05 1.07 1.06 
Cm 145 216 242 267 
Pu 141 190 213 238 261 
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.. 
A STUDY OF PROTACTINIUM OXIDE WITH THE MOSSBAUER EFFECT 

D. Quitmann, t R. Dod, and N. Edelstein 

The 84.2-keV state in 2i 1
1 Pa has a half-life of 41 nsec and is therefore well suited for Moss

b~uer studies, with the limitation that they require milligram amounts of the compounds of 
2 1pa (t1/2 = 32 500.yr). Protactinium is of partic~la.r interest since it occurs a~ Pa5+(sf0), 
Pa4+(sf1), and possibly Pa3+. Croft, Stone, and Pilhnger1 have observed the Mossbauer res
ona~ce in _poth PazOs and PaOz, as a broad unresolved line with 231Th02 as the source. The 
3/2 - 5/2 E1 transition has 12 components if totally split, and five for axial quadrupole splitting 
(intensities 10:9:6:4:1). We decided to repeat the experiments by Croft et al. with well-charac
terized absorbers and sources. The M6ssbauer spectrometer used has been described by Faltens? 

From samples of 
2
igTh (about 1m!, purity 92o/o), 231 Th was produced by irradiation at 

ZX 1014 n/cm2 sec. Count rates of 10 /sec were obtained for the 84-kzJ'{J line when a Ge(Li) detec-
tor, was used, with a peak-to-background ratio of about 10. We used ThOz and 230Th metal 
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as. sources. The latter was expected to re.sult in an unsplit source. It was produced by reduction of 
ThF 4 with Ba metal. Th~ x-ray-diffraction powder patterns of both sources agreed with that oJ 
standard samples .. The Z 1pa was separated from its decay products by standard procedures. • 4 
Protactinium forms a series of oxides with different structures and with composition PaOz.o ... z.s~ 
A Pa hydroxide precipitate was fired at 750-800° C in air to produce PazOs. This sample gave 
an x-ray diffraction pattern from which 40 lines were measured. Of these measured lines, ZS 
'¥ere indexed on the basis of a tetragonal structure with a 0 = 5.434 ± 0.001 A and c 0 = 5.49 6 ± 0. OOZ 
A. Six of the remaining lines were too diffuse to be measured accurately, but could be indexed on 
the basis of the assigned structure. There were nine low-angle, low-intensity lines which were 
not indexed. The lower oxide, PaOz, was obtained by treatment of PazOs in Hz at 1540° C for 1 hr. 
Of the Z6 lines mea.sured from the x-ray diffraction pattern of this oxide, ZZ were indexed on the 
basis of a cubic structure with a 0 = 5.490 ±0.001 A. The other four lines were again low-angle 
and low-intensity lines and ~ould not be indexed. 

A small pill of the oxides was pressed (33 mg, 3 mm diameter) and measured in a close geom
etry (angular spread about 6 deg, absorber moving) at 4.zo K. 

One of the spectra is reproduced in Fig. 1. The effect observed is increased by a factor of 
five, and a broad double-line structure is ver.y clear; otherwise the spectrum agrees with the re- · 
sults of Croft, Stone, and Fillinger. No spectrum showed more structure. A fit with two Lorentz 
curves was made; the results are presented in Table I. The Th metal source seemed to yield a 
smaller line width. No isomer shift was detected between Pain ThOz and Pain the metal (..;;Q.OS 
em/ sec). 

We feel that radiation damage within the absorber is of little or no significance. However, 
the lattice parameter for our sample of PaOz is slightly smaller than for the stoichiometric PaOz. 
This indicates the presence of interstitial oxygen, 5 which might cause the spectrum to broaden 
and become unresolvable. Further work should be done with other Pa compounds and Pa metal. 

Table I. Summary of the averaged parameters obtained by fitting two Lorentz lines to the PazOs 
spectra. The errors quoted include an estimate of the uncertainty of the fitting procedure. 

Source Counts Effect Position FWHM Effect Position FWHM 
Channel ~ (cm[Bec) (cmisec) ( o/o) ~cm[Bec) (cm[Bec) 

Pa in the ThOz 1.4X 10 6 o.sz -0.83 1.6 o.sz +0.84 1.6 

1.1X10
6 

(3) ( 10) ( 4) ( 3) (9) (6) 
o.zs -0.93 1.1 O.Z7 +0.89 1.1 Pa in Th metal 
(Z) (11) ( 4) ( z) (4) (3) 
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veoloclty in cm/seoc 

Fi~. 1. M6ssbauer absorption spectrum of 
23 Pa2o 5 ; the source was ThOz; temperature 
4.2° K. (XBL 701-223) 

DIFFUSION OF LITHIUM IN TUNGSTEN 

F. L. Reynolds 

The use of a mass spectrometer for investigation of diffusion phenomena was first su~gested 
by McCracken and Love. 1 A second paper by the same authors appeared two years later. Both 
papers were on the diffusion of lithium through tungsten. In their experiment a deposit of lithium. 
about 100 atoms thick, 0.3 mm in diameter, was made on the backside of a tungsten ribbon fila
ment. The filament was 1.0 mm wide and 0.03 mm thick. After the sample was deposited, the 
lithium diffused through the filament, evaporating from the front side as ions, and was detected 
with a mass spectrometer. 

Both these papers left some doubts concerning the conclusion that diffusion through the bulk 
filament was the only transport mechanism. Two questions did concern the authors: 1. Did lith
ium remain for a finite lifetime on the filament? 2. What was the possibility that surface migra
tion affected the results? They concluded that the resident lifetime of lithium on tungsten could af
fect the results below 1400° K, and that surface migration was not a problem in their experiment. 

Surface migration rates are certainly several orders higher than volume diffusion through the 
metal. Also, the edge of the ribbon filament is no barrier to this migration. In Refs. 1 and 2 the 
experimental description leads one to believe that data were taken immediately after shutting off, 
or turning on, the sample beam. In Ref. 1, data were obtained from the rate of rise in the lit]:lium 
emission; in the later paper data were taken after a steady state had been reached and the primary 
beam switched off. The subsequent decay current was measured against time. The authors were 
certainly aware of the possible migration on the surface, for they increased the filament width by 
a factor of two, which did not change the experimental results. To be conclusive, the filament 
width would have to be orders of magnitude larger, which of course would be impractical. 

Interest in the diffusion of small samples through refractory metals was prompted by the pos
sibility of the method as a surface ionization source for mass spectrometers. The sample might, 
for example, be added to a sealed capsule and heated to surface ionizing temperatures. The rate 
of lithium diffusion through tungsten looked remarkably good from the data given in Refs. 1 and 2. 
Recently Schw4gler and White have used this method to study the diffusion of uranium in turigsten,3 
and Cuderman made an ion source for potassium by diffusing potassium metal through a tantalum 
foil membrane. The very large diffusion constants given by Love and McCracken for lithium 
through tungsten seemed worth while redoing by perhaps modified techniques, which is the purpose 
of this report. 

Numerous experimental attempts were made to incapsulate trace amounts of lithium metal in 
tantalum tubes sealed off by a helium arc. The lithium metal in the quantities used would attack 
the thin-wall tubing (0.001-in. wall, 0.040-in. diam). This evidence of attack made the data incon
clusive. Tungsten tubing was also tried, but small cracks developed in the vapor-deposited tungs
ten tubing. For these experiments the detection mass spectrometer was a quadrupole type, which 
was not very sensitive to small beams. When a higher-sensitivity magnetic mass spectrometer 
was employed it was found that sufficient lithium existed as an impurity in the tungsten. This 
method e\l.iminated the possibility of surface migration, since all the lithium had to come from the 
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bulk metal. 

Several tungsten filaments were run, and the decay of 
7 

Li beam with time at various filament 
temperatures was followed. The temperatu:re ·range studied was from 1200 to 1700 °K. Since 
the amount of Li in the tungsten is small, the measured diffusion coefficients were not influenced 
by the Li concentration. From emission spectrographic assay, there was less than 1 part of Li 
to 107 W, which was the limit of detection. The emission of 7Li was followed in four tungsten fil
aments, starting at the lower temperaturis and increasing the filament temperatures by arbitrary 
steps. No attempt was made to compare Li with 7 Li in these determinations. 

The diffusion constant was calculated from the slope of a plot of the natural logarithm of the 
7 Li ion cur rent against time. As pointed out, when the solute concentration of !-1i as impurity in 
the W is small, the diffusion can be described according to Schwegler and White by Fick' s laws, 

(1st law) and z I z 
dC(x, t) = - D d C(x, t) dx (2nd law), 

where J is the solute flux, C the solute concentration, and D the diffusion coefficient. 
Their soiutfdn to Fick' s second laCJrfJr impurity evaporation from a thin plate gives the solute 
concentration as a function of position in the filament and evaporation time~ 

00 h . 
2 \ . · mrx -D1r

2
n1Tt s . n1rx1 

c(x, t) h L Sln h exp( hz ) f(x') Sln -h- dx' 

n=1 0 

where x = distance through the filament, t = evaporation time, h =total thickness of the filament, 
n = any positive integer. In deriving this equation they assumed that the initial solute concentra
tion, f(x), is expandable in terms of a Fourier series 

00 

f(x) = L 
n=1 

and a 
n 

h 

t s . n1rx1 

f(x') sm -h- dx = constant. 

0 

The solute atom flux at the filament surface becomes (e. g., at x = 0) 

00 h 

ti exp- s n1rx 1 

f(x') sin -h- dx, 

n=1 0 

which is reduced to 

00 

J(O,t) =A L exp- A being a constant. 

n=1 

This is for a thin slab, such as a filament whose thickness is less than 16 Dt. 5 By combining 
the above equation with the Saba-Langmuir equation, a portion of the flux is ionized according to 

where <j> = the work function, Ip = ionization potential, k = Boltzmann's constant, g +I g
0 stant, and T = o K. The detected solute ion current becomes 

+ z I z I = A 1 exp (- 1r Dt h ) . 

con-

Thus a plot of ln I+ against time gives a slope= d ln I+ldt = -1r
2
Dih2 , or the diffusion coefficient 

D = -(slope X h 2)11T2 . 
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By determining D for various temperatures the relation between D and the temperature can 
be obtained. Shewmon6 gives this relation as 

D = D
0 

exp(-Q/RT), 

and exl?erimentally Do and Q are obtained by plotting ln D against 1/T, the slope 
d ln D/d(1/T) = - Q/R, and ln Do is given by the intercept at 1/T = 0; Q is the activation energy. 

The results presented here differ from those obtained by Love and McCracken. As shown in 
Table I, the values for the diffusion coefficient, especially above 1400 o K, are in some determina
tions smaller by three orders of magnitude. About the only way to account for this difference is if 
surface migration is one of the transport mechanisms in their experiments. 

Table I. 

Mass spectrometrically determined diffusion coefficients of Li in polycrystalline W. A compar
ison with data from Love and McCracken is given. 

Filament D. C~efficilnt Filament D. Coefficient 
(o K) (em sec- ) (o K) (cm2 sec-1) 

1193 4.90 E-10 1111 9.0 E-9 
1176 3.9 E-8 

1215 3.33 E-10 
1220 3.41 E-10 1250 1.5 E-7 
1251 8.17 E-10 Ref; 1 
1251 5.41 E-10 
1274 4.30 E- 10 
1276 3.99 E-10 1333 5.8 E-7' 
1425 1.36 E-9 1428 2:5 E-6 

1483 3.0 E-9 1400 r-2 E-] 1582 5.8 E-9 1450 2.0 E-6 
Ref. 2 

1591 2.0 E-9 1500 3.0 E-6 
1475 2.8 E-6 · 

·The results shown in Fig. 1 have considerable scatter, and only an estimate of the activation 
energy can be obtained from this plot. The best-fit line gives a value of 0.8 eV, which is again 
not in accord with Ref. 2, their value being 1.8 eV. However, in calculating data from Ref. 2, a 
value of 2.86 eV was obtained from their Fig. 5, which compares to 2.42 obtained in Ref. 1. 

From these data it would seem that the diffusion of Li through W is indeed slower than indi
cated by the work of Love and McCracken. From a practical viewpoint the method may not be so 
attractive for a surface ion source based on the diffusion of the sample through a thin metal mem
brane. It is still of considerable interest and will require further experimental investigation. 
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Fig. 1. The diffusion coefficient of 7 Li in 
polycrystalline tungsten as a function of tem
perature. (XBL 701-2096) 

I/TXI04 

A SURVEY OF METASTABLE PEAKS IN SOME COMPOUNDS 
CONTAINING N-N AND NO GROUPSt 

AmosS. Newton, A. F. Sciamanna, and Thomas Starr 

The formation from N20 and N02 of metastable states of the ions (N2 +)* and (NO+)*, 1 which 
dissociated with the same half-life as the same metastable ions formed from N2 and NO gas respec
tively but with differing kinetic energy release, suggest~d that other sources might yield data that 
would contribute to understanding the nature of the crossing states responsible for the metastabil
ity of these diatomic ions. 

Compounds surveyed that contained N-N bonds were hydrazoic acid, diazomethane, and azo
methane. The mass spectra of HN3 and CH2N2 contained metastable peaks at (M/q)* == 7.00 that 
were identical in shape to the peak observed in the mass spectrum of N2. Appearance potentials 
and the shapes of the excitation curves of the (M/q)* == 7.00 peak in HN3 and CH2N2 showed the 
metastable ion to arise from Nz gas in each case. These labile compounds decompose in the mass 
spectrometer ion source to yield N2, which is then excited by the electron beam. 

Azomethane, CH3NNCH3, showed no metast.r,~le peak at (M/q)* == 7.QO, so this molecule ion 
does not fragment to the metastable state of (N2 ) . Metastable ions were observed at the appar

. ent masses 7.33, 9.59, 10.33, 11.27 (intense peak), 16.7, and 31.9 (intense peak). 

* · Dimethyl nitrosamine, (CH3~2NNO, was surveyed for occurren~e of (M/q) .== 8.53 from the 
metastable dissociation of (NO+) . Only a very small peak at (M/q) == 8.53 was observed, and 
the intensity was too low to investigate. The compound is, however, extremely rich in metastable 
peaks, and such peaks were observed at the apparent masses 4.66, 4. 78, 5.38, 5.96, 7.38 (very 
intense), 8.03, 9.57, 10.32, 11.25.16.8, 17.9, and 36. 7. Some of these peaks are explainable only 
as the result of very unusual rearrangements, and need further study. 

Footnote and Reference 
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METASTABLE PEAKS IN THE MASS SPECTRA OF N
2

0 AND N0
2

. II. t 

Amos S. Newton and A. F. Sciamanna 

A recent study 1 has shown both N2 +and NO+ formed by electron impact on N 2 and NO respec
tively to possess metas1f.bJe states which dissociate by delayed unimolecular processes. Previous 
studies on N20 and N02 ' showed these molecules to be excited to metastable io~ic states by elec
tron impact. The product ion of their respective metastable dissociations was NO . 

With increased sensitivity of detection, and other modifications 1 of our mass spectrometer 
(CEC Model 21-103B), a reinvestigation of these molecules has shown the presence of other meta
stable peaks as represented in Figs. 1 and 2. The metastable transitions now identified in the 
mass spectrum of these molecules are shown in Table I, together with the energetic data and half
life data which were determined for each of these transitions. 

The transitions were shown to be unimolecular, since a plot of peak sensitivity vs pressure 
showed a large nonzero intercept for each, as shown in Figs. 3 and 4. 

The appearance potentials (AP) and the values of kinetic energy release in each of the meta
stable transitions were determined as described previously. 1 The half-lives were determined by 
comparing discrimination curves for the ion-accelerating voltage with calculated curves for each 
respective transition. This method is a~licable to transitions of very short half-life (< 0.3 f.LSec). 
The results for the apparent mass (M/q)' = 20.45 from N20, as shown in Fig. 5, indicate the pres
ence of two half-lives of "'0.09 and >0.3 f.LSec. A value of < 0.2 f.LSec was previously cited for this 
transition, 2 and Coleman et al. 3 found t1/2 = 0.54 f.LSec, but did not observe the short-lived com
ponent. This same method was also used to determine the half-lives for the metastable dissoci
ation of (NO+)* from NO, N20, and N02 sources, as shown in Fig. 6, and for the dissociation of 
(Ni)* from N2 and N20 sources, as shown in Fig. 7. By the method of Berry, 4 corrections were 
made (when necessary) for initial kinetic energy arising from fast fragmentation processes in the 
ion source. The half-lives of the respective metastable ions are shown to be constant regardless 
of source. The kinetic energy release in the metastable transition, as shown in Table I, is a func
tion of the source of the metastable ion. 

The half-life for the metastable dissociation of N20+2 was determined by the disappearance of 
the parent M/q. = 22 peak ::'192 increasing transit t~me from for!U_fii~ in the i_on source. to the. col
lector (proportional to VA ), as was done prev10usly for C02 . Expenments us1ng a h1gh·" 
resolution mass spectrometer with a long transit time ("' 6. 7 f.LSec) showed go N2o+2 ions to exist; 
The M/q = 22 peak under these conditions consisted solely of C02 +2 'ions. We conclude that no 
stable N2o+2 ions exist and that the background of the long-lived M/q = 22 in Fig. 8 is due to 
C02+2 . 

For each transition the appearance potential was calculated by summing the bond energy, the 
ionization potentials to the respective charged fragments, and the kinetic energy .release, T, in 
the dissociation. The agreement was within experimental error except in those cases iri whic~ the 
metastable species arose via a fast dissociation process in the original molecule, e. g.; (N2 +) · 
from N20, where the difference between observed and calculated appearance potential is 1.3 eV. 
This difference is attributed to initial kinetic energy release in the fast fragmentation process. 
This assumption was proven by stugying the ~eiative- repeller cutoff potentials of the metastable 
ions from each source. For (N2 +)···and (NO ) ·' from N20 the values found for the initial kinetic 
energy release were 1.4 and 2.2 -•rV, respectively, compared to the energy deficits of 1.3 and 2.3 
eV shown in Table I. For (NO+)" from N02, the observed value was 3.4 eV of initial kinetic ener
gy release, much higher than the expected value of 1.3 eV in Table I. No explanation of this lack 
of agreement was found. 

In N2o+2 no initial kinetic energy is possible, so the difference between the observed and cal
culated appearance potentials must be in radiative energy loss. An allowed radiative transition of 
1.3 eV would have approximately the 0.46-f.Lsec half-life observed for the metastable transition. 
It is therefore postulated that the ground state of N2o+2 is a dissociative state, and the metastable 
lifetime is the radiative lifetime to this state by cascade processes from higher states. 

The metastable dissociations of (N2 +)* and (NO+)* were previously ascribed to forbidden 
intersystem crossings to dissociative states of the respective molecule ions (predissociation). 
The energy balance precludes slow radiative processes to dissociative states, and the equality of 
half-lives from the various respective sources precludes tunneling mechanisms. The equality of 



Table I. Energetics of fol'mation of various ionic species and half-lives of metastable transitions in the mass spectra of 
N 20, N0

2 , NO, and N 2 . 

Mol- (M/q)* Transition 
ecule ______ ----~----~---

No+ -+NO+ +N N 20 20.45 

8.53 
7.00 

N02 

N2 

NO 

8.91 

22.00 

7.00 

8.00 

19.57 

8.53 
7.00 

8.00 

7.00 

8.35 

2 

NO+ -+0+ +N 
N

2
+ -+N+ +N 

N 0++-+ NO+ +N+ 
2 

No++ 
2 

N++ 

0++ 

NO + -+NO+ +0 
2 

NO+ -+0+ +N 
N++ 

o++ 

N + -+N+ +N 
2 

NO+ -+0+ +N 

AP 
(eV) 

15.7 ±0.5 

27.5 ±.0.5 
27.5 ±0.5 

36.5 ±0.5 

36.4 ±0.5 

57.1±1.0 

60.5±1.0 

12.6 ±0.3(w) 

24.6±0.5 
51.5 ± i(w) 

52.1±ri(w) 

d (24.9 ±0.3) 

(20.2 ±0.2)d 

Breaks 
(eV) 

19.5 

32 ± 1 
37 ± 1 

64.4 
72.6 

74.8 

14.1 ±0.3(s) 
15.6±0.3 
30 ± 1 
65.0 
71.0 
69.3 
75.5 

Standard 

H + 
2 

He+ 
He+ 

Ar++ 

Art+ 

Ne ++ 

Ne++ 

H + 
2 

He+ 
Net+ 

Ne ++ 

He+ 

He+ 

T 
(eV) 

1.05 ±0.05b 

0.13 ±0.03 
0.20 ±0.05 

ti/2 
(IJ.sec) 

~ 0.09 
~0.03 

~0.18 
~0.15 

Calculateda 6AP(eV) 
AP (eV) (obs-calc) 

15.23 0.5 

25.16c 
26.18c 

2.3 
1.3 

6 5 +0.2 
. -0.5 0.46±0.05 35.20 1.3 

b 
( 1. 1)b 
(0.5) 
0.13±0.03 

b 
(0.7)b 
(2.5) 
~0.18 

(0.55 ±0.10)d ~0.15 

{0.04 ±0.02)d ~0.18 

49.08(+NO) 
55.56(+N+O) 

50.44(+N2) 
60.19( +N+N) 

12. 86('r=o. 5) 

23.35c 
48.65(+02l 
53.73(+0TO) 
51.88(+NO) 
58.35(+N+O) 
24.85 

20.14 

1.3 

0.0 

0.0 

a. AP calculated to the lowest dissociation limit. Figure includes measured kinetic energy release of the metastable 
transition. 
b. Data taken from Reference 1.. 
c. Figure does not include any initial kinetic energy of the fast frag~entation process. 
d. Data taken from Ref. 2. 
s = strong onset. 
w =weak onset. 

~ .. 
~ 
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half-lives of each respective species with change in T from various sources also puts severe re
straints on predissociation mechanisms, especially for (N2+)* from N2 and from N20. Here the 
gross inequality in T(0.55 and 0.20 eV respectively from the two sources) precludes the normal 
intersystem crossing on the right side of the potential energy diagram. A difference in energy of 
thisamountwould cause a marked change in transition probability with energy above the crossing 
point. A crossing on the left side is possible, and in this case, owing to the parallel nature of the two 
curves, little· change in transition probability with ch_r,nge in potential energy is expected. 7 A sec
ond possibility is that only a small portion of the (N2 )*undergoes predissociation, and this is in 
competition with radiation to a lower state. The radiative transition probability from the excited 
level would then be the rate-determining step. The data do not allow one to eliminate this possi
bility. 

Footnote and References 

tCondensed from J. Chem. Phys. g, 327 ( 1970). 
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4. C. E. Berry, Phys. Rev. 78, 597 ( 1950). 
5. A. S. Newton and A. F. Sciamanna, J. Chem. Phys. 40, 718 (1964). 
6. The authors thank Dr. R. M. Teeter of the Chevron Research Company for these measure
ments. 
7. J. Calvert and J. N. Pitts, Photochemistry (John Wiley and Sons, Inc .• : New York, 1966), 
pp. 185-89. '. 
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Fig. 1. Mass spectrum of N20 in the mass 
range of M/q = 6 to M/q = 10.5. MVA= 22 200; 
inlet pressure = 400 fl· Curve A: ~e- = 100 + 
0.0058 VA; curve B: M/q = 6~. 7, V _ = 31 + 
0.0058 VA; M/q=7.7-10.5, Ve- =51+«(i.0058 
VA" (XBL 695"'-522) 
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M/q 

Fig. 2. Mass spectrum of N02 in the mass 
range M/q = 6.5 to M/q = 9.5. MV A= 22 620, 
V _ = 100 +0.0058 VA' inlet pressure= 100 fl· 

e (XBL 695-517) 
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Fig. 4. Variation of peak sensitivity with in
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THE METASTABLE DISSOCIATION OF THE t 
DOUBLY CHARGED CARBON MONOXIDE ION 

( 

AmosS. Newton and A. F. Sciamanna 

In 1932 Friedlander* Kallmann, Lasareff, and Rosen 1 observed peaks at apparent mass 
(M/q)* = 10.3 and (M/q) = 18.3 in the mass spectrum of CO, and attributed their occurrence to 
c+ and o+ ions respectively from the metastable dissociation of co+2. The mechanism was P.OS
tulated to be a ~unneling process. Hipple2 failed to observe the metastable dissociation of co+2, 
but Ku~riyanov observed the metastable process while studying the collision-induced dissociation 
of co-f . Kupriyanov concurred that tunneling was the probable mechanism, and set limits of 
400 >t1/2 > 2 f!Sec for the half-life. 

Metastable ions in the mass spectrum of CO have again been investigated by use of a Dempster
type mass spectrometer, CEC-Model 21-103B, that had previously b4eg modified to increase the 
pumping speed, amplifier sensitivity, and other operational factors. ' In this study one further 
modification was made, to increase the range of voltage that could be applied to the metastable 
supressor to a value of Vmss (the metastable supressor voltage) as high as 1.35 VA (the ion
accelerating voltage). 

In Fig. 1 is shown the mass spectrum of CO in the mass region M/q = 9 to M/q = 22. Included 
are the only two metastable peaks observed in the mass spectrum of CO, the broad peak at (M/q)* 
:: 10.3 and a broad peak at (M/q)* = 18.3. These are the expected apparent masses for the product 
ions of the transition, 

10.287, 
18.287. 

( 1) 

In addition there are a broad front and back on the M/q = 14 peak. In Fig. 2 the mass region 
from M/q = 13 to M/q = 20 is shown with a metastable supressor voltage at the collector of 
Ymss = 1.065 VA" Here all normal peaks are reversed (due to secondary negative particles pro
duced in the collector); the front rise on M/q = 14 is eliminated but the back rise and the peak at 
(M/q)* = 18.3 are still present. 

In Fig. 3 these peaks are shown to be essentially linear with pressure, hence to arise from 
unimolecular processes. In Fig. 4 the appearance potentials (AP) of these peaks and of M/q = 14 
are shown to be equal and of identical shape. The AP compared with that of Ar+2 = 43.39 ev6 're 
all in the range 41.5 ±0.4 eV, in agreement with the previous value from Dorman and Morrison of 
41.7 ±0.3 eV and with the range of values calculated by Hurley8 (41.2 to 42.8 eV). 

* In Fig. 5 are shown the metastable supressor cutoff curves of the peaks at (M/q) = 10.3 and 
18.3. From these curves the kinetic energy release in the dissociation was found to be 5. 73 and 
5. 7 6 eV respectively. A value 5. 75 ±0.2 eV is consistent with the precision of the method. 

The half-life of the metastable dissociation was estimated by two methods. First, was that 
used to estimate the half-lives of C0 2 +

2 (Ref. 9) and N2o+2 (Ref. 10), in which what was mea
sured was the disappearance of the parent ion with time of transit between formation in the ion 
source and the collector. This is accomplished by comparing the ion-accelerating voltage dis
crimination curve of the parznt co+2 ion with that of a stable doubly charged ion of about the same 
M/q value. The parent co+ at M/q = 14 was compared with Ne+2 at M/q = 10. This gave a half
life for co+2 of 20 ± 10 f!Sec. A second method used was to integrate the total ion current in the 
M/q = 10.3 feak, correct this for kinetic energy discrimination at the collector slit by the method 
of Berry, 1 and use this figure to calculate the decay rate in the equation 

l>N ::::: dN = X.N 
l>t dt . (2) 

In Eq. 2, N was taken as the ion current in the M/q = 14 peak a!fd the time b.t was taken as the 
transit time for 8 em ~ath length beyond the collector in which C ions from the decay are formed 
in collectible orbits. 1 This yielded a value t1/2 = 18.3 f!Sec. A reasorable evaluation of these 
respective values is 20 ± 10 f!Sec for the half-life for dissociation of co+ Both these values as-
sume that all co+2 formed and accelerated out 6f the ion source dissociate with this half-life. 
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There is no evidence from our studies that any CO+Z ions are appreciably more stable than in
dicated by the 20-f.Lsec half-life. 

This long half-life and the near equality in M/ q of C +, 0 +, and CO +Z l~ad to the side bands 
on M/q = 14 in Fig. 1. After traversing approximately 90 deg of the 180-de~ trajectory in the 
analyzer tube, cf ions from the dissociation are .collectable at masses < Mjq = 14, and o+ ions 
at masses > M/q = 14. Metastables withhalf•lives < 1 f.LSec do not exhibit this behavior. 

When a dissociation energy of CO of 11.108 eV and ionization potentials of C and 0 atoms 
of 11.264 and 13.614 eV respectively are assumed, the reaction 

(3) 

requires 35.986 eV at the dissociation limit. Adding the kinetic energy of 5. 75 eV yields an ex
pected AP of 41.74 eV, in essential agreement with the observed value of 41.5 ±0.4 eV. No 
radiative process can be involved. Hurley's co'rrelations8 allow no crossing states of the 3rr 
grou;rd state of co+2. Hence these data are in agreement with the previous conclusions 1, 3 that 
co+ dissociates by a tunneli~ process. Further it is concluded that this tunneling is from the 
v = 0 vibrational level of co+ , since no longer-lived states are observed. In Fig. 6 is shown 
a provisional potential energy diagram of the lowest state of co+2 consistent with t~e data. The. 
barrier was calculated for a half-life of 20 f.LSec by the method given by Herzberg. 1 
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Fig. 1. Mass spectrum of CO in the mass 
region M/q = 9 to M/q = 22. Inlet pressure 
= 200,f.L; focus maximized for the (M/q)* 
= 10.3 peak. (XBL 70 1-12) 

80r---~---.---.~-.----.---.----.---,-, 

r ~o~------(-M/~q-f_=,9~,9~'~----~------~rl 
v !! 0 

-~ ---~-------4--------;--------4-::> 60 ----<t CJ 

~ 
:~ 
·;;; 
c: ., 

en 20 
-"' a ., 
a.. 

(M/q)* = 11.1 .I (sens. X 0.6) 

~---.-.--~4-----~~-----,~----~ 
\(M/ql" = 18.3 • 

I I I I __j_ 

50 100 150 200 

Inlet Pressure in }J. 

Fig. 3. Linearity with ~ressure of the 
(M/q)* = 10.3 and (M/q) = 18.3 peaks in the 
mass spectrum of CO. Focus maximizedfor 
each peak measured. (M/q)* = 10.3 ~eak mea
sured at the shoulder peaks at (M/q) = 9.9 
and 11.1. (XBL 70 1-16) 

218 

13 

M/q 

Fig. 2. Mass spectrum of CO in the mass 
region M/q = 13 to M/q = 20. Inlet pressure 
= 200 f.L; VJT\~ = 1.065 VA; focus maximized 
for the (M;q) = 18.3 peak. (XBL 701-14) 
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L :x;- RAY EMISSION FROM FISSION FRAGMENTS SLOWING DOWN IN COPPER t 

H. R. Bowman and Zeev Fraenkel* 

The purpose of this experiment was to measure the number of fission-fragment inner- electron
shell vacancie~ that are produced during the slowing down of fragments emitted from the spontane
ous fission of 52 cf. A thin (50 f.Lin.) copper foil was used as the slowing-down material, and the 
characteristic fission-fragment L x rays were measured by using a high- resolution ( 180 eV) silicon 
x-ray detector. Previous measurements by Armbruster, 1 using gas-filled proportional counters 
to detect the gross L x-ray radiations from 235u fission fragments stopped in various materials, 
revealed rather high inner-shell ionization cross sections, and indicated that by using a high
resolution-type x-ray detector one might be able to identify individual fragments and hence the fis..: 
sion- fragment chemical yields in a manner that is dependent only on the atomic characteristics of 
the fragments. · . 

Figure 1 shows the apparatus used in our experiment. The fission source, copper foil, and 
fission-fragment detector were mounted on movable arms in a vacuum chamber. The lead shield 
protected the x-ray detector from prompt fission x rays andy rays as well as from radiations 
emitted in the first 2 em of the fragme.J:ft flight path. The fragment-detector holder was construct
ed to shield the x-ray detector from radiation emitted from the fragments after they were stopped 
in the fission detector. The latter shielding was not complete, and resulted in detection of anum
ber of silicon x rays in both the copper-in and copper-out (background) measurements. 

Copper K x rays were detected with the copper target in place and were used along with the 
silicon K x rays to calibrate the system during the runs. The x rays were detected ih coincidence 
with fission fragments and stored in 256 channels of a 4096-channel pulse-height analyzer. 

Figure 2 shows the L x-ray energy distribution emitted from 252cf fission fragments as they 
pass through 50 f.Lin. of copper, Background has been subtracted and the data have been corrected 
for absorption2 in the x-ray detector window ( 1 mil beryllium), the copper foil, and the gold on the 
surface of the x-ray detector (500 flg/cm2). Also shown are the L x rays from natural molybde
num and barium, which were excited by use of an 55Fe radioactive source. 
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The average number of light fragment L x rays observed was about 0.3 per fragment, and 
about 1/3 this number were from heavy fission fragments. Using average values for L x-ray flu
orescence yields2 indicates that more than three L-shell vacancies are created per fragment when 
light fragments pass through the foil, and about 1/5 as many are produced by slowing down heavy 
fragments. 

The lack of structure in Fig. 2 results from the complexity of the individual L x-ray spectra 
and points out the general need for higher- resolution x-ray'- detection systems. The inner- shell 
ionization cross section appears to vary smoothly but rapidly with the fission-fragment energy or 
velocity. 

Probably the next step should be to measure the L x-ray spectra along with the fission-frag
ment masses in a two-dimensional experiment. These data might then be used to determine the 
prompt nuclear charge distributions for different masses in a manner that is independent of the 
nuclear properties of the fission products. 
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Hyperfine Interactions 

BETA-PARTICLE AND GAMMA-RAY ANGULAR DISTRIBUTIONS FROM 
POLARIZED 186Re, 188Re, and 194Ir 

W. D. Brewer t and D. A. Shirley 

The conserved vector current theory of weak interactions (CVC)
1 

predicts, among other things, 
the ratios of certain nuclear matrix elements in first-forbidden beta decays. 2 This prediction is 
embodied in the Fujita-Eichler relation, 3 which relates the matrix elements J ~ and f!. Thus 
the measurement of these matrix elements .is of interest not only for nuclear structure theory but 
also as a possible test of CVC. The matrix elements contributing to a given decay may be deter
mined by the 'analysis of certain observable quantities connected with the decay. These observables 
include: ft values, spectrum shapes, electron polarizations, beta-gamma directional and circular
polarization correlations, and the angular distributions of beta particles from polarized nuclei. 

However, many first-forbidden decays obey the s approximation, and their observable prop
erties therefore all have the characteristics of an allowed decay; hence, these decays are not use
ful for the measurement of first-forbidden matrix el~ments. Another large class of decays obeys 
the unique approximation and the matrix element J Bij predominates, so these decays are also of 
no interest in this connection. Two isotopes whose decays obey neither of these approximations 
are 186Re and 188Re. 4 These decays have been studied by most of the above methods. 5 Unfortu
nately, the spectrum shape is not too sensitive to small variations in the matrix elements, and 
beta-gamma correlations can be used only if the beta decay is followed by a gamma ray. Thus ob
servation of beta-particle asymmetries from polarized nuclei is the most sensitive and generally 
applicable method for study of the matrix elements. 

Accordingly, we have measured the beta-particle angular distributions from 186Re and 
188

Re 
polarized in iron lattices at low temperatures. Similar measurements were made on the decays 
of 194Ir, which has a decay scheme like those of the two Re isotopes but has not been so well studied 
previously. Each of these isotopes has a 1- ground state which decays primarily to the o+ ground 
state in the daughter, but also to the 2+ first excited state, which then emits a gamma ray. The de
cay schemes are shown in Fig. 1. 

The stable isotopes 
185

Re, 
187

Re, and 
193

rr were each put into alloys with iron by melting. 
The alloys were formed into thin foils (2 mg/ cm2) and irradiated with thermal neutrons to make 
the desired activitibs. The foils were then cooled in a nuclear polarization cryostat like that de
scribed by Barclay and the angular distributions of the beta particles were .observed by using 
Ge(Li) detectors inside the cryostat to detect the high-energy electrons. The anisotropies of the 
2+-+ o+ gamma rays were simultaneously observed. The latter give information about the relative 
admixture of the JBi· matrix element in the 1- .... 2+ beta decays, which is needed for the matrix
element analysis. The results are shown in Tables I and II. The observed beta-particle asym
metries are plotted against particle energy in Fig. 2. The angular distribution coefficients A 1 (r) 
and A2 (r) are defined by · 

where W(e) is the relative counting rate (cold/warm) at angle e to the quantization axis (in this 
case the magnetic field used to polarize the iron source foils), B 1 and B 2 are orientation parameters 
which describe the degree of nuclear polarization, and P1 and P 2 are Legendre polynomials. The 
variable r is the ratio of the intensities of the two beta branches at a given energy: 
r = I(i- .... 2+)/I(i- --.. o+). 

The quantity R shown in Table II is the intensity ratio of the two beta multryolarities occur
.E_ing in the 1--+ 2+ decays: R = I(L = 2)/I(L = 1). R is given by 1 - R/1 + R = U2/0.5916, where 
u 2 is obtained by comparing the observed gamma-ray anisotropy with the anisotropy calculated 
for pure L = 1 beta decays and shown in Table II. 



222 

Table I. Beta angular distribution coefficients A1 (r) and A 2 (r). Particle energies are in keV. 

186Re 

Energy A
1 

(r) 

567 .5318 
±5 ±.0033 

619 .5544 
±5 ±.0034 

672 .5805 
±5 ±.0035 

724 .6074 
±5 ±.0036 

777 .6437 
±5 ±.0040 

830 .6809 
±5 ±.0042 

882 . 7228 
±5 ±.0046 

935 . 7804 
±5 ±.0048 

987 .8351 
±5 ±.0053 

1040 .9473 
±5 ±.0064 

W(axial, obs.) 

W(axial, calc. ) 

R 

A
2

(r) Energy 

.0115 1199 
±.0016 ±10 

.0122 1295 
±.0020 ±10 

.0187 1391 
±.0022 ±10 

.0227 1487 
±.0027 ±10 

.0362 1583 
±.0030 ±10 

.0371 1679 
±.0035 ±10 

.0284 1775 
±.0080 ±10 

.0364 1871 
±.0130 ±10 

-.0075 1967 
±.0175 ±10 

-.0714 2063 
±.0200 ±10 

0.828±.005 

1 - .3963 u2 
± .0005 

0.158±.015 

188Re 

A
1 

(r) A
2

(r) Energy 

.6318 .0518 1235 
±.0049 ±.0070 ±10 

.6498 .0436 1340 
±.0050 ±.0115 ±10 

.6658 .0559 1446 
±.0052 ±.0120 ±10 

.6807 .0700 1551 
±.0055 ±.0070 ±10 

.7028 .0730 1656 
±.0056 ±.0088 ±10 

.7180 .0722 1761 
±.0058 ±.0145 ±10 

. 7525 .1008 1867 
±.0058 ±.0130 ±10 

. 7906 .0738 1972 
±.0065 ±.0280 ±10 

.8376 .0570 2077 
±.0075 ±.0400 ±10 

.9237 -.0350 2182 
±.0097 ±.0250 ±10 

Table II 

0.902±.016 

1.0011 - .3725 u2 
± .0005 

0.380±.071 

1941r 

A
1 

(r) A
2

(r) 

.6958 .1058 
±.0111 ±.0223 

.7142 .1229 
±.0114 ±.0283 

.7369 .1257 
±.0118 ±.0295. 

.7516 .1082 
±.0120 ±.0265 

.7749 .1168 
±.0124 ±.0292 

.7964 .1076 
±.0128 ±. 0377 

.8518 .1570 
±.0136 ±.0565 

.9015 .1433 
±.0162 ±.0745 

.9505 .1971 
±.0210 ±.1200 

1.1419 .1952 
±.0330 ±.1500 

0.822±.047 
-.0103 -

1+. 0285 -.2282 u2 

:::.04 

The errors shown in the tables include statistical errors and estimated uncertainties in the ex
perimental geometries and scattering corrections. The results are in general agreement with 
earlier work/ - 1 1 although a smaller A 2 term was found for 188Re than in Ref. 9. The experimental 
accuracy is substantially better than in previous work except for the 194rr gamma-ray anisotropy 
results, 11 whose large errors are due to the presence of two unresolved gamina rays in the spec
trum whose mixing ratios and intensities affect the observed anisotropy of the 328-keV gamma. No 
previous observations of the beta-particle angular distributions from polarized 194rr have been re
ported. 

The conclusions that may be drawn are as follows: the gamma-ray data from the two Re iso
topes indicate a finite admixture of JBij in the 1- -+ 2+ decays in both cases. ·The beta-particle 
data confirm the fact that the s approximation is not obeyed in these decays (the A 2 term is non
zero). The A2 term in both cases appears to reverse sign at high energies, suggesting that it has 
the opposite sign in the 1- -+ o+ transitions than in the 1- -+ 2+ transitions. This could be brought 
about by the J Bij term in the latter transitions. 2 

The gamma-'ray data from 194rr indicate that the fBi· matrix element does not contribute to 
the 1- -+ 2+ decay in this case. This is in agreement with the A2 term in the beta-particle angular 
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distribution, which increases monotonically with energy and thus must be the same in both beta 
decay branches. The large A 2 term in this case indicates that the decays do not follow the £ ap
proximation, in contradiction to an early spectrum shape measu,'i;,ement that gave allowed shapes.12 
Further analysis of the data presented here will allow determination of the nuclear matrix elements 
(or ratios of matrix elements) ff!, J r,,J(lXr,, and JBij and a test of the Fujita-Eichler relation 
for these decays. 
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MEASUREMENT OF THE MAGNETIC MOMENTS OF THE 
MICROSECOND ISOMERS IN 73As AND 206pbt 

D. Quitmann * and J. M. Jaklevic 

Considerable alignment is given to the low-energy high-spin states populated by (a, xn) reac
tions. Without perturbation, the time -integrated angular distribution of gamma radiation emitted 
is described as W(e) = 1 + L: Ak Pk (cos e), k = 2, 4, · · · . The coefficients Ak depend on the 
spins involved, on the multi~ole character of the transition, and on the degree of alignment. If 
one applies a variable static magnetic field H 1 perpendicular to the beam-detector plane, the angu
lar distribution becomes 1 

w(e) - 1 + ~ 
k 1 + 

(cos ke - kw 
1

..,. sin ke), k = 2, 4 ... ' (1) 

where b 0 1 + 1/2 A 2 + 9/16 A 4 · ·· , b 2 = 3/4 A 2 + 5/16 A4 · ·• ,.b4 = 35/64 A4 · ·• , and 

(2) 

We have measured this change for the'{ rays occurring in the decay of the 9/2+ isomer in 
73 

As 
and the 7- isomer in 206pb, and derived the g factors, including their signs. It is to be noted 
that (a) no static interaction other than the one given by H 1 must be acting during the. time of 
measurement, and (b) the time constant 'T with which the anisotropic emission of the'{ rays de
cays has to be known. 

The experiments were performed at the 88-inch cyclotron by using the reactions 71 Ga(a, 2n)-
73 As or 204Hg(a, 2n)206pb and liquid metal2 targets. The Ge(Li) detectors and the electronics 
were very similar to the setup described in Ref. 3. The variable field H1 was known to within 
about 2o/o. 

For 73As, we derive from an angular distribution measurement (H
1 

ment described by Eq. (1) 
0) and from a measure-

A 2 (360) = +0.34(4); A4 (360) =- 0.05(5); A
2

(66) = -0.20(5). (3) 

Figure 1 shows the change of the '{ intensities with H 
1

. From this measurement and one with one 
of the detectors at 54 deg, we obtain 

g = +1.03(11) usingT
1

; 2 5.8(S)f.Lsec. (4) 

This agrees with the value lg I = 1.146(7) obtained later. 4 

Given the observed coefficients A 2 and A 4 of a particular '{ transition and the absence of per
turbations in the isomeric level, one can derive estimates of the values of A 2 and A4 valid for maxi
mum alignment by using the tables and calculations of Yamazaki. 5 With these results for the 360-
and 66-keV '{ rays, and with the results of Refs. 6 and 7, we obtain a region of possible mixing 
ratios 6(360) and 6(66). ~ It amounts to the limit 62 < 1o-2 for the admixture in either transition. 

For the isomeric state in 206pb, the change of they-ray intensities with H1 is displayed in 
Fig. 2. A least-squares fit of Eq. (1) to these data, neglecting the A 4 and higher terms, gave 

. -6 
g 'T = - (3.0±1.0) x 10 sec. (5) 

Neglecting possible quadrupole relaxation and using a value for the nuclear half-life of 
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T 1; 2 123 f.Lsec, we obtain 

g = - 0.035(20). (6) 

The g factor was calculated for a P1/2 i13/2 neutron hole configuration as g = - 0. 06, using 
the g factors of the 207pb and 197Hg moments (-0.20 with the Schmidt values). The use of more 
accurate wave functions9 does not improve the agreement with experiment, giving g = 0.08. 

Footnotes and References 
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Fig. 2. Ratio of y-ray intensities vs magnetic 
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ergies of they lines (in keV) are given between 
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from the least-squares fit. (XBL698-3446) 
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NUCLEAR MAGNETIC RESONANCE IN A 6-JJ.sec ISOMER PRODUCED BY A 
NUCLEAR REACTIONt 

D. Quitmann, * J. M. Jaklevic, and D. A. Shirley 

The hyperfine interaction of an unstable nuclear state can be observed by the perturbation ex
erted on the anisotropy o£.the decay radiation. With the introduction of new techniques, this field 
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of study has much expanded in recent years (see, 
e. g., Ref. i). We have been able to observe nu
clear magnetic resonance transitions in a'( -de
caying isomer. Quite a number of isomers are 
amenable to this technique as they have lifetimes 
of io-6 to io-2 sec and are aligned by the pro
ducing nuclear reaction. 

The isomeric state of 
73 

As at 426 keV 
(fiT= 9/2+, Ti/2 = 5.8JJ.sec) was produced by the 
reaction 7iGa(a, 2n) in a liquid gallium metal tar
get. Due to the resulting alignment the 360- and 
66 -keV '( rays that de -excite the state in cascade 
(9/2+-+ 5/2- -+ 3/2 -) are emitted anisotropically. 
Since we can neglect higher-order terms, the 
time-integrated~ular distrubions may be writ
ten W(e) = i+A2G2 P2(cos 8). These were meas
ured by using two Ge(Li) detectors and accepting 
only those pulses that occurred in the intervals 
between beam bursts. With no external perturba
tion (G2 = i), A2(360) = +0.34 ± 0.05 and A 2 (66) 
= - 0. 20 ± 0. 05 were observed. A de magnetic 
field Ho is then added along the beam axis (ki in 
the insert of Fig. i), and an rf magnetic field 
2Hi coswt is applied perpendicular to it. NMR 
transitions occurring in the isomeric state result 
in an attenuation of the anisotropies of the '( rays 
as observed in the direction k2. This is described 
by the attenuation factor G2· 2 For a sizeable re
duction in G2, one needs gJJ.nHiTi;2/ti z i (e. g., 
0. 7 for G2 = 0.5). The necessary Hi field was 
produced in a very compact resonating coil sys
tern by a fixed-frequency oscillator delivering 
i50 watts. 

Data were taken at two frequencies a:nd four 
values of Hi by sweeping H 0 . Some results are 
presented in Fig. i as ratios of counts. Hi and 
w/2rr are quoted near the curves. The experi-

Fig. 1. Effect of NMR on the '(-ray intensities. 
Left scale: observed ratios. The right scales 
give i-G2 to within a few percent. The curves 
drawn are from the least-squares fits. (XBL694-2477) 
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mental points exhibit a non-Lorentzian line shape. Since the angular distributions transform as a 
second-rank tensor, one indeed expects a line shape (G2) resembling two unresolved Lorentz 
curves. The quantities g, A2(66), an.i_A2 (360) were obtained from each measurement by a least
squares fit using the explicit form of G2. A reduction in each A2 was found, ascribed tentatively 
to unexpected perturbations in the target used. The results obtained for' the g factor agree within 
the error of the field determinations (±0.05o/o ). Correcting approximately for the Knight shift 
(+0.3o/o ), we obtain g = 1.146±0.007. This identifies the isomer unambiguously as a g9/2 proton state 
and is consistent with other states in this region. 

The technique described may be applicable to accurate measurements of the hyperfine inter
action for a variety of elements and host materials, including combinations which are chemically 
unstable. It offers advantages over the "stroboscopic" technique3 if the experiment requires a 
holding field, or if there is sizeable inhomogeneous broadening. 
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STUDIES OF MACROMOLECULES IN SOLUTION USING PERTURBED 
ANGULAR CORRELATIONS OF GAMMA RADIATIONSt 

D. A. Shirley 

The rotational correlation time, T , of a biological macromolecule in solution is a quantity of 
fundamental importance, and several t~chniques exist for studying it. These techniques tend to be 
macroscopic in nature, however, and thus are relatively insensitive. We have developed a more 
sensitive method for determining T c' based on the perturbed angular correlations of'{ rays. 

These "rotational tracer" experiments are carried out by binding a suitable radioactive nu
cleus to a macromolecule. Both f11In and 111cdm have been used. A decay scheme is given in 
Fig. 1. The nucleus decays through a '{-ray cascade. The first'{ ray in the cascade is observed, 
and then the molecule rotates or "tumbles" during the lifetime of the intermediate state. This 
tumbling affects the subsequent direction of emission of the second'{ ray, and the angular correla
tion pattern is thereby perturbed. The theory for this perturbation was developed by Abragam and 
Pound, 1 for very fast tumbling. For very slow tumbling a stationary theory may be used, while 
the intermediate tumbling-time case is more complicated and has not been treated explicitly. 
Figure 2 illustrates the approximate behavior to be expected for various values of Tc· The pertur
bation factor G22(t) decays exponentially for shortT (Abragam-Pound limit), while a very long 
correlation time would be expected to give the statio'hary behavior shown in panel 8 of Fig. 2. In
termediate cases are also indicated, although these curves are only qualitatively correct. · 

Early measurements were made by using the 
111m parent bonded to macromolecules. 

2 
Re

sults obtained by using this isotope are less quantitative than those obtained by using 111cdm, be
cause of chemical changes accompanying electron-capture decay. Still, valuable qualitative infor
mation can be obtained with 111In. 

In later work the 49-minute isomer was employed, 
3 

using a 4-detector angular. correlation 
system designed and built by Mr. George Gabor. This system facilitated the rapid acquisition of 
angular correlation data that is necessary when such a short-lived parent is used. Chemical 
changes were avoided by using the isomeric state. 
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When 
111

cdm was bound to bovine serum albumin, a biological macromolecule of molecular 
weight 105, the G 22 (t) function behaved as indicated in Fig. 3. This time dependence is similar 
to the theoretical curve in panel 8 of Fig. 2, indicating a very long T , as expected, for this slowly 
tumbling large molecule. Similar behavior was found for equine apo:carbonic anhydrase, in which 
111 cdm went into zinc-ion positions. 

In EDTA (ethylenediaminetetracetic acid) of molecular weight:::: 500, 111 cdm was tightly bound 
and G 22 (t) decayed very slowly (Fig. 4), indicating a short correlation time. The biologically im
portant molecule ATP, which is larger, shows a slower decay of G 22 (t) (Fig. 5), and thus a longer 
correlation time, than EDTA. These two curves may be compared with panels 1 and 2 in Fig. 2. 

Finally, 
111

cdm was bound to n-benzyliminodiacetic acid (NBIDA), with which it forms di
chelates, with the formula Cd(NBIDA)~+. At ordinary temperatures this complex tumbles very 
slowly in solution. It thus has a relatively large T and a rapid exponential decay of G22 (t). This 
behavior is evident in Fig. 6, in which G22(t) resefubles the theoretical curve in panel 3 of Fig. 2. 
When a solution containing this complex is frozen, however, the "static" curve (panel 8, Fig. 2) 
is observed. 

The assistance of Mr. George Gabor, Mrs~ Winifred Heppler, Mrs. Penny Fink, and Dr. Lloyd 
Robinson is gratefully acknowledged. 
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PERTURBED ANGULAR CORRELATIONS IN FERROMAGNETS: THE 100RhNi CASE 

S. Koi~ki, t T. A. Koster, R. Pollak, D. Quitmann, * and D. A. Shirley 

When the intermediate state in an angular correlation cascade interacts with a magnetic field 
by dipole coupling, 

JC - it. !i = - "T. !i, 

the nuclear moment precesses about H at the Larmor frequency 

where 'Y is the nuclear gyromagnetic ratio, Consequently the angular correlation pattern, which 
for dipole transitions has the form 

becomes 

Because W( e) has period TT, the modulation frequency in W(e, t) is 2vL. The determination of VL 
is a problem of central importance in the application of perturbed angular correlations to solid
state physics. In this report we describe two ways in which the techniques for determining vL with 
high accuracy for the test case 100RhNi have been developed in this Laboratory. 

Before 1966, an accurate determination of vL for 100RhNi would have been impossible. Fast 
timing techniques were too slow for this case (vL"" 340 MHz),and the long lifetime (71/2= 235nsec; 
see Fig. 1) precluded time-integral measurements. The problem was overcome by the develpp-
ment of the nuclear magnetic resonance:-Perturbed angular correlation (NMR- PAC) technique, 
which was first demonstrated on the 100RhNi case. -

The first NMR- PAC experiments, while qualitatively successful, left several questions un
answered. In particular, the observed 2% effect was smaller than expected, and the resonance 
line width of 20 MHz (Fig. 2a) was far greater than the 0. 94 MHz natural line width dictated by the 

·intermediate-state lifetime. Further studies2 served only to confirm these results; in fact, the 
asymmetric line was later resolved into two components (Fig. 2b). 

We now understand these early results. The line width and small effect were mainly attribu
table to inhomogeneous broadening caused by impurities in the samples. Chemical analysis re
vealed Pd in the Rh metal from which 100pd was /6repared by the 103Rh(p, 4n) reaction. This Pd 
went through the chemical separations with the 10 Pd activita'i and appeared as a 1% impurity in 
the Ni samples. From Budnick's work3 we would expect a 1 Opd atom within 2 or 3 lattice positions 
of a Pd impurity atom in a nickel lattice to exhibit resonance at a frequency "" 5% below the main 
line, and substantial line broadening would also be expected. The early spectra are fully consistent 
with Budnick's results for an alloy with 1% impurity. 

Higher-purity alloys were prepared and further NMR-PAC experiments were carried out with 
the temperature and rf- field intensity more carefully controlled. The resonance lines were much 
narrower and the NMR-PAC effect was greater, as shown in Fig. 2c. The remaining 4-MHz line 
width can be attributed partially to inhomogeneous broadening. (b. vL/ vL "" 10-2 is typical for 
NMR line widths in ferromagnetic metals. ) Power broadening is probably also of some importance 
and relaxation broadening may also be present. We conclude that in ferromagnets NMR- PAC can 
produce resonance lines that are essentially equivalent to those observed by conventional NMR. 
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The second approach for the determination of vL consists in simply improving the fast re
solving time of the coincidence circuit until the precession can be observed time-differentially. 
With Ge(Li) detectors in earlier work, 4 the resolving time for the 84-keV- 75-keV cascade in 
100Rh had previously been brought down to 11 nsec FWHM. Further improvements in the Ge(Li) 
system have now improved this figure to 6.3 nsec FWHM. This is still too slow for the 100RhNi 
case, since for a vL of 340 MHz the coincidence rate oscillates through a full cycle in only 1.5nsec. 
With an unpolarized source a component with period 1/ vL = 3 nsec is present, 5 but this is still too 
fast for the Ge(Li) system. The highest-frequency oscillations previously observed by using low
energy'{ rays were reported by Hohenemser et al. 6 for 57FeNi, with vL = 42 MHz. The resolving 
time of their circuit (4, 75 nsec FWHM) is too slow for the 100"RhNi case, however. 

To solve the fast timing problem, an apparatus was built that empioys Sn-doped plastic scintil
lators togeth,er with RCA C31000D photomultiplier tubes. The (unresolved) photopeak associated 
with the 84-keV- 75-keV cascade could be observed directly and a fast resolving time of 1.20 nsec 
FWHM was achieved. On application to an unpolarized t00RhNi source, this system resolved the 
slow (340 -MHz) component very well. A time -differential curve is shown in Fig. 3. 

The data may be analyzed most conveniently by Fourier transforming them into the fre~uency 
domain. This was accomplished by procedures analogous to those d~scribed previously, 4, ex
cept that an analog time-to-amplitude converter and a pulse-height analyzer were used in this case. 
The Fourier cosine transform of the autocorrelation function of the coincidence counting rate is 
shown in Fig. 4, This curve is similar to an NMR line, but there is of course no rf field present. 
The residual line width of 4 MHz FWHM is still in excess of the natural line width (0.94 MHz). It 
is tempting to attribute this line width to inhomogeneous broadening, for two reasons. First, it 
agrees well with the NMR-PAC result of 4 MHz. Second, this width (ll.vL/vL = io-2) is about what 
one would expect from experience with conventional NMR in ferromagnetic metals. It is also pos
sible, however, that additional line broadening is introduced through relaxation processes, instru
mentally, or in the rather involved data-reduction procedures. This broadening might be approxi
mately equivalent to the effects of relaxation and power broadening in the NMR-PAC spectrum, and 
the good agreement of the 4-MHz line widths would then be in part fortuitous. Thus it seems best 
at least tentatively to regard the 4-MHz line width as an~ limit for inhomogeneous broadening. 

Two other points deserve special comment. First, the resonance frequencies vL derived from 
the NMR- PAC curves in Fig. 2 and from the Fourier transform curve in Fig. 4 are different. This 
is attributable to inductive heating in the NMR-PAC experiments, since vL in ferromagnets de
creases with increasing temperature. Second, an unpolarized source should exhibit a high-frequency 
oscillation in W( e, t) at frequency 2vL. This component is directly apparent in the W(e, t) curve in 
Fig. 3, where its most pronounced effect is to give the low-frequency peaks a "cusped" appearance. 
It should show up even more clearly in the Fourier transform function. That it does so is demon
strated in Fig. 5. Although the signal-to-noise ratio is smaller than for the resonance at vL, the 
resonance at 2vL is unmistakably present. This frequency (2vL = 680 MHz) is over an order of 
magnitude higher than any observed previously by perturbed angular correlations. 

It is a pleasure to thank Dr. E. Matthias for his continued interest in, and contributions to, 
the development of this field, Mr. George Gabor for his contributions to the development of both 
the NMR and the fast timing apparatus, Miss Claudette Rugge and Mrs. Esther Schroeder for writing 
the computer programs used in our analysis, and Mrs. Winifred Heppler for carrying out and im
proving the sample preparation. 
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THEORETICAL STUDIES OF ATOMIC AND MOLECULAR HYPERFINE STRUCTURE 

Henry F. Schaefer III 

Recent advances in ab initio quantum-mechanical calculations have made it increasingly prac
tical to make qualitative and even quantitative predictions of atomic and molecular hyperfine pa
rameters. During the past six months we have completed three studies1-3 which illustrate the 
present " state of the art" in theoretical predictions of hyperfine structure. 

At present the simplest and therefore most appropriate nonempirical method by which to study 
a polyatomic molecule such as SiH4 is the self-consistent-field (SCF) molecular orbital approxima
tion. Using a large basis set of s-, p-, and d-type contracted Gaussian functions, we have made 
the first accurate SCF studies 1 of polyatomic molecules containing second-row atoms. For SiH4, 
PH3, H2S, arid HCL we obtained total energies estimated within 0.04 Hartree atomic units of the 
true Hartree-Fock energies. In addition, a large number of molecular properties were computed, 
including dissociation energies, ionization potentials, molecular multipole moments, magnetic 
susceptibilities, magnetic shielding, chemical shifts, and electric field gradients. In particular 
the calculated electric field gradients were used in conjunction with exRerimental quadrupole cou
pling constants4 to deduce the nuclear electric quadrupole moments of33s (0.065 b), 35s (-0.045 b), 
35Cl (-0.080 b). and 37cl (-0.063 b). The above quadrupole moments are the most reliable yet ob
tained for these four nuclei and are expected to be within 10o/o of the exact quadrupole moments. 

The spin density ll(J(O) 1
2 , or Fermi contact interaction, 

2 -ll(J (O)I =( J = L+S, MJ = Jl ~ o(r.)S .IJ = L+S, MJ = J) , 
i 1 Zl 

(1) 

is one of the most difficult expectation values to calculate quantum-mechanically. Nonvanishing 
spin densities for pn and dn atomic configurations are commonly explained as a manifestation of 
11 core polarization. 11 Core polarization is most often described quantum-mechanically within the 
unrestricted Hartree-Fock (UHF) approximation. However, such calculations5 have been of 
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varling accuracy and carried out for only a small number of atoms. Therefore, we have carried 
out high accuracy numerical UHF calculations for the ground states of the atoms Li through Br 
and the ions Sc2+ through cu2+. This work establishes clearly that the UHF method is capable of 
reproducing experimental trends (such as the increase in spin density across the transition metal 
series), but that the UHF spin densities differ by as much as a factor of 2.5 from the experimental 
values. 

The next logical step beyond the UHF approximation is configuration interaction (CI). In pre
vious work6 we have introduced two limited types of CI wave functions, the polarization and first
order wave functions. In ~articular it was found that the polarization wave function yielded values 
of the hfs parameters ( ri ) , ( r-3), and (r-3), within 2o/0 of experiment. In this most re
cent work, 3 polarization and first!lorder function~ have been used to study the positive and negative 
ions of first-row atoms. The results3 are of interest because (a) hfs parameters yield important 
basic information concerning the structure of an electronic state and (b) it now appears 7 that ex
perimental measurements of hfs constants will soon be possible for positive ions such as o+. 
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HYPERFINE STRUCTURE OF TRIVALENT Put 

N. M. Edelstein and R. J. Mehlhorn'~ 

Values of the nuclear dipole moment of 
239

Pu derived from different types of measurements 
varied widely when the data were first analyzed. Subsequent analyses showed these results could 
be brought into agreement by a complete theoretical treatment including intermediate coupiing and 
core polarization effects. 1 Attempts to explain the sign of the core polarization term with basis 
wave functions obtained from the central field model of atomic structure proved inadequate until 
admixtures of continuum states were included. 1 Unfortunately, this type of ca~culation is very · 
difficult. Exchange-polariz.ed Hartr'ee-Fock calculations were able to account for the sign and 
approximate magnitude of core polarization effects in the lanthanide series. 2 In this paper, using 
the known nuclear dipole moment of 23 9Pu, 3 we derive values for the core polarization term and 
( 1/ r3) for trivalent Pu. The latter quantity is compared with values calculated from various 
theoretical models. 

The electron paramagnetic r~sonance spectra of Pu3+, 5f5 , ·have recently been measured in 
cubic symmetry sites in CaF2, SrF2, and BaF2. The Zeeman splitting factors (g values) have 
been interpreted by calculating the crystalline field mixing of the first excited J = 7/2 state with 
ground J = 5/2 state. 4 In this paper the hyperfine structure associated with the 239Pu nucleus 
(I = 1/2) is interpreted in a similar manner. From this analysis we obtain the hyperfine coupling 
constants for two different J levels in the crystal and deduce values for ( 1/ r3) and core polariza
tion. 

In Table I we list the experimental data for Pu3+ in various alkaline earth fluorides that we 
will need for this analysis. 

. i 
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For the nonrelativistic theory that we shall use, A, the hyperfine constant may be divided in
to two parts: 

where 

A = ( ljJ I ~s. lljJ) C, c -1 

and e = [ 4(3(3Nf-LN/I] ( 1/ :r
3

) and C is the parameter combining relativistic and core polarization 
effects. The parameter ( 1/ r3) is the expectation value of this quantity for the f electrons and 
may be compared to theoretical calculations. The operators Nand s for the gh electron are the 
appropriate hyperfine operators and are defined in the paper of Bor"darier et al. 5 The values of 
the necessary matrix elements for Pu3+ in CaF2, SrF2, and BaF2 are given in Table II. From 
the quantities in Tables I and II we determine e = 9.810X1o-3 cm- 1 and C = - 0.0147 cm-1. Using 
these values we calculate the hyperfine parameters for pure J = 5/2 and J = 7/2 free ion states 
that are given in Table III. From this table we derive for Pu3+ free ion: 

f-L 
ac - - (556±42) IN MHz. 

From the value of e we calculate 

3 
( 1/r ) 3+ (7.57±0.5) au. 

Pu 

Dr. D. T. Cromer has sent us the wave functions obtained from his Dirac-Slater calculations. 6 

We have integrated these wave functions and find ( 1/r3 )Pu3+ = 6. 77 au. Our results show that 
core polarization is much larger for a trivalent ion of the actinide series than the lanthanide series, 7 
and that a Dirac-Slater calculation appears to give too low a value for ( 1/r3)Pu3+ • · 
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Table I. Spin Hamiltonian parameters for Pu3+ 
in various alkaline earth fluorides. 

Ion Matrix lg I lA I 
(em - 1 X 10- 3 ) 

Pu3+ CaF2 
1.297±0.002 6. 72±0.06 

Pu3+ SrF2 
1.250±0.002 8.45±0.1 

Pu3+ BaF2 
1. 18 7±0. 004 10.2 ±0.3 

Table II. Matrix elements for Pu
3+ in various 

alkaline earth fluorides. 

Ion Matrix (~I !:Ni I ~) (~I !:sil ~) 

Pu3+ CaF2 -0.644 o. 02 76 
Pu3+ SrF2 -0.733 0.0858 
Pu3+ BaF2 -0.832 0.154 

Table III. Hyperfine parameters for Pu3+ 
free ion J states. 

a af ae 
-1 -3 

(em X.10 ) (em - 1 X 10 - 3 ) (em - 1x 10- 3 ) 

J = 5/2 11.51 7.21 4.30 

J = 7/2 6.18 5.18 1.00 
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Photoelectron Spectroscopy 

MULTIPLET SPLITTING OF METAL CORE-ELECTRON BINDING ENERGIESt 

* t * C. S. Fadley, D. A. Shirley, A. J. Freeman, P. S. Bagus, and J. V. Mallow 

In any atomic system with unpaired valence electrons, the exchange interaction affects core 
electrons with spin up and spin down differently. This iliteraction is responsible for the well
known core polarization contributions to magnetic hyperfine structure. 1 The binding energies of 
core electrons are also affected. For example, spin-unrestricted Hartree-Fock (SUHF) calcula
tions predict large splittings in the core electron energy eigenvalues of transition-metal ions 2 

(::::: 12 eV for the 3s level of atomic iron), and it has been pointed out that these splittings should be 
~eflected in measu_red binding energies. 3 B_y use of x-ray photoelectron_ spectro~copy such s:flit
hngs were sought 1n tore-level peaks from 1ron and cobalt metal, but w1th negahve results. Re
cently, splittings of::::: 1 eV have been observed in the 1s photoelectron peaks of the paramagnetic 
molecules 0z and No.4 We report here the observation of :::::6 eV splittings in the 3s levels of Mn 
and Fe in various magnetic solids. 5, 6 Theoretical calculations for free atoms5, 6 and small clus
ters 7 predict the essential features of these splittings. 8 Photoelectron spectra from gaseous Eu 
also show some evidence for these effects. 6 

The experimental procedure has been described previously. 3 • 9 Samples were bombarded 
with x rays of::::: 1 keV energy (primarily MgKa 1 2 , 1253.6 eV). The ejected electrons were analyzed 
for kinetic energy in the Berkeley iron-free spectrometer. The kinetic energy distributions so 
obtained contain photoelectron peaks corresponding to excitation from all the accessible core and 
valence electronic levels in the sample. If a photoelectron peak involves only the ejection of one 
electron from the parent system, the observed kinetic energy (Ekin) is directly related to the dif
ference in energy between the initial state of the system and the final state after photoemission by 

hv = Ef- E.+ Ek. +work function and charging corrections, 1 1n 
( 1) 

where Ei is the total energy of the initial state, Ef is the total energy of the final state with a hole 
in some subshell. The quantity Ef - Ei is the binding energy of the electron removed from the 
subshell, relative to a final state corresponding to Ef. The work function and charging corrections 
a·re constant for a given sample and so can be disregarded in the measurement of splittings. 9 If 
the ejection of an electron from a given subshell can result in several final states of the system, a 
corresponding number of photoelectron peaks is observed. 

Measurements were made on Mn levels in MnF2, MnO, and Mn02, and on Fe levels in FeF3, 
Fe metal, and K 4 Fe(CN) 6· Figure 1 shows the spectra obtained from these materials in the region 
corresponding to ejection of 3s and 3p electrons from the transition-metal atoms. Also noted are 
significant peaks in these spectra resulting from the weaker MgKa3 and M3Ka4 x rays. All sam
ples were studied at room temperature at a pressure of approximately 10- torr with the exception 
of iron metal, which was heated in a hydrogen atmosphere to clean its surface. 3 

Table I summarizes our experimental results for the 3s region, and for convenience of inter
pretation presents the free-ion electron configurations. We see that the 3d5 compounds exhibit 
two peaks, denoted 3s(1) and 3s(2). Mn02 shows a somewhat weaker 3s(2) peak at smaller separa
tion, and K4Fe(CN)6 shows essentially no 3s{2) peak. Iron metal exhibits a distinct shoulder (not 
observed in earlier work because of poor statistics3) which persists with no appreciable change 
from 810° C above the Curie point) to 565° C. All spurious sources of an extra peak in the 3s re
gion can be ruled out. 5 The separations and relative intensities of these peaks as derived by least
squares fits of standard peak shapes6 are presented in Table I. Also noted in Fig. 1 and Table I 
are those cases in which known properties and the observation of broadening of certain photoelec
tron peaks seem to indicate slight chemical reaction within the thin(::::: 10-6 em) surface layer that 
produces photoelectrons in the full-energy inelastic peaks. These results are consistent with the 
two peaks 3s(1) and 3s(2) representing two final states of the Mn(Fe) ion split primarily by the ex
change interaction. That is, the 3s(2) peak is observed for cases in which d electrons are known 
to couple to a high-spin ground state (MnF2, MnO, FeF3, and ferromagnetic Fe) and is reduced in 
separation and intensity relative to 3s( 1) for cases in which the number of unpaired 3d electrons is 
smaller (Mn02) or the transition-metal ion exists in a diamagnetic ground state [K4Fe(CN)6]. 
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Also consistent with this interpretation is an analogous spectrum from Cu metal {d-electron con
figuration 3d 10), which shows a narrow, single 3s line such as observed in K4Fe(CN)6· 

We now consider such splittings theoretically, using the free Mn2+ ion as an illustrative ex
ample. The initial state is 3d5 6s, and the ejection of a 3s or 3p electron gives rise to final 
states which we denote as Mn3+[3s] and Mn3f[3p] respectively. In first approximation, we can 
make use of Koopmans 1 theorem, which states that the binding energies of ejected electrons are 
given by their one-electron energy eigenvalues, Ei' calculated for the ground-state configuration 
of Mn2+. Since a detailed allowance for exchange predicts that, for any shell E;~ ¥= El3 (where a, 13 
denote spin directions), two peaks are predicted for photoemission from both th~ 3s .ind 3p levels. 
The simplest estimate for this effect treats the exchange interaction as a perturbation which splits 
the restricted Hartree-Fock (RHF) 3s and 3p one-electron eigenvalues, and yields the values 
given in Table II, line 1. SUHF calculations represent a higher-order estimate, but the energy 
splittings are not appreciably altered (see Table II, line 2). 

This use of Koopmans 1 theorem to equate binding energies to Ei is known to have shortcom
ings. The correct definition of electron binding energy is given as the difference between com
puted to3~1 energies for initi?:l and finc~l states (cf. Eq. 1). The possible final states are 7s and

5
5s 

for Mn [3s], and 7p and P for Mn +[3p]. But, unlike the other final states just given, the P 
state can be formed in three different waJts from parent d5 terms of 6s, 4 P, and 4n. This multi
plicity predicts four final states for Mn3 [3p] instead of two final states as in the SUHF scheme, 
and rules out the simple connection of 3p photoemission splittings (or splittings of any non-s elec
tron) to ground-state one-electron energies. We have calculated the total energies of these final 
states, using two ''multiplet hole theory" (MHT) methods: diagonalization of the appropriate ener
gy matrix, assuming Coulomb and exchange integrals to be given by RHF single-determinant val
ues for the initial state (a frozen orbital approximation), and more accurate multiconfiguration 
Hartree-Fock calculations on the final hole states (an optimized orbital calculation). The results 
are presented in Table II, lines 4 and 5. The agreement between frozen orbital and optimized or
bital estimates is very good, with slightly larger splittings for the optimized orbitals. These re
sults confirm the essential equivalence between the MHT and exchange polarization views for the 
splittings of s electron levels. No such equivalence exists for non-s electron levels. 

The results of Table II are borne out qualitatively by our 3s spectra from MnF2, MnO, and 
FeF3. The 3s region shows a doublet whose w~aker component lies at lower kinetic energy, in 
agreement with a calculated ratio of 7:5 for 7 S: S relative intensities based on one-electron transi
tions in photoemission. 6 However, the observed separation of approximately 6 eV is only about 
half the value predicted by the free-ion calculations. Although electron-electron correlation acts 
to reduce the theoretical splittings, 3 a greater reduction is expected from the effects of covalency 
in chemical bonding. This effect can be estimated from the spin- and orbital-unrestricted Hartree
Fock (UHF) calculation by Ellis and Freeman 7 for the (MnF6)'lo- cluster. Their predicted splittings 
of energy eigenvalues, listed in Table II, line 3, show a substantial decrease from the free-ion 
values and rather remarkable agreement with the measured splittings in MnF2. The reduced split
ting (5. 7 eV) in MnO is consistent with the well-known effects of covalency in that oxygen coordina
tion is more covalent than fluorine coordination. On the other hand, the larger splitting observed 
for FeF3 over MnF2 is consistent with free-ion calculations that give a greater exchange splitting 
for Fe 3+ than for Mn2+. The measured ratio of separations for MnF2 and Mn02 ( 1.41: 1.00) is 
larger than the computed free-ion ratio for Mn2+ and Mn4+ {1.22:1.00), as expected from covalent 
bonding effects. 

The observed 3s(1):3s{2) intensity ratio of"='2.0:1.0 for MnF2 and MnO does not agree with the 
7s:5s ratio of 1.4:1.0 obtained from a free-atom calculation based on one-electron transitions. 
The 1.5:1.0 ratio for FeF3 does agree, but the apparent surface reaction indicates that this agree
ment is probably fortuitous. There are, however, several reasons for a discrepancy between such 
simple estimates and experiment. 5 

The 3p regions of the spectra in Fig. 1 show several extra peaks, which have been labeled. 
The peaks 3p(2) and 3p(3) of K4Fe(CN) 6 appear to be associated with two- electron transitions of 
potassium, and are not observed in similar spectra from Na4Fe(CN)6 and {NH4)4Fe(CN)6. The 
extra peaks for MnF2, Mn02, and FeF3 may be related to multiplet splittings, however. There 
is at least qualitative agreement with the predictions of our MHT calculations in that peaks result
ing from p- electron ejection are spread out in intensity over a broad region. However, further 
experimental and theoretical study will be necessary to assign the observed 3p peaks to specific 
final hole states. 

Similar effects should also be observed in photoelectron spectra from gaseou's metals, and 
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recent work6 indicates that this is at least qualitatively the case. Atomic Eu, with a half-filled 
4f shell, should exhibit multiplet splittings analogous to those of Mn2+, with a half-filled 3d shell. 
The nearby atoms Xe and Yb, with filled outer shells, should not show these effects. Unfortunately, 
the 4s levels of these atoms (for which the splittings should be largest and have the simplest inter
pretation) do not give photoelectron peaks with sufficient intensity to be studied at present. Figure 
2 presents the more intense 4d spectra from gaseous Xe, Eu, and Yb. 6 The basic structure of the 
spin-orbit doublet is observed for all three, and the separation of the two components is close to 
that predicted by theory.10 The increase in linewidth from Xe to Eu to Yb can be ascribed to a de
crease in the lifetime of the 4d hole state. The only obvious peculiarity in the Eu spectrum is that 
the left component of the doublet is definitely weaker than for Xe or Yb. The intensity ratios of 
these two components as derived by least-squares fits are: X, 1.47: 1.00; Eu, 2.29: 1.,00; and 
Yb, 1.55:1.00. The theoretical ratio for a simple spin-orbit doublet is 1.50:1.00, in agreement 
with the ratios for Xe and Yb. A further anomaly in Eu is that the experimental separation of the 
two peaks is 4.8 eV, compared with 5.8 eV for solid Eu203 (for which covalency might be expected 
to reduce multiplet effects). Thus, although no theoretical calculations are available for the 
Eu 1 +[ 4d] hole state, the experimental results indicate that multiplet effects may be present in the 
photoelectron spectrum of gaseous Eu. 
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Table I. Transition metal ion electron configuration for the solids indicated in Fig. 
1, together with experimental separations and ratios of the 3s photoelectron peaks. 

Atom 

Mn 

Fe 

Compound 

MnF2 
MnO 
Mn02a 

FeF3b 
Fe 
K4Fe(CN)6 

Electron 3s(1)-3s(2) 
configuration separation 

(eV} 

3d5 6s 6.5 
3d5 6s 5.7 
3d3 4 F 4.6 

3d5 6s 7.0 
(3d6 4s 2 ) 4.4 
(3d 6) 

a. Probably slightly reduced; often a nonstoichiometric compound. 
b. Probably slightly reduced. 

3s(1):3s(2) 
intensity 

ratio 

2.0:1.0 
1.9:1.0 
2.3:1.0 

1.5:1.0 
2.6:1.0 

>10: 1 
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Table III. Theoretical predictions of core electron binding energy splittings (eV). 

Final state: Mn3 + [3s] Mn3 + [3E] 

Description: 3sa 3sf3 3pa 3pl3 
·hole hole hole hole 

( 1) RHF +exchange 2+ 0 13.5 0 
{!: 

perturbation (Mn ) 11.1 

(2) SUHF (Mn2+) 11.3 0 13.7 0 

(3) 4-UHF, (MnF6) 6.8 0 8.1 0 
cluster (Ref. 7) 

Description: 5s 7s 
5p 

1 
5p 

2 
5p 

3 7p 

(4) MHT, frozen orbitala 13.3 0 22.4 8.5 3.6 0 

(5) MHT, olbtimized 14.3 0 23.8 9.4 4.0 0 
orbital 

-----------------------------------------------------.---------------------------
a. Orbitals obtained from an RHF calculation on Mn2+ 3d5 6s. 3+ 
b. Values based on multiconfiguration Hartree .. Fock calculations for Mn [3s] and 
Mn3+[3p]. . 

3p (I I 

Ekin (eV) 

Fig. 1. Photoelectron spectra in the region cor
responding to ejection of 3s and 3p electrons 
from Mn and Fe in various solids. MgKa radi
ation was used for excitation. (XBL 698-3635) 
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GAS PHASE PHOTOELECTRON SPECTRA 

Xe 4d 312 _5, 2 I 0000 

Eb (312) =67.6eV ~ 
8000 

~(s12)=65.7eV 0 
2 6000 

<f> 

~ 4000 
0 
u 

2000 

5000 

Eu4d312·S-2 u 4500 
2 Q) 

[(Xel4l6s J "' 
0 4000 

Eb(312)=144.1eV ·~ . 

' 3500 
Eb(s/2)=139.3eV ~ 

Yb 4d 312-512 

c: 
6 3000 
u 

2200 

[(Xe)41t46s2] u 2000 

Eb(312)=2014eV ~ 1 80 0 
<;t 

Eb(s12l=BZ.6eV~ 1600 
c: 
::> 
8 1400 

.. 

l 
2.1 eV, theo. spin-orbit 

splitting 

J:-5.4 eV, theo. spin-orbit 

splitting 

1110 1120 
Ekin ( eV) 

J 
r-9.2eV,theo: spin-orbit 

•• spl1tt1ng 
. . . . 

·. 

Fig. 2. Photoelectron spectra corresponding 
to ejection of 4d electrons from gaseous Xe, 
Eu, and 4b. The valence electron configura
tions and binding ene.rgies of the d 3 ; 2 and d5 /2 
components are also given. The w~aK:er peaks 
""10 eV to the right of the main peaks are due 
to MgKa3 4 x rays. The theoretical spin-orbit 
splittings' are from Ref. 10. (XBL 694-2448) 
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ELECTRONIC DENSITIES OF STATES FROM 
x-RAY PHOTOELECTRON SPECTROSCOPYt 

c. S. Fadley and D. A. Shirley 

In x-ray photoelectron spe~troscopy (XPS), a sample i·s exposed to low-energy x rays (approx
imately 1 keV), and the resultant photoelectrons are analyzed with high precision for kinetic ener
gy. Corrections can be made for the effects of inelastic scattering of photoelectrons and weak 
satellite x rays by using a core-level photoelectron peak as a reference. 1, 2 Core-level peaks can 
also be used to ascertain the chemical state of the sample. 1 A corrected XPS spectrum in the re
gion of the valence levels of a solid should reflect the valence-band density of states. All features 
in this spectrum should be modulated by appropriate photoelectric cross sections, and there are 
several fin~J.l- state effects which could complicate the interpretation even further. 

In comparison with the closely related experimental technique, ultraviolet photoelectron spec
troscopy (UPS), 3 XPS has the following advantages for obtaining density-of-states information: 
(a) the inelastic scattering correction is more straightforward and less essential, (b) chemical ef
fects on core levels are not accessible to UPS, (c) surface conditions are not so critical in XPS, 1 •4 

and (d) the free electron states involved in the photoemission process do not introduce significant 
distortions in an XPS spectrum, whereas they do in UPS. At present UPS has the decided advan
tage of approximately fourfold higher resolution, however. Thus, XPS seems capable of giving a 
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more reliable description of the general shape of the density-of- states function, but one that may 
be lacking in some of the fine- structure details present in UPS results. 

We have used XPS to study the densities of states of the metals Fe, 1 Co, 1 .Ni, 1 Cu, 1 Ru, Rh, 
Pd, Ag, Os, Ir, Pt. 1 and Au, as well as the compounds ZnS, CdCl2, and HgO. The metal sur
faces were cleaned by heating in hydrogen. 1 These fifteen solids illustrate trends observed as the 
3d, 4d, and 5d levels are filled, becoming core-like states. Figure 1 indicates the portion of the 
periodic table represented. Peaks due to the d bands of these solids are the dominant feature of 
the XPS spectra near the Fermi energy (Ef), and these are presented in Fig. 2. Table I summa
rizes relevant data for the core reference levels and the d-band peaks. 

Within a 3d, 4d, or 5d series, the XPS results show systematic variation, g1V1ng somewhat 
wider d band for Fe, Ru, and Os than for Cu, Ag, and Au, respectively, and even narrower core
like states:::: 10 eV below Ef for ZnS, CdCl2, and HgO. This variation is consistent with the fill
ing of the d bands. The 4d bands studied are only slightly wider than their 3d counterparts; the 
5d bands are considerably wider and show gross structure. 

Within two isomorphous series--Rh, Pd, Ag and Ir, Pt, Au, all members of which are face
centered cubic--there is sufficient similarity of the shapes of the d-band peaks to suggest a rigid
band model for p(E). ,If p(E) of Ag can be used to generate p(E) of Rh and Pd, or p(E) of Au to gen
erate p(E) of Ir and Pt, simply by lowering the Fermi energy to allow for partial filling ofthe d 
bands, then this model applies. The peaks for Rh and Pd are too wide to be represented by a Ag 
p(E), but the shapes of both could be very roughly approximated in this manner. The similarity of 
the two-peak structure for the three metals Ir, Pt, and Au gives more evidence for the utility of a 
rigid band model, especially as the uncorrected XPS results for Ir show the peak near Ef to be 
narrower (as though it were a broader peak cut off by the Fermi energy). 

The d- band peaks for Ag, Pt, Au, and HgO have a similar two-component shape, with the mo·re 
intense component lying near Ef. To estimate the intensity ratios of these components more accu
rately, we have least- squares-fitted two Gaussian peaks of equal width to our data for these four 
solids. The ratios and separation so derived are: Ag--1.51:1.00, 1.8 eV; Pt--1.60:1.00, 3.3 eV; 
Au--1.48:1.00, 3.1 eV; and Hg0--1.39:1.00, 1.8 eV. As our accuracy in determining these ratios 
is ±0.15, they could all be represented by a value of 1.50:1.00. One possible significance of this 
value is that it is the expected (and observed) intensity ratio for a spin-orbit split d level. In fact, 
the separation for HgO is in good agreement with a free-atom theoretical spin-orbit splitting. 5 
Thus, one might argue that as the 4d and 5d shells move nearer to the Fermi energy with decreasing 
Z, they. must go continuously from core states to valence states, perhaps retaining some degree of 
simple spin-orbit character in the process. The observed separations for Ag, Pt, and Au are 1.5 to 
2.5 times as large as free-atom predictions, 5 but the various perturbations of the lattice might be 
responsible for this. SP,eaking against such a simple interpretation, however, is our observation 
(verified in UPS results6, 7) that for Au the component nearer Ef is broader, In view of this, our 
intensity ratio estimates based on two peaks of equal width may not have fundamental significance, 
and the agreement of these ratios, particularly between Ag and Pt or Au, could be somewhat acci
dental. Nonetheless, the similarity in shape of our results for the d levels of Ag, Pt, Au, and Hg 
is rather striking. · 

,We have compared our results with the predictions of one-electron band theory where possible 
(for Fe, Co, Ni, Cu, Pd, and Pt). The widths and shapes of the XPS curves are in fair agreement 
with theory, but several differences can be noted. In particular, the two-peak structure observed 
for Pt is not reproduced very well in the theoretical curveS (see Fig. 3). 

Where comparisons are possible, the results of other experiments agree reasonably well with 
XPS, though there are some significant discrepancies. Recent UPS work on Cu, Ag, and Au 7 (at 
somewhat higherphoton energies than have normally been used) is in very good basic ag'reement 
with XPS. 
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Table I. Summary of pertinent results for the 15 solids studied. The reference core levels used 
for inelastic Scattering correction are listed, along with their binding energies and widths. The 
widths of the d-band peaks are also given, along with the spacing of the two components in these 
peaks (if observed). · 

Solid 

Fe 

Co 

Ni 

Cu 

ZnS 

Ru 

Rh 

Pd 

Ag 

CdClz 

Os 

Ir 

Pt 

Au 

HgO 

Reference 
core .levels 

3P1/2-3/2 
(unresolved)c 
3P1/2-3/2 

3
P1/2-3/2 

3
P1/2-3/2 

3
P1/2-3/2 

3d3/2-5/2 

3d3/2-5/2 

3
d3/2-5/2 

3d3/2-5/2 

3d3/2-5/2 

4 f5/2-7 /2 

4
f5/2-7/2 

4 f5/2-7/2 

4 f5/2-7/2 

4
£5/2-7/2 

Ref. core 
level bind

ing energya 
(eV) 

52 

57 

66 

75 

90 

280 

307 

335 

368 

408 

50 

60 

71 

84 

103 

FWHM of 
core levels b 

(eV) 

2.3 

2.5 

3.4 

4.2 

5.4 

1.1 

1.3 

1.3 

1.0 

1.2 

1.3 

1.4 

1.5 

1.2 

1.5 

FWHM 
of d-band 

peak 
(eV) 

4.2 

4.0 

3.0 

3.0 

1..7 

4.9 

4.4 

4.1 

3.5 

2.0 

6.5 

6.3 

5.8 

5.7 

3.8 

Separation of 
2 components in 

d-band peak 
(eV) 

1.5-1.8 

3.3 

3.3 

3.1 

1.8 

a. Binding energy ofthe .£ t 1/2 component, relative to the Fermi energy. 
b. Equal widths assumed for both components in the least-squares fits for 3d and 4f 
levels. 
c. The theoretical spin-orbit splitting for the 3p levels in this series ranges from 1.6 eV 
for Fe to 3.1 eV for Zn (Ref. 5). The partially resolved doublet in ZnS is found to have a 
separation of 2.8 eV, in good agreement. 
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26 3d6 4s2 27 3d7 4s2 28 3d84s2 29 3d104s1 30 3d104s2 

Fe Co Ni Cu Zn 
bee fcc fcc fcc --

44 4d75s1 45 4d85s1 46 4dl0 47 4d105s 1 48 4d105s2 

Ru Rh Pd Ag Cd 
hcp fcc fcc fcc --

76 5d6 6s2 77 5d9 78 5dl0 79 5d106s1 80 5d106s2 

Os Ir Pt Au Hg 
hcp fcc fcc fcc --

Fig. 1. The portion of the: periodic table studied 
in this work. The atomic number, free-atom 
electronic configuration, and metal crystal struc
tures are given. Zn, Cd, and Hg were studied 
as compounds. The crystal structures are those 
appropriate at the temperatures of our metal ex
periments (700-900° C). (XBL 701-2073) 

Fig. 3. Comparison of Pt XPS results with theory: 
(a) the theoretical density- of- states function of Ref. 
8; (b) comparison of the broadened theoretical curve 
with our XPS results. (XBL 701-2062) 

Ill 
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-5 

E-Ef (eV) 

AZnS 

/\dCI, 

Fig. 2. Summary of the XPS results for the 15 solids stud
ied (cf. Table I). The peaks for ZnS, CdC12 , and HgO lie 
at E-Ef~ -13 eV, -14 eV, and -12 eV, respectively. 

(701-2059) 
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COMPARISON OF CORE- LEVEL BINDING ENERGY SHIFTS IN MOLECULES 
WITH PREDICTIONS BASED ON KOOPMANS' THEOREM . 

D. W. Davis, J. M. Hollander, D. A. Shirley, and T. D. Thomast 

. x·-Ray photoelectron spectroscopy allows the deter~ination of core-electron binding energies, 
which exhibit environment-sensitive "chemical shifts." That core-electron binding energies in-
crease with oxidation is well known, 1-5 but there have been few rigorous theoretical calculations 
with which to compare the experimental shifts. Recently, however, SCF-MO calculations on sev
eral small molecules have become available. 6-8 We here compare experimental values of shifts 
of carbon, nitrogen, and oxygen is binding energies in some of these molecules with theoretical 
estimates from these calculations. 

Core-electron binding ·energies obtained by photoemission experiments in atoms are much 
closer to those computed for an "adiabatic" process than for a "sudden" process:'T The adiabatic 
process can be thought of as taking place in two (fictitious) steps: (i) The photoelectron is ejected 
suddenly, leaving a hole in the K shell and leaving the other (passive) electrons "frozen" in their 
initial ground- state orbitals, and (ii) ·the passive orbitals quickly relax toward the positiye hole, 
accelerating the outgoing electron. · 

By Koopmans' Theorem, 10 "sudden" values of binding energies may be obtained from Hartree
Fock calculations: they are just the one-electron orbital energies. Adiabatic binding energies are 
harder to calculate, because for these the energies of both the initial state and the (unstable) final 
"hole state" must be evaluated. It is of interest to learn if the one-electron energies are adequate 
for predicting chemical shifts. This would be the case if electronic relaxation in the chemical en
vir'onment either were negligible or constant. In contrast, if electronic relaxation in the molecule 
is significant, a differential, structure-dependent violation of Koopmans' Theorem should be noted. 

The ·measurements were made on gases at room temperature in the Berkeley iron-free spec
trometer, using Mgka1, 2 x rays. Pressures in the sample chamber were maintained at about 
0.02 torr; the observed kinetic energy values were, however, relatively insensitive to pressure. 
Every compound was compared directly with a standard compound. The observed shifts are sum
marized in Table I. 

In Fig. i.the experimental is-electron binding-energy shifts, ~E=E(C,N, orO)- E(CH4,NH3, 
or H20), are plotted against "sudden" values based on SCF calculations. 6-8 Two conclusions 
may be drawn from this comparison. First, the SCF calculations by Basch and Snyder give quite 
good predictions of the shifts. The agreement is encouraging; it suggests that a rigorous theoret
ical understanding of core-level chemical shifts may not be far in the future. 

Second, however, the agreement between ~Eex t and ~Esudden for these molecules is not 
perfect. An average deviation of about 1 eV is note~ for the elements studied .(with ~Esudden being 
larger in each case), and the rrris spread about this deviation is also about 1 eV. The cause of this 
almost constant deviation is not presently known. In all three elements, the hydride was chosen as 
the standard molecule. 

The data do show that there are no significant structure-dependent deviations. from the SCF 
"frozen orbital" values. It is concluded that these calculations can be used to give estimates of 
the binding energy shifts in these :molecules to within about 1 eV. 
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Table I. Binding energy shifts (in eV) of is electrons from C, 0, and N compounds, relative to 
CH4, H20, and NH3. 

Compound ~E(expt)a ~E(sudden) 
b Compound ~E(expt)a · ~E(sudden) 

C is shift 0 is shift 

C2H6 -0.2c 0.2 C
2

H40 -i.05(5) 0.2 

C2H4 -O.ic 0.9. CH30H -0.80(i0) -0.2 

C2H2 0.4c 1.4 C0 2 
1.44(5) 3.2 

c 2H4 0 2.0i(5) 2.4 HC0
2

Hd 0.67(5) 2.0 
-0.95(5) 0.8 

CH30H 1.9(2) 2.0 N20 1. 54( 10) 2.9 

HC0 2H 4.99(10) 6.0 
co 2.94(iO)e 3.3 

C0 2 6.84(5) 8.3 

co. 5.4e 5.5 4 
02, ~ 3.47(5) 

CH3F 2.8£ 3.0~ 2 
4.59(5) 02, ~ 

4.9 
Cyclo- -0.23(5) 0.5 0 2 , wtd ave 3.84(6) 4.3 

propane --------------------------------
CHF 3 

- 8.3f 9.4g 
i5h N is shift 

CF4 
11.0£ 12.7g N2 4.35(20) 5.4 

HCN 2. 6(2)i 2.8 N
2

0 3.i7(10), 6.i 
7.04(5) 9.3 

HCN 0.55(20)i 3.0 

a. Error in last place given parenthetically. From this work unless otherwise 
noted. Shifts positive if no sign given. 
b. From Ref. 7, unless otherwise indicated. 
c. T. D. Thomas, J. Chern. Phys. 52, i373 (i970). 

,d. Two lines of equal intensity, hencetwo possible ways to assign lines. 
e. T. D. Thomas, in preparation. 
f. T. D. Thomas, submitted to J. Am. Chern. Soc. 
g. Ref. 8. · 
h. Ref. 6. 
i. P. Finn, J. M. Hollander, and W. L. Jolly, unpublished data. 
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Fig. 1. Experimental binding-energy shifts vs "sudden" e:stimates 
for carbon 1s (open circles), oxygen 1s (filled circles), and nitro
gen 1s (triangles) electrons in compounds listed in Table I. For 
~Eexpt = ~Esudden points would lie on the .solid line. Carbon val
ues from Ref. 6 are indicated by open squares (Ref. 11). W. L. 
Jolly has made thermochemical estimates (Ref. 12) for several com
pounds; these are indicated by X's. (XBL 6911-6303) 

A STUDY OF THE "GOLD 5d BANDS" IN AuA1 2 AND AuGa2 
BY PHOTOELECTRON SPECTROSCOPY* 

P. D. Chan and D. A. Shirley 

x-Ray photoelectron spectroscopy has been extended to studies of the valence electrons in 
solids and gaseous molecules. 1, 2 The spectra obtained provide direct determination of N(E), the 
density of states near the Fermi level. We have studied in particular N(E) of AuAl2 and AuGa2. 

AuAl2 is purple and AuGa2 is greyish, and these interesting optical properties are often attrib
uted to the proximity of Au 5d electrons to the Fermi energy, EF· In a recent proposal by Switen
d~ck and Nl ~ath, 3 which was based?~ the band-structure calculations for a solution for the "~uGa2 
dilemma," It was found that the posthons of the gold d- band states were at about EF -7 eV In 
AuAlz and at similar energies in AuGaz and Auinz. 3 If these Au 5d states really lay 7 eV below 
EF, and the density of state peak were as narrow as the calculation indicated, then they could 
scarcely affect the compounds' optical properties. We describe here our XPS ""4ork on density of 
states of these two compounds in order to help resolve this "d- band dilemma." 

The experimental aspects of XPS have been reviewed in detail elsewhere. 1 In this work, 
Mg Ka1,2 (1253.6 eV) were used as the excitation source, and the photoelectrons emitted were mag
netically analyzed for kinetic energy in the Berkeley iron-fre.e spectrometer. The samples were 
prepared by heating stoichiometric amounts of pure metals in vacuo, and then spark-cut and pol
ished. 
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The XPS spectra for AuAl2 and AuGa2 taken near the Fermi level, along with the least
squares fittings with a linear sloping background plus a Gaussian with a constant tail on the low
energy side, are shown in Figs.1 and 2, respectively. 

The spectra of AuAl2 showed one dominant peak at EF -6 eV which we attribute to the Au 5d 
band with considerable confidence. The "d-band" peak appeared to be slightly asymmetric. 
However, two-Gaussian fitting gave only a very weak higher-energy peak of variable position and 
shifted the main peak only a few tenths eV, and so only the one-Gaussian fittings are used. The 
final value of AuAl2 position is EF -(6.0±0.3) eV, and the full width at half maximum, FWHM, 
is (4.1 ± 0.5) eV. 

The spectra and Gaussian fitting of AuGa2 showed a Ga 3d peak at EF -20 eV, and a Au 5d
band peak at EF -6 eV. The Au 5d- band peak was quite symmetric. The Ga 3d peak was asym
metric and appeared to consist of two peaks each of width 2 eV FWHM and spaced about 2 eV 
apart, with the higher-energy peak about 0.4 as intense as the lower-energy peak. We attribu_te 
the higher-energy peak to free Ga, which we think came from nonstoichiometry. The Au 4f5/2 
and 4f7 /2 doublet showed no evidence of a second phase at the gold sites, and gave support to the 
Au 5d-band results. The final value of the Au 5d- band position is EF -(5. 7 ± 0.2) eV, and FWHM 
is (4.6±0.4) eV. 

We interpret the results from AuGa2 and AuAl2 as giving strong (but qualitative) support for 
Switendick' s band- structure calculations: the positions of these peaks are in good agreement with 
his predictions. However, the experimental "d barids" are at higher energy (EF -6 eV) than the 
theoretical value (EF -7 eV), and the experimental line width (4 eV) is about twice theoretical. 

In the particular case of AuAl2, our results agree also basically with those of Al (L2 3) soft 
x-ray emission work by Williams et al., 5 who took their spectra as support of Switendick's calcu
lations. However, there are small differences among the two experimental results and the theo
retical. The soft-x-ray work showed a peak at EF -8.3 eV, whereas the XPS peak is at EF -6.0 
eV, and the peak positions calculated by Switendick are EF -8.0 eV for Al 3s-like states and 
EF -7.1 eV for the peak in the total density of states. 6 We attribute the difference to the fact that 
XPS is most sensitive to d electrons whereas the soft-x-ray work is sensitive to bands with s sym
metry at the Al sites. Another polnt of disagreement is the position of the Al 2p state. Switendick 
predicted E = EF-(73.8±0.1) eV, and he quoted an experimental value of EF-(73.5±0.5) eV, 
whereas our spectra showed the peak at EF -(75.1 ±0.2) eV. 

In spite of the points of disagreement among Switendick' s theoretical work, the soft-x-ray 
emission work of Williams et al., and our XPS results, we conclude that these three investigations 
all concur on one major point: the gold 5d bands in the AuAl2-type alloy lie 6 to 8 eV below the 
Fermi level. 

Footnote and References 

*Condensed from P. D. Chan and D. A. Shirley, A Note on the Position of the "Gold 5d Bands," 
in Proceedin s of the Density-of-States Symposium at the National Bureau of Standards, Nov. 3-6, 
19 9. r-c. S. Fadley and D. A. Shirley, Phys. Rev. Letters..£.!, 980 (1968). 
2. K. Hamrin et al., Chern. Phys. Letters 1, 613 (1968). 
3. A. C. Switendick and Albert Narath, Phys. Rev. Letters 22, 1423 (1969). 
4. V. Jaccarino, M. Weber, J. H. Wernick, and A. Menth, Phys. Rev. Letters 21, 1811 ( 1968). 
5. M. L. Williams, R. C. Dobbyn, J. R. Cuthill, and A. J. McAllister, Soft x-Ray Emission 
Spectrum of Al in AuAl2 in Proceedings of the Density-of-States Symposium (see Ref. 1). 
6. A. C. Switeridick, Orbital Symmetry Contributions to Electronic Density of States of AuAl2, 
.in Proceedings of the Density-of-States Symposium (see Ref. 1). 
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x-RAY PHOTOELECTRON SPECTROSCOPY: A TOOL FOR RESEARCH IN CATALYSIS t 

* t W. N. Delgass, T. R. Hughes, and C. S, Fadley 

Chemical shifts in x-ray photoelectron spectra can be related to charges on atoms in the sam-
ple, while peak areas yield an approximate chemical analysis. Because of its general applicabil-
ity and the semi surface nature of measurements on solids, x-ray photoelectron spectroscopy 
(XPS) has high potential for research in catalysis. The purpose of this work has been to explore 
this potential in several specific areas. 

Figure 1 shows N( is) photoelectron spectra of NH4- Y zeolite. Spectrum i(a) gives a binding 
energy for nitrogen in good agreement with that for NH4 in NH4N03. Spectrum i(b) resulted when 
the sample was heated in the vacuum of the photoelectron spectrometer. The decrease in intensity 
and broadening of the line are consistent with partial deammoniation of the sample and a change in 
t!J.e chemical state of some of the residual nitrogen. Similar effects were seen for NH3 adsorbed 
on silica-alumina and H-Y zeolite. Spectrum i(c) resulted-when the sample was heated in the 
spectrometer to 450° C, cooled to 120° C, and exposed to approximately 5 torr of pyridine. The left 
line of the broad doublet was shown in a separate experiment to be due to residual nitrogen from 
NH4- Y, and the right peak was assigned to adsorbed pyridine. The shift of the residual nitrogen 
line in i(c) with respect to i(a) shows a further change in the chemical state of the original nitro
gen as a consequence of heating and the resulting dehydration of the zeolite. 

The ability. of XPS to provide information concerning the chemical states of supported metal 
catalysts is demonstrated in the Ni(2p3/2) speetra of 6 o/o Ni on silica-alumina, Fig. 2. Spectrum 
2(a) is characteristic of NiO. The left peak, an "extra feature" of the spectrum, is not yet fully 
understood, but it may be due to Ni3+. The right peaks of spectra 2(b) and 2(c) show in situ re
duction and subsequent reoxidation of the supported nickel. Spectrum 2(d) is for a sample treated. 
in a stream of H2 plus H2S to sulfide the nickel. As expected, this spectrum is different from the 
characteristic NiO spectrum. Spectrum 2(e) shows that even after a CO stripping treatment and 
exposure to air during transfer to the spectrometer, some Ni metal was still present on the cat
alyst. This result may be due to passivation of the Ni surface by oxygen before the CO treatment. 
A more precise identification of the left peaks in the spectra of Fig. 2 is a topic of interest for 
further study. 

In other experiments (a) an effect of particle size on the oxidizability of Pt and (b) chemical 
changes in the surface layer of FeV204 after use as a catalyst were observed. It was also found 
that Eu3+ exchanged into zeolites could be reduced to Eu2+ in the pn-esence of H2 at 450° C, where
as a similar treatment of Eu203 had no observable effect. This result suggests that further stud
ies of the chemistry of rare earths in zeolites may be useful in the understanding of zeolite activ
ity. 

On the basis of these experiments we feel that such subjects as catalyst characterization, 
activation, aging, and poisoning, as· well as adsorption and surface segregation in multicomponent 
systems, should be fruitful. At this stage in the development of the technique, investigation of 
chemical effects involving large changes in the charge on atoms of interest has the best chance 
for success. More subtle chemical changes will become amenable to quantitative study with more 
accurate charging and band-bending corrections, improved methods for dealing with the Fermi 
level energy reference in solids, and improved vacuum conditions in the spectrometer. 

Ali Air Force Office of Scientific Research Postdoctoral Research Award to W. N.D. in sup
port of this research, under the direction of Profe·ssor David A. Shirley, is gratefully acknowl
edged. We are indebted to many colleagues for helpful discussions and the donation of samples. 

Footnotes 

tSummary of UCRL-18968, submitted to Catalysis Reviews. 
*Present address: Yale University, New Haven, Connecticut 06520. 
tChevron Research Corporation, Richmond, California 94802. 



252 

40000[ 
Q. 16000 

. Coldoed 

' 
(O) (RT) 

c 
E 
v 
<D 14000 37000 

66000 

Q. 

= ' c c ·e 61000 " 14000 0 
u CX) (c) .;, 

13000 

Q. 
~ ' 

-~ 16000 
c 
::> 

E 0 

Ill u 
,..: ._(d) 

14000 
1.245 1.250 1.255 
Spectrometer current (amps) 

.: 
Fig. 1. N( 1s) photoelectron lines from NH4- Y 

58000 zeolite as a function of treatment in situ. 
(XBL b99-3709) (RT) 

.. . 
55000 

0.84 0.85 0.86 

Spectrometer current (omps) 

Fig. 2. Ni(2p3j2) photoelectron lines from 6o/o 
Ni on silica-alumina. (XBL 699-3703) 

SPLITTING OF GOLD p
3

/
2 

CORE LEVELS BY CHEMICAL BONDINGt 

. * * G. R. Apai, W. N. Delgass, J, M. Hollander, T. Novakov, and D. A. Shirley 

1 Through the use of x-ray photoelectron spectroscopy, Nova.kov and Hollander have recently 
observed a splitting of atomic-core p

3
J.:z levels in compounds of thorium and uranium. In the ura

nium compounds, the magnitude of the splitting varied from 3 to 10 eV (the latter in uranyl acetate). 
The splittings were interpreted as arising from crystal fields or from specific interactions with 
the bonding orbitals. 

In a~ effort to gain more information, photoelectron spectra from some gold compounds were 
studied. These compounds were chosen because their chemical bonding schemes had recently 
been characterized by Faltens and Shirley. 3 In their study of nuclear quadrupole splitting of 
linear gold compounds (by Mossbauer spectroscopy) these authors had interpreted the splitting as 
arising from the participation of 6p orbitals in the X-Au-X bonds, producing a field gradient at the 
nucleus. They inferred that the magnitude of the splitting is proportional to the degree of sp co
valency of the bond. 
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In our experiments, solid samples were irradiated with MgKa x rays (1253.6 eV). The 
ejected photoelectrons were analyzed with a magnetic spectrometer. Figure 1 shows spectra for 
the 4f5/2 (Ny1), 4f7/2 (Nvu>• and· 5.p3;2 (Our> levels of Au metal, AuCN, and KAu(CN) 2 . All 
the peaks of gold metal appear to have the normal line shape; a least-squares program gave good 
fits to these·peaks by use of single Gaussians. However, the 5P3/2 peaks of AuCN and KAu(CN}2 
show splittings. The energy splittings t.E (5P3/2) for these two cases, along with other param
eters in the fitting routine, are given in Table :r'. Since the 5P3/2 electrons of Au are not usually 
regarded as participating in chemical bonding, the origin of composite structure in the 5p3/2 peak 
was not obvious. 

Table I. Spectral parameters derived from the least-squares fitting of the photoelectron spectra, 
Errors in the last place are given parenthetically. 

Compound Peak Energy a 

(eV) 

Au 4 f5/2(Nvr> 1163.27(1) 

4 f7 /2(Nvnl _1f66. 90( 1) 

5P3j2(0III) 1194.1(1) 

AuCN 4 f5/2(Nvr> 1160.42(1) 

4 f7 /2(Nvu> 1164.09(1) 

5p3/2(0III)( 1) 1190.1(2) 

5p 3; 2(0m)(2) 1191.8(2) 

KAu(CN)
2 

4 f5/2(Nvrl 1158.98(3) 

4 f7 /2(Nvu> 1162.64(2) 

5p3/2 (OIII)( 1) 1188.4(2) 

5p3/2(0III)(2) 1190.3(2)' 

FWHMb 
(eV) 

1.57(3) 

1.58(3) 

3.6 (2) 

1.56(3) 

L 65(2) 

2.4(3) 

2.4(3)' 

1.80(7) 

L 79(5) 

2.3(2) 

2.3(2) 

Relative 
intensityc 

1.25 

1.34 

1.2 

1.29 

0.97 

a. Kinetic energies only--binding energies could be deduced only if corrections 
for source charging were known. 
b. Full width at half maximum height of fitted Gaussian. 
c. Relative to peak immediately above. 

We believe that whatever detailed mechanis.m is responsible, splitting of the 5P3/2 level in 
linear gold compounds must result from (a) Coulombic interaction of electl'ons in the 5P3/2 level 
with electrons both in the ligand bonding gold orbitals and in the carbon atom, and (b) nuclear at
traction of th_e 5p3/2 electrons to the carbon nucleus. The observation of splitting in linear 
[NC-Au-CN] and its absence in cubic Au metal are consistent with this interpretation. (A p3;2 
state can form only one irreducible representation of a cubic group.) In an attempt to explain the 
observed splitting in detail we restrict ourselves to the Au(CN)z case. 

"I:he observed splitting must be in the final hole states left after ejection of the 5pl/2 electron. 
If we take the symmetry axis of the ion as· the quantization axis, then we may denote tlie states as 
tjJ(±1/2), which represents an m· =± 1/2 hole in the Au 5p 3; 2 shell, and t\J(±3/2), which repre
sents an mj = ± 3j2 hole. By usfng first-order perturbation theory, t.E = E(± 3/2) - E(± 1/2) can 
be calculated. Since the P3/2 shell has one hole, it can be treated as a one- (rather than three-) 
electron state. We assign this state a definite magnetic quantum number(+ 3/2 or + 1/2). Now 
we calculate the interaction of the 5p3j2 (m = + 3/2 or m = + 1/2) state with one CN group and double 
the resulting t.E. 
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In our model we assume 6s6p hybridization in Au as well as 2s2p hydridization in the carbon 
of the CN group. The antisymmetrized wave functions describing the 5P3/2 electron plus the bond 
may be written as a linear combination of Slater determinants composed of atomic orbitals, such 
as 

-
1
- A( 11) 1511( 1)) a( 1) l2prr(2)) a(2) I 2p rr(3)) 13(3) 

,_[2 . 

I q( 4))13( 4) I£( 5)) a(5) I k( 6)) 13( 6) liS(7)) a( 7) I iS( 8)) 13( 8) 
t\J(3/2,+ 3/2)"' 

A(11)l511(1))a(i)l 2prr(2))a(2)l2prr(3))13(3) 

I q(4)) a(4) I £(5)) 13(5) I k( 6) a( 6) I 1S(7)) a(7) I 1S(8)) 13(8) 

Here 1 q) refers to the carbon hybrid orbital .._fr- ( 1200)- 1210) ); I£) refers to the other hybrid of 
carbon ~ (1200) + 1210)), and lk) denotes'the gold hybrid~ (1600) + 1610)). We may expand 
t\J (3/2, +'f/2) in the I £zSz) representation 

y.. (3/2, +1/2( 1)) "' ( 1/3) 1/
2 I 510( 1)) a( 1) + (2/3) 1/

2 
I 511( 1)) 13( 1). 

The wave function for the gold-nitrogen interaction is written similarly. The relevant part of 
the perturbing Hamiltonian is 

2 
e 
~ 

lJ 

2 
Z(riC) e 

I riC I 

Here ricis the distance of an electron in an Au atomic orbital from the carbon nucleus and Z(qc) 
is the total carbon nuclear charge. Splitting will arise only if eleCtron i or j is in a 5p orbital. 
Hence we have, for two Au-C bonds, 

.0.E = 2 {(Y.. (3/2,t3/2)IJCit\J(3/2, +3/2))- (t\J(3/2, +1/2)IJCit\J(3/2, +1/2))}. 

The calculations for our two ·center. integrals were carried out with use of a diatomic restricted 
SCF program. 4 . 

The electron hole-nucleus sum in JC tends to lower the energy of the m· = + 3/2 state relative 
to that of the mj = + 1/2 state, whereas the electron-electron hole sum has ihe opposite effect. 
Table II lists tlie contributions to the splitting of the 5p3 ; 2 level that we fin~. by preliminary calcu
lation. The total calculated splitting is therefore only -0.24 eV. Recent Mossbauer results5 on 

Table II. Contributions to 5p3/2 splitting for 
.0.E = E(±3/2)- E(±1/2). 

Interaction 

.6.E 2 
Z(riC)e 

.6.E 2 
Z( riN) e 

.0.E 
(eV) 

-2.96 

-0.92 

.6.E (1-center Au 5p-6s6p) +0.15 
ee 

LI.Eee (2-center Au 5p-C electrons) +2.56 

LI.Eee (2- center Au 5.p-N electrons) .+0. 93 

transition metal cyanides indicate that back
donation of the dxz and dyz electrons to rr-anti
bonding orbitals on the carbon atoms may be 
important. Our calculations indicate this effect 
would lead to a negligible contribution . 

Therefore, although the model correctly 
predicts a splitting in the 5p3/2 state, it falls 
short by a rather large factor of giving quanti
tative agreement with experiment. An orbital 
unrestricted Hartree-Fock calculation on 

· Au(CN)2- would be a more realistic theoretical 
approach, but such a calculation is not yet fea
sible. 
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Footnotes and References 

tCondensed from G. R. Apai, W. Nicholas Delgass, J. M. Hollander, T. Novakov, and D. A. 
Shirley, in preparation. 
*Present address: Yale University, New Haven, Connecticut 06520. 
tPresent address: Shell Development Company, Emeryville, California 94608. 
1. T. Novakov and J. M. Hollander, Phys. Rev. Letters.£.!, 1133 ( 1968). 
2. T. Novakov and J. M. Hollander, Bull. Am. Phys. Soc. 14, 524 (BM4) (1969). 
3. M. 0. Faltens and D. A. Shirley, in preparation. -
4. We express our appreciation to Dr. H. F. Schaefer for the use ofhis computer program for 
diatomic calculations and also for help concerning its use. 
5. G. Kaindl, W. Potzel, F. Wagner, Ursel Zahn, and R. L. Mossbauer, Z. Physik 226, 103 
( 1969). 
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x-RAY PHOTOELECTRON SPECTROSCOPY OF COMPOUNDS CONTAINING CARBON 

T. Darrah Thomas t 

It is likely that one of the important areas of applicability of x-ray photoelectron spectroscopy 
will be the study of carbon-containing compounds. The present resolution of the technique (about 
1.2 eV for the 1s level of carbon) is sufficient to show the gross differences between different car
bons in a variety of compounds, and even the rather fine differences between the carbons in meth
ane and ethane. The ultimate limiting resolution is determined by the natural line width for the 
carbon is level, and is calculated to be about 0.06 eV. At this resolution one should probably be 
able to resolve the CH3 carbon from the CHz carbon in propane, and many other closely spaced 
lines. 

The following summaries cover a series of investigations I made, while a visitor to Berkeley, 
on the x-ray photoelectron spectroscopy of compounds containing carbon. The first of these, on 
hydrocarbons, is concerned with the effects on the carbon is binding energy due to changes of bond 
type, hydrogenation of multiple bonds, and replacement bf hydrogen by carbon. "The second, on 
halomethanes, deals with the effects of replacing hydrogen with electronegative ligands, specif
ically halogens. The third is concerned with the binding energies of all the electrons on carbon 
monoxide, and also discusses what sort of information may be obtained from intensity data. 

* A. x-Ray Photoelectron Spectroscopy of Simple Hydrocarbons 

Carbon is ionization potentials for methane (290.8 eV), ethane (290.6), ethylene (290.7), acet
ylene (291.2), cyclohexane (290.3), benzene (290.4), 2, 2-dimethylpropane (290.4), and fluoroform 
(299.i), together with the fluorine is ionization potential for fluoroform (694.i) and ionization po
tentials for the Zag and 2au orbitals of ethylene (24.5±i and 19.5±i) and for the 20'g and 20'u or
bitals of acetylene (23.5) and i8.5), have been measured. These values, together w1th those from 
other measurements, are compared with orbital energies obtained by use of Koopmans' theorem. 
The comparison indicates that this metliod of calculation gives orbital energies that are about 5o/o 
larger than the experimental ionization potentials for carbon its electrons and iO to i5o/o greater 
for the outer electrons. These differences are consistent with calculations of the ionization poten
tials of carbon atoms. The carbon is binding energy decreases with hydrogenation and when a hy
drogen is replaced by an alkyl group. The first of these results is consistent with theoretical cal
culations and with other chemical evidence. There is an apparent discrepancy between the second 
result and the result of theory or other chemical evidence. 

B. x-Ray Photoelectron Spectroscopy of Halomethanes t 

Carbon is ionization potentials, relative to that of methane (2 90.8 e V), have been measured 
for 

. (a) CH3 F 2.8 eV) CF4 
i1.0 eV) CH2c12 

3.i eV) CC14 
5. 5 eV) 

CHF 3 8.3 eV) CH 3Cl 1.6 eV) CHC1
3 

4.3 eV) CH
3
Br i.O eV) 

(b) CH3F (692.4 eV) CHF3 (694.i eV) CF4 
(695.0 eV) 

(c) CH
3

Cl (277.2 eV) CH2Cl2 (277.6 eV) CHC13 
(277. 7 eV) CC14 

(278.0 eV) 

The carbon and halogen binding energies increase linearly with the number of halogens. Compar
ison of the fluorocarbon results with binding energies based on use ofKoopmans' theorem indicates 
a substantial error between experiment and theory that increases with the number of fluorines. 
This discrepancy arises because Koopmans' theorem does not allow for relaxation of electrons. and 
polarization of the ligands when the ion is formed from the neutral molecule. The measured bmd
ing energies are found to vary linearly with the sum of differences between the electronegativities 
of the ligands and that of hydrogen. 
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C. x-Ray Photoelectron Spectroscopy of C;irbgn Mpnpxjdett 

The ionization potentials for all the electrons on carbon monoxide have been measured by 
x-ray photoelectron spectroscopy. The values found ·(in eV) are i u (oxygen is), 542.3; 2u (carbon 
is) 296.2; 3u, 38.9; 4u, i9.8; 11r, 17.2; and 5u, i4.0. The iu ionization potential is 1.2 eV less 
tha'.ri the is ionization potential for molecular oxygen; the 2u ionization potential is 5.4 eV greater 
than the is ionization potential in methane. These results indicate a positive charge on the carbon 
of carbon monoxide and a negative charge on the oxygen, in agreement with the relative electro
·negativities, but opposite to what might be expected from the dipole moment of carbon monoxide. 
The ionization potentials for the three least bound electrons are in agreement with those found by 
other techniques, provided that allowance is made for the fact that these values represent vertical 
(rather than adiabatic) ionization potentials. Although the relative intensities of the photoelectrons 
reflect the atomic photoelectric cross sections and the molecular orbital composition in a qualita-

7tive way, there is not quantitative agreement between the measured intensities and theoretical 
cross sections. 

Footnotes 

tPermanent address: Princeton University, Princeton, New Jersey. 
*J. Chem. Phys., Feb. i970. 
fSubmitted to J. Am. Chem. Soc. 
ttSubmitted to J. Chem. Phys. 

CORE-ELECTRON BINDING ENERGIES FOR SOLID COMPOUN,DS OF 
BORON, CHROMIUM, NITROGEN, AND PHOSPHORust 

D. N. Hendrickson, t J. M. Hollander, and W. L. Jolly tt 

We have previously reported data on the chemical shifts of core- electron binding energies of 
nitrogen compounds, together with a correlation of these data with values of atomic charge calcu
lated by the CNDO-MO method. i This work has now been extended to include compounds of boron, 
chromium, and phosphorus, and the calculations of atomic charge have .been done by the extended 
Hiickel MO method2 as well as by the CNDO method. 

The experiments were done with the Berkeley 50-cm iron-free spectrometer, utilizing mag
nesium Ka x rays (i253.6 eV). The binding energy data on boron, chromium, nitrogen, and phos
phorus are plotted against calculated atomic charge values in Figs. i through 7. 

The results of these correlation studies are summarized as follows: 
Boron. A fair linear correlation is obtained between measured is electron binding energies and 

boron atom charge obtaine~. from the EHMO calculations (Fig. i). It is found that the EHMO meth
od tends to overemphasize~charge separation in these molecules, as compared with the CNOO
calculated charges (see Fig. 2). This is probably the result of using charge-independent Coulomb 
integrals in the EHMO· calculations. 

Chromium. Preliminary iterative EHMO calculations were done for a few of the chromium 
compounds, with different·input parameters, but only a rough correlation was found between chro
mium 3p binding energy and calculated charge (see Fig. 3). 

The chromium 3p binding energies of.K3[Cr(CN)6) and K3[Cr(CN)sNO] are identical, and 
therefor.e one might conclude that the latter is a Cr(III) compound, contrary to its usual formula
tion as a C r(I) compound. The assignment of the +3 oxidation state to chromium corresponds to 
a formal NO- group. This conclusion is consistent with our nitrogen is work, in which we found 
the charge on the NO nitrogen in K3[Cr(CN) 5NO] to be more negative than expected for an NO+ 
group. 

Nitrogen. Extended HU"ckel MO calculations were completed for 28 nitrogen compounds, and 
Fig. 4 demonstrates the linear correlation that is found between nitrogen is binding energies and 
the EHMO nitrogen charges. The nitrogen charges obtained from the EHMO calculations range 
from -1.7 to almost +2.6. As noted above for boron, this range of charge is much greater than 
that obtained from the CNDO molecular orbitals. A characteristic of the CNDO plot (Fig. 5) is 
the presence of two lines--one for anions, and the other for neutral molecules and possibly 
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cations. This is probably an artifact of-the CNDO method, arising from an inherent overemphasis 
of electron repulsion in the CNDO calculations of anionic molecules. 

Phosphorus. Phosphorus 2p binding energies were obtained for more than 50 phosphorus com-
pounds. The range of binding energy shifts was about 8 eV. Fo.r about half the compounds, EHMO 
calculations were made of phosphorus atomic charge. The calculations were done both with and 
without inclusion of 3d orbitals on the phosphorus atom, but the results were not appreciably dif
ferent. The correlation between the phosphorus 2p binding energies and the EHMO-calculated 
charges is poor (see Figs. 6 and 7) in contrast to the nitrogen work, in which a reasonably good 
correlation was found with the same var:iations of the Hucke! method. 

Footnotes and References 

tThe work on phosphorus compounds was done with the assistance of M. Pelavin. 
*This report is condensed from publications on 

boron and chromium [D. N. Hendrickson, J. M. Hollander, and W. L. Jolly, UCRL-19083, 
Sept. 1969], 

nitrogen [D. N. Hendrickson, J. M. Hollander, and W. L. Jolly, UCRL-19027, Aug. 1969; 
J. Chern. Phys. 49, 3315 (1968); Inorg. Chern . .§., 2642 (1969)], and 

phosphorus [M. Pelavin, D. N. Hendrickson, J. M. Hollander, and w. L. Jolly, UCRL- 19044, 
Aug. 1969]. 
tPresent address: California Institute of Technology, Pasadena, California 91109. 
ttlnorganic Materials Research Division, Lawrence Radiation Laboratory. 
1. J. A. Pople, D. P. Santry, and G. A. Segal, J. Chern. Phys. 43, S 129, S 136 {1965); P. M. 
Kuznesof and D. F. Shriver, J. Am. Chern. Soc. 90, 1683 ( 1968). 
2 .. R. Hoffman, J. Chern. Phys. 39, 1397 (1963); P. C. Vander Voorn and R. S. Drago, J. Am. 
Chern. Soc. 88, 3255 (1966). 

> 
QJ 

>-
~ 
QJ 
c 
QJ 

0' 
c 

" c 
:0 

c 
0 
~ 

u 
QJ 

QJ 

.!!! 
c 
0 
~ 

0 
CD 

190 

186 

EHMO-colculoted charge on boron atom 

Fig. 1. Plot of boron 1 s binding energy vs ex
tended .Hiickel- calculated charges on boron 
atoms: (XBL 697-3245) 

> 
QJ 

>-
0' 
~ 194 QJ 
c 
QJ 

0' 
c 

" c 192 
.0 

c 
~ 
u 
QJ 190 a; 

~ 

c 
0 
~ 

0 
CD 

CNDO-colculoted charge on boron atom 

Fig. 2. Plot of boron is binding energy vs 
CNDO-calculated charges on boron atoms. 

(XBL 697-324 7) 



-259 

> 
CU. 

>. 

~ 
Q) 

c 
Q) 

0' 
c 
'0 
c 
:0 

c 
0 ... 

. -u 
Q) 

Q) 

a. 
r<l 

E 
:::> 

E 
0 ... 

.s:::. 
u 

47.0 

45.0 
0 • . 3-

Cr(CNl
6 

43.0 (reduced l 

0 1.0 
Co lculoted chromium atom charge 

Fig. 3. Plot of chromium 3p binding energies 
_·vs iterative extended Hiickel-calculated charges 
on chromium atoms. The symbols • and o refer 

·to two different sets of input data. 
(XBL 697-2248) 

Colculoled charge on nitrogen atom 

Fig. 5. Plot of nitrogen is binding energies vs 
CNDO calculated charges on nitrogen atoms. 

(XBL 695-2 642) 

> .. 

c: .. 
C7' e 
z 

• Anions 

• Neutral molecules 

• Cations 

" t3 • 
14 •• ... 
••• 

16 

•• 

••• 

•• 

12 
•• 15 

..• 

2.0 

Co leu Ia ted cho rge on nitrogen atom 

Fig. 4. Plot of nitrogen is binding energies vs 
extended Huckel-calculated charges on nitrogen 
atoms. (XBL 695-2645) 

> 
cu 138 

C' 
c: 
"0 
c: 
.0 

c: 
~ 
u 
cu 
cu 

a. 
(\J 

Ill 
~ ... 
0 

.s:::. 
a. 
Ill 
0 

.s:::. 
a. 

Calculated charge on phos·phorus atom 

Fig. 6. Plot of phosphorus 2p binding energies vs 
noniterative extended Huckel- calculated charges 
on phosphorus atoms. (XBL 696-2987) 



>-
~ 138.-.-----.-----.-----~----~----~~ 
Q.l 
c: 
Q.l 

0' 
c: 
"0 136 
c: 
:c 
c: 
0 
.:: 134 
u 
Q.l~ 

ai> 
Q.l 

a.~ 

C\J 132 
IJ> 

"' ... 
0 

.t::. 
a. 
IJ> 
0 

.t::. 
a.. 0 

2 • 

1.0 

ell 
13 .. 12 

16 

18 .. 20 

.23 .24 

2.0 

le 

Calculated charge on phosphorus atom 

260 

Fig. 7. Plot of phosphorus 2p binding energies 
vs iterative extended H1ickel-calculated charges 
onphosphorus atoms. (XBL 696-2990) 



III. Physical, Inorganic, and 
Analytical Chemistry 



261 

x-Ray Crystallography 

THE STRUCTURE OF Di-1r-CYCLOOCTATETRAENEURANIUM (URANOCENE)t 

* Allan Zalkin and Kenneth N. Raymond 

Streitwieser and Mueller- Westerhoff have recently reported the synthesis and characterization 
of bis(cyclooctatetraene)uranium. 1 As the name "uranocene" implies, this compound was proposed 
to be a new type of sandwich metal complex homologous with ferrocene. 2 We have completed an 
x-ray diffraction analysis of a single crystal of this material which shows it is indeed a 1T sand
wich compound with a molecular symmetry of o8h, as shown in Fig. 1. 

The deep green compound crystallizes in P21/n (an alternative setting of P21/c, C2h5) with 
a= 7.084(3),3b = 8.701(3), c = 10.631(5) A. (3=98.75deg(3), V=6476(10)A.3 Fortwoformula 
units in the cell, the calculated density of 2.29 g/cm3 is in the range expected from comparison 
with heavy metal compounds which have similar formulas. Several of the extremely air-sensitive 
crystals were sealed within thin-walled quartz capillaries ( 0. 3 mm in diameter) under a carefully 
purified nitrogen atmosphere. Intensity data were collected by the stationary crystal-stationary 
counter method on a manually operated diffractometer using Zr-filtered Mo Ka radiation out to a 
Bragg 26 angle of 35 deg. These data were corrected for absorption. 

With two formula units in the cell the molecule may be unambiguously placed on the origin with 
1 ( Ci) crystallographic point symmetry. The uranium atoms then contribute only to structure 
factors F(h, k, 1) for which h + k + 1 is even, Those structure factors with h + k + 1 odd are due 
entirely to the scattering of the carbon and hydrogen atoms. For this class of reflections the prob
lem is virtually the same as a light-atom structure, Assignment of phases for these reflections 
is then difficult, but their magnitudes are very sensitive to the carbon atom positions. 

An origin-removed sharpened Patterson map showed very little ripple, and th~ strongest eight 
peaks in this map for vectors in the range 1.6 to 3,0 A all had lengths of about 2.6 A and clearly 
showed the sandwich structure of the molecule with virtually no significant distortion, The coordi
nates from the Patterson map were directly used in subsequent least-squares refinements. The 
present level of refinement for all 540 reflections with F2 > a( F2) corrected for absorption gives 
Rand wt R as 3.3 and 3.9%, respectively. 

Since the molecule lies on the origin with 1 
(Ci) crystallographic point symmetry, the two 
planar C3H3 rings are then constrained to be par
allel and eclipsed. The orientations of the carbon 
atom thermal ellipsoids (Fig. 1) show a prefer
entia! oscillation of the rings about the molecular 
symmetry axis, as expected in a compound of 
this type. The U--<;:: and C-c bond lengths are all 
equivalent to within the present level of refine
ment. The average u-c bond length is 2.648(5) A. 
with the assigned standard deviation estimated 
from the variance. The average c-c bond length 
is 1.395( 15) A. The averages for alternating sets 
of four bonds are 1.391 and 1.398 A The eight 
carbon atoms of an individual ring all lie within 
about 0.02 A of the least-squares plane. This 
planarity and the equality of alternate bond lengths 

Fig.' 1. A perspective drawing of (CsHg) 2U, 
di-cyclooctatetraeneuranium. (XBL 701-18) 
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leaves no question that this is a pseudoaromatic ring and that di-1r-cyclooctatetraene -uranium or 
"uranocene" is an authentic 1T sandwich complex of the Sf tr'!-nsition series, 

Footnotes and References 

tcondensed from J. Am. Chern. Soc. 2J., 5667 ( 1969). 
*Chemistry Department, University of California, Berkeley 94720. 
1. A. Streitwieser and U. Mueller- Westerhoff, J. Am. Chern. Soc. 2.Q, 7364 ( 1968). 
2. Although other complexes of planar cyclooctatetraene dianion are known [see, for example, 
M. A. Bennett, Advan. Organometal. Chern . .1. 376 ( 1966); H. Breil and G. Wilke, Angew. Chern. 
Intern. Ed. Engl. .5_, 899 ( 1968)], these compounds contain rather weakly bound C8H8 dianions and 
show chemical behavior characteristic of ionic bonding. . 
3. The standard deviation in the least significant digits is given in parentheses. 

REDETERMINATION OF THE BETAINE HYDROCHLORIDE STRUCTURE, ((CH
3

)
3

NCH
2

COOH]+Cl

Mark S. Fischer, t David H. Templeton, and Allan Zalkin 

The structures of compounds of choline, ((CH3>3NCH2CH20H] +x-, and of betaine, 
((CH3)3NCH2COOH] +x-, are of interest because of both the unusual radiation sensitivity of choline 
chloride 1 and the frequent occurrence of these compounds in biological systems. They are com
ponents of complex lipids, and they can act as transmethylating agents. The related acetylcholine 
is essential to nerve impulse transfer. 

Related structures which have b,ren determined previously include choline chloride, 2 muscarine 
iodide, 3 and acetylcholine bromide. Clastre5 has published a preliminary structure report for 
betaine hydrochloride, but it is not very accurate. We undertook this structure investigation to 
provide an accurate structure, to locate the positions of the hydrogen atoms, and to investigate 
the packing. 

Small colorless crystals of betaine hydrochloride were kindly supplied to us by Dr. R. M. 
Lemmon. These were then recrystallized in the form of colorless needles by the evaporation·of 
a water-methanol solution to dryness at room temperature. The unit cell parameters (at 23 deg) 
are a= 7.428± 0.002, b = 9.108± 0.005, c = 11.550± 0.003 A, and j3 = 96.71± 0.03 deg. The space 
group is P2tfc. Th~ crystal USeE measured 0.09X0.09x0.43 mm. The four most prominent faces 
were ( 100), ( 001), ( 100), and (001). The observed density of 1.314± 0.005 g/cm3, which was 
determined by flotation in a chloroform ~ethylene dichloride mixture, agrees well with the value 
of 1.313 g/cm3 calculated for four formula units per unit cell. Integrated intensities (6-26 scans) 
were measured with a card-controlled automated General Electric XRD-5 diffractometer. Copper 
Ka radiation was used to collect 794 independent reflections. 

The structure was deduced from Patterson and Fourier calculations and was refined by full
matrix least squares. The final R value was 0.027. All nonhydrogen atoms were refined with 
anisotropic thermal parameters. The twelve hydrogens were located and refined with isotropic 
thermal parameters. ·A stereoscopic view of one .molecule is presented in Fig. 1. The atomic 
positions found in this investigation differed from those found by Clastre5 [by as little as 0.02 A for 
the chlorine atom to as much as 0.16 A for atom C(2)]. The mean difference was 0.07 A, which is 
more than 20 times the estimated standard deviations in this investigation. Clastre made no state
ment concerning the precision of his results. 

The orientations of the methyl and methylene groups are very near to being staggered around 
each of the four C -N bonds. The entire cation conforms within about 0.1 A to the symmetry of a 
noncrystallographic mirror plane. The mirror plane passes through (or near) atoms 0( 1), 0(2), 
C(S), C(4), N, C(3) and relates C( 1) to C(2). The carboxyl group is planar within experimental 
error. The carboxyl group is twisted around bond C(4)-C(5) in such a way that atom 0(2) is almost 
as close to and O( 1) as far from the nitrogen atom in the same molecule as is possible. This results 
in an extended shape for the molecule in which the carboxyl hydrogen atom is remote from the 
positively charged ammonium group. The molecular packing is shown in Fig. 2. 
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Footnote and References 

tPresent Address: Medical School, University of Wisconsin, Madison, Wisconsin 53706. 
1. B. M. Tolbert, P. T. Adams, E. L. Bennett, A. M. Hughes, M. R. Kirk, R. M, .I,.emmon, 
R. M. Noller, R. Ostwald, and M. Calvin, J. Am. Chern. Soc. 75, 1867 ( 1953). 
2. M. E. Senko and D. H. Templeton, Acta Cryst. 13, 281 ( 1960). 
3. F. Jellinek, Acta Cryst. 10, 277 (1957). -
4. F. G. Canepa, P. Pauling;-and H. Sorum, Nature 210, 907 ( 1966). 
5. J. Clastre, Compt. Rend. 259, 3267 ( 1964). --

Fig. 1. Stereoscopic view of one molecule of betaine hydrochloride. 
(XBL692 -255) 

0 

Fig. 2. Stereoscopic view of one 
unit cell of betaine hydrochloride. 

(XBL692-254) 
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THE CRYSTAL STRUCTURE OF Ni(B9C 2H 11)2, A NICKEL(IV) COMPLEX 
OF THE DICARBOLLIDE ION 

David St. Clair, t Allan Zalkin, and David H. Templeton 

Another in the series of transition'-metal complexes of the dicarbollide ion, (B9C2H11l-2, 
has been prepared. 1, 2 This complex, Ni(B9C 2H11lz• is a neutral molecule in which the nickel is 
in a formal +4 valence state. Warren and Hawthorne predicted the structure as having the nickel 
ion sandwiched between the open fivefold faces of two ( B9C 2 H 11) - 2 icosahedral fragments. .Because 
of the unusual chemical and spectral properties of this compound, observed for only this molecule 
and an analogous Pd(B9C 2 H11l 2 neutral molecule, 3 an unusual structure was expected. 

We report the results of a single-crystal x-ray analysis which confirms the sandwich-type 
structure in the molecule, shown in Fig. 1. We show that there are two enantiomorphic rotational 
configurations present in the crystal and that the cages are staggered, The structure is novel 
among the unsubstituted metallocarboranes containing two dicarbollide ions in that the pairs of 
carbon atoms in opposite cages are as close to each other as is possible in this staggered config
uration, so that the molecule has the symmetry of only a: twofold axis. A similar configuration of 
carbon atoms has been observed, however, in a double -icosahedral-cage cobalt metallocarborane 
in which the two ca~es are linked by a S-C -S bridge, 4 arid in a metallocarborane containing three 
linked icosahedra. 

The yellow crystals are monoclinic with unit cell dimensions, measured at room temperature 
(::::22•), ~ = 13.371± 0.003 A. ~ = 10.398± 0.005 A. ~ = 13.556± 0.003 A. 13 = 119.16± 0.04 deg. 

3 There are four molecules of Ni (B9C 2H11l2 in the unit cell. The calculated density, p = 1.31 g/cm , 
agrees well with the observed density, p = 1.30 g/cm3, measured by flotation. The space group is 
P21/c. A total of 3242 intensities was measured by the 8-28 scan technique using a G. E. card
controlled automatic x-ray diffractometer equipped with a Cu x-ray tube and a scintillation counter. 

The location of the Ni atom was determined from a study of a pattern of strong and weak reflec
tions in the data. A Fourier map phased on the nickel disclosed the rest of the structure. All the 
positional parameters were refined by a full-matrix least-squares procedure. All nonhydrogen 
atoms were given anisotropic thermal parameters. The final refinement gave a conventional R 
value 0. 035 for the 2 724 non-zero -weighted data, and ~ = 0. 051 calculated by using all 3242 data. 

As shown by the stereoscopic pair drawing in Fig. 1, this neutral molecule is a double -cage 
carborane having the nickel atom sandwiched between the cages by bonding to the open fivefold 
faces of the two icosahedral fragments. Each of the carbon and boron atoms in the cages has a 
hydrogen atom pointing out radially from the cage approximately along a line from the atom to which 
it is attached to the atom directly opposite it in the cage. The carbon pairs in the cages on opposite 
sides of the metal are as close as is possible with the cages staggered. The carbons allow only 
c 2 point symmetry for the molecule. This lack of reflection and inversion symmetry permits the 
existence of enantiomorphic rotational isomers. Ni-C distances vary from 2.065 to 2.077 A; N-B 
distances from 2.085 to 2.105 A; C-C distances from 1.601 to 1.610 A; C-B distances from 1.670 
to 1.732 A; and B-B distances from 1. 753 to 1.843 A 

The molecular packing is shown by the stereoscopic pair drawing of the unit cell in Fig. 2. 
There are orily six intermolecular H-H distances less than 2.60 A. 

Footnote and References 

tPresent address: Shell Oil Company, P. 0. Box 262, Wood River, Illinois. 
1. L. F. Warren and M. F. Hawthorne, J. Am. Chern. Soc. 89, 470 ( 1967). 
2. M. F. Hawthorne, D. C. Young, T. D. Andrews, D. V. Howe, R. L. Pilling, A. D. Pitts, 
M. Reintjes, L. F. Warren, Jr., and P. A. Wegner, ibid, 90, 879 ( 1968). 
3. L. F. Warren and M. F. Hawthorne, J. Am. Chern. Soc-:-90, 4823 ( 1968). 
4. M. R. Churchill, K. Gold, J. N. Francis, and M. F. Hawthorne, ibid. 91, 1222 ( 1969). 
5. D. St. Clair, A. Zalkin, and D. H. Templeton, Inorg. Chern, ~. 2080 ( 1"111i9). 
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Fig. 1. Stereoscopic pair drawing of a complete 
Ni(B9C 2H 11)2 molecule. Thermal ellipsoid boundaries 
are at the 40o/o probability level. For this drawing the 
hydrogens were given ariifical thermal parameters, 
B = 0.5. (XBL6811-6215) 

Fig. 2. Stereoscopic pair draw
ing of the unit cell (hydrogen 
atoms not shown). The origin is 
at the left rear corner of the unit 
cell. All thermal ellipsoids here 
are artificial. Nickel atoms are 
shown as the largest circles, 
carbon atoms as medium -size 
circles, and boron atoms as the 
smallest circles. (XBL 691-93) 
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THE CRYSTAL STRUCTURE OF CsCr[B9C 2H9(CH3) 2 )z· H 20, A HYDRATE OF A 
CHROMIUM METALLOCARBORANE SALT 

David St. Clair, t Allan Zalkin, and David H. Templeton 

Ruhle and Hawthorne have recently reported1 the preparation of Cr[B9C2H9(CH2] z, another 
in the series of transition-metal derivatives of the dicarbollide ion, (B9C2H11)-2. In this anion 
the chronium is in a formal +3 valence state and is bonded to two icosahedral dicarbollide ions in 
which the hydrogen atoms on the carbons of the ( B9C 2H 11) -2 have been replaced by methyl groups. 
It was expected that the complex would have a sandwich-type structure in which the chromium 
would simultaneously occupy an apex in each of two icosahedra. · 

The crystal structure determination of the monohydrate of the cesium salt of the metallocar
borane anion, CsCr[B9C2H9(CH3)2] 2· H20, is reported here. The sandwich nature of the anion 
structure, shown in Fig. 1, is confirmed, and it is shown that the cages are staggered across the 
chromium with the carbon atoms of one cage rotated as far as possible from those in the other. 

The dark red crystals of CsCr[B9C2H9(CH3)2] 2" H20 were very well formed in the shape of 
square prisms elongated along the c axis. The largest faces were the rectangular-shaped ( 110) 
faces. Data were collected on a card-controlled General Electric XRD-5 diffractometer using 
B-211 scans and Gu Ka radiation. A total of 2233 intensities was measured. 

The unit cell is tetragonal with cell_dimensions a= 9.938± 0.004 A and c.= 22.739± 0.007 A. 
With four formula units, CsCr[B9C2H9(CH3)2]2·H20, in the unit cell, the density is calculated 
to be 1.55 g/cm3. The space group was found to be P4 12 12 1. 

The structure was determined from Patterson and Fourier maps and then refined by using a 
full-matrix least-squares calculation. Anisotropic temperature factors were applied to all the 
nonhydrogen atoms. All the hydrogen atoms except those of the water molecule were included with 
two isotropic temperature factors, one for the hydrogens attached to the boron cage and another 
for the methyl group hydrogens. The refinement gave~= 0.047 for the 1957 data having.!_ >0'(.!_). 

The structure of the Cr[B9C2H9(CH3)2Jz anion skeleton is shown without hydrogen atoms in 
Fig. 1. The complete anion including hydrogen atoms is shown by the stereoscopic pair drawing 
in Fig. 2. The anion consists of two complete icosahedra linked through the chromium atom which 
simultaneously occupies an apex position in each cage. Each of the carbon atoms in the cage has 
a methyl group attached, and each boron has a hydrogen pointing out radially from the cage. The 
anion has an approximate mirror plane passing through atoms Cr, B(6), B(8), and B( 10) in each 
cage. The point symmetry 2 is required for the anion by the space group, but the anion is observed 
to have c 2h(2/m) point symmetry to within± 0.02 A. _ 

The molecular packing is shown in Fig. 3 by the stereoscopic pair drawing of the unit cell 
looking approximately down the b axis. Each of the dumbbell-like anions is tilted out of the ab 
plane until its axis, B( 10) in one-cage to B( 10) in the cage on the opposite side of the chromium, 
makes an angle of about 20 deg with the c axis. The water molecule has no neighbors suitable 
for hydrogen bonding, and therefore it is not surprising that it is observed to have large ampli
tudes of thermal motion, nor that we failed to detect its hydrogen atoms. 

Footnote and Reference 

tPresent address: Shell Oil Company, P. 0. Box 262, Wood River, Illinois 62095. 
1. H. W. Ruhle and M. F. Hawthorne, Inorg. Chern. '!._, 2279 (1968). 
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Fi~. 2. Stereoscopic pair drawing of the complete 
CrlB9CzH9(CH3)zJZ anion. (XBL692-166) 

Fig. 3. Stereoscopic pair drawing 
of the unit cell of CsCr[B9 C 2 H9(CH3)2 
· HzO (hydrogens not shown) looking 
down the b axis. The a axis is 
horizontal and the c ax1s is vertical 
in the plane of the paper. _The sets 
of two Cr[B9C 2H9(CH3)2 ]z anions 
appearing at z = 1/4 and z = 3/4 
for the chronU.um atom should be 
in both the rear and the fore of the 
unit cell, but for clarity only one 
set of each pair is shown in the 
drawing. (XBL692 -165) 
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THE CRYSTAL AND MOLECULAR STRUCTURE OF THE HEPTACOORDINATE COMPLEX 
TRIS(DIPHENYLPROPANEDIONATO)AQUOHOLMIUM, Ho(C6H5COCHCOC6H5 )3· H 20t 

. * Allan Zal~in, David H. Templeton, and David G. Karraker 

Holmium in the trivalent state, like other rare earths, reacts with dibenzyolmethane 1 to 
form a complex with the structure 

The water molecule is known to be firmly bound,- and Hoard 2 in 1961 suggested this heptacoordinate 
structure for some similar complexes. The structure determination was undertaken in order to 
ascertain the coordination geometry about the holmium atom, and to investigate the nature of the 
hydration of the water molecule in this material. Recently the structures of tris( 1-phenyl-1, 3 
butanedionato)aquoyttrium, 3 ytterbium acetylacetonate monohydrate, 4 and tris(acetylacetonato)
aquoytterbium hemibenzene5 were reported, which also have sevenfold coordination. 

Ho(C6H5COCHCOC6H5)3· H:2o was prepared by adding an aqueous solution of holmium tri
chloride to a refluxing mixture of dibenzoylmethane, acetone, and potassium hydroxide. Yellow 
crystals of the compound crystallized from the filtered and cooled solution. 

A set of x-ray-diffraction data was taken manually, using the stationary-crystal stationary
counter technique with Cu Ka x rays; 1365 independent intensities were used in the structure 
determination. 

The space group of the crystal is R3 and contains a single formula unit in the rhombohedral 
unit cell. The cell dimensions of the triply primitive hexagonal cell at 23° are: i:!:h = 22.713±0.012 
and £h = 6.334 ± 0.004 A The observed density from flotation in a mixture of ethylene dichloride 

3 
and carbon tetrachloride at 25 ° is 1.48 g/cm3, and the calculated x-ray density is 1.501 ± 0.005 g/cm . 

The structure was determined5 from Fourier maps and refined by full-matrix least squares. 
The concluding refinement of the structure resulted in a final R factor of 0.031, using all 1365 

. data. A refinement of the inverse structure re.sulted in an increase in R to 0.046. This is con
firmation that the absolute configuration of the molecule in this particular crystal is correct. We 
have not made a correlation of the· absolute configuration with respect to morphology or any other 
physical property. 

The basic unit in this structure is a unimolecular species that consists of all the atoms in the 
ch!=!mical formula. A projection of the molecule down the threefold axis is shown in Fig. 1. The 
holmium atom, on the threefold axis, is surrounded by a distorted octahedron of six oxygen atoms 
from the organic ligands and a seventh oxygen from the water. The overall complex resembles a 
right-handed three-bladed propeller, this being the absolute configuration of this particular crystal. 
The phenyl rings are twisted from the plane of the propanedionato portion of the complex.· This 
twisting is discernible in the stereographic representation in Fig. 2. Figure 3 shows the geometry 
in one blade of the molecule. 

Footnotes and References 

!condensed from !norg. Chem. ~. 2680 ( 1969). 
Present Address: Chemistry Department, E. I. DuPont Company, Savannah River, Georgia. 



269 

1. L. R. Melby, N. J. Rose, E. Abramson, and J. C. Caris, J. Am. Chern. Soc. 86, 5117 (1964). 
2. J. L~ Hoard, G. S. ·Smith, and M. Lind, Advances in the Chemistry of the Coordination 
Compounds, in Proceedin s of the Sixth International Conference on Coordination Chemistr , ed. 
by Stanley Kirscher MacMillan Company, New Yor , 1 1, p. 2 
3. F. A. Cotton and P. Legzdins, Inorg. Chern. 7, 1777 ( 1968). 
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Fig. 1. The molecular unit of tris( diphenyl 
propanedionato)aquoholmium projected down 
the threefold axis. The water molecule is 
directly above Ho but has been displaced 
slightly in this drawing tc- better show the 
structure (XBL 6 78 -4409) 

Fig. 3. Some distances and angles of the 
ligands about holmium. The estimated 
standard deviation of the angles is about o 

0.5 deg, and of the distance is about 0,02 A 
(XBL 6811-6173) 

Fig. 2. A stereographic pair drawing of the mol
ecule of tris(diphenyl propanedionato)aquoholmium. 

(XBL 6810-6058) 
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261
Rf: NEW ISOTOPE OF ELEMENT 104 

104 
Albert Ghiorso, Matti Nurmia, Kari Eskola, t and Pirkko Eskola * 

As part of our research program on the propert1es of element 104, rutherfordium, we have 
positively identified the nuclide Z61Rf. It was synthesized by bombarding a target containing 47 f.Lg 
of 248cm with 18o ions from the Berkeley Hilac. The gas-jet system used to deposit the product 
atoms on the periphery of a digitally stepped wheel for a-particle spectroscopy has been described 
before. 1, 2 

In place of the simple two-crystal shuttle system used in the identification of 
257

Rf and 259 R£, 3 

we employed a more advanced mechanism with-two movable and two stationary crystals at each de
tector position (Fig. 1 ). This system permits the simultaneous recording of alpha-decay events 
taking place on the wheel, and the collection and study of the daughter nuclei ejected from the wheel. 

A series of "mother" spectra recorded by the movable crystals while facing the wheel is shown 
in Fig. 2. The individual spectra obtained at each of the five detector positions around the stepped 
wheel are shown in numerical order with a sum spectrum at top. It can be seen that the a-particle 
energy of 261R£, approximately 8.25 MeV, largely coincides with that of its daughter, 257No, but 
that the half-life of the combined peak clearly exceeds that of 257No, 26 sec. 

An analysis of the observed daughter counts from a number of similar experiments is pre
sented in Fig. 3, These counts were recorded while the mother crystals were facing the stationary 
daughter crystals and were shielded from the activity on the wheel. 

The diagram at the right shows the distribution of the daughter counts between the five detec
tor positions. From these numbers, the half-life of the mother can be determined to be approxi
mately 70 sec. 

The time distribution of the summed daughter counts is shown at the left in the figure, and it 
is consistent with the 26-sec half-life of 257No. We have also looked for a spontaneous-fission 
branching in the decay of 261R£, but without conclusive results. At this point we can only set an 
upper limit of approximately 10o/0 for such a branching. 

In our opinion this exP.e;riment clearly demonstrates the genetic relationship between 261 Rf 
and its daughter, 2 57No. 261Rf is thus the third isotope of element 104 that has been discovered 
and positively identified by our group. Its use in the first chemical experiments on rutherfordium 
will be described elsewhere. 4 

ADDENDUM: NAMING OF ELEMENT 104 

The following statement was made by Albert Ghiorso at the Conference on Transuranium Ele
ments, Houston, Texas, Nov-ember 17-19, 1969: 

"We have established with great confidence the alpha-decay properties of the isotopes 104-257, 
104-259, and 104-261, and there is reasonable probability that we have characterized the spontane
ously fissioning isotope 104-258. 

"We have chemically separated element 104 by an aqueous method from the other transuranium 
elements, and shown that it behaves like hafnium and zirconium, as expected. 

"We have searched diligently for an isotope of element 104 that decays by spontaneous fission 
with a half-life of 0.3 second (the originally reported Russian finding) without success. We have 
repeated these experiments with higher sensitivity, but find equally negative results for a half
life down to 0.1 second (the revised Russian finding). 

"We are suggesting that element 104 be called rutherfordium (Rf) after Lord Rutherford, the 
great pioneer of nuclear science. If in the course of further experiments, contrary to our expec
tations, we do confirm the earlier findings of the Dubna group of an approximately 0.3-second 
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spontaneous fission activity, we will withdraw our suggested name and accept that proposed by the 
Russian group, kurchatovium." 

Footnotes and References 
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1. A.Ghiorso, T. Sikkeland, and M. J. Nurmia, Phys. Rev. Letters 18, 401 (1967). 
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FIRST CHEMICAL SEPARATION OF RUT-HERFORDIUM 

Robert Silva, t James Harris, Matti Nurmia, Kari Eskola, '~and Albert Ghiorso 

The discovery of rutherfordium-261, 
1 

with half-life of"' 70 sec and a--particle energy of 
8.25 to 8.40 MeV, has made it possible to carry out aqueous chemical separations using standard 
tracer techniques. A total of 17 significant alpha decay events was observed in approximately 250 
expe-riments performed by bombarding 47 }J-g of curium-248 with 92-MeV oxygen-18 ions from the 
Berkeley Hilac. Details of the bombardment assembly, fast sample-transfer system, and experi
mental procedures have been described elsewhere. _2 

Assuming element 103, Lr, to be the last member of the actinide series, element 104 would 
be expected to fall into the group IV B elements of the periodic table, i.e. , to be eka-hafnium. It 
is predicted to have a valence and ionic radius similar to Zr and Hf, 3, 4 and therefore exhibit simi
lar chemical properties. 

Previous studies with actinide elements show that cation-exchange columns using chelating 
agents as eluants can provide rapid chemical separations on one atom at a time, and yield sources 
suitable for alpha energy analysis. Under experimental conditions described below, a high per
centage of tracer quantities of Zr and Hf were washed through the ion-exchange column with the 
first few column volumes of eluant, as shown in Fig. 1. In contrast, trace quantities of the 3+ 
ions Tm, Cf, and Cm required more than 100 column volumes to elute. One would expect Lr to be 
the first 3+ actinide5, 6 to be removed from the column and to elute in about the same position as 
Tm. Divalent nobelium and the alkaline earth elements are retained even more strongly by the 
resin column than the actinides. 7 Experiments with trace quantities of Bi (< 3% ), Ra (< 1% ), 
Fr (< 1% ), Th (< 1% ), Np (< 5% ), Pu ("' 50%), and Pa ("' 50% ) showed that only the latter two 
elements were present to any appreciable extent in the column fractions taken for a-particle analysis. 
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In our experiments, the rutherfordium recoil atoms were washed from an NH4 Cl-coated plati
num catcher foil with z 50 }.. of ammonium alpha hydroxisobutyrate (0.1 M, pH 4.0) onto the top of 
a 2-mm-diameter by 2-cm-long heated (80 •c) column of Dowex-50 X 1iresin. This solution was 
forced into the resin and, after more eluant was added, the washing was continued. The first two 
drops (free column volume) contained little or no activity and were discarded. The next four drops 
(taken in two-drop fractions) were collected on platinum disks, evaporated to dryness, and heated 
to 500 •c. The alpha particles emitted from the sources were detected with Si(Au) detectors, and 
the number, energy, and time distribution of a particles with energies between 6 and 12 MeV were 
recorded in a PDP-9 computer. The average time from beam off to counting was 60 sec. 

Figure 2 shows a summary of data accumulated over a 3-week period. Although the actual 
time of occurrence as well as the energy of each a-particle event was recorded, the time distri
butions given in Fig. 2 are broken up into four sequential 1-min decay intervals. Summations of 
the four individual energy spectra are also given. Figure 2a shows a summation of energy spectra 
obtained directly from the platinum catcher foils (i.e. , no chemistry), from which the production 
rates of element 104 and impurity activities were determined. Figure 2b shows the accumulated· 
energy spectra obtained after chemical separation. As can be seen, 17 a-particle events in the 
energy region 8.2 to 8.4 MeV were detected. Approximately half of these events are probably due 
to the decay of 257No [T1/2 = 26 sec, Ea = 8.22 (55o/o ), 8.27 (26% ), 8.32 (19%) MeV], the daughter 
of separated 261Rf. In two experiments, two alpha decay events occurred in the 8.2 to 8.4 MeV 
region within a time interval of 1 min--most probably the first one due to 261Rf and the second due 
to the daughter 257No. This is consistent with the number of pair events expected in the counting 
system used. 

The data indicate that the ion-exchange column behavior of the activity assigned to element 
104 with mass 261 is consistent with that of Hf and Zr, but that it differs entirely from the chemi
cal behavior of the trivalent and divalent actinide elements. 

The authors thank Jean Rees for her considerable help in the chemical separations and the 
Hilac staff for their excellent support. 
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SEARCH FOR SUPERHEAVY ELEMENTS IN NATURE VIA THEIR NEUTRON EMISSION 

E. Cheifetz, t H. R. Bowman, and S. G. Thompson 

We are at present using a large gadolinium-loaded liquid scintillator with 85o/o efficiency for 
detecting neutrons in an attempt to observe the spontaneous fission of superheavy elements. Cal
culations by Nix1 indicate that superheavy elements with atomic numbers in the range Z = 110 to 
114 emit about 10 neutrons when they undergo spontaneous fission decay. The emission of such a 
large number of neutrons from each single fission event is then a very distinctive indicator of the 
presence of superheavy elements, because this property does not occur in any of the presently 
known spontaneously fissioning species in nature. Furthermore, these evaporated neutrons are 
expected to have kinetic energies in the region 0.5 to 7 MeV, and thus would have considerable 
penetration depth; consequently large amounts of materials can be examined with great sensitivity. 

The system and its operation have bee~ described previously. 2 
It consists of a cylinder 103 

em in diameter and 83 em long filled with 680 liters of the scintillating liquid. Sixteen photomulti
pliers of 5-in. diam connected in two banks are placed around the cylinder. The samples are 
placed in a hollow tube of 11.5 em diam at the axis of the chamber. The detection system is op
erated in two ways. For calibration, a fission signal derived from a solid-state detector generates 
a 36-flsec gate after a 1-flsec delay. Pulses that are in coincidence between the two banks with 
time resolution of 50 nsec and corresponding to energy greater than ::::: 1 MeV are registered if 
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they appear within the fission gate. The pulse pair resolution is :::: 200 nsec. For the actual meas
urements, we generate the 36-f.J.sec gate for any pulse that arrives in the system when the gate is 
not activated. If a superheavy element decays the gate will be generated either by the prompt gam
mas or by the first neutron. Since the gate opens for any gamma signal above :::: 1 MeV, the system 
is very sensitive to the environmental radiation, which consists of '{ rays from natural radioactivity 
(e. g. uranium, thorium, and potassium) and cosmic-ray-induced radiation. The probability ofob
serving a multiple event caused by the natural radiation behaves according to the Poisson distribution 
and falls very rapidly for increasing multiplicity. For a single counting rate of 2000/sec, less than 
0.1 count/day is expected for multiplicities of six or more. High energy particles in cosmic rays 
induce (xn) reactions in heavy elements, and thus appear as multiple events. A reduction in the 
cosmic-ray effect was observed by rejecting multiple events that inc'luded very large pulses. The 
distributions of multiplicities obtained with and without a lead sample are shown in Fig. 1. The 
tail, at multiplicities of six and above is consistent with the cosmic radiation fluxes and amounts to 
0.15 event/kg of lead/min. Such a tail appears also when other heavy elements such as tungsten 
and tantalum are placed inside the detector. The tail corresponding to the high multiplicities in 
the background measurement is consistent with cosmic-ray-induced reactions in the gadolinium. 

It is planned to install a counter similar to the one described above in a 250-m-deep tunnel, 
which should eliminate the cosmic ray events. The system will then be used to investigate the re
ported presence of enhanced spontaneous fission in lead samples3 and to investigate a host of other 
possibilities. 

Footnote and References 
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SEARCH FOR POLAROGRAPHIC REDUCTION IN SOLUTIONS OF 
CALIFORNIUM(III) AND EINSTEINIUM(III) 

B. B. Cunningham, L. R. Morss, t and T. C. Parsons 

Experimental evidence has been accumulating that heavy actinides, beginning with Cf, have 
increasingly more stable divalent oxidation states (with respect to the trivalent states). Sufficient 
quantities of 249cf and 253Es were available to attempt to observe the M(III)-M(II) reduction of 
these elements polarographically. 

The polarographic microcell consisted of a 4-mm-i. d. Pyrex tube of working volume :::: 150 f.Ll, 
with a hole near its bottom so that mercury accumulating from the dropping mercury electrode 
could flow into a much larger reservoir (thus ma.intaining nearly constant mercury level). The 
cell, reservoir, and calibrated dropping mercury electrode were all contained in an inert~gas en
closure. 

The apparatus was tested with 0.001 M solutions of Eu3+ and Yb3+ in a supporting electrolyte 
of 0.1 ~ NH4Cl. Polarograms of the reduction of these ions reproduced similar experiments re
ported in the literature. 1, 2 In the presence of alpha radioactivity equivalent to 20 f.Lg of 249c£, the 
Eu.and Yb polarograms could be reproduced without interference from radiolysis products; how
ever, in the :eresence of alpha activity equivalent to 2 f.Lg of 253Es, peroxide built up so rapidly 
that a continually increasing current was observed at voltages more negative than -0.8 V vs NHE, 
even when surfactant (Triton X) and free.:.radical scavenger (4o/o methanol) were present. 

Solutions were prepared (in 0.1]iNH4Cl) of purified 0.001 M 249cf3+ and 0.0002 M 253Es3+ 
and scanned polarographically within minutes of dissolution. No polarographic reduction waves 
were observed in either of these solutions, thereby setting approximate upper limits to the standard 
electrode potentials as follows: 

EO< -1.4 V vs NHE, 

E 2+ 
s ' EO< -0.5 V vs NHE 

As a check on the Cf ex~eriment, Yb was added directly to the 249cf polarographic solution to 
make both Cf3+ and Yb + concentrations 0. 001 M. As before, the Yb reduction wave was observed, 
with the expected half-wave potential and diffusion current, thereby confirming that the Cf(III)
Cf(II) potential is more negative than that of Yb (-1.15 V). 

Footnote and References 

tPresent address: Department of Chemistry, Purdue University, Lafayette, Indiana 47907-
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THERMOCHEMISTRY OF RARE-EARTH CHLOROCOMPLEX COMPOUNDS, Cs 2NaMC16 

L. R. Morss t 

Several chlorocomplex compounds of trivalent metals, Cs 2NaMC16, have been prepared; all 
have been characterized as face -centered cubic. 1 Compounds for the rare -earth elements Y, La, 
Ce, Nd, Gd, Dy, Er, Lu, and Pu were prepared as single crystals by gradient solidification of a 
melt of the anhydrous chlorides. x-Ray powder patterns of these crystals yielded diffraction lines 
all of which could be indexed (with respect to angle and intensity) as face-centered cubic. 

By use of a gold-plated copper microcalorimeter of 30-ml volume, duplicate heats of solution 
were measured at 25 •c for all these compounds. Heats of solution were measured in 0.001 M HCl 
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(to avoid hydrolysis) and the final molality of CszNaMC16 following each dissoluti~:m was about 
0. 004. The averaged heats of solution, corrected to infinite dilution, of the lanthanide compounds 
are displayed in Fig. 1a; corresponding values for Cs2NaYCl6 and Cs 2 NaPuC16 are -18. 7and 
-13.4 kcal/mol. . · 

From these heats of solution, the heats of formation of these complex compounds were calcu
lated by making use of literature values for heats of formation and solution of the binary chlorides. 
The enthalpies of complexing, 

MC1 3 (c) + 2CsCl(c) + NaCl(c) = Cs 2NaMC1 6 (c), 

were calculated from the respective heats of formation; these enthalpies for the lanthanide com
pounds are plotted in Fig. 1b; corresponding values for Y and Pu compounds are -25.6 and -9.0 
kcal/mol. 

By means of appropriate Born-Haber cycles, with expe'rimental values from the literature 
and from this res-earch as well as calculated lattice energies for Cs 2NaMC16, the sum of the first 
three ionization potentials of the lanthanide atoms, and the absolute heats of hydration of the triva
lent lanthanide ions, were estimated. These usefulempirical data are plotted in Fig. 2; the third 
ionization potentials of the lanthanides were estimated by subtracting recent experimental values 
of the first and second ionization potentials. 

Footnote and Reference 

tPresent address: Department of Chemistry, Purdue University, Lafayette, Indiana . 47907. 
1. L. R. Morss, M. Siegal, L. Stenger, and N. Edelstein, Preparation of Cubic Chlorocomplex 
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DETERMINATION OF VALENCE STATES OF IRON IN GLASS 
AND. OF URANIUM IN CALCIUM FLUORIDE SINGLE C:RYSTALSt 

Ursula Abed 

As the result of high-temperature electrochemical experiments with iron-containing sodium 
disilicate glasses, a determination of the ferrous and ferric oxide distribution became necessary. 
The analytical approaches cited in the literature usually consisted of dissolving the glass under an 
inert atmosphere, followed by a titration of ferrous ion with an oxidant. The total iron content was 
determined by any of the conventional means, the value for ferrous ion was subtracted from it, and 
thus ferric ion was found by difference. Although the reproducibility of the total iron results was 
acceptable, widely scattered data were obtained for the ferrous ion determination. A slight modi
fication of the method selected, i.e. , an attempt to prevent air-oxidation of the ferrous ion by 
working in a glove box under N2, did not improve the precision. 

The procedure presente·d here is based upon the fact that the cerate ion is stable for an ex
tended period over the temperature range from 20 to 100 •c in a HF-H2so4 acid mixture. This 
permits the instantaneous oxidation of the released ferrous ion by a known excess of standard ce
rate during the dissolution of the glass, and thus obviates the need for an inert atmosphere. The 
results obtained on glass samples ranging from< 0.1 to 26% in ferrous ion were precise, and the 
accuracy of the determination, as ascertained with the aid of simulated samples consisting of iron
free quartz wool and semimicro quantities of known, standard ferrous ion, was 99o/o or better. The 
method, omitting HF, found further application in the determination Qf ratios of ferrous oxide to 
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ferric oxide in magnesium oxide crystals which were used in electron paramagnetic resonance 
studies. The analytical results agreed well with the calculated values. 

An estimation of the formal oxidation potentials of the Ce(III)..:Ce(IV) and Fe(II)-Fe(III) couples 
in HF-H2S04 proved that the Ce(III)-Ce(IV) potential (z 0.8V) obtained is sufficiently positive to 
oxidize Fe(II) (0.5 V) under the conditions employed. 

A study was made to correlate the particle size of a commercial glass with the time required 
for dissolution, and to investigate whether there exists any relationship between the particle size 
and the ferrous ion content found. No air-oxidation occurred during prolonged grinding (5 days). 
and minimum dissolution time requirements were established for 100 mesh, 80 mesh, 48 mesh, 
20 mesh,and > 20 mesh. 

The same method, with minor changes, was used in the determination of valence states of 
semimicro amounts of U in CaF 2 single crystals, the properties of which are being studied by op
tical spectroscopy. The overall error in the initial-valence determination was ± 5o/o and included 
the instantaneous oxidation of a lower valence state of U to the u+6 oxidation state with subsequent 
back-titration of the excess standard cerate present in the solvent system, a neutron-activation 
analysis in duplicate, and a spectrophotometric determination in duplicate for total U. 

Obviously, the method cannot be used without modification if mixtures of several valences, or 
reducing substances, or both, are present. I thank Mrs. H. Michel and Dr. F. Asaro for their 
neutron-activation analyses, which confirmed the results obtained for total U by spectrophotometry. 
I am indebted to Dr. E. H. Huffman for stimulating discussions. 

Footnote 

tCondensed from Anal. Chim. Acta 47, 495 (1969). 

OXIDATION STATES AND SITE SYMMETRIES OF CaF2 :U CRYSTALSt 

R. McLaughlin, U. Abed, John G. Conway, N. Edelstein, and E. H. Huffman 

When CaF 2 crystals are grown containing small amounts of U, crystals which display many 
different colors result: brown, green, yellow, and red of various shades, displaying various EPR 
absorptions, have all been reported. Work described in this report was undertaken in an effort to 
determine the manner in which various oxidation states and site symmetries of the U ion might be 
responsible for the many different properties of these crystals. A major effort was made to mini
mize the uncertainty of the valence of the U ion in the crystals investigated. This was accomplished 
by designing the experiment so that no valence change would be expected in the process of making 
the crystal, and by determining the oxidation state of U by chemical analysis 1 after spectral mea
surements on the crystal had been completed. 

A small carbon resistance furnace, which operated under vacuum, was supplied with a 0.25-
in. o. d. graphite tube which had a 1-in. -long bathtub section cut in its center. The center section 
was filled with mixtures of U and CaF2 and heated until the material melted. An observation port 
allow,ed one to turn off the power as soon as the mixture became liquid, and thus minimize the pos
sibility of reaction with the graphite tube or gases in the system. If the power was turned off as 
soon as melting occurred the pressure did not exceed 5X1o-4 torr. However, if the sample was 
held in the molten state for several minutes the pressure might increase as high as 3 X1o-2 torr. 
Small crystals were grown starting with the following mixtures: (a) crystalline CaF2 + 2 wt o/o 
PbF2 + 1 wt o/o UF 4 , (b) crystalline CaF2 + 2 wt o/o PbF2 + 1 wt o/o uo2 , and (c) powdered CaF2 
+ 1 wt o/o uo2 (N03l2 • 6H20. 

The spectral data were recorded by use of a Cary model 14 and a Jarrell-Ash model 75 f/6.3 
spectrograph. 

A major source of confusion about the nature of the different CaF2:U crystals is that reactions 
occur during crystal growth which are not understood. The equipment described here was used to 
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grow crystals in the hope that minimizing the time that the material was in the molten state would 
minimize the occurrence of unknown high-temperature reactions. Early attempts were unsuccessful; 
the results were not reproducible. By increasing the sample size and the U concentration and im
proving the vacuum, reproducibility was finally achieved •. It. was noted that a different, but not un
derstood,. result was obtained the first time a heating element was used after being machined, so 
crystals produced under these conditions are ignored in the discussion that follows. 

After many samples had been run the following results were clearly established: 
(a) If the starting material is crystalline CaF2, 2 wt o/o PbF2, and 1 wt o/o UF 4 a green crystal 

is obtained whose spectrum is identical to the spectrum of the green crystals described by W. A. 
Hargreaves2 arid explained as due to u2+. The spectra are shown in Fig. 1. . 

(b) If the starting material is crystalline CaF2, 2 wt o/o PbF2, and 1 wt o/o U02 a brown crystal 
is obtained whose spectrum is displayed in Fig. 2. 

(c) If the starting material is powdered CaF2 (Baker and Adamson reagent grade) and 1 wt o/o 
U02 (N03)2 · 6H2 o a yellow crystal is obtained whose spectrum is identical to the yellow crystal 
_described in Ref. 2 and explained as due to u4+. These spectra are shown in Fig. 3. Samples of 
the green and yellow crystals were generously supplied by W. A. Hargreaves of Optovac Inc. 

There was indication of reaction occurrirl;g in the uo2 doped crystals. If these crystals were 
kept in the molten state for periods of time longer than 1 min a mixture of the brown and yellow 
spectra was obtained. If the power to- the furnace was turned off as soon as the material melted a 
crystal containing brown particles of undissolved U02 resulted. Crystals free of U02 particles 
and of the yellow spectrum were grown by keeping the material in the molten state for about 10 sec. 

By repeating the crystal-growing processes several times, enough of the uo2 and 
U02 (N03)2 · 6H20-doped crystals were accumulated to make a valence determination possible. 
This determination revealed the U in the yellow crystal to be in the 6+ state, the U in the green 
crystal to be in the 4+ state, and the U in the brown crystal to be a mixture of valence states (the 
actual result was 4.4). We interpret this last result to mean most of the U is in the 4+ state, how
ever, some is present with a valence of 6+. This method was also applied to the red CaF2: U, with 
the expected results that u3+ predominates in this crystal. 

The fact that UF 4 produces a green crystal and U02 a brown one suggests that the spectral 
differences between these two crystals are caused by a different method. of charge compensation. 
EPR experiments3 indicate that the U ion in the brown crystal is situated in a crystal field of tri
gonal symmetry and has g

11 
= 4.02 and g1 :5 0.1. Similar experiments4 on green crystals indicate 

again trigonal symmetry with gil = 3.27 and g1 = 0. One possible explanation of these results, 
when combined with this work, is the following. When the u4+ ion substitutes for the ca2+ ·ion at 
the center .of a cube of F- ions in the brown crystal, charge compensation is achieved by the sub
stitution of two o2- ions for the two F- ions at the opposite corners of the cube, whereas in the 
green. crystal .compensation results from two F- ions occupying the centers of the cubes whose 
corners are common with the opposite corners of the cube containing the u4+ ion. That the spec
tral differences between the two crystals are so large is not surprising when compared with dif
ferences between u4+ compounds (i.e., u4+ in zirconS). 

R.~sults of this paper indicate the interpretation of the work on CaF2: u 2+ (Ref. 6) to be invalid, 
and may affect the interpretation of work done on a u4+ crystal? • 8 which probably contained a 
large amount of u6+. 

Discussions with Burris Cunningham were invaluable. 

Footnotes and References 

tCondensed from UCRL-18999. 
1. U. Abed, Anal. Chim. Acta 47, 495. (1969). 
2. w. A. Hargreaves, Phys. Rev. 156, 331 (1967). 
3. S. D. McLaughlan, Phys. Rev. 150, 118 (1966). 
4. R. S. Title, P. P. Sorokin, M. :r.-stevenson, G. D. Pettit, J. E. Scardefield, and J. R. 
Landard, Phys. Rev. 128, 62 (1962). 
5. I. Richman, P. Kisliuk, and E. Y. Wong, Phys. Rev. 155, 212 (1967). 
6. P. F. McDonald, E. L. Wilkinson, and R. A. Jensen, TPhys. Chern. Solids 28, 1629 (1967). 
7. Grover C. Wetsel, Jr., and· Earle T. Kitts, Jr., Phys. Rev. Letters 18, 841 (1967). 
8. Grover C. Wetsel, Jr., J. Appl. Phys. ~· 692 (1968). -
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Fig. 1. Upper spectrum: crystal made from 
io/o UF4, 2o/o PbF2 in CaF2. Lower spectrum: 
green crystal described in Ref. 2 •. 
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Fig. 2. Spectrum of crystal made. from io/o 
U02 , 2o/o PbF2 in CaF2. (XBL6912-6382) 

Fig. 3. Upper spectrum: crystal made from io/o 
U02 (N03)2 in CaF2. Lower spectrum: yellow 
crystal described in Ref. 2. (XBL6912-6381) 
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POTTERY ANALYSIS BY NEUTRON ACTIVATIONt 

I. Perlman and F. Asaro 

This study is a detailed evaluation of the accuracy attainable by neutron-activation analysis 
employing a germanium y-ray spectrometer. When pottery samples are irradiated with neutrons, 
many radioactive species are formed and the mixture produces very complex y-ray spectra. 
Analysis of a spectrum gives information which can be converted to the abundances of those ele
ments measured. For a large number of analyses, the data processing becomes so tedious that 
the use of a computer is virtually mandatory. 

Addressed to problems in archaeology, there were no~ priori guidelines for the accuracy re
quired nor the number and kinds of elements for which data would be us.eful. The questions so 
posed are still not completely answered. However, the initial premise-that the highest possible 
accuracy on the largest number of elements is desirable-seems borne out. 

It should be clear that in activation analysis as in others, the accuracy of analysis for each 
element cannot be better than that for the particular element in the standard. This would suggest 
that in constructing a composite standard, the typically weak peaks of pottery should be enhanced 
in the standard, whereas each strong peak should be minimized to a level which still gives .good 
counting statistics. (The overall y-ray intensity should be kept to a minimum because the Compton 
distributions from all y rays contribute to the background under the peaks, and this is a major 
source of error for many elements. ) In principle, these objectives could be reached by formulating 
a completely synthetic standard from appropriate compounds. This approach was rejected be
cause of the anticipated difficulty of homogenizing the material and keeping it so. If we consider 
standards weighing 100 mg with some elements present to less than 1 ppm, this means that 0.1 flg 
of that element must be dispersed in a statistically satisfactory number of particles, say 10 000 or 
more. There seemed to be no method of accomplishing this and knowing that it had been accomplished 
other than by trial and error. Since the calibration of the standard was expected to take at least 
6 months, we were not encouraged to pursue a trial-and-error approach. 

Since fine pottery clay is already a highly dispersed system presumably containing the. ele
ments of interest, it was decided to start with this as the basis for the standard. A clay was se
lected and found (fortunately) to contain a number of the weakly activated elements in amounts 
more than normal and such strongly activated elements as manganese, sodium, and iron in low 
amounts. Its single largest drawback was the presence of scandium in "normal" amount which is 
more than necessary. As expected of any particular clay, ,it was undesirably deficient in a few 
elements, a problem to be handled separately. _ 

The clay was first ground wet in a ball mill for 40 hours. Then the wet mix was put through 
a 60-mesh screen, and dried. The clay was broken.·up, ground wet for 10 hours, and then spiked 
with a water solution containing desired amounts of cobalt, nickel, bromine, and arsenic. The 
original clay was deficient in these substances and it was thought that by adding them in this fash
ion, they would be uniformly dispersed by coating the large surface area of the clay particles. The 
"doped" clay was then ground wet for 26 hours, strained with a 120-mesh screen, cast into con
venient shapes, dried, and fired to 705 •c for half an hour. The fired ceramic was ground in the 
ball mill for 9 hours, yielding a final product of about 2 kg of fine powder. 

Before the laborious task of calibration was undertaken, eight random samples were pressed 
into standard pills, irradiated, and analyzed for uniformity. Each of several radioactive species 
agreed virtually within counting statistics, so the pottery was considered suitable for calibration 
and use as a standard. 

For calibrating the standard pottery, known quantities of chemicalsrepresenting each of 38 ele
ments were separately pressed into pills and irradiated with the standard pottery. At least two 
independent sources of each compound were employed, and where attested primary standards were 
not available, conventional chemical analysis was employed to establish the absolute content of the 
element. This turned out to be a long process, because most compounds are not stoichiometric 
with the nominal formula and many preparations and irradiations were required. 

During the course of these calibrations there was ample opportunity to test the reproducibility 
of the entire analytical process, which was found to be about 0.4o/o. This value is low enough to per
mit concentration on the assessment of other errors and finally the real differences between pot
teries. 
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Tables I and II give the composition of the standard pottery in terms of the elements detected 
by neutron-activation analysis as well as constituents determined by other means. 

Footnote 

tCondensed from Archaeometry .!!_, 21 (1969). 

Table I. Composition of major components in standard pottery. 

Com
ponent 

Si02 
Al 

K 

Fe 

Ti 

Mg 

Na 

Ba 

L: Trace elements 

Volatile components 

Total components 

Element Species 
studied 

Aluminum 28Al 
Antimony 122sb 

124sb 
Arsenic 76As 
Barium 139Ba 

131Ba 
Bromine 82Br 
Calcium 47ca 

Carbon co 
Cerium 141Ce 
Cesium 134cs 
Chlorine 38Cl 
Chromium 51cr 
Cobalt 60co 
Copper 64cu 

Cu 
Dysprosium 165Dy 
Europium 152m1Eu 

152Eu 
Gallium 72Ga 
Gold 198Au 
Hafnium 181ru 

Hydrogen HP 

Composition 
Element (Ofo) Oxide (o/o) 

60.4±0.3 

15. 9±0. 2 29.9 

1.45±0.04 1. 75 

1.02±0.01 1.5 

0. 79±0.03 1.3 

0.5 ±0.2 0.8 

0.26±0.01 0.3 

0.072±0.003 0.08 

0.1· 

3. 99±0.10 

100.1 

Table II. Composition 
a 

of standard pottery. 

Techniqueb Composition 
Diff. techniques Best value 

neut act 1 
(1.66±0.12) X 10-~ 

(15.9±0.2) X 10- 2 

neut act 3 
(1. 71±0.05) X 10-6 

neut act 4 (1. 73±0.06) X 10-
neut act 3 

(7.13±0.32) X 1f
4 

(3.08±0.22) X 10-~ 
neut act 2 (7.12±0.32) X 10-
neut act 4 (7.0±1.1) X 10- (7.12±0.32) X 1g-4 
neut act 3 (2.3±0.9) X 10-
neut act 3 < 1x1o- 2 

opt spec < 1x1o- 3 
< 2X1o-4 wet chem < 2x1o- 4 

C-H anal (3±3) x 1o-4 
neut act 4 (8.03±0.39) X 10-5 
neut act 4 (8.31±0.551 x 1o-6 
neut act 1 < 1.3X10-
neut act 4 (1.151±0.038) x 1o-:4 
neut act 4 (1.406±o.o15) x 1o-5 
neut act 2 (6.0±0.8) x 10-~ 

(5.9±0.5) X 10-5 
wet chem (5.8±0.5) X 10-
neut act 2 

(1.418±0.048) X 1b-6 
(4. 79±0.19) X 10-6 

neut act 2 
(1.448±0.034) X 10-~ neut act 4 (1.477 ±0.047) x 1o-6 

neut act 2 (4.44±0.46) X 10-
neut act 3 :s 1x1o-8 
neut act 4 (6.23±0.44) x 1o-6 

C-H anal (5.4~~:~> X 10-
3 

Assumed 
oxide 

(Si02 ) 

(Al2 0
3

) 

(K20) 

(Fe 20 3 ) 

(Ti02 ) 

(MgO) 

(Na
2

0) 

(BaO) 

Chemical 
symbol 

Al 

Sb 
As 

Ba 
Br 

ca. 
c 
Ce 
Cs 
Cl 
Cr 
Co 

Cu 
Dy 

Eu 
Ga 
Au 
Hf 

H 
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Iron 59 Fe neut act 4 (1.017±0.012) X 10- 2 
Fe 

Lanthanum 140La neut act 3 (4.490±0.045) X 10-5 La 
Lutetium 177Lu neut act 3 

(5±2) X 10- 3 
(4.02±0.36) X 10-7 Lu 

Magnesium 27Mg neut act 1 
(5 ±2)X 10- 3 

56Mn 
opt spec (7±2) x 1o-3 Mg 

Manganese neut act 2 (4.09±0.05) x 1o-5 Mn 
Nickel 58 co neut act 4 (2. 79±0.20) x 1o-4 Ni 
Potassium 42K neut act 2 (1.45±0.04) X 10-2 K 
Rubidium 86Rb neut act 4 (7.00±0.63) X 10-5 Rb 
Samarium 153sm neut act 3 (5.78±0.12) X 10-6 Sm 
Scandium 46sc ·neut act 4 (2.055±0.033) x 1o-5 Sc 
Silicon dioxide Si02 wet chem (6.04±0.03) X 10-1 Si02 
Sodium 24Na neut act Z: (2.61±0.04) x 1o-3 Na 
Strontium 87msr neut act 2 (1.45±0.22) x 1o-4 Sr 
Tantalum 182Ta neut act 4 (1.550±0.044) X 10-6 Ta 
Thorium 233pa neut act 4 (1.396±0.039) x to-5 Th 
Titanium 47sc neut act 3 (7.82±0.34) X 10-~ Ti 
Uranium 239Np neut act 3 (4.82±0.44) X 10- u 
Ytterbium 175yb neut act 3 (2.80±0.36) x 1o-6 Yb 
Zinc 65zn neut act 5 _(g.?t_:~=q_.q_8p~ t_o:4_ Zn ------ ------- - - - - - - - - - - - - - - - - - -
aThese compositions and all others in this paper refer to the elements unless otherwise noted. 

bThe entries in this column have the following meanings: neut act 1, neutron-activation measure
ment with special irradiations for very short half-lives; neut act 2, usual neutron-activation 
measurement for half-lives less than 1 day; neut act 3, usual neutron-activation measurement 
for half-lives from 1 to 6 days, neut act 4, usual neutron-activation measurement for half-lives 
longer than 6 days; neut act 5, special neutron-activation measurement about 8 months after irad
iation; opt spec, measurement with optical spectograph; wet chem, measurement by wet chemi
cal analysis; C-H anal, measurement of carbon and hydrogen by combustion analysis. 

PROVENIENCE STUDIES OF TEL ASHDOD POTTERY 
EMPLOYING NEUTRON-ACTIVATION ANALYSISt 

I. Perlman, Frank Asaro, and J. D. Frierman'~ 

There is evidence that pottery made from different clay sources will reveal differences in 
composition if subjected to sufficiently detailed chemical' analysis. The only feasible types of 
analysis are those which can determine many elements simultaneously and which are sensitive 
enough to measure accurately a considerable number of those present only in trace amounts. A 
method which meets these .criteria is neutron-activation analysis. 1 

A system has been worked out for measuring more than 30 elements in pottery without resorting 
to chemical fractionation in the laboratory. Only about 100 mg of powdered pottery is used for 
each analysis. 

The results presented here concern a small. collection of sherds from Tel Ashdod on the coast 
of Israel, which are expected to be the forerunner of a more detailed analysis of the site. The col
lection comprises only five "local" Philistine sherds, four of Cypriote White Slip II Ware and two 
Mycenaean III B pieces. These pieces are surface finds (or of unstratified context), but are well. 
correlated through stratified counterparts: Philistine sherds -mainly Stratum XII; Cypriote and 
Mycenaean sherds -mainly XV and XIV. 

Philistine Ware 

In Table I are shown analytical results on 18 elements for the five Tel Ashdod Philistine sherds. 
Particular attention is called to the 11 error limits" employed. The limits shown on the elemental 
abundances for the individual sherds are the standard errors of the respective measurements. Each 
entry in parentheses is the mean value for an element in the pottery group and the standard deviation 
(0') encountered in the group for that element. These latter numbers are used to determine whether 
any sherd belongs to the group. 



The second set of data shown in Table I pertains to five pieces of Philistine pottery excavated 
from tombs at Tel Eitum, about 25 miles inland from Ashdod. Only the mean values with their 
standard deviations are shown for this group. (Ten other pieces from Tel Eitun were analyzed but 
none of these belong to this particular group. ) When this Tel Eitun group is compared statistically 
with that from Tel Ashdod, they are found to be indistinguishable. 

To provide contrast with the above-mentioned materials, Table I also shows results on two 
Philistine vessels from Tel Eitun of a different chemical type (ETN3 and ETN13). Of the major 
constituents, it is seen that the calcium content of these is considerably higher and the iron apprec
iably lower. Most of the trace elements are also well outside the standard deviations of the ref
erence materials. If we assume that the five Tel Ashdod and five Tel Eitun pieces constitute a 
single chemical group, then the odds that ETN3 and ETN13 belong to this group are very, very 
smalL · 

Cypriote Ware 

The results for the Cypriote White Slip II Ware (four sherds) are tabulated as the upper group 
in Table II. 'These do not by any means make up a close-knit pottery group, but they share some 
characteristics which make them highly distinctive. Although we cannot refer to a typical chemi
cal pottery type, this Cypriote ware has extreme divergences for a number of elements from val
ues obtained on a large variety of pottery analyzed from many sites. This particular Cypriote 
ware, for example, has the lowest values yet seen anywhere for U, La, Hf, Th, and Rb; at the 
same time they have about the highest values for Fe and Sc. 

We have begun a rather ambitious program of analyzing pottery excavated on Cyprus, em.., 
bracing major stylistic types from 16 sites, The sa:tne distinctive chemical profile as the Tel 
Ashdod material has turned up, but we are not yet ready to attempt determination of the exact 
place of origin. Not enough sites have yet been examined, and where this has been done several 
different pottery groups are emerging all with the same general characteristics as the White Slip 
Ware described above. One such "group" from Ayios Jakovos is shown in summary form in 
Table II. This "group" consists of seven sherds, but it is possible that they all came from only 
two vessels. The agreement between this group and the Cypriote sherd ASH5 is very good. Other 
ware from Ayios Jakovos as well as from Enkomi and Milia is of this same distinctive chemical 
type, and illustrations could be given which encompass the compositions of the other Cypriote 
pieces from Tel Ashdod. Pottery of this style from still other sites on Cyprus has not yet been 
available for analysis. 

One conclusion is unmistakable. Wherever the various groups of White Slip Ware may have 
been made, the potters selected a particular type of clay for this ware, because other styles of 
Cypriote ware were distinctly different in chemical composition. The Tel Ashdod White Slip Ware 
is of a distinctive composition thus far encountered only in eastern Cyprus. 

Mycenaean Ware 

The two Mycenaean sherds from Tel Ashdod, which have their counterparts in materials al
ready analyzed in our laborator~ are from bowls or kraters classified LM III B. The results for 
the individual pieces are given in Table III. The Mycenaean reference materials are sparse, con
sisting of a small collection of five sherds. 

Of the two pieces from Tel Ashdod, one of them (ASH 12) matches the reference very well. 
The other sherd, ASH 3, is made from a closely similar clay, but it does not quite "belong" to 
the reference group. In view of the meagerness of the collection with which we are dealing, it is 
not possible to ascribe a different provenience to this sherd. 

It seems rather puzzling that six out of seven Mycenaean III B found in three different places 
have proved to be closely enough alike to be classed as a group. A hasty explanation is that all of 
these have a common place of origin. However, one must also consider the possibility that they 
came from more than one place but that the clay sources are indistinguishable by our analysis. 
A much more ambitious effort must be undertaken before questions of origin of Mycenaean pot
tery can be answered. 



286 

Conclusions 

The analysis of this small collection of Tel Ashdod sherds has yielded no surprises, but sug
gests that a much amplified study could help provide a detailed picture of contacts between this 
settlement and others in the vicinity and at a distance. 

The Philistine sherds of Level XI have chemical counterparts in a group found in tombs at Tel 
Eitun suggesting (but not yet proving) a common origin. Other Philistine pieces found at Tel Eitun 
were different. The Cypriote White Slip II sherds were not homogeneous, but belong to a highly 
distinctive type of clay so far found only in similar ware from three tomb sites in eastern Cyprus. 
Two sherds of Mycenaean III B ware were similar to each other and to a small collection of typo
logically similar ware said to have been excavated at Mycenae and also one sherd found on Kea. 
The Mycenaean reference materials in particular are too meager to allow·one to draw firm in
ferences about the uniqueness of assignment. 

Table I. Philistine Pottery 

. 
Fe (%) Sc Ta Co Cs Cr Hf Th Code 

ASH 1 3.80±0.04 12.42±0.04 1.195±0.048 17.59±0.27 1. 49±0 .18 122.0±1.2 10. 58±0 .19 7 .13±0 .05 
ASH 4 3.84±0.04 12.66±0.04 1.166±0. 046 19.30±0.29 1.61±0 .19 l19. 2±1. 2 12. 75'±0. 21 7 .84±0.05 
ASH 6 3.89±0.04 13.01±0 .04 1.263±0.050 19 .20±0. 30 1. 58±0 .19 120. 8±1. 3 12. 89±0. 21 7 .83±0.05 
ASH 8 3.83±0.04 12. 76±0.04 1.187±0 .051 18.97±0.30 1. 86±0 .20 128. 3±1. 3 16. 48±0. 26 8.58±0.06 
ASH 10 3.96±0.04 13.12±0.04 1.189±0.046 20.43±0.29 1.65±0 .18 129 .9±1. 3 14. 44±0. 23 9.04±0.05 

Mean value 
ASH 1,4,6,8 (3.86±0.10) (12. 79±0.32) (1.200±0.037) (19.10±0.97) (1.64±0.14) ( 124 .0±6 .o) (13.43±2.41) (8.08±0.86) 

Mean value 
ETN 1,6,7,9,14 (3.70±0.07) (12.85±0.13) ( 1.137±0 .034) (17 .01±1.15) (1.64±0.15) (l14.5±1.9) (11.57±0. 73) (7.38±0.54) 

ETN 3 3.01±0.03 10. 72±0 .03 0.857±0.031 13. 43±0 .15 1.24±0 .12 l18.8±0.9 7. 75±0.12 6 .12±0 .04 
ETN 13 3.10±0 .03 10.66±0.02 0. 856±0. 028 13.41±0.14 0.88±0.10 125.2±0.9 8.13±0.13 5-95±0.04 

All abundances of elements are in parts-per-million except those designated "%". Numbers in parentheses are mean values for 
the group of the standard deviations for the group. The other numbers refer to individual measurements and the standard 
errors of the ge.nuna-ray counting only. 

Table II. Cypriote Pottery from . 
Code Fe (%) Sc Ta Co Cs Cr Hf Th 

ASH 2 6.23±0.06 36.39±0.07 0.353±0.056 34. 44±0. 45 0.69±0.29 181. 5±1. 8 2.22±0.18 2. 52±0 .06 
ASH 11 7.09±0.06 40.00±0.08 0.423±0.056 37 .29±0.48 0.74±0.36 202.4±2.0 2.17±0.19 2.61±0.07 
ASH 5,9 7.74±0.05 41. 30±0 .05 0.192±0.032 46 .10±0. 35 0. 35±0 .18 260. 7±1. 4 1. 77±0.11 1.91±0.04 
ASH 7 7.09±0.06 46.39±0.07 0.346±0.037 52.99±0.51 0.90±0.23 839.6±5.2 1. 83±0 .13 3.03±0.05 

Mean value 
JAK 9,12,14 ,15, 

17 ,18,2ot 
(8."02±0.48) ( 41. 30±1. 36) (0.254±0.063) (44.37±2.27) (0. 75±0. 32) ( 242. 2±51.1) (1.67±0.31) ( 1. 70±0 .07) 

. 
All pieces designated ASH are Cypriote White Slip II Ware from Tel Ash dod; those designated JAK are similar ware from 

.Ayios Jakovos, Cyprus. Mean values are not given for the Tel, Ash dod ·pieces because they cannot be placed in a group even 
though they share certain distinctive characteristics. 

Table III. Mycenaean Pottery from . 
Code Fe (%) So Ta Co Cs Cr Hf ~ 

ASH 3 5-39±0.05 23.12±0.05 0.837±0.042 35.63±0.39 8.56±0.24 295.4±2.1 3.60±0 .13 12.01±0.06 
ASH 12 5.25±0.05 21.21±0.05 0.812±0.046 29 .17±0. 36 9.13±0.26 245.6±2.0 3.91±0.15 11. 31±0 .06 

Mean value 
MYC 1,2,3,6 ( 5. 21±0. 23) (21.84±1.36) (0.769±0.066) (30. 74±2.01) (9.42±0.40) (229.4±16.6) (3.60±0.51) (l1.19±0.83) 

. 
ASH 3 and ASH 12 from Tel Ash dod are characterized as Late Mycenaean IIIB. MYC 2, 3, and 6 are similar ware said to come 

f'rom Mycenae. MYC 1 is also similar and it is described as an import found on Kea. Another sherd f'rom Kea is not included 
here and is diff'erent in composition. 
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For those unfamiliar with viewing analytical data of the kind shown in this paper, it is perhaps 
worth calling attention to the large differences in composition between the Philistine, Cypriote, and 
Mycenaean ware illustrated in the Tel Ashdod material. The distinctions we have been trying to 
make in judging the provenience of the respective wares are minuscule compared with the differ
ences between the different wares. 

Footnotes 

tCondensed from UCRL-18957, July 1959, Atiqot (to be published). 
'~Present address: Museum of Ethnic Arts and Technology, University of California-Los Angeles. 

from Tel Ashdod and Tel Eitun. 

Ba Rb Sb Lu La Ti (%) Ca (%) Mn Na (%) 

228±23 53±5 0.447±0.059 2. 57±0 .ll 0. 372±0 .010 29.47±0.29 0.584±0.034 7 .6±0. 7 755±i6 0.614±0.010 
333±26 51±5 0.329±0.059 l. 95±0 .ll 0.441±0.011 28.24±0.29 0.693±0.034 3. 8±0. 6 777±16 0.655±0.011 
384±26 54±6 0. 395±0.061 2 .11±0 .11 0.418±0.011 27 .88±0.28 0.683±0.033 3.1±0.6 742±16 0.611±0.0ll 
476± 30 60±6 0.430±0.068 2 .02±0 .11 0. 449±0. 011 30.15±0.31 0.773±0.036 3.6±0.6 810±17 0. 610±0. Oll 
490±28 46±6 0.432±0.061 1.99±0.11 0.454±0.011 30.56±0.31 0.754±0.036 5.1±0.6 924±19 0.628±0.011 

( 382±121) ( 53±5) (0.407±0.053) (2_.13±0.26) (0.427±0.038) ( 29. 26±1. 42) (0.697±0.079) ( 4 .6±2.0) (802±77). (0.624±0.021) 

( 549±206) ( 53±2) (0.357±0.064) (1.52±0.10) (0.410±0.021) (27.92±1.14) (0.667±0.024) (5.2±1.1) (733±48) (0.668±0.088) 

687±24 32±4 0.354±0.040 1.90±0 .10 0. 348±0. 009 26. 52±0 .26 0.484±0.031 14.2±0.6 560±8 0.499±0.009 
1148±33 43±4 0.414±0.059 2.07±0.10 0. 388±0. 009 26.57±0.27 0.443±0.030 13.9±0.6 595±7 o. 554±o .oo8 

*ASH .1. 4, 5, 8, 10 are Philistine pieces from Tel Ashdod; ETN 1, 6, 7, 9, 14 are Philistine pieces from Tel Eitun closely 
similar to the Tel Ashdod ware as explained in the text. ETN 3 and ETN 13 are Philistine pieces different in composition from 
the others in this table. 

Tel As,hdod and Ayios Jakovos (Cyprus). 

Ba Rb Sb u Lu La Ti (%) Ca (%) Mn Na (%) 

142±40 30±8 0.493±0.097 0. 73±0 .15 0. 340±0 .012 9.01±0.21 0.407±0.029 2.5:!::0.5 779±16 1.131±0.016 
87±44 19±8 0.469±0.108 0. 78±0 .15 0.300±0.012 8.48±0.21 0.427±0.029 2.0±0.5 875±19 1.149±0.016 

101.±25 36±4 0. 524±0.060 1.19±0 .ll 0. 309±0.009 5.66±0.14 0. 376±0.020 1.6±0. 4 1102±17 1.060±0.011 
88±32 29±6 0.300±0.073 0.67±0.25 0.324±0.013 8.01±0.27 0.479±0.035 2.3±0.5 1020±22 0. 745±0 .012 

(lll±79) (34±11) (0.387±0.236) (0.31±0.16) '(0.308±0.015) (5.79±0.31) (0.374±0.028) (2.3±0.6) (1193±36) (1.223±0.135) 

.. 
ASH 5 and ASH 9 are two sherds analyzed separately but which proved to come from the same vessel. The values listed are 

mean values vi th standard errors of gamma-ray counting. 

t As explained in tn.e text, these seven sherds may have come from only tva bowls but have. been treated here as independent 
pieces. This "group" is closely similar to ASH 5, 9. 

Tel Ash dod vi th Comparative Material. 

Ba Rb Sb Lu La Ti (%) Ca (%) Mn Na(%) 

307±31 150±9 0.695±0.072 2.22±0.16 0.390±0.012 34.95±0.37 0.496±0.038 9.2±0.7 1003:!:21 0 .601±0 .011 
367±34 156±9 0. 658±0 .080 2 0 20±0 .15 0.345±0.0ll 31. 42±0. 34 0.486±0.035 8.6±0.7 953±20 0.547±0.010 

(359±14) (161±15) (0. 789±0.238) (2.34±0.34) (0.362±0.013) ( 32. 59±2. 31) (0.485±0.076) (9.0±2.0) (945±52) (0.419±0.186) 
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SURFACE PROFILE ANALYSIS BY 3He ACTIVATION:. OXYGEN IN SILICON 

James F. Lamb, Diana M. Lee,. and SamuelS. Markowitz 

3
He activation has been used for oxygen surface-profile analysis of high-purity silicon. The 

ability to preferentially activate sample constituents which lie within the first few mg/ cm2 of sur
face of a sample is a feature almost unique to charged-particle activation. Because its nucleus is 
loosely bound, enabling nuclear reactions to proceed with minimum-energy bombardment, 3He is 
well suited as the activating particle. 

. Analysis of oxy:gen in silicon was based upon the combined reactions 
16

o(
3
He, p) 18F and 

16o(3He, n)18Ne-+ 1~F. The total production cross section is almost 400 rnb at its maximum near 
7 -MeV bombarding energy. 1-4 The 18F activity induced-decays predominantly by positron emis
sion (T1/2 = 110 min), and can be conveniently detected nondestructively by y-ray spectrometry 
of the 511-keV ~+ annihilation radiation. The short-lived activities induced in the silicon sample 
matrix contribute no interference with 18F detection. 

The distribution of induced 
18

F activity as a function of depth from the sample surface is dis
torted by recoil of the reaction products. The recoil energy depends upon the mechanism of the 
nuclear reaction, but for 3He activation analysis it is practical to assume complete linear momen
tun transfer and to calculate the maximum recoil energy from5 

E [A. A /(A. +At)] E. , 
r 1 p 1 1 

where E is the recoil energy, and A., A , and A are the mass numbers of the incident particle, 
the produ~t nucleus, and the target nucl.eu~ respeclively; Ei is the incident beam energy. Figure 
1 shows the total path-length ranges of recoilin~ 18F in various nongaseous stopping media as cal
culated by using the computer code of Steward. 

The predicted maximum recoil ranges of 
18

F in aluminum were tested experimentally by bom
barding targets composed of 1-mg/ cm2 Mylar foils sandwiched within a deck of aluminum foil re
coil catchers, ~ach 100fJ.g/cm2 thick, at incident 3He energies of 5, 10, 20, and 25 MeV. The 
activation data for the 10-MeV bombardment is shown in Fig. 2. The almost constant 18F activities 
in foils 8 through 13 may be interpreted as resulting from activation of the surface oxide coating 
on aluminum. The combined data from all bombardments calculated in terms of the percent of 
forward recoiling 18F remaining 11 in beam" after each catcher foil is shown in Fig. 3. 

The maximum range in silicon of 
18

F induced by 8-MeV 
3

He ions is about 0.5 mg/cm
2

, approxi
mated from Fig. 1. Because the oxide coating on high-purity silicon is known to be only about 10 
A thick, 7 activity of 1 8F following 8-MeV 3He bombardment should be contained within a layer about 
0. 5 mg/ cm2 from the surface of the sample. To test this prediction, a sample of high-purity zone
refined silicon was irradiated with 8-MeV 3He ions. The decay of the 511-keV annihilation radia
tion from the activated sample was followed until short-lived activities had decayed to a negligible 
level. A thin surface laye'r of the silicon was then removed by grinding against a glass plate ·with 
600-mesh silicon carbide powder, its thickness determined by weight difference, and the remaining 
activity redetermined. This process was repeated until the activity per unit thickness of silicon 
removed remained constant~ The results are shown in Fig. 4. The ordinate of the figure repre
sents the parts of oxygen per million parts effective-thickness silicon remaining after each sur
face grinding. The oxygen concentration was determined by using a Ta205 comparison standard 
in a subsequent irradiation, and the effective thickness of silicon is the thickness necessary to de
grade the. incident beam to ::::: 2 MeV, at which energy no further activation of 16o takes place. The 
1 ppm oxy.r,en concentration determined for bulk silicon agrees well with the data of Saito et al. , 8 
who used He activation analysis at beam energies greater than 20 MeV. 

Footnote and References 

tCondensed from Anal. Chem. 42, 212 (1970). 
1. S. S. Markowitz and J. D. Mahony, Anal. Chem. 34, 329 (1962). 
2. R. L. Hahn and E. Ricci, Phys. Rev. 146, 650 (1%6). 
3. 0. D. Brill' , Sov. J. Nucl. Phys .. !..' 37 (1965). 
4. D. M. Lee, J. F. Lamb, and S. S. Markowitz, UCRL-17989. 
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5. L. Winsberg and J. M. Alexander, Phys. Rev. 121, 518 (1961). 
6. P. G. Steward, Stopping Power and Range for Any Nucleus in the Specific Energy Interval 0.01 
to 500 MeV/amu in Any Nongaseous Material (Ph. D. Thesis), UCRL-18127, May 1968. 
7; R. J. Archer, J. Electrochem. Soc. 104, 619 (1957). · 
8. K. Saito, T. Nozaki, S. Tanaka, M. Furukawa, and Hwasheng cheng, Intern. J. Appl. Radia
tion Isotopes 14, 357 (1963), 
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DETERMINATION OF OXYGEN IN COPPER BY 
3

He ACTIVATION ANALYSISt 

Diana M. Lee, Cynthia V. Stauffacher, a~d Samuel S. Markowitz 

A radioactivation method using 3He as the bombarding particle has been developed to deter
mine trace concentrations of oxygen in copper. The limits of detection extend to about 0.35 part 
per billion, with a sensitivity of approximately 29 dpm/ppb of radioactive 110-min 18F, which is 
used as the "signal" for 16o. The 18F is produced by the nuclear reaction of 16o with low-energy 
(4 to 10 MeV) 3He ions. The 0. 51-MeV annihilation radiation from the 18F is detected by a Nai 
scintillation spectrometer, or by aGe -y-ray spectrometer. At 3He energies below 6.3 MeV, no 
interfering radioactivities. from reactions with the Cu matrix are present, so the analysis is non
destructive. If necessary, destructive analysis may be carried out; a rapid, clean procedure for 
radiochemical separation of 18F as PbF2 is presented. The method is calibrated either absolutely 
through measurement of beam intensity, detection coefficient, cross section, and bombardment 
time, or through a comparative method based upon standards of known oxygen content prepared by 
anodic oxidation of tantalum foils. The oxygen content of 0.1-mil Cu foil was measured and found 
to be 550 ± 30 ppm. The relative standard deviation was So/a. Only a fraction of a milligram of 
sample is required. 

Activation analyses, especially those involving 3He as the incident particle~-S 3He reactions 
with copper, 6 and preparations of oxygen standards by anodic oxid.ation of Ta (Ref. 7) have been 
discussed. 
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Spectra of copper foils irradiated at various 
3
He energies (with no radiochemical separation) 

are displayed in Figs. 1 and 2. The upper spectrum in each figure indicates gamma photopeaks 
from isotopes of Cu and Ga pre sen~ in large amounts. The predominant high-energy gamma peaks 
diminish as the incident energy of He decreases to below 6 MeV, as shown in both Fig. 1 and Fig. 
2. Figure 3 shows a comparison of two copper samples irradiated by 11.4-MeV 3He; the upper 
spectrum was obtained from direct counting of one of the copper foils and the lower spectrum was 
obtained from Pb18F 2 , which was chemically separated. The experiment demonstrates radiochemi
cal separation even in the presence of a very high intensity of unwanted activities. 

Decay curves of the 0. 51-MeV photopeak from copper activated by 
3

He ions of various energies 
are plotted in Fig. 4. The slope of the decay curves for 3He energies below 6 MeV corresponds to 
a half-life of 110 minutes with negligible interference. As the energy of 3He is increased, the shape 
of the decay curve changes with the appearance of a long-life component corresponding to a half-
life between 9.5 and 10 hours. Analyses of the decay curves indicate that the long-life component 
is a mixture of 9.5-h 66Ga and 12.8-h 64cu. Some 61cu (3.3 h) was also present at 3He energies 
higher than 8 MeV. Elimination of interference solely by decay-curve analysis of the annihilation 
gamma for the energies of 3He above 8.5 MeV was found to be inaccurate, because of the large 
amount of interfering activity from long-life components and because 61cu has a half-life different 
from 18F by less than a factor of t'~-g- As the energy of 3He decreases, the ratio of activity of 18F 
to the lon¥-life component (64cu + Ga) increases, and production of 61cu decreases very rapidly; 
ratios of 8F to (64cu + 66Ga) were approximately, 2 at 8.5 MeV, 9 at 7.5 MeV, and 90 at 6.3 MeV. 
Some cross sections for production of l8F from 16o are listed in Table I. The ratio of 18F cross 
section at 6.3 MeV to that at 7.5 MeV is approximately 0. 9; the relative activity, however, of 18F 
to the interfering activity for these two energies is 10. Therefore, a nondestructive analysis of 
oxygen in copper can be measured with minimum interference and maximum sensitivity at the in
cident energy of 3He of about 6.3 MeV. 

Table I shows results of eleven analyses obtained from four different irradiations for the non
destructive analysis of oxygen in copper foils. The average analyses for 0 in Cu based on Taz05 
as the oxygen comparative standard and on the absolute method are 0.0546 ± 0.003o/o and 
0.0559 ± 0.003o/o by weight, respectively. A comparison of destructive and nondestructive analysis 
of oxygen in copper foil is listed in Table II for the same average incident energies of 3He. The 
average chemical yield of Pb18Fz was approximately 50o/o. The results indicated 0.052±0.009o/o 0 
in Cu. 

In this research, we have demonstrated the method of oxygen analysl.s in copper by both de
structive and nondestructive mearis. By control of the incident 3He energy, however, we show that 
nondestructive analysis can be successfully carried out, eliminating the need for chemical separa
tion. At 3He energies of 4. 7 to 6.3 MeV (Table I), the cross section for the 16o____.1.8F remains 
high, i.e., 165 to 350mb. Because the sensitivity is very high, reduction of the beam energy e
liminates Cu-induced interference without seriously decreasing sensitivity. The depth of penetra
tion decreases, of course. 
( 
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Table I. ·Results from nondestructive analysis ·of oxygen in copper foils by 3He ions 
at various energies. 

Beam'intensity:::: 1.5 fJ.A, 

3 . 
He eros's 

Length of bbt :::: 10 min; 

Oxygen 
found 

ODC = 4.2%. 

Oxygen 
found 

Copper energy section(] 

A 18F 
0 

(counts 
per min) 

in Cu based on 
Ta2o5 std. 

in Cu based on 
absolute method 

(o/o ) foil (MeV) 

1 3.7 
2 4;5 
3a 4.7 
4 4.7 
sa 5.3 
6 5.3 
7 5.7 
8 6.3 
9 7.5 

10 7.8 
11 8.5 

(mb) 

55 
140 
165 
165 
230 
230 
290 
350 
390 
350 
335 

1842±50 
5089±327 
5322±186 
5473±90 
7331±110 
7011±110 
9577±105. \ 

10603±113 
12218±109 
11065±220 
11610±1205 

Average 

(%) 

0.051 
0.061 
0.053 
0.055 
0.053 
0.052 
0.056 

. 0.053 
0.054 

. 0.053 
0.060 

o. 0546±0. 003% 

aSamples 3 and 5 were etched with dilute HN03 for a few seconds. 

3
He 

energy 
(MeV) 

6.3 
7.5 
8.5 
9.6 

11.4 

Table II. Comparison of destructive and nondestructive analyses 
at the same 3He energies and identical counting conditions. 

Oxygen 
in Cu with 
chemical Chemical 

separation yield 
(%) (%) 

0.054 37.4 
0.046 50.2 
·o.o4s 49.7 
0.046 58.4 
0.069 37.4 

Average 0.052±0.009o;o 

0.056 
0.064 
0.056 
0.054 
0.054 
0.051 
0.056 
0.055 
0.055 
0.053 
0.061 

0. 055 9±0. 003~o 

Oxygen 
in Cu without 
' chemical 

separation 
(%) 

0.053 
0.054 
0.060 

0.056±0.003o/o 
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Fig. 1. Gamma-ray spectra of copper ~oil 
irradiated by 10.7 -, 7.8•, and 5. 7-MeV He 
ions: Ge detector, no chemical separation. 
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EXTRACTION OF HRe04 AND HAuC14 BY TRIOCTYL PHOSPHINE OXIDE 
IN CARBON TETRACHLORIDE AND CYCLOHEXANE 

J. J. Bucher and R. M. Diamond 

A previous study
1 

of HC104 extraction bydilute solutions of trioctyl phosphine oxide (TOPO) 
in CCl4 indicated that an acid complex involving three TOPO molecules was found in the organic 
phase. This study also showed that at least one water molecule was co-extracted. With these two 
results and making an analogy with a similar system using the less basic tributyl phosphate as ex
tractant, tributyl phosphate-CCl4-HCl04, 2 we suggested that the acid complex with TOPO had a 
hydronium core around which three TOPO molecules (the maximum number) were coordinated. 
More recent work dealing with the extraction of perrhEmic and chloroauric acid (HAuc14~ by TOPO 
in benzene, chloroform, sym-triethyl benzene, nitro-benzene, 3 and 1, 2-dichloroethane indicated 
that the extraction complex was solvated by only two TOPO molecules and insufficient water was 
co-extracted to allow the formation of a hydronium ion core. The cation was a proton bound to 
two TOPO molecules, It was thus of interest to reexamine the extraction of HRe04 by TOPO in 
CCl4 to determine if by such a simple change of diluent the acid complex could indeed be so radi
cally changed to a hydronium-based complex. It was also desired to extend the survey of TOPO 
extraction to one additional type of diluent, namely an aliphatic hydrocarbon. Cyclohexane was 
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chosen, as it has less tendency for third-phase formation than the straight or branched-chain hy
drocarbons. 

Instead of using acid-base titration methods for determining the amount of extracted HC104 
acid, as was done in the previous work, radioactive 186Re04 tracer was employed. Use of the 
tracer technique allows determination of much lower organic-phase acid concentrations, so that 
extraction of HRe04 into more dilute TOPO concentrations can be studied. Gold tracer in the form 
of chloroauric acid, H198, 199 AuC14 , was also used, as it was considered likely that this anion 
would be essentially anhydrous, so that any water co-extracted would be on the cation or dissolved 
in the (new) solvent consisting of the organic-phase salt solution. The solutions of HAuCl4 were 
always kept in 0.010 M HCl. 

Extraction of the acid as an ion pair may be expressed as 

+ - . + 
H +X + xH2 0 + nTOPO (org) = H · nTOPO· xH2 0 · · • X- (org), 

with the corresponding equilibrium constant 

where [ denotes concentrations, ( ) signifies activities, and the subscript o denotes the or-
ganic phase. 

From log-log plots of the organic-phase acid concentration, [ H+] , vs the aqueous -acid ac
tivity, with the TOPO concentration held constant, it can be determingd whether the extracting 
species is dissociated, an ion pair, or a higher aggregate. With CC14 (E = 2.24 at 20 •c) and cyclo
hexane (E = 2.02 at 20 •c) as diluents, ion-pair species are to be expected. Figure 1 shows such 
a log-log plot for 0.10 and 0.01 M TOPO in CC14 with HRe04 acid; the limiting slopes of unity in 
this figure do indicate that ion pairs are formed over most of the organic -phase concentration range 
observed. The dashed portion of the 0.10 M TOPO-CCl4 curve is an attempt to correct the data 
for the TOPO used up by extracted acid, and deviates upward from the curve of unit slope estab
lished at lower [ H+] concentrations. The deviation suggests the possibility that aggregation is 
occurring at the hig:fi>er concentrations. Figure 2 for 0.10 and 0.010 M TOPO in cyclohexane with 
HAuCl4 in 0.010 M HCl shows more conclusively that aggregation is occurring. The dashed line 
indicates what the data would be if only ion pairs existed. Both figures indicate that the stoichio
metric limit of [ H+]

0 
is about one-half the initial TOPO concentration and not one-third, the val

ue necessary if a three-TOPO complex were being formed. 

From log-log plots of the organic acid vs the equilibrium TOPO concentration at a fixed aque
ous activity, the number n of TOPO molecules involved in the extraction complex can be deter
mined. Figure 3 is such a log-log plot for TOPO-CCl4 -HRe04, and shows limiting slopes of 2; 
n = 2, and a 2 TOPO-acid complex is indicated. At the upper end of each curve deviations upward 
from this line of slope 2 occur. In Fig. 4, a log-log plot of the distribution coefficient of tracer 
Re04 vs TOPO concentration at a fixed aqueous HCl activity of 9. 3X1o-5 also indicates deviations 
at higher TOPO concentrations. Remembering that the limiting ratio of extracted acid to TOPO 
concentration in Fig. 1 is one -half, we suggest that this deviation in Fig. 4 is due to a decreasing 
activity coefficient for the extracted 2:1 TOPO-acid complex and not to formation of a 3:1 species. 
That is, above about 2X1o-2 M TOPO, the presence of the polar TOPO molecules makes the CC14 
diluent more suitable for the introduction of the extracted ion pairs. (There is solvent sorting a
round the ion pairs.) We feel that this effect is a major cause of the deviation observed in curves 
2 and 3 in Fig. 3, and that the deviation does not signify a 3:1 complex, even though the data can 
be resolved into a component of slope "" 3 as shown on curve 3, It is also probable that a decrease 
in the acid complex activity coefficient occurs at moderate concentrations of the complex in the 
organic phase, and this is represented by the aggregation already mentioned in connection with 
Figs. 1 and 2. The deviation of curve 1 in Fig. 3 is probably due to such aggregation. Curves 1 
and 2 in Fig. 4 also show limiting slope values of 2 for chloroauric acid extraction by TOPO in 
CC14 and in cyclohexane, and indicate considerably less ideal solutions in cyclohexane than in CCl4. 

The amount of water co-extracted by the organic-phase acid complex (after subtraction of the 
diluent- and TOPO-associated water from the total organic-phase water) was found to be approxi
mately one-half molecule per extracted proton in TOPO-CCl4-HAuCl4 and to vary from 1.6 to 0.1 
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for TOPO-cyclohexane-HAuCl4. Most of the measured ratios for the cyclohexane system were 
less than unity. This result, coupled with the limiting loading curves and the TOPO variation 
curves already described, suggests that the extraction of these acids by TOPO in these two types 
of diluents is based on the same cationic complex as found previously in other TOPO-diluent sys
tems, an anhydrous 2TOPO· H+ species. The principal differences between the extracticin behavior 
with CCl4 and· cyclohexane diluents and the other solvents studied are the occurrence of ion aggre
gation in the organic phase and the significant changes in the acid complex activity coefficients at 
higher TOPO concentrations; both features complicate the slope analysis of the data. 

In the previous HCl04-TOPO-CCl4 study, the TOPO concentrations were restricted to these 
higher values, where the analy.sis is confusing, and plots of the TOPO dependence gave slopes of 
about 3. We now believe that the assumption of a 3:1 complex based on a hydronium ion core--as 
is valid for TBP extractions--was false, and that the more basic TOPO molecule yields a 
2TOPO· H+ cation intermediate to the anhydrous R 3NH+ cation achieved by the still mo~re basic 
trialkyl amine extractants. 
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Fig. 4. Distribution ratioi D vs total 
.TOPO concentration for (line one) cyclo
hexane with 1X1o-5M HAuC14 , 0.010 M 
HCl; (line two) CCl4 with 5.5X1o-5 M 
HAuCl , 0.010 M HCl; and (line three) 
CCl4 Jlth 1X10~ M (0) and 2X1o-6 M (Q) 
HRe04, 0.50 M HCl. (XBL701-Z196) 

EXTRACTION OF HC104 AND HRe04 BY TRI-2-ETHYLHEXYL 
PHOSPHATE IN ISOOCTANE AND 1, 2-DICHLOROETHANE 

J. J .. Bucher, R. W. Zuehl, t and R. M. Diamond 

A previous survey
1

• 
2 

of perrhenic and perchloric acid extraction by tributyl phosphate (TBP) 
in a variety of diluents (isooctane, CCl4,- 1, 2-dichloroethane, benzene, and CHCl3t showed a hy
dronium ion core-TBP complex was formed in each system. Depending upon the choice of diluent 
and TBP concentration the acid complex could be a saturated 3:1 TBP-acid species or a lower com
plex. In isooctane, principally the 3:1 ion-paired species was found; in 1, 2-dichloroethane only 
a dissociated 3TBP•l-!3..0+ complex was observed. In the other diluents, appreciable or predominant 
amounts of 2TBP· H30"' were observed in the range of TBP concentrations studied. 

In this paper our study of strong acid extraction by trialkyl phosphates is extended by using a 
bulky, branched extractant: tris(2-ethylhexyl) phosphate (TEHP), which might show steric prob
lems. Only the TEHP-isooctane and TEH~-1, 2-dichloroethane systems are examined; these two 
diluents should sufficiently bracket the possible extraction behavior for HC104 and HRe04 acid, as 
will be discussed. ' 

Tracer 
186

Re04 was used out of either macro HCl04 or HRe04 acids to determine organic
phase acid concentrations to much lower values than is possible with ordinary acid-base titrations. 
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The extraction of HC104 or HRe04 by solutions of TEHP in a diluent may be expressed as 

+ - _fH+ · nTEHP· xH 0 · • • x- (org), 
H + x + xH20 + nTEHP (org) -\.H+. nTEHP· xH~O (org) + x- (org), 

with the corresponding equilibrium constants 

Ka = [H+. nTEHP• xH20 · · • x-]/(TEHP)~ (H2o)
4 

(HX), 

Kd = [H+ • nTEHP· xH
2
0]

0 
(X-] 

0
y!/(TEHP] ~(H2 0)4 (HX), 

where [ ] denotes concentrations, ( ) signifies activities, Y± is a mean molar activity coefficient, 
and the subscript o indicates organic-phase quantities. 

From a log-log plot (not shown) of organic-phase acid concentration vs aqueous HC104 activ
ity at constant TEHP concentration, it was determined that the extracting species in isooctane was 
an ion pair. From previous worki it is assumed that the complex in 1, 2-dichloroethane is dissoci
ated. Then from the slope of log-log plots of organic acid vs equilibrium TEHP concentration at 
fixed aqueous activites, the TEHP solvation number n can be determined. In Fig. 1 such a plot 
for TEHP-isooctane has a slope of 2; two TEHP are involved in each extraction complex at least 
up to TEHP concentrations of 0.10 M. Figure 2 is a similar plot for TEHP-1, 2-dichloroethane. 
The dashed line indicates the correction for activity coefficients calculated by the method of 
Poirier, 3 and has a slope of 1.5. From ~revious work with this solvent it is assumed that the ex
tracted species is dissociated, so that .!!12 = 1.5 or.!!_= 3. The complex has three TEHP molecules 
per extracted proton. This is the same as for TBP-1, 2-dichloroethane-HRe04. However, the 
magnitude of K2 with TEHP is different. For TEHP the value is 2.9X iQ-5, while for TBP . 
K~ = 2. 4x1o-4, both evaluated under similar dilute conditions. This tenfold smaller constant prob
aoly reflects the steric interference of the more bulky, branched hydrocarbon tails of TEHP, as 
expected. With the TEHP-isooctane system, however, even taking into account the fact that for 
tracer Re04 out of macro perchloric acid the extraction constant is higher than for the tracer out 
of macro perrhenic acid by a factor which may be as large as 2, the constant for the 2:1 complex 
is practically the same as for the TBP-isooctane system:i K~ = 5X io-3. We would have expected 
the TEHP system to have shown a lower extraction constant than for the TBP system, as the 
TEHP does in 1, 2-dichloroethane. The explanation may be that the problems of steric hindrance 
do not arise with the 2:1 complex, but only when three of the TEHP molecules are to be packed 
around the hydronium ion core. This same difference between straight-chain and bulkier branched 
phosphates has been observed in a dodecane diluent system, when three phosphate molecules have 
to be placed around Th(N03)4 for extraction; but not when metal nitrates requiring only two phos
phate molecules for extraction [for example, U02(N03) 2 ] are involved. 4 Perhaps similarly the 
3:1 TEHP-HRe04 complex is unfavorably hindered and cannot form in isooctane, at least below 
0.1. M TEHP, whereas with TBPin isooctane the amount of 3:1 complex equals the 2:1 complex at 
a TBP concentration of "" 7 X 1o-3M. 

It remains to explain why the 2:1 complex did not show up in 1, 2-dichloroethane with TEHP. 
We think it would, if.we could go to low enough TEHP concentrations, and would also show up at 
still lower concentrations for TBP in dichloroethane. The reason for appearance of the 2:1 com
plex only at much lower phosphate concentrations in 1, 2-dichloroethane than in isooctane is be
cause the anion is dissociated from the complex in the former solvent. In isooctane, a low-dielec
tric-constant medium, the anion is ion-:paired to the cation complex, and when one site on the H30+ 
core is free, as in the 2:1 complex, the anion can go there and provide electrostatic solvation (a 
tighter ion pair) and thus compensate part of the loss in solvation suffered by the H30+ upon losing 
a phosphate molecule. But this cannot happen in 1, 2-dichloroethane where the ions are dissociated, 
and so that saturated 3:1 complex is relatively favored. 

Footnote and References 

tUndergraduate summer visitor from Ripon College, Wisconsin, 1969. 
1. J. J. Bucher and R. M. Diamond, J. Phys. Chem. 73, 675 (1969). 
2. J. J. Bucher and R; M. Diamond, J. Phys. Chem. 73, 1494 (1969). 
3. J. C. Poirier, J. Chem. Phys. 21, 965 (1953). - , 
4. T. H. Siddall III, J. Inorg. Nucl. Chem. g, 151 (1960). 
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Fig. 1. Variation of acid content of organic 
phase with TEHP in isooctane for aqueous 
HCl04 concentrations of 4.0 M (upper line) 
and 2.0 M (lower line). (XBL 701-2198) 
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Fig. 2. Variation of acid content of organic 
phase with TEHP in 1, 2-dichloroethane for 
aqueous HRe04 concentration of 0.30 M. 
a, uncorrected data; '<J, data corrected for 
activity coefficients. (XBL 701-2197) 

EXTRACTION OF HRe04 , HC104 , and HAuC14 BY TRIOCTYL PHOSPHINE OXIDE IN 
BENZENE, 1, 3,5-TRIETHYL BENZENE, AND CHLOROFORM 

J. J. Bucher, R. C. Laugen, t and R. M. Diamond 

An earlier study1 of the extraction of perrhenic acid (HRe04) by trioctyl phosphine oxide 
(TOPO) in two~ diluents having relatively high dielectric constants, nitrobenzene (€ = 34.8 at 25° C) 
and 1, 2-dichlorethane (€·= 10.4 at 25° C), demonstrated that very little or no water was co
extracted. In both diluents the extracted species was dissociated, and the cation, 2TOPO·H+, was 
based on the bare proton and not on the hydronium ion. It was concluded that the extraction be
havior of alkyl phosphine oxides was intermediate between two other common classes of extract
ants: the more basic alkyl amines, in which only one extractant molecule coordinates with a bare 
proton; and the less basic trialkyl phosphates, which are not strong enough to remove the proton 
from a water molecule and so have two or three molecules coordinated with a hydronium ion 
(H30+) core. It was thought desirable to examine the extraction of acids by TOPO into other dil
UEints that have different characteristics than just a high dielectric constant. In this paper ben
zene and 1, 3, 5-triethyl benzene, representing two basic, low-dielectric-constant aromatic sol
vents (one somewhat hindered), and chloroform, and acidic solvent, are examined. To minimize 
cation-anion interactions perrhenic anci chloroauric (HAuCl4) acids were used. Instead of using 
'f§1d-bas~ titratio11 methods for determining the distribution data, we employed radioactive 

Re04 and 1 9~, 199 AuCl4- tracers wherever possible. 

The extraction may be expressed as 

+ - + -H +X + xH2o + nTOPO {org) = H · nTOPO · xH20 ···X {org), 

with a corresponding equilibrium constant 

a + - /[ · ] n x + -K = {H · nTOPO · xH20 ···X )
0 

TOPO 
0 

(H20) {H X ), 

where [ ] denotes concentration, { ) signify activities, and the subscript o means the quantity is 
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in the organic phase. 

From log-log plots of the organic-phase acid concentration, [H+]
0

.vs the aqueous acid activ
ity, with the TOPO concentration and the water activity held constant, it can be determined whether 
the extracting species is an ion pair or higher aggregate. Such plots are shown in Figs. 1 and Z 
for TOPO extractions of HRe04 , HC104, and HAuC104 in both benzene and chloroform. The slope 
of unity for TOPO-benzene, CHCl3, -HRe04, and HC104 indicates only ion pairs are extracted. 
The limiting slope of unity in TOPO-benzene -HAuCl4. indicates only ion pairs are found if the or
ganic-phase acid concentrations are sufficiently low. Above approximately 10-3M acid, however, 
the slope is greater than one, indicating that aggregation is occurring. -

The value(s) of ·n, the number of coordinated TOPO molecules, can be determined from log
log plots of organic acid vs equilibrium TOPO concentration at a fixed aqueous acid activity. Such 
plots are shown in Figs. 3 and 4 for HRe04 and HAuCl4 in benzene and CHCl3. In each plot the 
slope is Z. Thus only two TOPO molecules, as in the nitrobenzene and 1, Z-dichloroethane system, 
are involved in the extraction complex. It can be seen in Figs. 1 and Z that the stoichiometric 
loading limit is one-half the fixed TOPO concentration, again indicating !!.= Z. 

Several approximations have been made to calculate the constants in Table I. Mainly organic
phase activities have been replaced by molar concentrations. However, the constants are eval
uated at dilute concentrations, that is, along straight-line portions of the plots, and are thus prob
ably at least proportional to a true- equilibrium constant. 

Table I. Constants for the extraction of HRe04 
and HAuCl4. 

Diluent 

Benzene 

Triethyl benzene 

Chloroform 

Acid 

HRe04 
HAuC1

4 
HRe04 
HRe0

4 

1.ZX 10
3 

z.sx 10 6 

1.0Xi0
3 

5.8 

A comparison of the various constants g·ives 
several interesting results. The use of CHCl3 
as diluent decreases the extraction of mineral 
acids by a large factor even though the dielectric 
constant of CHCl3 ( e: = 4. 8. at zoo C) is consider
ably larger than the other two diluents (e: = Z.Z8 
at zoo C for benzene and sym-triethyl benzene). 
This occurs because the chloroform interacts 
with TOPO to form a hydrogen- bonded complex, 

R~P = 0· ·HCCl3, which, of course, lowers 

the~ctivity of the TOPO. Chloroauric anion, 
being somewhat larger than either Re04 or 
Cl04-, is more easily forced out of the aqueous 

phase, giVIng considerably better extraction. (AuCl4- may also be better tolerated in the organic 
phase due to better dispersion-free interactions.) 

The difference in extraction of HRe04 by TOPO in benzene and sym-triethyl benzene i~ sur
prisingly small compared with its extraction by alkyl aminesz or trisubstituted phosphates in 
these same diluents. In triethyl benzene, trialkyl amines {for the ion-paired amine salt) are ex
tracted onlv one hundreth as much as they are in benzene. With tributyl phosphate the triethyl 
benzene system lowers (by a factor of four) the extraction of the ZTBP complex common to both 
diluents and also allows the formation of a 3TBP complex. Triethyl benzene in both extractant 
systems acts somewhat like the poorer aliphatic hydrocarbon solvents. Yet for TOPO the con
stants differ only by some ZOo/a. The activity of TOPO in triethyl benzene is probably higher than 
in benzene. But the most important effect is likely that the protonic charge in the ZTOPO· H+ cat
ion is considerably shielded from direct diluent interactions, in particular with the 1T electrons of 
both diltients, and thus cannot be solvated appreciably better by the less sterically hindered and 
more dense 1T electrons of benzene. 

Studies of the water coextracted with HRe04 and HAuCl4 by 0.1 M TOPO solution in benzene 
and CHCl3 show that for HRe04-benzene the ratio of H<'O per extracted proton is from 0.8 to 0.6; 
for CHCl3 -HRe04 the value varies from 0 to 0.4; and for HAuCl4-benzene, the value is approx
imately zero, even though in the concentration range of organic-phase acid examined the complex 
is aggregated. These data suggest that the acid complex cation extracted in these three diluents 
is anhydrous. It is not built around a hydronium ion core, but is the same TOPO solvate found in 
nitrobenzene and 1.Z-dichloroethane systems; the acid complex in these three diluents differs only 
in being either ion-paired or aggregated, and not dissociated. The additional water found in these 
diluent systems may be associated with the perrhenate anion, loosely bound into the ion aggregates, 
or both. 
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Footnote and References 

tSummer.visitor, 1965, NSF High School Teachers Research Participation Program. 
1. J. J. Bucher, T. J. Conocchioli, and R. M. Diamond, in Nuclear Chemistry Annual Report, 
1968, UCRL-18667, Jan. 1969, pp. 307-309. 
2.·. J. J. Bucher and R. M. Diamond, J. Phys. Chem. 69:, 1565 )1965). 
3. J. J. Bu.cher and R. M. Diamond, J. Phys. Chem. TI, 1494 (1969). 

Fig. 1. Variation of acid content of organic phase with aqueous HReO, and HCl04 for TOPO-ben
zene and -CHCl3. Lines 2 and 3 are for 0.1 M TOPO in benzene and CHCl3 respectively; line 4 is 
for 0.0020 M TOPO in benzene and line 5 is for 0.01 M TOPO in CHCl3. Line 1 shows the result 
after correction to a constant TOPO concentration of 0.1 M. 0, uncorrected data; 0; corrected 
data. (XBL 701-2202) -

Fig. 2. Variation of acid content of organic phase with aqueous HAuCl4 in 0.010 M HCl for 0.10 M 
(line 1), 0.050 M (lirie 2), and 0.01 M (line 3) TOPO-benzene. 0, uncorrected data; 0, corrected 
data. The dashed line indicates the extension of slope-one line. (XBL 701-2201) 
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Fig. 3. Variation of acid content of organic 
phase with TOPO in benz~ne for aqueous 
HRe04 concentrations of 0.437 M (line 1), 
0.10 M (line 2), 0.040 M (line 3), and 0.010 
M (liM 4). 0, uncorrected data; 0, cor
rected to equilibrium TOPO. (XBL701-2199) 

301 

Fig. 4. Variation of acid content of organic 
phase with TOPO in CHCl3 ·for aqueous 
HRe04 concentrations of 0.514 M (line f) and 
0.040 M (line 2). (XBL 701-2200) 

ANION EXCHANGE IN MIXED ORGANIC-AQUEOUS SOLUTIONS. I. DIOXANE-WATER 

C. H. Jensen t and R. M. Diamond 

The idea has been developed in earlier'papers 1-
3 

that ion-exchange selectivity occurs as the 
result of a competition between the exchanging ions for solvation. That ion whose need is the 
more urgent goes into that phase which provides the better solvation, and so forces the remaining 
ion into the other phase, even though the latter ion also prefers the better solvating phase. Water 
molecules usually provide the main means of ionic· solvation, and s·o for the usual conditions of a 
dilute external solution and a (concentrated) resin phase with strongly acidic or basic exchange 
groups, the external solution furnishes the most favorable medium. For a family of similar ions 
such as the halides, the smallest ion goes into the aqueous phase and the largest ion is pushed into 
the resin phase. Thus the dilute-solution anion exchange selectivity order expected for the halides 
and Re04- would be F- < cC < Br <I- < Re04-, and this is indeed observed. 

_But as dioxane replaces water in the system, the mixed external 'solution becomes a poorer 
solvating agent for a number of reasons, First of all, dioxane does not possess any (acidic) hydro
gen capable of bonding to the (basic) anions as does the water molecule. Secondly, the dioxane 
molecule acts as a base towards the water molecule, competing with the anions for hydrogen 
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bonding to the water, and breaking up the hydrogen- bonded water structure. Finally, the addition 
of dioxane, because of its own low dielectric constant and because of the destruction of the water 
structure, causes an increasingly marked drop in the dielectric constant of the mixed solvent. For 
all these reasons, the dioxane solution provides a much poorer solvating medium for anions than 
the original water solution (both chemically and electrostatically), and the effect is more marked 
the more the anion needs solvation. 

But obviously, then, to be able to predict the effect of dioxane on the selectivity order of a 
family of anions, one must first determine the distribution of dioxane between the resin phase and 
the external solution. Figure 1 shows that with Dowex 1-X4, CC form, the resin phase preferen
tially rejects dioxane and takes up water. Thus, as the concentration of dioxane in the total sys
tem increases, the resin phase absorbs a higher proportion of water than exists in the external 
solution, and the superiority of the external phase over the resin phase for solvating anions de
creases. 

With water alone as the solvent medium, anions obtain the best solvation in the dilute external 
phase, and so choose that phase in the order of their need for solvation, resulting in the resin se
lectivity order F- < Cl- < Br- < r < Re04-. But as dioxane is added to the system, the external 
solution becomes increasingly richer in dioxane (compared with the resin phase), and so less de
sirable to the (smaller) anions with the greatest need for solvation. They are held less tightly in 
the external phase, and so the degree of separation or selectivity among the anions should decrease. 
Under the proper conditions the selectivity order might even be reversed. 

This is precisely the behavior observed with Dowex-1 with 0.0100, 0.0300, and 0.100 M LiCl 
as the macro-electrolyte and with F=, Br-, r. and Re04- tracers, and shown in Fig. 2 for 0.0300 
M LiCL The. values of D for Re04 and F from water solution differ by more than 1000, but by 

· the time one gets down to 20o/o mol-fraction dioxane this factor has decreased to about 15 and by 
50% mol-fraction to about 3. 

Thus, it seems that the expectations based on the suggested model have been fulfilled. Actu
ally, of course, other factors must also be taken into account with the addition of dioxane to the 
system. Two of the most important of these are (a) the increase of nonexchange or "resin
invasion" electrolyte, and (b) the occurrence of ion pairing in the system with the decrease in di
electric constant. As a result of considering these effects, in particular the second, it was ex
pected that a still greater trend toward reversal of the "normal" selectivity order would be ob
served with N(CH3)4 Cl as the macro- electrolyte instead of LiCl, and this was found to be true, 
Flg. 3. Actual reversal was obtained with the use of a weakly basic resin, Dowex 3-X4, and 
N(CH3)4 Cl,as had been hoped. 

Although the only anions treated in this paper are the rhonoatomic halide ions and one stable 
complex ion, Re04-, the arguments presented are quite general and should hold for all other 
simple and stable anions. Since the agreement between expectation and experiment has been good 
in the systems studied, we believe, in fact, that this will prove to be true for other anions, with 
one i:g1portant caution. Consideration of complex metal anions such as GaC14,, FeCJ4, InBr4, 
ZnC14,, etc. , which must be produced in the solution by replacement of the first hydration shell of 
the metal cation with the ligand of the supporting electrolyte, has this additional feature of complex
formation to take into account as the organic solvent replaces water in the system. This can be 
done, leading to somewhat different predictions, but that is another story. 

Footnote and References 

tSummer visitor, 1965, NSF College Teachers Research Participation Program. 
Permanent address: Cabrillo College, Aptos, California. 
1. B. Chu, D. C. Whitney, and R. M. Diamond, J. Inorg. Nucl. Chern. 24, 1405 (1962). 
?· C. H. Jensen and R. M. Diamond, J. Phys. Chern. 69, 3440 (1965). -
3. R. M. Diamond and D. C. Whitney, Resin Selectivity in Dilute to Concentrated Aqueous Solu

. tions, in Ion Exchange, Vol. !· edited by J. Marinsky (M. Dekker, New York, 1966). 
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Fig. 1. The mol-fraction of dioxane in the resin phase for Dowex-1-X4 vs the mol
fraction of dioxane in the equilibrium solution. (XBL 702-2296) 
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Fig. 2 .. Plot of D vs dioxane mol-fraction in the 
solution for 0.0311 M LiCl and Dowex-1-X4 resin 
and the tracer anions F-, V; Br-, I-, 0; and Re04', 
6.. (XBL 701-2081) . 
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Fig. 3. Plot of D vs dioxane mol-fraction in the 
solution for 0.0303 M N(CH3)4 Cl and Dowex-i-X4 
resin and the same tracer anions as in Fig. 2. 

(XBL 701-2080) 

HYDRATION OF Cl04 , B¢4 -, AND N03 IN ORGANIC SOLVENTS 

T. Kenjo t and R. M. Diamond 

The distribution of salts between water and an organic phase can be made relatively high if 
either the cation or anion is large and hydrophobic enough. In particular, the extraction of anions 
can be studied by using large tetraalkylammonium cations. Other reports f. 2 describe studying 
the organic-phase complexing of F- and Cl- in such salts by water-immiscible phenols and alco
hols. From the fact that definite complexes were indicated, we wondered if distribution of the 
salts alone and determination of the water co- extracted would not yield information on the first
shell hydration of the anions. 

It would be advantageous in such a study if the extracted salt were dissociated into independent 
ions, for then if one ion could be shown to be anhydrous or to have a definite amount of water as
sociated with it in a particular solvent, the determination of the total water extracted by a salt 
containing that ion yields the water bound to the co-ion (after subtraction of the water distributing 
into the volume-fraction of pure solvent alone). For this purpose a solvent of high dielectric con
stant was chosen, namely nitrobenzene (E = 34.8 at 25• C). 

It has been shown in a different type of study3 that Cl04- in nitrobenzene is essentially anhy
drous, so tetrapropylammonium perchlorate was the first salt studied. Figure 1 shows a log-log 
plot of the organic-phase salt concentration vs the equilibrium aqueous concentration. But even 
with a dielectric constant of 35, the decrease in the activity coefficients from unity at the higher 
organic-phase concentrationsbecomes significant. So they were calculated by the method of 
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~~ 
Poirier, 4 and as can be seen in Fig. 1, the corrected points at the higher concentrations fall on 
the same straight line of unit slope extended from the more dilute solutions where the corrections 
are negligible. Since the salt is surely dissociated in the dilute aqueous phase, the slope of 1 ob
served shows that it is also dissociated in the organic phase over the range of concentration studied. 

Table I shows the results of determining by Karl Fischer titrations the water co-extracted by 
three concentrations of tetrapropylammonium perchlorate in nit-robenzene. Approxirrrately 1/3 
mol of water appears per mol of extracted salt. It is not clear whether this water is (a) associated 
with the cation, (b) associated with the anion, or (c) just an increase in water dissolved in the 
nitrobenzene solvent because of the presence of the dissolved salt. To help understand this, a still 
larger anion was studied, the tetraphenyl boride ion. Table I shows the results; essentially zero 
water is involved. Since the salts are dissociated in the nitrobenzene medium, this means that no 
water is bound with the tetraalkylammonium cation, so that the 1/3 mol of water in Table I either 
is bound to Cl04- or is just excess water due to the changed nature of the solvent with the salt 
present. 

Table I. Water co-extracted with tetraalkylammonium salts into nitrobenzene. 

Salt 

Tetrapropylammonium perchlorate 

Tetrabutylammonium tetraphenyl 
boride 

Tetrabutylammonium nitrate 

Molarity of salt 
(org) 

· 1.39X 10- 1 

5.43X 10- 2 

2.66x 1o-2 

9.96X 10- 2 

3.9BX 1o-2 
t.99X 10- 2 

2.04X 10- 1 

9.11x 10- 2 
4.12X 1o- 2 

1.52X10- 2 

Ratio of water to 
salt molarity 

(org) 

0.33 
0.32 
0.33 

0.08 
0.04 
0.07 

1.45 
1.41 
1.40 
1.27 

If the latter, one might expect that changing to a lower- dielectric- constant solvent and going 
to conditions under which the extracted species is aggregated would change the water uptake. So 
the water uptake for tetrabutylammonium perchlorate in 20 volume '1o benzene and in dichloroethane 
was studied; the extraction curve shows that in these solvents and at these concentrations the salt 
has aggregated to the ion-<J.uadrupole stage and beyond. But the water co-extracted is still 1/2 mol 
per mol of salt. 

These results seem to indicate that this small amount of water may be on the· Cl04-, and, at 
least, that it is not on the tetraalkyl ammonium cation. So it should be possible to study the water 
carried into nitrobenzene by the distribution of other anions. Figure 2 shows a log-log plot of the 
organic-phase concentration of tetrabutylammonium nitrate vs the aqueous-phase value. After 

.activity coefficient correcti~ns are made for the most concentrated organic solutions, by use of 
the expressions of Poirier, a straight line of unit slope results for the entire range of concentra
tions studied, indicating for that range dissociation of the salt in the nitrobenzene. Table I lists 
values for the water co-extracted with the N03- (the water distributing into the _solvent alone has 
been subtracted). Between 1.4 and 1.1 mols of water are involved with the N03 , depending upon 
how the 1/3 mol of water with the perchlorate salt is assigned. Some 1:2 complex is possible, 
or--perhaps less likely--there is some extra water extractedinto the organic phase because the 
presence. ofthe salt changes the nature of the solvent. In any case, a predominance of N03- ~ H20 
species is suggested. This monohydration can be compared with the alcoholation numb~r found in 
an extraction study of tetrabutylammonium nitrate into 1, 2-dichloroethane with decanol. Only one 
alcohol complexed the N03-, but in that study it was not possible to determine the water uptake to 
better than 1 ± 1 water molecule, so that it is not yet clear what the nitrate ion .coordination number 
is: 
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L D. J. Turner, A. Beck,- and R. M. Diamond, J. Phys. Chern. 72, 2831 (1968). 
2. T. Kenjo and R. M. Diamond, following paper. . -
3. J. Bucher, T. J. Connochioli, and R. M; Diamond, in Nuclear Chemistry Annual Report, 
1968, UCRL-18667, Jan. 1969, p. 307; submitted to J. Phys. Chern. 
4. J. C. Poirier, J. Chern. Phys. 21, 965 (1953). 
5. D. J. Turner and R. M. Diamond. J. lnorg. Nucl. Chern. 30, 3039 (1968) . 
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COORDINATION OF FLUORIDE AND CHLORIDE ANIONS WITH ALCOHOL AND PHENOL 

T. Kenjo t and R. M. Diamond 

A recent paper1 on the extraction of tetraheptylammonium fluoride into toluene by alcohol and 
naphthol showed that definite integral numbers of the extractant molecules were involved in the 
organic-phase species. These molecules were surely. hydrogen-bonded to the F-, as little inter
action would be expected with large quaternary ammonium cations. Four benzyl or decyl alcohol 
molecules were required, and two or four molecules of naphthol or phenylpli.enol, depending upon 
the phenol concentration. This indicates the stepwise complexing of the F- by phenol, as is com
monly observed with metal cations and simple ligands, but with the 3:1 species in vanishingly 
small abundance. 
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It was of interest to see if the same alcoholation number would be obtained with a different 
diluent, and if the fluoride-alcohol data in toluene could be extended to more dilute alcohol con
centrations to look for lower alcohol complexes .. We were also curious whether cC would show 
the same behavior or indicate a larger alcoholation number; the cC ion is larger and could accom
modate a larger number of molecules around itself, but on the other hand it is less basic than F-, 
and so needs less solvation. 

The procedure was essentially similar to earlier work, but organic-phase salt concentrations 
were usually determined spectrophotometrically by picrate extraction with the alkylammonium 
cation. 2 Logarithmic plots of the organic salt concentration vs the equilibrium aqueous concentra
tion established the ion-pair nature of the extracted species, and the slope of log-log plots of the 
organic salt concentration vs the equilibrium alcohol or phenol concentration gave the number of 
such· mol'ecule s bound to the extracted anion. 

It was found by extending the previous F- study to lower benzyl alcohol concentrations in tol
uene that there was, indeed, a lower 2:1 complex just as with phenol, and again there was little 
evidence for a 3:1 complex. The con3entration of extractant yielding ab2mt equal amounts of the 
2:1 and 4:1 species was::::: 2 to 3X 10- for the phenols and ::::: 8 to 9X 10- for the benzyl alcohol. 

The results for the extraction of tetrapentylammonium chloride into toluene with benzyl alco
hol show the same gerteral behavior; at low alcohol concentrations a 2:1 alcoholate is indicated, 
and at higher concentrations a 4:1 species predominates, with little evidence for a 3: f. co~lex. 
Equal amounts of the 2:1 and 4:1 species occur at:::: 0.2 ~alcohol, compared to 8 to 9X 10- M for 
the F-; the weaker solvation needed by cr would seem to be the reason. 

If a different diluent were used, it might be expected that the relative proportions of 2:1 and 
4:1 complexes at a given alcohol concentration would differ from those of toluene, and that the 
magnitude of the eXtraction would change. If a more inert diluent, for example isooctane, were 
used instead of toluene, it might be expected that extraction would be poorer, and that the range of 
alcohol concentration in which the 4: 1 complex predominated over the 2:1 might extend to lower 
values. This would be because the loss of the generalized solvation furnished the 2:1 complex 
by the dispersion-force interactions of the 1T electrons of toluene has to be made up in isooctane 
by coordination with (more) extractant molecules. These latter molecules, too, are more avail
able for complexing because isooctane is not so good an electron donor as toluene toward them, 
and so does not interact so strongly with them. 

Both predictions were verified. To obtain satisfactory eXtraction of Cl- into isooctane, the 
larger tetrahexylammonium cation had to be used. A log-log plot of the organic-phase salt con
centration vs the equilibrium aqueous salt concentration for 0.20 M (upper curve) and 0.080 M 
(lower curve) benzyl alcohol is shown in Fig. 1. Both curves riseinitially with a slope of 2,in
dicating extraction of ion pairs, and then abruptly level off and actually decrease slightly. This 
latter behavior is probably due to the formation of salt micelles in the aqueous phase at the higher 
salt concentrations, and the solubilization therein of some of the benzyl alcohol from the organic 
phase. The effect becomes larger, the higher the concentration of aqueous salt and oforganic
phase alcohol. Figure 2, a

2
log-log plot of extracted chlori~e salt concentration vs the alcohol 

concentration for 2.30X 10- M (upper curve) and 5. 75X 10- M (lower curve) aqueous tetrahexyl
ammo~ium chloride solutions, shows that over the range of alcohol concentrations studied, 0.2 to 
5X 10- M, only a slope of 4, indicating a 4:1 complex, occurs. (At the highest alcohol concen
tration with the more concentrated salt solution, solubilization into the aqueous micelles occ1,1rs.) 
This confirms the prediction that the use of a more inert diluent would enhance the range of the 
4:1 alcohol-chloride complex to make up for the poorer solvation of the 2:1 species by the diluent. 

In a similar way, the extraction of tetraheptylammonium fluoride into isooctane by benzyl 
alcohol shows only a 4:1 alcoholate over the limited range of alcohol concentration accessible, 0.2 
to 0.05 M. And again the extraction is poorer than with toluene as the diluent. 

It appears from this (and the preceding) study that the alcoholates and phenolates ofF- and 
Cl do form stepwise complexes, but not smoothly. There is a marked preference for the 2:1 and 
4:1 species. The larger value, 4, may be an indication of the first-shell hydration number for 
these anions in aqueous solution; at least it should be a lower limit. It also appears that the 
changes in the extraction behavior caused by changing the diluent lend themselves to rather simple 
interpretations. 
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Radiation Chemistry 

RADIOLYTIC OXIDATION OF THE PEPTIDE MAIN CHAIN IN DILUTE AQUEOUS 
SOLUTION: CHEMISTRY OF THE PEROXY RADICAL, RCONHC(0

2
)R

2
t 

M. J. Kland-English, H. A. Sokol, and W. M. Garrison 

The radiolytic oxidation of the peptide main chain in dilute aqueous solution containing 02 
has been described1 in terms of the radiation-induced step2, 3 

followed by 

The reducing species fo,rmed in reaction ( 1) are scavenged by 0
2 

via 

( 1) 

(2) 

(3) 

where the produ~ts of reaction (4) are related by the ~quilibrium4 H0
2 

¢ H+ +Oz. The simplest 
scheme for subsequent radical removal involves 

to give amide and carbonyl functions. 

We have completed a detailed study of the degradation products formed in the y radiolysis of 
the peptide N -acetylalanine in oxygenated solution. Major products and their yields are sum
marized in Table I. Amide is produce in the expected yield, G(CH3CONH2 ) :::: GoH :::: 2.8. The 
pyruvic acid (plus acetaldehyde) yield is, however, much less than that predicted on the basis of 
reaction (5) as the major radical-removal step. 

The evidence is that the RCONHC(0 2 )R2 radicals derived from N -acetylalanine are removed 
predominantly via5 

( 7) 

in competition with reaction(5). Reaction (7) is then followed by 

( 8) 
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to give the diacetamide derivative, which is hydrolytically labile and on mild differential hydrol
ysis of the irradiated solution yields acetamide and acetic acid. 6 The H02 radicals formed via 
reactions ( 4) and ( 8) are removed via 

(9) 

The sequence of reactions ( 1) to ( 4) followed by reactions ( 7) to ( 9) satisfies both the qualitative 
and quantitative requirements of the present system. The data of Table I were obtained at pH 3, 
under which condition the hydroperoxy radical is predominantly in the H02 form. 4 Although the 
yield for main-chain degradation is essentially the same at pH 3 and at pH 7 (Fig. 1), the relative 
contributions of reactions (5), (6) and ( 7), (8) may be pH dependent. Such effects are now being 
evaluated. 

For 02-saturated solutions of poly-DL-alanine we find G(NH3) z 3.8. 7 With this oligopeptide 
(mol wt 2000). we assume random attack of OH at the main ch!iin and envisage the analogue of reac
tion (8) as involving the enol form of an adjacent peptide linkage, 

RCONHCi=~~R + 0 2 --- RCOHNCOR + O=C=N-R + H02, 

where 

follows essentially instantaneously. 

Footnotes a-nd References 

tcondensed from UCRL-18983, Sept. 1969, presented at the 158th National Meeting of the 
American Chemical Society, New York, September 7-12, 1969. 

( 10) 

1. For a recent review see W. M. Garrison, Current Topics in Radiation Research, ed. by M. 
Ebert and- A. Howard, Vol. IV (North-Holland Publishing Co., Amsterdam, 1968), p. 45-94. 
2. C. J. Hochanadel and R. Casey, Radi~tion Res. 1,2, 1~8 ( 1965), _report '?OH = 2.59, Geaq 
= 2.58, GH = 0~55, GH2 = 0.45, ~2o2 - 0. 72. The max1mal OH y1eld at h1gh solute con
centration appears to be GoH:::: 2.9 (Ref. 3). 
3. E. Hayen, Trans. Faraday Soc. ~ 723 ( 1965); G. Czapski, Adv. Chern. Ser. 81, 106 ( 1968). 
4. G. Czapski and H. J. Bielski, J. Phys. Chern. 67, 2180 ( 1963). 
5. In an earlier study we found reaction of the type 2R02-02 to be of major importance in 
the radiolytic oxidation of acetic acid in dilute aqueous solution [Radiation Res. tQ, 273 (1959)]. 
Such reaction of R02 was invoked in earlier studies of radical-initiated oxidation of gaseous 
hydrocarbons by Vaughan and co-workers [J. Am. Chern. Soc. U, 15 (1951)]. 
6. The ·maximal acetic acid yield as measured by vapor-phase chromatography was obtained after 
the solutions were made 1 N in sodium hydroxide and allowed to stand at room temperature for 
15 min. Amide (RCONH2) hydrolysis is negligible under these conditions • 

. 7. We find (W. Bennett-Corniea, H. A. Sokol, and W. M. Garrison; to be published) that the 
G(NH3) values obtained in the'{ radiolysis of dilute oxygenated solutions of oligopeptides and poly
peptides are consistently greater than GOH· Our interpretation of this effect is that with such 
compounds a fraction of the RO radicals formed via reaction ( 7) react intramolecularly with an 
adjacent C -H locus of the main chain,RO + RH- ROH + R. This leads then to an enhancement 
in the observed yield for amide production. With small molecules containing a single amino acid 
residue (e. g., N-acetylalanine) the equivalent RO chemistry can occur only intermolecularly and 
is of negligible importance in dilute solution. 



Table I. Product yields in the '{ radiolysis of 
0,05 M N-acetylalanine, 0

2 
-saturated, pH 3. 

Product . Yield ( G) 4 

NH
3 2.9 

CH
3
COOH 2.8 

H202 2.2 

(ROOH) ::::0.5b 

CH
3
COCOOH 

::::0.5 
CH

3
CHO 
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• 

0.02 0.04 0.06 0:08 
Acetylolonine (M) 

aProduct yields are independent of dose up to 
:::: 2 X 1019 eV /ml. . 
bunspecified. 

Fig. 1. Effect of solute concentration in the '{ 
radiolysis of N -acetylalanine in 0 2 - saturated 
solution; pH 7, 0; pH 3, 0. Dose = 1.5 X 1019 

==================e V /ml. (XBL698 -35 05) 

RECONSTITUTION ("REPAIR") MECHANISMS IN THE RADIOLYSIS OF 
AQUEOUS BIOCHEMICAL SYSTEMS: INHIBITIVE EFFECTS OF THIOLSt 

John Holian* and Warren M. Garren 

The hydrated electron, e~9, and the OH radical are the principal products of the radiation
induced decomposition of liquicfwater; with'{ ray:s the 100-eV yields1 of these reactive inter
mediates are approximated by the values Geaq:::: GoH :::: 2.6. 

In the'{ radiolysis of oxygen.;.free solutions of the pyrimidine bases, both e~g and OH add 
preferentially to the 5, 6 double bond,2, 3 

OH + B -BOH, 

4 5 9 10 -1 -1 where the rate constants ' k1• k2 fall in the range 10 to 10 M sec • Yet, the observed 

( 1) 

(2) 

yield for base destruction in millimolar solutions is uniformly low with G( -B) < 0.9. The evidence 
is that a back-reaction3 

(3) 

leads to a reconstitution of the base, 



312 

Similarly, in the radiolysis of primary amides and monosubstituted primary amides (peptides) 
in oxygen-free neutral solution, the reducing and oxidizing ~pecies e.;:q and OHare removed through 
reactions of .the type6 . 

e . + RCONHR + H
2

0 RC(OH)NHR + OH- , 
aq 

( 4) 

(5) 

where k 4 , k 5 are in the range 107 t? 108 M-1 sec -1. 6• 7 Combination of RC(OH)NHR with like 
species or with the radical RCONHCRz would lead to formation of ketonic products. However, the 
combined yield of such products is low, with G(>CO) ::::: 0.2; the evidence is that the reconstitution 
reaction · 

RC(OH)NHR + RCONHCR
2
.---2RCONHR ( 6) 

represents the major stoichiometry for removal of organic radical in such systems. 6, 7 

We find that labile species such as cysteine and ascorbic acid effectively block the reconsti
tution reactions 3 and 6 through 

BH t R 'H - BH2 + R', ( 7) 

RC(OH)N_ HR + R 'H- RCHO + NH R + R'· 
2 ' 

( 8) 

yield data are summarized in Table I .. 

We find that(a) the presence of cysteine and ascorbic acid (which ordinarily function as pro
tective agents both in radiation chemistry and in radiation biology) leads at low concentrations to 
a very marked erihancement in the radiolytic lability of the pyrimidine and peptide moieties in 
oxygen-free solution, and that (b) such enhancement arises as a consequence of the blocking by 
the second solute of the reconstitution reactions formulated in Eqs. 3 and 6 ·. 

Footnotes and References 

tcondensed from Nature 221, 57 ( 1969). 

*Present address: 19 Stanley Avenue, Chesham, Buckinghamshire, England. 
1. G. Czapski, Advan. Chern. Ser. ~. 106 ( 1968). 
2. J. Weiss, Nucleic Acid Res. and Mol. Biol. l, 103 ( 1964). 
3. A. Kamal and W. M. Garrison, Nature 206, 1315 ( 1965). 
4. E. J. Hart, J. K. Thomas, and S. Gordon, Radiation Res., Suppl. _1, 74 ( 1964). 
5. P. Scholes, P. Shaw, R. L. Willson, and M. Ebert, Pulse Radiolysis (Academic Press, 
New York, 1965 ), p. 151. 
6. R. L. S. Willix and W. M. Garrison, Radiation Res, 32, 452 ( 1967). 
7. M. A. J. Rodgers and W. M. Garrison, J. Phys. Chern. U,, 758 ( 1968). 
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Table L Effect of cysteine and ascorbic acid (R'H) on they-ray-induced reduction 
ofpyrimidine (C=C) arid peptide (C=O) linkages in oxygen..:free solutions.a 

Solution R'H 

A. Cytosine--- dihydrouracil (BH
2

) + 
·c 

ammo~ia 

0,05 M Cytosine, pH 7 none 

0. 05 M Cytosine, pH 7 cysteine, 2.5X10-3M 

0.05 ~Cytosine, pH 7 ascorbic acid, 
-3 

1.5 X 10 M 

B. N-ethylacetamide-acetaldehyde (RCHO) + ethylamine 

1M N -ethylacetamide; pH 7 

1M N -ethylacetamide, pH 7 

18 
a, At dosages below::::: 2.5X10 eV/gm. 

none 

cysteine, 4X 10-4 M 

< 0.9 

2.8 

2.9 

< 0.1 

2.8 

b. The indicated concentrations of R'H give the maximum enhancement in the 
yield of reduced products. 
c. Dihydrocytosine is unstable and hydrolyzes spontaneously to yield dihydro
uracil and ammonia. 

RADIATION CHEMISTRY OF BIOCHEMICAL COMPOUNDS t 

Warren M. Garrison 

Radiation-chemical reactions of biochemical compounds in aqueous solution and in the solid 
state are reviewed. A brief introductory survey is given of the radiation-induced reactions of 
water that lead to formation of the hydrated electrons, eaq. and the OH radical as major decom
position products. Reactions ofthese reactive species with amino acids, peptides, purines, and 
pyrimidines in dilute aqueous solution are outlined. 

Particular emphasis is given to the concept of reductive deamination of amino acids and pep
tides in radiolysis. The evidence is that electrons produced in the ionization act are chemically 
trapped through addition to C=O double bonds. Dissociation of the reduced intermediate then 
ensues: 

( 1) 

( 2) 

For reductive deamination to occur, the C=O linkage must be in the a position to the NH; group. 
Such reaction occurs in the radiolysis of both aqueous and solid-state systems. 
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Evidence for the role of excited-molecule reactions in the radiolysis of peptide s in concen
trated aqueous solution and in the solid state is reviewed. Decomposition of excited species, which 
leads to cleavage of the peptide main chain, is of the form 

( 3) 

where Rg~NR represents the end form of the amide function. Experimental findings suggest that 

RCONHCHR ~ represents a long-lived triplet state with an excited electronic level of::= 3 eV. 

Specific roles of ionization and excitation in the radiolysis of a number of amino acid and 
peptide systems are summarized. 

Footnote 

t Abstract of review paper presented at the annual meeting of Radiological Research Society of 
North America, Chicago, December 1-5, 1969. 
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Chemical Engineering 

THE GROWTH RATE OF MICROORGANISMS AS 
THE FUNCTION OF A SINGLE LIM! TING SUBSTRATE 

J. N. Dabes, R. K. Finn, t and C. R. Wilke 

We have developed a simplified model of a cell consisting of a series of linked reversible en
zymatic reactions dependent on the concentration of a single external substrate. The general 
mathematical solution of this system of reactions has been found. This general solution confirms 
the concept of a master reaction in biological systems as first proposed by Blackman. 1 The max
imum rate of an enzymatic system is determined by, and equal to, the maximum rate of the slowest 
forward reaction in the series. This is a consequence of the fact that enzymatic reactions approach 
zero-order kinetic behavior as they near their maximum rate. 

Of greater practical interest in modeling the growth rate of cells as a function of a single 
limiting substrate are three cases developed from the above general model of a cell. The first 
and simplest special case results in the Monod equation2 · 

1-Lma) s] 
B + [ S] 

where 1-L is the specific growth rate, time - 1 ; 1-L is the maximum specific growth .rate, time - 1 ; 
[ S] is the concentration of the external limitinJF~\fbstrate, mass/volume of external phase; and 
B is a constant, mass/volume of external phase. The Monod equation results when the maximum 
forward rate df one enzymatic reaction in the cell is much less than the maximum forward rate of 
any other enzymatic reaction. The Monod equation is presently used by most workers modeling 
the growth of microorganisms. 

A more realistic model is the case in whichmore than one enzymatic reaction is slow. When 
these enzymatic reactions are separated from each other by any number of fast reactions which 
overall have a large equilibrium constant, the Blackman form results: 

1-L = [ S] /A, when [ S] < A 1-L 
max 

and "· = 1-L , when [ S] > A 1-L , .- max '· max 

where A is a constant, mass X time/volume of external phase. 

Unlike the Monod and Blackman forms, which contain only two arbitrary constants, the three
constant form contains three arbitrary constants, 

[ S] = 1-L A + 

where the specific growth rate, f.L, is implicitly expressed. This case results when two slow en
zymatic steps are separated by an equilibrium constant that is not large. The Monod and Blackman 
forms can readily be seen to be special cases of this third form. 

Twelve sets of experimental data from the literature were examined. 3 The Monod equation 
gave poorer fit of the data than the Blackman form in 9 of the 12 cases, as determined by a non
linear least-squares fitting technique. 

On Figs. 1, 2, and 3 are presented data of Monod, 
2 

Shelef et al., 4 ~nd Johnson, 5 respectively. 
Also shown are the "best-fit" curves for the 'three models. Table I summarizes statistical data · 
for the three sets of data as compared with the three models. SUMSQ in Table I is the sum of the 
squares of the deviations of the data from the particular model in question in the direction of the 



dependent variable, fl.· The units associated with the quantities f-lmax• A, and Bare those that re
sult from the original data as taken2, 4, 5 and as shown on the figures. 

It is concluded that workers modeling the growth of microorganisms should not accept the 
Monod equation without question, as many apparently do today. . 

Footnote and Refe renee s 

t Present address: School of Chemical Engineering, Cornell University, Ithaca, New York 14850. 
1. F. F. Blackman, Ann. Bot. 19, 281 (1905). 
2 •. J. Monod, Recherches sur lacroissance des cultures bacteriennes (Hermann et al., Paris, 
1942). . . 
3·. J. N. Dabes, R. K. Finn, and C. R. Wilke, Lawrence Radiation Laboratory Report (in prep
paration). 
4. G. Shelef, W. J. Oswald, and C. J. Golueke, SERL report no. 68-4, University of California, 
Berkeley, 1968. 
5. M. J. Johnson, J. Bacteriol. 94, 101 (t967). 

Table I. The best fit o{ three sets of data against the Monod, 
the Blackman, and the three-constant form.,;. 

Monod-glucose 
Monod form 
Blackman form 
Three-constant form 

Shelef et al. -nitrate 
Monod fo.rm 
Blackman form 
Three-constant form 

Johns on- oxygen 
Monod form 
Blackman form 
Three -constant form 

:; 
0 1.5 

-<: 

' "' c: 
0 
·u; 
·:;; 

~ 

• • 
••• • 

Monod 

100 
Glucose concentration (mg/f) 

fl. max 

1.440 
1.229 
1.256 

5.41 
4.09 
4.61 

1.116 
0.886 
0.935 

150 

Number 
of data 

A B Eoints SUMSQ 

0 11.97 27 0.363 
17.63 0 27 0.207 
16.46 0. 701 27 0.1941 

0 2.09 24 1.297 
o. 748 0 24 1.844 
0.412 0.585 24 0.985 

0 0.823 15 0.0440 
1.499 0 15 0.0212 
1.248 0.0851 15 0.00493 

Fig. 1. Doubling rate of E. coli at 37 •c limited 
by glucose concentration. Data from Monod . 
(Ref. 2). (XBL698-3637) 



5 

Shelef, Oswald and Golueke 

Nitrate concentration 

Fig. 2. The specific growth of Chlorella 
pyrenoidosa 71105 at 35 •c in continuous 
culture as a function of nitrate concentration 
as limiting substrate. The light intensity 
was above saturation. Data from Shelef, 
Oswald, and Golueke (Ref. 4). (XBL698-3640) 
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Fig. 3. The rate of oxygen uptake of 
Candida utilis at 30 •c as a function of oxygen 
concentration. The data presented here are 
for cells grown at 0. 97 X 10-6 M 0 . Data 
from Johnson (Ref. 5). (XBL698-3~45) 

GAS-ABSORPTION CHARACTERISTICS OF AGITATED 
AQUEOUS ELECTROLYTE SOLUTIONSt 

C. W. Robinson and C. R. Wilke 

The performance capability of a stirred-tank gas absorber traditionally has been characterized 
by empirically correlating the overall volumetric mass transfer rate coefficient (KLa) for a given 
gas-liquid system with the process variables, superficial gas velocity (vs) and agitation power in
put per unit volume (PG/VL)• Previous work has been confined largely to pure liquid absorbents1-3 
or to model chemically reactive systems,3-6 thephysicochemicalproperties of which differ from 
many systems of present or potential industrial importance. One example of the latter is the pro
duction of microbial biomass from alkanes dispersed in dilute aqueous electrolyte solution, a pro
cess in which the agitation power requirement is well above levels heretofore studied. The value of 
K a is strongly influenced by the physicochemical properties of the liquid phase. One such prop
el-fy, the effect of which has not been previously fully characterized, is the ionic strength of the 
solution. · 

A 2. 5-liter liquid volume stirred-tank gas -absorption system was designed and constructed to 
measure the variation of KLa with agitation power and aeration rate for physical transfer of oxygen 
into several electrolytic solutions and oxygen transfer rates with chemically reactive sodium sul
phite solution. Both continuous-feed steady-state and semi-batch unsteady-state absorption or de
sorption techniques were used to evaluate KLa at 30 •c. Liquid-phase oxygen tension or its rate of 
change was measured by means of a Teflon-membrane oxygen probe. Because of the diffusion lag 
in the membrane, the probe response to unsteady-state oxygen tensions cannot be used directly to 
determine the rate of change of the liquid-phase oxygen tension; the combined response of the 
liquid phase and the probe output has been mathematically modeled, and KLa is determined by 
means of a nonlinear least-squares computer program which fits the experimental response data 
to the theoretical behavior. 

For the solutions studied so far, we find that KLa for oxygen transfer correlates logarithmically 
with the power input according to (PG/V L)nj, where the exponent depends upon the ionic strength,. but 
appears to be independent of composition, as shown in Fig. 1. Medium A-1 consisted of 1.6 g 
K 2HP04 , 0.48 g MgS04 · 7H20, 4.6 g NH4Cl, and 0.02 g NaCl per liter of distilled water (a fermenta
tion meaium); the sodium sulphite solution contained 4(10-3) M CuS04. From the form of Fig. 1, 
it appears that 



nj 0.40 + 2.38 r T' 

n. = 0.90, 
J 
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o ::::: rT < 0.21, 

m. 
where r is the total ionic strength. KLa is also dependent upon (vs) J in range 0:::::; Vs:::::; 0.015 
ft/sec, ~ere mj varies somewhat with the solution type (mj = 0.35 for distilled water, 0.43 for 
KOH, 0.39 for Na2so4. and 0.38 for NazS03). . · 

. A new simultaneous measurement technique involving concurrent pseudo steady-state absorption 
of carbon dioxide and unsteady-state desorption of oxygen was developed for separately evaluating 
the liquid film coefficient (KL) and the interfacial area per unit volume of clear liquid, a. Ten 
percent C0z-90o/o Nz gas is sparged into 0.06M KOH solution, which is initially saturated with oxy
gen from air; the C02 absorption is accompanied by chemical reaction in a regime intermediate 
between the slow and fast reaction regimes as defined by Astarita 7 or Danckwerts. 8 Based on the 
random surface renewal model of mass transfer, the value of KLa determined from the oxygen 
probe transient response is used in conjunction with the rate of COz absorption determined from a 
gas -phase material balance to calculate the value of a ; then, KL = KLa/a. 

Preliminary results forKLand a at one gas sparging rate are given in Fig. 2, where the line 
representing the overall behavior of KL was computed from the least-squares lines for KLa and 
a. It is clear that the value of KL decreases with increasing power input, in contrast to the re

sults of others at lower agitation levels6 or in nonelectrolytic liquids. 2 We attribute this to the 
much smaller bubble diameters produced in ionic solutions (which inhibit bubble coalescence) and 
at the higher power inputs used in this study. 

It should be possible to extend the use of this simultaneous absorption-desorption technique to 
any normally nonreactive electrolyte solution by replacing a portion of the original electrolyte(s) 
with hydroxide while ·keeping the total ionic strength constant, thereby separately evaluating the 
effect of ionic strength upon KL and a . Work is in progress on this aspect of the investigation. 

Footnote and References 

t Condensed from paper submitted to Chemical Engineering Conference Australia 1970, August 18-
26, 1970, Melbourne and Sydney, Australia. 
1. P. H. Calderbank, Trans. Inst. Chern. Engrs. (London) 36, 443 (1958). 
2. ibid, 37, 173 (1959). -
3. F; Yoshida, A. Ikeda, A. Imakawa, andY. Miura, Ind. Eng. Chern. 52·, 435 (1960). 
4. C. M. Cooper, G. A. Fernstrom, and S. A. Miller, Ind. Eng. Chern. 36, 504 (1944). 
5. K. R. Westerterp, L. L. van Dierendonck, and J. A. de Kraa, Chern. Eng. Sci. ~· 157 (1963). 
6. F. Yoshida andY. Miura, Ind. Eng. Chern. Process Design Develop 2, 263 (1963). 
7. G. Astarita, Mass Transfer with Chemical Reaction (Elsevier Publishlng Co., Amsterdam, 
1967). 
8. P. V. Danckwerts, Ind. Eng. Chern. 43, 1460 (1951). 
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CONTINUOUS LIGAND ELECTROCHROMATOGRAPHY 
OF RARE EARTH IONSt 

Louie Nady* and Theodore Vermeulen 

Electrochromatography has been investigated as a possible separation process for ions, par
ticularly for lanthanides and actinides. Following a review of previous work, two new advances 
were developed. One is a proposed new device in which a stable broad-band concentration gradient 
is developed by applying a de voltage to a packed bed of ion-exchange resin confined by ion-ex
change membranes. The resulting separation d.epends on solution-phase and resin-phase mobilities 
of the ions and on the resin selectivity for the ions. 

Because resin-phase mobilities play an important part, bed conductivity measurements were 
made for Dowex SOW -X4 resin in equilibrium with solutions of NaCl, AgN03, La(N03) 3 , Ce(N03) 3 , 
Nd(N03 )3. Ho(N03)3, and mixtures of AgN03 + La(N03) 3 , and AgN03 + Ce(N03)3. Particle con
ductivities were then calculated by use of Bruggeman's equation. Electrolyte sorption of these 
sam~ ions into Dowex s.ow~X4, .a~d o.f La(Cl04 )3 in.to ~owex 50":-X2, X4, X8, .and x1.2 were in
vestigated. The resulting 1denhf1cahon of all spec1es 1n the res1n phase made 1t poss1ble to de
termine resin-phase mobilities for the individual ions. 

The second advance is the development and operation of a continuous preparative-scale ligand 
electrochromatograph,' shown in Fig. 1. The central separating section is a rectangular bed packed 
with inert polystyrene beads as "anticonvectant," having fluid flow lengthwise through the bed and 
electrophoretic flow of ions in the transverse direction. In the mode of operation shown by Fig. 1, 
complexing agent enters the unit across the entire inlet end, partly in combination with an excess 
of" retainer-species" ions R (an excess of R assures practically total conversion of ligand to the 
complex form) and partly with the feed mixture. The complexes formed are neutral and have zero 
electrophoretic mobility when the uncomplexed ligand and the ions to be separated have equal but 
opposite valences; otherwise, the electrophoretic migration of complexes must also be accounted 
for. "Chaser-species" ions Care introduced along the side of the unit by electrophoretic migra
tion through a porous diaphragm. The affinity of C for ligand is greater, and that of R is less, 
than the affinities of the ions undergoing separation. A second mode of operation involves feeding 
retainer-ligand mixture across the entire inlet end, and introducing uncomplexed feed mixture 
along the side of the unit, upstream of the chaser species. 

Continuous separation is achieved as a result of transverse electrophoretic migration of ex
cess feed ions across the laminar flow of complexing agent. Selective complex formation of the 
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ion mixture (with a resultant marked mobility change for the complexed species) causes the net 
electrophoretic migration rates to differ for each component, hence separates them. 

Figure 2 shows the resulting exit-end and side -compartment offtake patterns for a mixture of 
La(N03)3, Ce(N03 )3 , and (EDTA)Na2 fed over the entire entrance-end region. Chaser ion (Cu2+) 
is fed to all the anode-side compartments. The offtake patterns for sucl:l a case should consist of 
pure cu2+ in end offtake groove 1, ce3+ and Cu2+ in groove 2, pure Ce3+ in groove 3, mostly 
Ce3+ with a little La3+ in groove 4, and La3+_rich mixtures of both rare earths in all cathode-side 
compartments. Except for some trailing of La3+ into grooves 2 and 3, this result is achieved. 

Footnotes 

t L. Nady and T. Vermeulen,.·UCRL-1.9526, Apr. 1970. 

*Present address: Stauffer Chemical Co., Richmond, California. 
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FOAM FRACTIONATION OF RARE EARTH ELEMENTSt 

':~ 
George H. Robertson and Theodore Vermeulen 

The foam fractionation of rare earth elements Nd, Sm, and Ce by extraction of their EDTA 
chelates with a cationic surfactant, and the foam fractionation of an anionic surfactant, were studied. 
The objective was to determine the usefulness of the foaming technique in fine separations and to 
examine quantitatively the properties of transient foaming in producing the separation. 

The model of "persistent" foaming did not apply to most of the foaming conditions which were 
found in this study to favor foam formation, extraction, and fractionation. Therefore a two-prop
erty classification was adopted, the type being determined by the persistence or transience of sur
face area, and the mode by the constancy or depletion of specific~ liquid content with foain height 
or age. 

In a preliminary study fixed-height foaming from aqueous solutions of an anionic surfactant 
(Aerosol-22) was used to evaluate the effect of gas rate on the relative transiency and separation 
performance. Foaming of Aerosol-22 in a transient regime of gas rates yielded the best enrich
ments and extraction. The foam liquid fraction was proportional to the 0.20 power of the gas veloc
ity in the transient regime and to the 0. 71 power in the persistent regime. 

No previous foam fractionation between rare earth elements has been reported. As with ion 
exchange or extraction, chelation or similar complexing appears essential for providing reason
able separations between rare earths (or between actinides) in foam fractionation. , Although a 
surfactant that also enters into selective complex formation might be found, these two functions 
were served in the present experimental program by a cationic surfactant (Hyamine 1622) and by 
EDT A. To obtain foaming, both free surfactant and surfactant-EDT A-metal complex (or basic 
surfactant) were required. Foaming of this system shows transient surface-area behavior and 
diminishing liquid content per unit area; transiency increases as surfactant concentration de
creases. 

Rare earth enrichments increased continuously with height in the foam. In the 50-mm-diam 
experimental column, effective extraction rates were constant at foam heights above 17 em. Con
stancy of extraction, in spite of surface loss, was viewed as a conservation of total rare earth 
mass on the diminishing surfaces. Separation factors (a) for the Nd/Ce separation were 1.9, and 
for Sm/Ce 3.85 above 17 em. The separation factor drops sharply toward 1.0 at shorter heights. 
Evidence of nonspecific coadsorption of rare earth was observed, since the value of a expected on 
the basis of the liquid-phase equilibrium was not reached. The lowest surfactant concentration 
(0,03 g/liter) that will still produce foaming (of the most transient type), also yields the best sep
aration factor and enrichment at constant height. Extraction rates increase proportionately to in
creasing EDT A concentration at fixed rare earth and surfactant levels, but are accompanied by 
decreasing selectivity. 

At a relatively high EDTA solution concentration (1.3X10-
4

M), a light-colored precipitate (be
lieved to contain EDT A, rare earth, and surfactant) forms. This condition is operationally unde
sirable and also departs from pure foam fractionation, therefore setting an upper limit to the al
lowable EDTA level which appears to be relatively insensitive to the variations allowable in rare
earth and surfactant levels .. A pool-liquid pH above 6.9 causes bulk precipitation of rare earth 
hydroxides. Maximum separation and extraction are obtained adjacent to this limit. Hence a pH 
near 6.7 is recommended as optimum. 

Reflux inducement by inserting obstructions was effective in improving the separation factor 
in cases of prolonged distortion of the foam matrix. For plastic bead packings or stacked three
tier stainless steel screens, the a for Nd/Ce was raised from 1.9 to 2.2, and the a for Sm/Ce from 
3.1 to 4. 8. Single screens and single finely perforated plates were f_ound to reduce drainage and 
increase the foam liquid content, but without altering the a. Still other materials (plastic screens 
and small-mesh stainless steel screens) rejected liquid more completely and hence destroyed the 
foam. Reflux-inducing devices deserve much broader study with respect to their surface properties, 
degree of deformation of the foam, and duration of contact. · 

By contrast to the present study, which focuses upon extraction of complexed rare earth, it 
appears that higher a values will probably be obtained by using an anionic surfactant which will 
interact with and co-adsorb only unchelated rare earth cations .. Also, the low surface area typi
cal of many anionic surfactants may provide higher molar concentrations per unit surface area, 



322 

and thus lead to greater enrichments. 

The overall prospects for foam fractionation of lanthanides or actinides are directly related 
to the following features: 

(a) It operates in a low concentration range. 
(b) High degrees of purification are possible. 
(c) Product recovery is easy. 
(d) Supplementary processing to recover surfactant from the concentrated foam liquid is ac-

cessible. 
(e) The process consumes a minimum of materials and produces little waste. 
(f) It is operationally very simple. 
(g) Power requirements are low because of very low pressure drops through the equipment. 

Footnotes 

tG. H. Robertson and T. Vermeulen, Foam Fractionation of Rare Earth Elements, UCRL-19525, 
Dec. 1969. 

*Present address: U. S. Department of Agriculture, Western Regional Laboratory, Albany, 
California. 

IMPROVED METHODS FOR CONTACTING FLUID 
PHASES IN SEPARATION PROCESSES 

Edward J. Palkot, Jr. t and C. Judson King 

This project was described to a large extent in the 1968 Annual Report. The aim was to evalu
ate various novel cocurrent flow gas-liquid contacting devices for absorption separation processes 
of practical importance. Such devices have the general characteristic of decreasing the size and 
complexity of equipment required at the possible expense of additional operating costs. This trend 
in design requirements is frequently of interest in nuclear processing in view of the shielding prob-
lem. . 

Cocurrent flow devices are usually capable of providing a closer approach to equilibrium in a 
given stage than can be obtained with either a countercurrent or a crosscurrent device. The action 
of a modest number of cascaded stages may still be achieved economically by assembling a num
ber of devices into a countercurrent pattern while maintaining cocurrerit flow within each device. 
Specific processes investigated in the present work are (a) the absorption of carbon dioxide into 
catalyzed potassium carbonate solutions and (b) the absorption of hydrogen chloride into water. 

A report on the project was issued during the year. 
1 

Figure 1, taken from that report, shows 
the power consumption (proportional to operating costs) of each device considered, along with the 
total internal surface areas (assumed proportional to investment costs)for the C02 absorption case. 
Figure 2 is a similar plot for the HCl absorption case. An economically favored device will be in
dicated on such a plot by a point relatively close to the origin. From Fig. 1 it may be seen that 
staged annular-flow contactors and froth-flow contactors are most attractive· for C02 absorption 
and warrant further pilot-scale investigation. From Fig. 2, cocurrent packed columns appear to 
warrant further developmental studies for HCl absorption. 

Footnote and Reference 

t Present address: Esso Research & Engineering Co., Florham Park, New Jersey. 
1. E. J. Palkot and C. J. King, The Design of an Improved Device for Absorption with Chemical 
Reaction, UCRL-18918, June 1969. 
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D = 1.33 ft. 
3. Single cocurrent packed column; 

D = 2.66 ft. 
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driving force corresponding to droplet 
equilibration assumed). 
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equilibration assumed). 
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9. Staged spray towers. (XBL695-567) 
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(XBL695- 568) 

MASS TRANSFER BETWEEN FLUID PHASES; INFLUENCES OF . 
INTERFACIAL INSTABILITY AND HIGH RATES OF MASS TRANSFER 

William H. Brown t and C. Judson King 

Previous work on this project has been described in the 1966· and 1967 Annual Reports. The 
experimental device employed for contacting a gas and a liquid in str~tified flow is a horizontal 
channel of high aspect ratio. This channel device has demonstrated adherence to the predictions 
of simple convective diffusion theory for both gas- and liquid-phase controlled mass transfer in 
cocurrent and countercurrent flow1, 2 with dilute systems, and for heat transfer in the absence of 
mass transfer. 3 Rates of evaporation of ethyl ether, n-pentane, and cyclopentane from tridecane 
into nitrogen were anomalously high. 3, 4 This behavior arose at solute mole fractions above 0.01 
to 0.07 and was shown to be directly attributable to interfacial cellular convection caused by un
stable surface tension gradients developing during the evaporation process. 3, 4 This cellular mo
tion has little effect upon the gas -phase mass transfer coefficient but can accelerate the liquid
phase mass transfer coefficient by factors of up to 10 or 20. Results for different solutes have 
been correlated in terms of the ratio of the Thompson number to the critical value of the Thompson 
number. 3, 4 

More recent work5 has investigated the influence of liquid flow. conditions on the contribution 
of interfacial mixing cells to the mass transfer coefficient for the evaporation of ethyl ether from 
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tridecane. Figure 1 shows the increase in liquid-phase mass transfer coefficient caused by inter
facial convection vs. solute mole fraction for three different liquid flow conditions. 5 Figure 2 
shows the same results, expressed as the ratio of the observed coefficient to the coefficient pre
dicted by simple convection diffusion theory, with the ratio of the Thompson number to the critical 
value of the Thompson number (at which the effects of cellular action are first observed) as the in
dependent variable. 5 The dashed curve in both figures represents the results of Clark and King3, 4 
at a relatively low liquid flow rate which gave a smooth liquid surface. The circular data points 
represent results obtained in the present study at a liquid flow rate nearly 6 times greater, where 
ripples were apparent upon the surface of the flowing liquid. The triangular data points are re
sults obtained in the present study at an intermediate flow rate where the liquid surface was still 
smooth. 

At the higher liquid flow rate with a rippling surface the effect of .interfacial mixing in in
creasing kL becomes evident at a lower value of the Thompson number (approximately the same 
value of solute mole fraction). Also the increase in mass transfer coefficient due to interfacial 
mixing at solute mole fractions or values of the Thompson number just above the critical is greater 
at the higher liquid flow rate than at the lower one. This behavior suggests a synergistic effect 
between the rippling action and the interfacial mixing cells. At higher mole fractions or Thompson 
numbers further above the critical, on the other hand, the augmentation of the mass transfer co
efficient is much less at the higher flow rate than at the lower flow rate. This result indicates 
that the rippling of the surface at higher flow rates may prevent the interfacial cellular convective 
circulation patterns from attaining a full scale of development~ The results at the intermediate 
flow rate-where the liquid surface was still smooth-are much more similar to the low flow rate 
data than to the high flow rate data, indicating that the differences in behavior at high and low flow 
rates reflect the specific effect of rippling. 

One particularly noteworthy result is that the liquid-phase mass transfer coefficient at an ether 
mole fraction-of 0.30 is 0.011 em/sec at 2.3 gpm liquid flow rate and is 0.029 em/sec at 0.4 gpm. 
Thus the detrimental interaction of rippling and interfacial cellular convection has actually caused 
the mass transfer coefficient to decrease by a factor of-more than 2 as the flow rate is increased. 
This is a highly unusual result. 

A paper based upon Reference 5 will be presented at the National Meeting of the American 
Institute of Chemical Engineers in Denver in August 1970. 

These studies are of benefit in developing an understanding of the effect of spontaneous inter
facial mixing cells -upon mass transfer coefficients and hence upon equipment sizes for gas ab
sorption, liquid-liquid extraction, and related separation processes. This phenomenon is known 
to have a marked effect upon mass transfer coefficients, but there are no design procedures avail
able to allow for it. 

Footnote and References 

t Present address: Crown Zellerbach Corp., Camas, Washington. 
1. C. H. Byers and C. J. King, Convective Transfer Processes in Laminar Gas-Liquid Channel 
Flow, UCRL-16535, May 1966. 
2. C. H. Byers and C. J. King, Gas-Liquid Mass Transfer With a Tangentially Moving Interface: 
!-Theory, II-Experimental, UCRL-16926, July 1966; A. I. Ch. E. Journal 13, 628, 637 (1967). 
3 .. M. W. Clark and C. J. King, Mass and Heat Transfer Processes in Laminar, Two-Phase 
Flow, UCRL-17527, June 1967. · _ 
4. M. W. Clark and C. J, King, Evaporation Rates of Volatile Liquids in a Laminar Flow Sys
tem: I-Pure Liquids, Il-Liquid Mixtures, UCRL-17655, UCRL-17656, Dec. 1967; A. I. Ch. E. . 
Journal, Jan. 1970. . 
5. W. H. Brown and C. J. King, Interfacial Mixing Cells and Mass Transfer in Turbulent Flow, 
UCRL-18974, Aug. 1969. 
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CYCLING ZONE ADSORPTION-A NEW SEPARATION PROCESS 

B. Baker, D. Blum, and R. L. Pigford 

Cyclic changes in concentration are produced in a fluid mixture which flows through a fixed 
bed of solid adsorbent owing to temperature or pres sure cycling of the bed. The product stream 
is collected separately during the periods of positive and negative deviations from the feed com
pos.ition. The separation is increased by using separate zones in series, the temperatures or 
pressures in adjacent zones being out of phase. The separation is governed by the temperature 
and concentration wave properties o£ the beds. Figure 1 illustrates the use of successive zones 
in series, the arrows representing heat flow directions. 

A short paper [Pigford, Baker, and Blum, Ind. Eng. Chem., Fund. Quarterly 8, 848-51 
(1969)] describing the new process was published and aU. S. Patent was applied for:- Report 
UCRL-18967 by B. Baker demonstrated that the staging idea and the use of thermal inputs of vari
ous kinds produced good separation of acetic acid-water mixtures using activated carbon as the ad
sorbent. Some of the data are shown in Fig. 2. 
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Work is continuing on multicomponent separations and on the use of certain recycle schemes 
in order to produce pure products. 
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Fig. 1. Multiple-zone standing-wave opera
tion of cycling zone adsorber. (XBL694-2397) 
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SEPARATION OF ORGANIC LIQUID MIXTURES BY FRACTIONAL FREEZING 

C. T. Cheng and R. L. Pigford 

By using a special hot stage under .a microscope the growth of crystals has been observed 
quantitatively in order to determine the deviations from equilibrium phase diagram behavior which 
occur, primarily owing to interface rate limitations. The apparatus incorporates features for pro
ducing diffraction fringes, the displacement of which can be related to instantaneous liquid and 
solid compositions at the moving surface of a crystal. 

·Data were reported in UCRL-19512tfor several binary mixtures. Some of the most interesting 
results are· those for two compounds of nearly the same molecular structure, dibenzyl and stilbene, 
which differ only by the presence of a double bond in one. These substances form solid solution 
crystals over a wide range of compositions as shown in the phase diagram, Fig. 1. Figure 2 shows 
observed solid and liquid mole fractions as a function of growth rate at bulk mole fractions of stil
bene ranging from 0.15 to 0.45. The large enrichment of stilbene in the crystals according to the 
phase diagram is shown by the pairs of points on the vertical axes; at finite though small rates of 
growth the enrichment is very much reduced, as shown. 

This behavior appears to·be in accord with expectations based on theories of such rate pro
cesses· for complex organic substances. Separations of such materials by fractional freezing will 
always be difficult. 

Footnote 

tCheng and Pigford, Purity of Crystals Grown from Binary Organic Melts, UCRL-19512, Nov. 1969. 
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THE INTERFACE IMPEDANCE BRIDGE 

T. G. Springer and R. L. Pigford 

Figure 1 [from Ind. Eng. Chem., Fund. Quarterly · 8, 823-27 (1969)] shows a new experi
mental method which we are using to measure gas-liquid interface rate phenomena more accurately 
than has been possible heretofore. It consists of two chambers, each filled with water and with 
pure S02 gas. The chambers connect to two cylinders which are driven from a common shaft and 
which produce in-phase sinusoidal variations in the gas pressure in the chambers. When the two 
interfaces offer equal resistances to the passage of soluble S02 through the interfaces there is no 
pressure difference and the bridge is balanced. When the surfaces are different, as when one is 
stirred or is covered with a surfactant layer, a pressure difference signal develops and is a func
tion of the frequency. 

The apparatus has been used to study (a) the ability of certain surfactants to inhibit mass 
transfer and (b) the statistical character of the fluid particles that compose a turbulent interface. 
The results are reported in UCRL-18995. They show that not all surfactants offer any measurable 
resistance. The ones that do are those nearly insoluble in water and, like cetyl alcohol, able 
to form a condensed cross-linked film on the interface. Such surfactant films are very easily de
stroyed, however, by gentle fluid movement from below. Soluble surfactants, on the other hand, 
offer negligible mass transfer resistance themselves but inhibit fluid motion and thereby indirectly 
reduce mass transfer rates. 
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Electronic Instrumentation and Semiconductor Devices 

DIGITAL POLAROGRAPHY -COULOMETRY AND 
INPUT CHARGE DIGITIZATION IN NUCLEAR-EVENT-SENSITIVE AMPLIFIERS 

William Goldsworthy 

Two projects have been pursued in the past year. These are the development bf electro-chemi
cal analysis instruments and systems for the Analytical Chemistry Group in collaboration with 
Raymond Clem and a study into the techniques needed to achieve accurate metering and digitization 
of the amount of recharging needed to neutralize nuclear-event-liberated charges directly at the 
output of a nuclear-event detector. 

Digital Polarography-Coulometry 

An electro-chemical system capable of performing accurate and sensitive coulometric and po
larographic measurements has been developed for the Analytical Chemistry group. It is now being 
used by Raymond Clem for chemical analysis. 

Three important features make the apparatus unique. Charge information is digitized directly 
by an integration technique that virtually eliminates the usual capacitor hysteresis and linearity 
errors; charge-related information is processed in digital form to provide the functions of integra
tion, differentiation, signal sampling and averaging, storage, display, and readout; and acquisition 
of data is time-synchronized with the DME cell period during polarographic studies. 

Details of design and performance of this apparatus were presented at the 13th Conference on 
Analytical Chemistry and Nuclear Technology at Gatlinburg, Tennessee, on October 2, 1969 and 
are described in report UCRL-18939 entitled "A Digitized Time Synchronized Sampling System for 
Polarographic and Coulometric Studies" by William Goldsworthy and Raymond Clem. 

Input Charge Digitization in Nuclear-Event-Sen,sitive Amplifiers 

Since October of 1968 I have been studying the feasibility of metering and digitizing the re
charge necessary to maintain balance at a nuclear detector's output following the occurrence of a 
nuclear event. Improvements in energy resolution, sensitivity, linearity, and overload capability 
could easily result if this objective can be successfully accomplished, since the amplifier circuitry 
need only be capable of accurately indicating a null, and since the usual functions of metering, inte
gration, differentiation, storage, and readout could be performed digitally. 

Investigations are currently being made into the techniques necessary for average input balance 
stabilization of high-resolution systems and into those necessary to provide rapid and accurate 
metering and digitization of the. differential detector charges produced by nuclear event occurrences 
in order to assess the problems involved. 

Several methods are currently being examined and compared to provide average input balance 
stabilization. These consist of input charge reinjection by resistive, radiation-induced, and elec
tronic means. Pulsed operation of these means is also under study to ascertain whether further 
resolution improvement can be achieved by using the time interval between events for input re
balance and by finding solutions for fast system-overload recovery. 

Techniques of rapid digitization, of accurate pre- and post-event base-line determination, and 
of accurate metering of reinjected charge are being carefully examined for possible application in 
direct and accurate digitization of detector output charge. · 

A preliminary written disclosure on this subject was submitted to the Lawrence Radiation 
Laboratory patent division in October 1968. 
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DATA LINK BETWEEN PDP-9 AND CDC-6600 

Michiyuki Nakamura and John A. Mendes 

A Data Link between a PDP-9 and the CDC-6600 has been completed for the Nuclear Fission 
Group. The PDP-9 and the CDC-6600 are manufactured by Digital Equipment Corporation (DEC) 
and Control Data Corpor.ation (CDC) respectively. The Data Link1 was designed to work with the 
DEC PDP-5 and PDP-8 for high-energy physics experiments. A channel synchronizer placed di
rectly near the CDC-6600 communicates with the 6600. A device synchronizer placed near the 
small computer communicates with the small com~uter (PDP-5 or -8) and with the channel syn
chronizer over long twisted-pair telephone wires. • 3 The CDC-6600 is located in our main com
puter center two buildings away. 

We designed a new device synchronizer to communicate with the PDP-9 and to follow all of the 
procedures laid down for PDP-5 or -8 system so that the new device synchronizer could communi
cate with the same channel synchronizer without modification to the original system. Since the 
PDP-5 or -8 and the peripheral processor unit (PPU) of the CDC-6600 have word lengths of 12 bits, 
it was relatively easy to communicate between the small computers and the PPU' s. The PDP-9, 
on the other hand, is an 18-bit word machine, so we had to combine two PDP-9 words to form 
three 12-bit words for the PPU' s to handle. Care must be taken to ensure exchange of the correct 
number of PDP-9 and PPU words. 

Gerald M. Litton is doing all of the required programming for the PDP-9 and the CDC-6600. 
Several tests have yet to be made to check the long-term reliability of the system and its ability 
to transfer data back and forth without error. To date, the Data Link has been performing very 
well. 

Data rates of one word (12 bits) every 15 f)-sec are typical. Errors detected in the Data Link 
will slow this rate because the word must be retransmitted each time an error is detected. 

Use of the Data Link will allow quick turnaround in the analysis of data from experiments by 
using existing programs written for the CDC-6600. Some of these programs are complex sophis
ticated programs that the PDP-9 could not execute. The availability ofmass store devices at the 
computer center opens up the possibility of storing the large volumes of data required in a typical 
multiparameter experiment by using the Data Link. The vast computational facilities of the 
CDC-6600 open up many potential applications of the Data Link to on-line checks during the set
ting-up process of the experiment as well as the experimental results while the experiment is in 
progress. 

References 

1. S. W. Andreae, A Computer Data Link for High Energy Physics Experiments, UCRL-17918, 
Nov. 1967. 
2. A. E. Oakes, Transmission of Link Data over Telephone Lines, UCRL-17960, Nov. 1967. 
3. R. W. Lafore, Error Checking and Other Aspects of Data Link Organization, UCRL-17934, 
Nov. 1967. 

RECENT RESULTS ON THE OPTOELECTRONIC 
FEEDBACK PREAMPLIFIER t 

F. S. Goulding, J. T. Walton, and R. H. Pehl 

Work on ultrahigh-resolution spectrometer systems using semiconductor detectors has been 
excessively time-consuming and, for the most part, frustrating. For some areas-specifically 
for high-energy -y rays (i.e., > 500 keV)-statistics of charge production in the detector have be
come a large and perhaps dominant contributor to the resolution, and the preamplifier noise is a 
minor factor. However, at lower energies electronic noise is still the major limitation. 

The frustrating aspects of work in this area stem in part from our total dependence on chance 
developments in other areas of electronics, such as low-noise field-effect transistors. This means 
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that our work involves evaluating and selecting components, which is made more complicated by 
our use of components at low temperatures, a factor which at once renders manufacturer's speci
fications meaningless, and furthermore makes the testing cycle long and tedious. 

The optoelectronic feedback system represents a significant attempt to remove one frustrating 
element from the game -namely the high-valued biasing resistor in the input circuit. As with all 
new ideas that see the light of day, we have gained substantially in performance-the idea would 
have been rejected had that not been so-but new questions, both philosophical and practical, have 
arisen. 

In the optoelectronic system shown in Fig. 1, the feedback resistor is replaced by light feed
back obtained by connecting a light-emitting diode to the output of the stage and directing some of 
the light from it onto a reverse-biased photodiode that connects to the input of the stage. It can be 
seen that the current in the photodiode is proportional to the output voltage if the light intensity is 
proportional to the current through the light-emitting diode, which is true over a small range of 
currents and if the photodiode response is linear. We can therefore regard the circuit as being 
equivalent to a feedback resistor whose value can be varied by adjusting the light coupling. Equiv
alent resistor values ranging from 108 to 1012 ~can be achieved. Unlike practical high-valued re
sistors, the response times of the light-emitting diodes and photodiodes are very short, and the 
combination results in an equivalent feedback resistor value that is constant up to 10 MHz or more. 

A further refinement is possible since the drain-gate diode of the FET is photosensitive and 
can be used as the photodiode. This eliminates the additional component in the gate circuit, there
by reducing the stray capacity to a minimum. In practice, this means removing the FET from its 
case-a procedure which seemed doubtful at first sight but which has been executed very success
fully in about 25 samples. Moreover, the elimination of the gate-lead feed-through has apparently 
removed a source of noise, and more consistent results are obtained from a group of transistors 
after removal from the case. 

The change in resolution of a typical system as a function of time constant using an equal 
RC integrator-differentiator shaper is shown in Fig. 2, and is compared with the results obtained 
in a standard resistor feedback system. The main improvement in performance is at the longer 
time constants. Figure 3 shows a typical spectrum for a Si detector on low-energy x rays produced 
by x-ray fluorescence in a target containing a number of elements. 

The counting-rate behavior for Mn x ray.s in a typical system is shown in Fig. 4 to illustrate 
the performance for various peaking times in the Gaussian shaper. Serious degradation· of per
formance occurs at about 2000Hz for the 16-fJ.sec peaking time and at appropriately higher rates 
for the shorter peaking times. These results suggest that fluctuations of baseline in the de re
storer are responsible for the degradation in performance. However, further study reveals that 
a new aspect of the high-counting-rate behavior causes about half the degradation in resolution. 

In the optoelectronic feedback system shown in Fig. 1, the effect of the negative feedback is 
to make the average current in the photodiode equal to the average current in the detector. In the 
absence of radiation this means that the photodiode current is equal to the detector leakage cur
rent, and the total noise due to the two currents, which are not correlated, is ft times that due 
to the detector leakage alone. At high counting rates the average detector current increase.s, 
causing an increase in the photodiode average current which introduces additional noise. 

4 -11 
Since a counting rate of 10 Hz of 20-keV x rays produces an average current of 10 A, 

whereas the normal detector leakage is only about 1o-13A, this effect is not negligible. If the 
shaping network has a long time constant, fluctuations in the feedback photodiode current can be
come the dominant source of noise. The s:ontribution of this component of the resolution should 
increase in proportion to (counting rate)1/2, and the curve in Fig. 4 for a 16-fJ.sec Gaussian shaper 
does behave approximately in.this way. Calculation of this contribution indicates that it causes al
most half the degradation in resolution at 8000Hz; presumably, the remainder is due to base-line 
fluctuations, and possibly nonlinear behavior of the amplifier chain. 

Therefore, we are apparently observing a new and interesting phenomenon that causes a degra
dation of resolution at high counting rates. From a practical point of view we can eliminate this 
problem by using some method of pulsed light feedback like that of Kandiah and Stirling, 1 rather 
than de feedback, to maintain the charge-sensitive stage near its correct operating point. Logical 
techniques can then be used to eliminate the false signals that appear at the output of the amplifier 
when the feedback system is pulsed. Since the photodiode then passes no average current, this 
noise source is eliminated. Even de current in the photodioqe, which normally balances the de
tector leakage, is eliminated; so the resolution at low counting rates is improved. 



332 

Footnote and Reference 

tPresented at 16th Nuclear Science Symposium, San Francisco, Oct. 29-31, 1969; also to be 
published in IEEE Trans. Nucl. Sci. NS-14, No. 1 (1970). 
1. K. Kandiah and A. Stirling, A Direct-Coupled Pulse Amplifying and Analyzing System for Nu
clear-Part:lcle Spectroscopy, in Semiconductor Nuclear-Particle Detectors and Circuits (National 
Academy of Sciences, Publication 1593, 1969), p. 495. 
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RECENT OBSERVATIONS ON THE FANO FACTOR IN GERMANIUMt 

Richard H. Pehl and Fred S. Goulding 

The Fano factor has been something of a 11 phantom factor" 
1 

to many workers in the field of 
semiconductor detectors. However, the extensive work of Bilger2 appeared to clarify the situation 
in germanium and put an end to the era of plunging experimental values as summarized by Klein. 3 

The objective of this brief note is to conclusively demonstrate that the intrinsic Fano factor 
for germanium is appreciably less than the 0.129 value obtained by Bilger. 2 For several years 
we occasionally have observed detectors, invariably having relatively small dimensions, whose 
resolution was significantly better than could be accounted for unless the Fano factor was less than 
0.10. However, lack of time prevented us from studying these detectors extensively .e.nough to war
rant reporting these results. With the advent of our high-resolution optoelectronic feedback pre
amplifier4 the opportunity to make a relatively simple assessment of the Fano factor became avail
able. Early results from use of this technique are described in the following paragraphs. 

Measurements were carried out by using several small thin-window lithium-drifted germanium 
detectors (intrinsic area of 4X4. mm, and a drift of 4 mm) that exhibited a leakage current of about 
5 X 1o-13 A at a bias of 1000 V. It is quite possible that the energy resolution at high energies is 
degraded by charge-collection problems, but our purpose here is only to obtain an upper limit for 
the Fano factor, and our result may therefore be considered conservative.· The detectors were 
made from a germanium 1ngot grown by W. Hansen. 

The electronic resolution of the complete system, measured with a Gaussian shaper peaking at 
8 f.lsec, was 140 eV. Both pulser and rms noise•meter measurements gave essentially the same 
value. 

From 8 to 1333 keV our results establish a maximum value of 0.08 for the Fano factor. We 
emphasize that this is a maximum value, as it is easy for extraneous problems to broaden peaks 
but the reverse is an unlikely possibility. At energies higher than 122 keV the pulser peak is 
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spread over so few analyzer channels that an accurate determination of the pulser resolution could 
not be made. However, this presents no serious problem. since the electronic resolution becomes 
an almost negligible component of the observed gamma peak width at higher energies. Consequently 
the safe assumption was made that the pulser resolution remained at the value determined at lower 
energies. Table I summarizes our results. 

We plan to extend these measurements over a larger energy range and to survey a number of 
detectors made from different germanium ingots. Present indications are that the measured peak 
widths in earlier experiments are not representative of the intrinsic statistical processes in ger
manium and are affected in some manner by properties of the particular piece of germanium. 

Footnote and References 

tCondensed from UCRL-19439; to be published in Nucl. Instr. Methods. 
1. F. J. Walter, Comments on Measurements of Epsilon and the Fano Factor, in Semiconductor 
Nuclear-Particle Detectors and Circuits (National Academy of Sciences, Publication 1593, 1969), 
p. 63. 
2. H. R. Bilger, Phys. Rev. 163, 238 (1967). 
3. C. A Klein, IEEE Trans. Nucl. Sci. NS-15, No. 3, 214 (1968). 
4. F. S. Goulding, J. Walton, and D. F. Malone, Nucl. Instr. Methods 71, 273 (1969); F. S. 
Goulding, J. T. Walton, and R. H. Pehl, to be published in IEEE Trans.Nucl. Sci. NS-!], No. 1, 
(1970). 

Table I. Resolution of the germanium detector system at various energies. A pulser resolution 
of 140 eV was used throughout for the calculation of the Fano factor. 

Source 

60Co 

60Co 

137 Cs 

57 Co 

241Am 

Br Kf31 X ray 

AsK X ray 
a 

CuK X ray 
a 

Energy Resolution 

1333 keV 1.30 keV 

1173 keV 1.23 keV 

662 keV 924 eV 

122 keV 420 eV 

59.54 keV 310 eV 

13.3 keV 195 eV 

10.53 keV 183 eV 

8.04 keV 175 eV 

SELECTION OF GERMANIUM FOR LITHIUM-DRIFTED RADIATION 
DETECTORS BY OBSERVATION OF ETCH-PIT DISTRIBUTIONSt 

W. L, Hansen, R. H. Pehl, 
E. J. Rivet,'~ and F. S. Goulding 

Fano factor 

0.076 

0.077 

0.077 

0.078 

0.078 

0.084 

0.080 

0.083 

Our own observations, and those made by other groups, show that conventional semiconductor 
material parameters provide no indication of the quality of radiation detectors that can be made 
from different germanium crystals. Wide variations in performance are observed both between 
detectors made from different crystals and between detectors made from different parts of the 
same crystal. Charge trapping (which may be exaggerated by electric field nonuniformities) has 
been shown to be the m'echanism causing poor performance. 

Because the manufacture of detectors in order to evaluate a crystal is a time-consuming, frus
trating, and expensive process, it is important to find a simple measurement that correlates with 
detector performance. We have found that etch-pit distributions provide a virtually infallible guide 
to crystal quality (vacuum-grown crystals excepted) for detector use. At least a major source of 
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problems in detectors is revealed by this very simple technique, although we have accurately dis
criminated between crystals from which detectors showing small differences in performance were 
made. 

Almost any chemical etch that attacks germanium will reveal screw-axis dislocations on the 
111 face. However, the overall appearance of the etched faces is greatly variable for most etches.· 
Consequently, we selected a standard etch routine that would be least affected by time-temperature 
variations. A standard etch routine has the added feature that variations .in etch-pit size are due 
to real variations in the energy distribution around a dislocation rather than to external chemical 
variables. 

The crystal slice is first lapped with 600-grit carborundum and then polish etched to produce 
a smooth background with minimum pit size. Since most of the crystals used have a fairly low 
dislocation density we ca:n develop the etch pits to a large size for unmagnified observation. This 
is done with a 15-minute Billig1 etch, which produces, large sharp pits. Billig etch decomposes on 
heating in the presence of germanium, and the same solution cannot be used for more than one 
etching. 

The samples are illuminated for photography by placing three lights at an angle of about 60 deg 
to the sample surface, and at 120 deg with respectto one another, and the crystal is rotated to 
achieve maximum pit brightness. 

The etch-pit photographs for a number of germanium crystals are presented in Figs. 1 through 
5. These represent a very small selection out of approximately 300 detectors made from nearly 100 
crystals (20 commercial and 80 made in our laboratory). The results given here are representative 
of the larger sample. 

The following general observations can be made about the relationship between etch pits and 
crystal quality: 

1. Good material is always characterized by a uniform distribution of etch pits. 
2. No clear relation has been seen between the etch-pit density and quality except in the case of 

zero-dislocation crystals, which are always poor. 
3. A ring-shaped area depleted of etch pits always signifies poor material. 
4. A minor degree of slip does not seem to be detrimental to detector performance but gross 

lineage is unacceptable. " 

The crystals that we have grown have, in general, a similar evolution of the etch-pit pattern. 
The seed end of the crystal generally has a uniform pit distribution, often with minor slip. The 
slip usually disappears shortly after the full diameter is reached and a uniform good-quality region 
of variable length follows. The ring structure depleted of etch pits gradually appears and the 
quality deteriorates. The tail end almost always shows the ring figure, often with slip. 

Footnotes and Reference 

tPresented at an AEC progress meeting July 29 and 30, 1969, at Germantown, Maryland (pro
ceedings to be published); also to be published in Nucl. Instr. Methods. 
'~Present address: E. I. duPont de Nemours and Co., Wilmington, Delaware, 19898. 
1. E. Billig, Proc. Roy. Soc. (London).A235, 37 (1956). 



Fig. 1. A Hoboken crystal from which out
standing detectors were produced. The etch
pit distribution is reasonably uniform with no 
apparent pattern. (XBL699-5892) 

Fig. 3. A slice taken near the middle of crys
tal No. 70 grown at LRL. The pronounced 
ring structure indicates a poor-quality crystal, 
and detectors made from the middle of this 
crystal were not acceptable. (XBB699-5898) 
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Fig. 2. Crystal No. 40 grown at LRL from 
which outstanding detectors were produced. 
The dislocation density is clearly much higher 
than that of Fig. 1, but the distribution is rea
sonably uniform. (XBL6 99-5 893) 

Fig . 4 . Head end of crystal No. 68 grown at 
LRL. Some slip is visible, but the e tch-pit 
distribution is reasonably uniform, and an ex
cellent detector wa s made from this slic e . 

(XBB6 99-5899) 
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Fig. 5. Middle of crystal No. 68. A pronounced 
ring structure is present and detectors made 
from this region are worthless. (XBB699-5900) 

THIN- WINDOW GERMANIUM DETECTORS: FALLACY AND FACT t 

R. H. Pehl, F. S. Goulding, 
W. L. Hansen, and R. C. Cordi 

The purpose of this brief note is to refute some erroneous and misleading statements recently 
published in this journal by Dearnaley et al. 1 We speak from our own experience but would like to 
note that other groups observe similar results, and that devices similar to ours are commercially 
available. 

For more than 5 years we have been routinely making thin-window detectors by using the gold 
surface-barrier technique . 2 About 40 successful detectors have been produced and used without a 
single failure caused by the surface-barrier contact. '' These detectors are commonly used for 
photon measurements , and occasionally for charged-particle measurements. 

Figure 1 compares a typical voltage-current curve for one of our detectors against the "low 
reverse current " detector of Dearnaley et al. 1 This dramatically demonstrates that "excessive" 
reverse current is not present in our surface-barrier detectors, and that the detector described 
in Ref. 1 would not b e considered acceptable by our reve rse current standards. A possible explana
tion of the shape of the V-I curve presented in Ref. 1 is that the gallium implanted layer is not pro
viding a sufficiently p + contact . 

As for the uns table characteristics of germanium surface-barrier devices alluded to in Ref. 1, 
the detector shown in Fig. 1 has been in almost continuous operation for nearly 4 years, and we have 
about 10 other detectors that have been in operation over 2 years. In fact there has been no case 
where detector degradation has forced removal of a thin-window detector (except due to radiation 
damage in detectors used near accelerators). 

In 1965 we used these thin-window germanium detectors to measure protons up to 40 MeV. 3, 4 
Similar work was reported by Bertrand et al. 5 Although this program has received little emphasis, 
a total system resolution of 17 keV for 42 - MeV protons has now been obtained. 6 (This includes the 

'~We would like to differentiate here between the conventional type of gold surface barrier used on 
n-type material and its use as a p+ termination of the intrinsic r e gion in a lithium-drifted detecto r. 
In the latter case, at least in silicon detectors, our observations strongly indicate that the perfor
mance is much less sensitive to the environment, damage, and edge effects than in the conventional 
surface barrier. This has led us to question whether the mechanism of operation of the barrier is 
the same in the two cases . 
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cyclotron beam-energy spread, electronic noise, detector statistics, and other sources of signal 
spread.) 

As discussed previously, 7 maintenance of an extremely thin wi~dow pr~sents some problems, 
but we have no difficulty maintaining a considerably thinner window than Dearnaley et al. 1 Figure 
2 shows a 228Th alpha-particle energy spectrum obtained by using a surface-barrier entrance win
dow; a comparison of this spectrum with the alpha-particle speCtrum presented in Fig. 3 of Ref. 1 
is quite enlightening. Our nearly symmetric peak at 5.427 MeV with a resolution of 14 keV compares 
quite favorably with their very asymmetric peak with a resolution of 200 to 300 keV. 

Figure 3 shows the type of high-quality gamma-ray spectrum that can be obtained with surface
barrier thin-window detectors. This spectrum was recently obtained from the detector discussed 
in conjunction with Fig. 1. Somewhat better resolution has been obtained by using a smaller detec
tor surrounded by a cold shield to reduce IR-induced leakage current. 

In conclusion we would like to say that our purpose in this note is to emphasize to other groups 
that the surface-barrier technique can provide a very satisfactory method of achieving the p+ en
trance windo:w for lithium-drifted germanium detectors. We do not wish to indicate any lack of in
terest in ion-implantation, which has its own attractive features independent of techniques which 
compete in a particular application. 

Footnote and References 

tPublished in Nucl. Instr. Methods 75, 175 (1969). 
1. G. Dearnaley, A. G. Hardacre, and B. D. Rogers, Nucl. Instr. Methods 71, 86 (1969). 
2. F. S. Goulding and B. V. Jarrett, A Method of Making Thin- Window Germanium Detectors, 
UCRL-16480, January 1966. 
3. R. H. Pehl, D. A. Landis, F. S. Goulding, and B. V. Jarrett, Phys. Letters .!.2. 945 (1965). 
4. R. H. Pehl, D. A. Landis, and F. S. Goulding, IEEE Trans. Nucl. Sci. NS-13, No. 3, 274 
(1966). 
5. F. E. Bertrand, R. W. Peele, T. A. Love, R. J. Fox, N. W. ·Hill, and H. A. Todd, IEEE 
Trans. Nucl. Sci. NS-13, No. 3, 279 (1966). 
6. E. A. McClatchie, M. S. Zisman, A. D. Bacher, C. Glashausser, R. H. Pehl, E. J. Rivet, 
and F. S. Goulding (Lawrence Radiation Laboratory~ unpublished data, 1968. 
7. R. H. Pehl, F. S. Goulding, D. A. Landis, and M. Lenzlinger, Nucl.Instr. Methods 59, 45 
(1968). 
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General Instrumentation and Development 

SURVEY OF EXTERNAL INJECTION SYSTEMS FOR CYCLOTRONSt 

D. J. Clark 

Internal cyclotron ion sources produce large currents· of light ions such as protons, deuterons, 
and a particles, but for _many other ions an internal ion source is either impossible or of low 
intensity. Sources of pqlarized ions are much too large to put in the ceriter of a cyclotron. To make 
heavy ions with the high charge states necessary for high cyclotron energy, the ion source needs 
high arc power input, which is supplied more easily in an external source. For negative -ion 
acceleration, high gas flow and low pressure are needed, indicating the advantage of an external 
source. For such ions a number of groups have built or are planning injection from external 
sources. For polarized beams a few installations have used neutral-beam injection. However, 
most polarized beam systems and all heavy-ion and negative -ion systems use ion injection because 
of better beam control during transport, and no loss of beam in charge exchange. The ion beams 
are brought in either axially through the magnet pole, or radially along the median plane. The 
larger cyclotrons being planned for 200 to 500 MeV provide adequate space, in the usually crowded 
center region, for transport and inflection of beams from external injection systems. This paper 
compares and si.unma:dze.s'the vari·ous external injection systems operating or under. construction 
for cyclotrons up to 500 MeV. 

The status of most of these systems is summarized in Table I. Both axial and radial ion injec
tion work well, with overall transmission from source to extracted beam in the region of 1 to 5o/o. 
In the larger machines being built,. the higher injection energies and smaller phase-space areas 
promise efficiencies of up to 30o/o, starting with a de beam. 

Footnote 

tCondensed from UCRL-18980; presented at the International Cyclotron Conference, Oxford, 
England, September 17-19, 1969. 

TABlE I. EXTERNAL INJECTION SYSTEIE, SPECIFICATIONS 

TRANSMISSION 
CYCIDI'ROli IKJEC'l'OR SOO'RCE TRAI'f3PORT CYCLOTRON :IEAM SOURCE TO: 
ENERGY STATUS ERERGY{kVj FOL. dJRRENT Mlii FOCUSIRG INFIECTOR IIJNdtiffi ACCEL, EXTERNAL ~ COM£NI'S 
{MeV) {~) {~) 

Sac lay 

Czech. 

22d 

12d 

SbutdCNn 1969 Pol. 

Inst. 1969 Pol. 

Birmingham 124 ()p!r, · 

Sbutdawn 

C)rcl. Corp.l5 r Oper. 

Duke 15 e-,e B2 Oper. 

Grenoble 6o p, • • Oper. 

Pol. 

rl 

Ehlers 

Ehlers 

Pol. 

Tberlll!ll 

4o p,d 

.j d 

. 3d .3 ... 

12 d -55 d .2 I.1A 

12d 6oo ... 
10-14 u- 2.5 mA 

17 R·,to H2 o 2.5 mA 

13p .78p 1.9 ... 

Oper. Duopl.as. 13 p 3mA 

Radial None 

Radial Bone 

Axial Ein. Lens 

El.ec. Quads 

E lee • Quads 

Ionizer Bo .03 nA 

Stripping rt 

Grid-mirror rf 20 nA* 4 nA* 

21 ... 

rt 120 w.* 4o llA* 

qrid-mirz:or rl 8o IJA* 30 t,J.A* 

Axial 

Axial 

Axia.l Mag. Q,+ Ein.L. Channel rf(study) 23 nA 7 nA 

20 I-LA 4.2 !J,A 

10* 

3 

5" 
3* 
1.2 

Philips 14 p, T. 5 4 Testing Penntne 7.5 d 5 mA: Axial Elec~ Quads Grid-mirror rt(const.) 30 I-LA 

Berke ley 55 p, 65 4 Oper. Pol. 12 p • 7 p 1.4 llA Axial Elec. Quads 

40 I!A-p 

Grid-mirror rt( const.) 50 nA 20 nA 3. 5 

Oper. ·Duopl.as. 10 p 

Harvell-VEC 53 p,4o d Inet. 9-69 
Grcmingen 70 p, • • ID.st. 1969 

CIRliL-CIRIC 65 p,4o 4 !nat. ll-69 

TRIUJI" 

uct.A 
500 B• 

lap 
Inat. 1912 

Con.t. 

P.J.G. 

Pol. 

Ehlere 

Eblen 

30 p,l!e 

15 p,d 

300 ·-
15 a-

200 mA 

·9 p 5 ... 

5mA 
2mA 

Manitoba !,.8 p,24 d Cozwt. Duopl.u • a-' D" 

c.s.P. Mociel StudT 

A.E.G. Model 

~ 
~be48Y .15 p,.3 dOper. Penni .. 

M.S .U. 56 p, , • S'tuq 

Saelq 27 p,.. Oper. Pol. 

ara.,- 14o s+5, •• Ccmt. L!na.e 

Zurich 585 p lDIIt. 1913/74 AVJ Cycl, 

IDCUaraa lnj. 15 p,,, Im:t. 3·70 Duoplu. 

IDdiaDa Fin. 200 p, •• Iut. 3-TO AVF C7el. 

lO 

15p,30d 0 

250 p 

5 p .9 p 

1 l'eV/A 

70 MeV p 

500. 

15 MeV p 

5 ... 

5 ... 

100 ... 

50 ... 

10 ... 

Axial Mag. Quads 

Axial Mae· Lens 

Axial El.ec. Quada 

Mirror lfo 

Mirror 

Grid-mirror · Savtooth 

Axial El.ec. Quads 

Axial Elec. Quade 

Axial Elec. Quads 

Axial 

Channel rl 

Axial Quads 

Mirror 

Grid-Mirror 

Mirror 

Channel 

Troeh. Sector gradient Channel 

Trocll. Sector gradient 

E ,j, B Ein. lens 

Radial Strip. 

Radial Me.g. Quads Channel 

Radial Elec., Mag. Q. Channel 

Radial Mag. Quads Channel 

Bo 

Bo 

rl 

No 

3.6 "' 1.8 ... 

1.(41A 20 

200 nA* 70 nA* 4* 

100 !!At 100 IJA.t 

10 llA*t 10 IJ,A*t 

10 !J,At 10 ~!At 90t 

.1 nA external beam pred • 

2* Grids in center region 

1962 tests only 

1. 5* Sold to IEL L1 verlll)re 

1. 5* Built by Cycl. Corp. 

.4 22 Mag. Quads + 8 Ein. L. 

Space Charge ~omp. 

Prelim. results 

1.5 Old line tested 1966 

4.5 Rev duoplss. since 1966 

Space Charge comp. 

~ tranam. in 1n,1. line 

HeaV)"-ion Source planned 

'YJ*t Pol.&riaed source planned 

Electron Model Testa 

Jon model teats. 

Operating 1964 
Good optical quality 

1.4* Heavy ion source-constr. 

Proj. complete 1974 

Building pol. He3 source 

90t Cyclotron complete 1-72 
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GRAPHICAL CALCULATION OF WAIST-TO-WAIST TRANSFER IN PARTICLE OPTICSt 

. * A. U. Lucc10 

A graphical method is described to calculate waist-to-waist transfer in thin-lens particle 
optics. 

Perhaps the most important result of an optical transfer-line calculation for charged particles 
is the location of the "waists 11 or minima in the beam section and the determination of their phase
spacl shape. Formulas for waist-to-waist transfer in thin-lens optics are given, e. g., iri. Banford's 
book. These formulas are quite general, since all optical elements--such as lenses and beam-
bending devices--can be reduced to appropriate systems of thin lenses and drift spaces. 2 Unfortu
nately, if the elements are many, the use of these formulas is rather tedious, because of the large 
number of parameters to be adjusted, and very often becomes impossible in practice. 

The procedure can be greatly exp'%dited by the use of chart6' and nomograms, of ~hich good 
examples are due to Banford, 3 Smith, Randle, 5 and Resmini. If the line contains some accel
erating element, however, the above methods cannot be utilized; it appeared desirable to us to 
develop a very general method for waist-to-waist transfer calculation. In doing so, our aim has 
been simplicity of reading and use, so that the fundamental properties of waists could appear a:s. 
explicitly as possible. The results of graph calculations are accurate enough for many purposes 
and,. in any case, can be considered as a good starting point for more refined computer calculations. 

The gr-fphs presented here are an improved and generalized version of a method already 
described. 

Waist-to- Waist Transfer for a Thin Accelerating Lens 

Let us refer the beam in a meridian section to the axes Z (longitudinal) andY (transverse) 
(Fig. i). Subscripts i and 2 mean upstream and downstream from a lens, subscript 0 refers to 
a waist. 

The following definitions are used: 
Yo.Yo = phase-space coordinate of a waist, 
e: = Y0Yo emittance of a wa_ist, 
X = Yo/Yo characteristic length of a waist, 
fJ. = Y 02/Y 0 i linear magnification, 
zi, z2 = distance of a point from the lens, upstream and downstream, 
zoi• z 02 distance of the waists from the lens (z 0 < 0 corresponds to a virtual waist), 
f focal length (positive for a converging lens), 
n2 = V2/V i acceleration factor. 

The thin lens we are discussing is considered as composed of a thin nonaccelerating lens ( L) 
followed or preceded by a thin accelerating gap (A), which changes the energy eV i of an incoming 
particle into eV2 . This lens changes the emittance of the b~m, and therefore the characteristic 
length of the second waist, according to e:2 = e:i/n, x 2 = fl. 'fl Xi. 

We define u = zoi/Xi, v = zo2/Xi, and 4> £/Xi. 

Analysis shows that 

v 
.~, u( u-<j>) + i 

'fl't' 2 
( u-<j>) + i 

2 
fJ. 

. 2 
4> 
2 

( u-<j>) + i 

The function v(u, q,)/n is plotted in Fig. 2 for positive values of u and v. Negative values of 
u and v are shown in the full paper(UCRL-i897]. ·The function f.12(u, <j>) is plotted in Fig. 3. 
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The graphs can be used quite generally to deal with real and virtual waists and with converging 
and diverging lenses. 

The following well-known features of W- W transfer show clearly from Fig. 2: to a given 
position of the source waist, there corresponds a focal length for which v, positive or negative, 
is maximum. Locus of maxima is indicated by the dashed lines. This is an important property; 
it means, e. g., that in order to obtain a real image waist at a given position downstream, the 
source waist should be located not too close to the lens, upstream. 

2 . 
In Fig. 3 the magnification f!. has a maximum for each positive u, corresponding to a definite 

focal length. The locus of maxima is shown by a dashed line. 

Let us show an example of the use of the graphs. In Fig. 4 is sketched a line composed by an 
ion gun with proper (accelerating) optics, plus another (nonaccelerating) lens, e. g., an "einzel" 
lens. The purpose of the line is to transfer a ·crossover (waist) of given characteristics near the 
ion source to a given point at a given distance. Let us refer to the geometrical data of Fig. 4 and 
to these properties of the starting waist: Yoi = 0.5 em, Y0i = O.iOO rad, Ei = 0.05 cm-rad, 
Xi = 5 em .. Then the calculation can run as shown below. 

First lens. For l'7 '= 2, zoi = iO em, and accordingly, for u = zoi/Xi = i0/5 = 2, a reasonable 
value for z 02 , corresponding to a second waist midway between the first and the second lens, is 
z 02 = 24 em. This value corresponds to v/l'J = zo2/1'1Xi = 2.4, which can be obtained from the 
graph of Fig. 2 with cp = 1.5; or f = 7.5 em. The corresponding values for f!.2 and X2 obtained 
from the graph of Fig. 3 are f!.2 = 1.8, X 2 f!.2l'1xi = i8 em. 

Second lens. For l'7 = i, zoi = 25 em, Xi i8 em, and accordingly for u = zoi/Xi = 25/i8 = 1.4 
we can obtain (Fig. 2) a value zo2 = 21 em, or v/l'J = zo2/1'1Xi = 2i/i8 = 1.i7, with cp = 0.95; 
or f i7 em. The resulting magnification (Fig. 3) is f!.2 = 0.8; the overall magnification is 
f!.ov ( 0.8X 1.8)i/2 = 1.2; and the final emittance is Eov = Ein/1'1 = 0.025 cm-rad. · 

A second example of a beam-bending line arrangment and quadrupoles is described in the 
original paper (UCRL-i8977). 

Footnotes and References 

tCondensed from UCRL-i8977; submitted to. Nucl. Instr. Methods. 
*Present address: University of Milan, Milan, Italy. 
1. A. P .. Banford, The Transport of Charged Particle Beams (E. and F. N. Spon, Ltd., London, 
i966). 
2. Ibid; p. 40. 
3. A. P. Banford, A Circle Diagram for Beam Transport Calculations, Rutherford Laboratory 
Report NIRL/R/8, i961. 
4. W. I. B. Smith, Beam-Transport Calculations Using Graphs, MIT Report CEAL.!.i002, i963. 
5. :T. ·C. Randle, Two Graphical Constructions for Beam-Transport Problems, Nucl. Instr. 
Methods 4i, 3i9 ( i966). 
6. F. G.Resmini, A Simple Method for Determining Waist-to-Waist Transfer Properties of 
Quadrupole Doublets and Triplets, Nucl. Instr. Methods 68, 235 ( i969). 
7. A. U. Luccio, Waist-to-Waist Transfer in Thin-LensOptics, UCRL-i82i7, May i968. 

Fig. 1. A thin accelerating lens. 
(XBL684-260i) 
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DESIGN AND CONSTRUCTION OF THE AXIAL INJECTION SYSTEM 
FOR THE 88-INCH CYCLOTRONt 

D. J. Clark, R. Burger, A. Carneiro, D. Elo, P. Frazier, A. Luccio, * 
D. Morris, M. Renkas, and F. Resmini* 

A new axial injection system for the 88-inch cyclotron has been constructed. It transports 
beams from external ion sources axially through the magnet yoke to the median plane of the 
cyclotron. The optical elements include a bending magnet, electric quadrupoles, and the magnetic 
field of the cyclotron, Beam monitoring is done with scanning wires, phosphor plates, and 
Faraday cups. 

The old axial line 1 of 1966 used an ion source mounted directly on the line axis, and had 
electric quadrupole doublet lenses with a 3.0-cm aperture. The new line, Fig. 1, accepts beam 
from either a polarized ion source on axis, or a duoplasmatron source used with a 90-deg bending 
magnet. The aperture has been increased to 7.3 em, and quadrupole triplets are used for greater 
matching flexibility. This paper describes the system down to the median plane. The new inflector 
and center-region electrodes will be the subject of a future paper. 

Since the polarized source is a complex structure, it was placed above the .7-ft-thick concrete 
roof of the cyclotron vault, to allow construction and testing during cyclotron operation. The duo
plasmatron source and future sources should also be at a convenient distance above the shielding 
to allow for expansion, The injection line is required to transport the beam about 15 ft from the 
source to the median plane, 

When one uses an injection voltage that increases with cyclotron field as Vi o: QB2/M, where 
Q and Mare particle charge and mass, one has "scaled operation, " as shown by the diagonal lines 
in Fig. 2, for example. All beams on one line then .have the same trajectories through the magnetic 
"hole lens" approaching the median plane, and in the first turn up to the first acceleration gap. 
The dee voltage must be kept proportional to injection voltage, so the orbit pattern in the cyclotron 
is also constant. The main advantage of this type of operation is that once the beam optics has been 
optimized in the injection line, hole lens, and cyclotron center region for one point on the line, all 
the other cyclotron energies and particles can be obtained easily by the proper variation of injec
tion and dee voltage. 

The polarized ion source 2 is of the usual atomic beam type, using a dissociator, a sextupole, 
rf transitions, and a strong-field ionizer. We expect that it will produce polarized beam for experi
ments of 100 to 1000 times the intensity and much better quality than that available with the a-p 
scattered beam used during the past several years. 

The duoplasmatron source 3 produces intensities of more than 500 JJ.A of protons, H1. Hj, and 
similar deuteron beams. It is being used to test the performance of the transport line Ior 
efficiency under low- and high-intensity conditions. Its output of doubly charged ions is small, a 
few JJ.A, so a PIG source is planned to give a higher a-particle output for pulsed-beam work, . 

The 90-deg bending magnet brings the duoplasmatron beam into the axial line, It gives equal 
focusing in both planes, with a flat field and edges cut at 36 deg to the beam normal. 

Three quadrupole triplet lenses were chosen to transport the beam efficiently down the column 
to the median plane, 4 They give versatile transformation of phase-space ellipses to match the ion 
sources to the cyclotron, and transmit beam currents of more than 500 JJ.A at 10 kV injection 
voltage. Space between triplets is used for steering plates, scanning wires, phosphor plates, and 
Faraday cups. A buncher will be placed in the space between the last two triplets to match the de 
beam from the source to the rf time acceptance of the cyclotron. A sine-wave buncher is being 
planned at present, rather than the more ideal but more difficult sawtooth buncher suggested 
previously. 5 ·. 

The mechanical structure consists of 6-in, -diameter tubes containing the lenses, inside an 
evacuated column of 12 -in. -square cross section, as shown in Fig. 1. To reduce neutron leakage, 
as much shielding as possible is replaced around the injection line, 
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Fig. 1. Schematic drawing of axial injection line fo~ 88-
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The beam entering the strong magnetic field of the cyclotron is focused to p~riodic waists 
by this half solenoid or ithole lens. 11 Calculations were made on particle trajectories for various 
phase-space shapes and waist positions. 6 They showed that several discrete operating modes 
(Fig. 2) produce the desired beam size, in the median plane, of 2 to 3 mm diameter. The 
"\mode" is obtained by starting with a small waist, about 14 em before the median plane, which 
is then transferred to the median plane by the sh·ong axial magnetic field. 

Footnotes and References 

tCondensed from UCRL-18608; presented at the· 1969 Particle Accelerator Conference, 
Washington, D. C., March 5-7, 1969. 
*Present address: University of Milan, Milan, Italy. 
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SPACE-CHARGE EFFECTS IN THE AXIAL INJECTION LINE 
FOR THE 88-INCH CYCLOTRONt 

F. Res mini* and D. J. Clark 

A new axial injection beam transport line has been designed for the 88-inch cyclotron (Fig. 1). 
The line beam optics1 and construction2 have been described previously. In this report we give 
the results of space -charge calculations at higher beam intensities in this line. 

In treating the problem of matching external sources to the cyclotron acceptance, it is con
venient to refer to the phase-space representation. The two phase spaces, (x, x 1) and (y, y'), are 
associated with the beam, traveling along the z axis. The units used here for position (x andy) 
and for divergence (x' andy') are mm and mrad. The x-z plane is defined parallel to the dee 
edge in the center of the cyclotron, and the polarities of the quadrupoles are so chosen that the 
motion in the x-z plane generally corresponds in a triplet to the sequence DFD (defocusing
focusing-defocusing), and in the y-z plane to FDF

1
• 

The beam is at a waist, along a drift length, when the representative ellipses in phase space 
are upright, i.e., their axes coincide with x, x' or (y, y') axes. However, the waist positions for 
the two phase spaces do not necessarily coincide along the line. 

In discussing the matching requirements we describe the beam, at a waist, through the 
characteristic le~gth of the phase-space ~llipses, define_d as Xx = xo/~'o and Xy = yo/y'0 , 
where the subscnpts ( 0) refer to the sem1axes of the elllpses at the wa1st. 

Interest in·studying in some detail the optics of the line with spac·e-charge effects also taken 
into account arises because of the advantages of injecting very intense (nonpolarized) beams. In 
some cases--e. g., a particles or heavy ions--this possibility would allow for overcoming the 
intensity limits of conventional cyclotron sources and eventually lead to more intense accelerated 
beams. Although the feasibility of such a scheme has not yet been proved, it is nevertheless 
worthwhile to get some insight into the problem. The aim of the calculations presented here is 
therefore to (a) evaluate the desirable characteristics, such as emittance and initial phase-space 
shaping of such beams, and (b) determine the range of currents that can be transmitted through 
the line- -still satisfying, however, some reasonable requLrements on phase -space matching. 
The program BEAMCAL, developed at Los Alamos, 3 was used to perform the Runge -Kutta inte
gration of the Vladimirskiy-Kapchinskiy equations. '1 

Inthe injection of intense beams it is intended to use the first triplet, To, in the M.x = M.. = 1 
magpification mode, performing a symmetric beam transfer over the length of 1.4 meters. It! 
has been found that this mode of operation is generally possible, if the quadrupole voltages are 
properly corrected. The main results can be summarized as follows. 

The initial shaping in phase space for a given emittance is far more critical than in the zero
current approximation, from the point of view of transmission e.fficiency. The effect is illustrated 
in Fig. 2, where beam envelopes are plotted for 10-keV protons and a 200-mm-mrad emittance, 
for different beam currents. For example, two extreme X. values have been chosen, X. = 1 1n 1n 
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and 0.14. It is clear that although 800 fJ.A can be transmitted in the first case, 400 fJ.A exceeds 
the available aperture in the second. This, of course, reflects the fact that space-charge effects 
are less pronounced for a large -diameter nearly parallel beam. 

Footnotes and References 

tCondensed from UCRL-18596; presented at the 1969 Particle Accelerator Conference, 
Washington, D. C., March 5-7, 1969. 
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1968. 
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Fig. 1. Layout of the axial injection line. 
Only schematic beam envelope is shown. 

(XBL683-2219A) 
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OPERATION OF THE POLARIZED-ION SOURCE AND AXIAL INJECTION SYSTEM 
FOR THE BERKELEY 88-INCH CYCLOTRONt 

D. J. Clark, A. U. Luccio, * F. Resmini, *and H. Meinert 

A polarized-ion source for protons and deuterons is now in operation at the Berkeley 88-:inch 
cyclotron. The source is oLthe atomic beam type, using rf transitions and a strong field ionizer. 
It is mounted vertically above the cyclotron roof shielding. A new axial injection. transport sys
tem, whose optical elements are electrostatic quadrupole triplets, replaces the previous system, 1 
and brings the beam down to the cyclotron median plane. A duoplasmatron source can inject 
unpolarized protons through a 90-deg bending magnet. A gridded electrostatic mirror inflects 
the beam into the dummy dee. Electrodes inserted into the dummy dee and dee give narrow 
accelerating gaps to allow the beam to clear the mirror. They are de signed to unplug at 
vacuum for easy conversion between axial injection and internal source operation. 

A polarized-ion source, shown in Fig. 1, was constructed. 2 To allow for future development 
it is designed for easy replacement of components and has a large pumping capacity to handle 
high gas loads. It is located in a low-radiation area above the cyclotron shielding roof for con
venient maintenance and development. Its axis is vertical, to match the injection line without spin 
rotation. 

The beam transport line, 
3 

shown in Fig. 2, brings beams from the ion sources 4.5 meters 
down to the cyclotron; It is composed of three sets of electric quadrupole triplet lenses. It 
accepts beams from eit,rer the polarized-ion source, on axis, directly above, or from the duo
plasmatron test source through the 90-deg bending magnet. 

The optics of the line5 was designed to transport beams of up to 800 mm-mrad emittance at 
energies of 5 to 20 kV, and to allow flexible matching between the external beams and the 
cyclotron phg-se-space acceptance. Calculations on high-current beams including space-charge 
forces show that this line will transmit 600 to 800 fLA. of protons if the beam has a suitable 
emittance shape. 

A sine -wave buncher is placed between the second and third triplets. It is a drift tube with 
a drift length of 3/2 cyclotron period. It is located near the cyclotron end of the line to minimize · 
de bunching from polarized-ion source energy spread. We use the sine -wave rather than the pre
viously proposed sawtooth-wave shape 7 because of its ease of construction, and because its 
performance would closely approach the sawtooth type after addition of a higher-harmonic drift 
tube. 

The beam enters the cyclotron through a half-solenoid "hole lens, 11 the region where the 
cyclotron magnetic field increases from near zero to its median-plane value of 5 to 17 kG. 
Calculations of phase-space beam trajectories8 show that several modes of operations are possi
ble., depending on injection energy and cyclotron magnetic field. 

When the beam reaches the median plane of the cyclotron, it must be bent through 90 deg into 
the horizontal plane and enter the dee accelerating gaps in such a way as to be centered radially 
on the cyclotron center. To inflect the axial beam into the median plane, we use an electrostatic 
mirror oriented at 45 deg to the median plane. 

The center region geometry is shown in plane view in Fig. 3, along with the calculated orbit 
for the highest-energy a-particle beam. A baffle across the median plane in the dee shields the 
beam from the dee-mirror electric field. A "half-turn collimator" is provided in the dummy dee 
to select phase on the first turn, but is normally retracted for polarized-ion injection, because 
maximum transmission is desired. · 

This axial injection geometry is not compatible with the normal internal ion source, since the 
source would have to come through the dummy dee. So a "plug-in" concept was adopted, in which 
the central parts of the dee and dummy dee out to a 14 em radius--:-the "inserts"--are removable 
at vacuum through the dee stem. · 

The first test of the entire system of polarized-ion source, axial injection system, and 
cyclotron acceleration was in April 1969. The best results of system operation in September 1969 
are given in Table I. 
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Table I. System tests with 22-MeV protons. 

Ion source 

Polarized Duo;elasmatron 

Injection energy (keV) 12 
Source current, FCo ( f.LA) 1.4 
Accelerated current (nA) 50 
External current (nA) 20 
Transmission: 

Source -external beam( o/o) 1.5 
Polarization ( o/o) 
Buncher used? 

70 
No 

OISSOCIATOR 

SEXTUPOLE 
MAGNET 

LN 

10 

INCHES 

10 20 30 40 
I I I I I I I I 

CENTIMETERS 

12 10 
2 40 

145 3.6 
60 1.8 

3 4.5 
80 0 

Yes No 

POLARIZED ION SOURCE 

Fig. 1. Polarized-ion source 
schematic cross section, showing 
principal components and vacuum 
pu:r;np ports. (XBL681-1702) 
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Fig. 3. Plan view (June 1969}, of axial-injection 
center region showing smallest beam trajectory for 
maximum-energy a particles. "Plug-in" dee and 
dummy-dee inserts are shown. (XBL698-1229) 

Fig. 2. Axial-injection transport line schematic cross 
section, showing components. Note that one quadrupole 
triplet lens has been omitted. (XBL692-252) 

ACCELERATION OF FISSION FRAGMENTSt 

E. Cheifetz, * R. C. Gatti, R. C. Jared, S. G. Thompson, 
and A. Wittkowert 

The fission fragments emitted by a 6-flg source of 252Cf were accelerated in a Model MP 
tandem Van de Graaff accelerator at the High Voltage Engineering Corporation in Burlington, 
Massachusetts. In order to prevent contamination of the surroundings the source was placed 
inside a 1-in,-diameter tube and was covered with aluminum and two thin protective foils. A 
schematic drawing of the experimental arrangement is shown in Fig. 1. Quadrupole magnets 
are used to focus the fragments both at the source and at the end of the accelerator. The 
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fragment energy distribution was measured by using a 4.5 -cm2 surface barrier silicon detector 
17 m from the source. 

The fragments were accelerated as was expected; the energy spectra as a function of terminal 
voltage are shown in Fig. 2, in which the channel numbers correspond rather closely to units of 
MeV. The maximum voltage on the terminal in our experiments was 6 MV. 

Because of their larger initial charges, the energies of the heavy fragments increase more 
rapidly than the energies of the light fragments. At a voltage of 2 MV there is still a difference, 
as indicated by the shoulder on the spectrum. At 4 MV the two groups are indistinguishable, 
At 6 MV the average energy of the fragments was about 200 MeV and the width of the energy dis
tribution ( FWHM) was ~ 45 MeV. As the acceleration voltage increased the widths of the two 
energy distributions of californium fragments increased, as would be expected on the basis of 
a distribution in the charge states of the fragments. 

An accurate determination of the energy spectra depends on an accurate calibration of channel 
number versus energy. Therefore some knowledge of the pulse -height response of solid-state 
detectors to heavy ions is necessary. As a basis for this calibration we used the well-known 
energy spectrum obtained from a 252Cf standard source located in front of our detector. The 
energies obtained on the basis of the following two assumptions were then compared: (a) a linear 
response of the detector was assumed and the average energies of the light and heavy peaks were 
taken to be those given by Fraser et a1,,1 (b) the "Schmitt calibration procedure, 11 which prescribes 
a mass-dependent pulse-height response, was assumed. 2 

The mean values of the energy spectra are shown in Fig. 3. Some ambiguity due to the uncer
tainty in exact positions of the light and heavy peaks occurs in the Schmitt calibration, and is 
indicated by the small bars. It can be seen that there is a discrepancy of more than 10 MeV 
between the two calibration methods at an energy of~ 200 MeV. Therefore we have obtained two 
different values for the overall average charge state of the fragments: q = 19.2 is obtained by 
the Fraser calibration, 1 and q = 21.0 is obtained by using the Schmitt calibration, 2 Information 
about the mean charge of the light and heavy fragments separately was obtained from the data 
taken at a voltage of 2 MV, where the two peaks could still be resolved. These results also depend 
on the choice of a calibration procedure, and are q = 17.5 to 18.8 for the light fragments and 
20.8 to 23.0.for the heavy ones. 

The mean charges of the heavy fragments are in agreement with the values obtained from the 
data of experiments performed at High Voltage Engineering Corporation by Grodzins et al. 3 and 
Moak et al. 4 Comparisons of the mean charge state were made at the same ion velocities 
(appropriate corrections were made for the 13 amu difference between stable 127I and fission
fragment 140I). For the light fragments the above reference would predict a mean charge of 
21. 0, whereas our experimental value is 18 ± 1. This difference may be due to the effect of selec
tion by the focusing magnet at the source. 

The intensity of the beam of fragments at the end of the 17 -meter acceleration path is shown 
as a function of terminal voltage in the upper part of Fig. 3. The observed increase in intensity 
as a function of voltage exceeds the expected increase due to electrostatic focusing of a perfectly 
aligned system. Increased electrostatic focusing tends to reduce the effect of errors in alignment. 
These results show that the system was not well ~ligned to be§in with, and indicate that additional 
intensity could have been obtained. The source emitted 5 X 10 fragments/min into 411' solid angle, 
and at 6 MV we obtained 2.25 X 103 fragments/min. The transmission factor, therefore, was 
4,5X 10-6, as compared with a geometrical transmission of 1.3X 10- 7. 
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Fig. 1. Experimental arragement; The 
californium source holder ·with its protec
tive foils is shown in detail in the insert. 
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Fig. 2. Spectra of the fragments for several 
terminal voltages. The standard source shown 
in the upper part is not covered with any pro
tective foils. 1 channel ::::: 1 MeV. N is the 
mean value of the distribution in channel 
numbers. (XBL6911-6260) 

Fig. 3. (a) Intensity as a function of terminal voltage. 
(b) The mean energy as a function of the 
terminal voltage for two calibration proce
dure s as explained in the text. 

(XBL6911-6258) 
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INITIAL SEPARATION-FACTOR MEASUREMENTS 
ON CASCADE ISOTOPE SEPARATOR 

M. C. Michel 

During the continuing testing and evaluation of the performance of the first stage of the 
Cascade Isotope Separator, 1 direct mass -spectrometric measurements of the enrichment factor 
for neighboring isotopes were made. 

For the purposes of this report', the enrichment factor (F) of isotope 1 with respect to isotope 2 
is defined as 

with i 1/i2 J;>eing the relative abundance of the two isotopes, and f and i referring to post- and 
preseparatlon measurements. 

Since the preliminary electrical measurements indicated a rather high enrichment, it seemed 
reasonable to avoid the possibility of natural chemical contamination of separated samples by 
direct collection of the sample on a mass-spectrometer filament in the separator collector chamber. 
The filament containing this sample was then made part of a standard double -filament ion source, 
and isotopic analysis was performed on a 60-deg single -direction-focusing mass spectrometer of 
high sensitivity. Because direct collection of the 40-keV ion beam resulted in burial of the sample 
to a depth of the order of 0.1 fJ.• the mass analysis was complicated by emission of the sample 
over a broad range of temperature, resulting in decreased beam intensities. Then because of the 
saturation effect of direct collection2 the sample size could not exceed :::: 0.2 fJ.g (determined by 
the filament area), and this further limits the beam intensity. As. a result, the mass analysis can 
as yet only set an upper limit to the presence of unwanted isotopes (or a lower limit to the enrich
ment factors). 

The measurements discussed here were made with lead, a rather easy element to run in the 
modified axial-extraction plasma ion source, but its low ionization efficiency. in the mass spec
trometer served to further limit the mass spectrometer performance. In order to optimize the 
mass spectrometer runs, 204pb was chosen as the collected isotope, since this low-abundance 
isotope would yield samples of minimum isotopic ratio for analysis. Of course, lead is of suffi
ciently high·mass to be a good test of the separator performance, since the dispersion decr.eases 
with increasing mass number. Separations were made at total lead ion currents of :::: 10 to 15 f!A, 
with 2 -mm collector slits. 

Table I gives limits on the values of the separation factors as measured by this technique for 
the various lead isotopes. Unfortunately, the adjacent mass number is vacant, and the enrichment 
is determined only at positions more than one mass number away from the collected isotope. It 
will be noted that the limits rise rapidly as one goes away from the collected isotope; it is felt 
from behavior of the mass spectrometer that this is at least par.tly an artifact of the mass spec
trometer analysis, not necessarily an indication of the separator performance. Measurements 
now in progress should extend the limits or determine the exact levels of contamination. 

For comparison, Table II lists some selected values of enrichment factor for other machines, 
either from direct measurements (obs) or by integration of published beam profiles over a 2-mm 
slit width (calc). Note that much better separations are to be expected at lower mass number. 

Apparently the present instrument is performing at least as well as the best previous reports. 
Since there are some significant differences in operating conditions, continued effort will be made 
to determine the actual separation factors and the causes of the observed contamination. 
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·M, 
mass 

collected 

204 
204 
204 
204 

84 
83 

211 
213 

84 
86 
83 
82 

130 
129 
128 

53 
87 

153 
174 
235 

Table I. Separation factor limits, cascade isotope separator 
(first stage only) •. 

M 
(mass Contaminating 

collected) AM isotope Separation factor 

204 +2 206 ;,. 43 000 

204 +3 207 ;,.130 000 

204 +4 208 ~zoo ooo 

Table II, Separation factors from published reporte~. 

Contaminating Separation 
AM isotope factor Comments 

+1 205 7 600 calc from electrical measurements 
+2 206 16 700 
+3 207 27 800 
+4 208 33 300 

+1 85 10 000 ~ 
+2 85 llll50 000 

+1 212 2 500 obs in radioactive collection 
-1 212 5 000 

+1 85 20 000 calc from data of Uhler (Ref. 6) 
-1 85 4 700 
+2 85 50 000 
+3 85 120 000 

+1 131 2 500 QQ§_ in radioactive collection 
+2 131 10 000 
+3 131 16 700 

-1 52 52 OOOto 70 000 Qb..§_ in two- stage separator 
+1 88 20 000 
-2 151 5 000 
+2 176 10 000-12 000 
+3 238 14000 

Ref. 

3 

4 

3 

5 

7 
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DIRECTLY HEATED SAMPLE OVEN FOR ISOTOPE SEPARATOR ION SOURCE 

M. C. Michel and F. L. Reynolds 

Ion sources used in isotope separators, often of the low-voltage electron-supported-plasma 
type, usually require the ability to ionize elements all of whose compounds are solids of relatively 
low vapor pressure, This is usually accomplished by operating the entire source at a considerably 
elevated temperature and vaporizing the sample material into the plasma chamber. Commonly, 
the vaporization rate of the sample is adjusted by positioning it nearer to or farther away from 
the source within a connecting tube, allowing conducted or radiated heat from the source itself 
to vaporize the sample, 

Since this obviously requires physical motion of a sample at high temperature, in vacuum, 
and also at high electrical potential, it is not easily done from a remote location. A directly 
heated metallic oven system is shown in Fig. 1 which is adaptable to rapid insertion through 
vacuum locks and gives easy remote control of sample temperature. The tantalum tubes are 
flared by a simple hydraulic die system and, along with the blocking foil, spot-welded temporarily 
in preparation for a vaportight TIG weld done in an inert atmosphere enclosure. The sample 
(often in a secondary crucible to avoid chemical attack of the main tube) is then placed in the longer 
end, the open end inserted in a tapered hole in the ion-source wall (graphite) which establishes 
both vapor seal and electrical contact. A suitable holder at the other (short) open end is connected 
to a power supply (current regulated), and the sample may now be heated by direct resistance 
heating. 

When graphite end plates are used on the ion source the tapered hole makes a graphite
tantalum joint which gives satisfactorily vaportight seals repeatedly with the same oven. One 
has been used more than 20 times without failure, yet they are sufficiently inexpensive if made 
in quantity to be disposable for radioactive source work. Measured collection efficiencies indi
cate that the vapor seal keeps the loss in yield negligible. 

Because of the high conductivity of the metallic tube (compared with quartz or other insulators 
used previously), it is difficult to keep extremely volatile samples cool enough without excessively 
long tubes to reduce the heat flow. Proper redesign of the system to introduce a large heat sink 
could easily solve this problem. 

Graphite 
--JI-=----- .Q 0 4 Tantalum foil 

1.250" 

"'·130 dia. die
formed flan es 

ac-tight 
weld 

.500" 

..---t-·093 dia. x .003 wall 
tantalum tubing 

Oven holder 

Snug fit 

Fig. 1. Directly heated source oven for isotope separator. 
(XBL701-2282) 
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DESIGN OF A MAGNETIC SPECTROMETER FOR PHOTOELECTRON SPECTROSCOPYt 

C. S. Fadley, C. E. Miner, and J. M. Hollander 

We present the results of a computer design study for an iron-free double -focusing magnetic 
spectrometer specifically intended for photoelectron spectroscopy. With single detector operation 
the proposed design is more efficient than any existing magnetic double -focusing spectrometer, 
and the focal-plane characteristics allow more than a 100-fold increase in data-accumulation 
rate with a multichannel detector. This design also has very high physical accessibility near 
the source and detector areas, and it is compatible with either normal or ultrahigh-vacuum 
operations. 

Precise energy analysis of photoelectrons expelled by x rays 
1

-
3 

and ultraviolet radiation 
has been used extensively in the last few years to obtain fundamental information 4'bout organic 
and inorganic solids and gases. In an instrument designed specifically for photoelectron spec
troscopy a number of primary features are desirable. The most important of these.\are: (a} 
high energy resolution (approximately 1 part in 104} for electron energies in the range 1 to 2 000 
eV, (b) high overall electron collection efficiency, as defined by the fraction of electrons leaving 
the source which can be energy-analyzed and detected simultaneously, (c) unrestricted phy~ical 
access·to the source and detector areas, so as to be compatible with a variety of sample arrange
rnenfs (heated or cq_oled solids, gases, reaction chambers, etc.} and radiation sourceS! (e. g., 
x ray or uv} as well as complicated detector systems, (d) possibility of ultrahigh-vacUum opera-

/ 

tion in the source area for control of surface conditions in work with solids, and (e) relative 
simplicity of construction, We have carried out a computer design study of an iron-free double
focusing magnetic spectrometer in which the above features were considered as design objectives,6, 7 
Previous experience has shown that, with careful construction, such studies provide results that 
agree excellently with experimental performance, 8; 9 

Energy analysis in such a double-focusing spectrometer is accomplished by magnetically 
deflecting the electrons in roughly circular orbits centered on the symmetry axis of a cylindrically 
symmetric field. ·This magnetic field, which decreases approximately as 1/.J!: near the optic 
cirCle of the instrument, has the property that electrons with both axial and radial departure 
angles are focused to first order at the same distance around the optic circle (corresponding to 
1!"[2 radians :=::: 254 deg}. We treat here the "high aperture" field wherein axial departure angles 

-can be larger than radial departure angles (a higher-order focusin~cfroperty}. 7 A further prop-
erty of the high-aperture field is that it possesses a focal plane;B, that is, electrons of different 
energies are brought to a focus at different radii along a plane at rr,J:Z. Therefore, more than one 
energy (channel} can be detected at a time without significant loss of resolution and the overall 
collection efficiency thereby increased. Due to detector limitations it has been practical in the 
past to exploit the focal-plane properties of double-focusing electron spectrometers to the extent 
of only four- to five-channel detection. 3 However, we look forward to the development of detector 
arrays with the order of several hundred channels in the near future. 11 

The basic design problem is to find a set of cylindrically symmetric coils that reproduces the 
chosen theoretical field with sufficient accuracy over the region occupied by the electron orbits 
to give the desired focusing properties. 12 We note several features of this work that differ 
significantly from previous design studies: (a} the theoretical "optimum" field 10 was fitted over 
a region corresponding to much higher axial departure angles, in order to achieve a larger usable 
solid angle, (b) the locations of all coils were constrained to be entirely inside (i.e., at smaller 
radius than} the vacuum chamber housing the electron orbits, so as to permit good access to 
source and detector areas, and (c) the focal-plane properties of several theoretical fields, of 
existing spectrometers, and of our own design were studied in detail to determine relative overall 
collection efficiencies with multichannel detection. 

The coil geometry of a typical design case, shown in Fig. 1(a}, consists of one main coil 
with four pairs of smaller coils wound on it. 6 Coil dimensions are consistent with integral 
numbers of turns of fixed-diameter wire, and all coils are in series so that only one power supply 
is needed. With the choice of 30 ern for the optic circle radius, the height of the main coil is 
approximately 200 ern and its outer radius is 20 ern. Our calculations indicate that coil winding 
and positioning need only be done to reasonable tolerances(± 0.025 ern}. For operation at energies 
up to 2000 eV, no cooling of the coils should be required. An important feature of this design is 
that vacuum chambers can be easily interchanged for different types of experiments. 
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The electron optical properties of this design have been calculated in terms of contours of 
equal focusing aberration of monoenergetic electrons in the plane of radial and axial depature 
angles. 7 The optimum field exhibits only negative aberration (electrons at angl_e rrtJ2 ~all at . 
smaller radius than the optic circle radius), but in most real designs the effectlve solid angle 1s 
determined by how high a vertical departure angle one can use before unacceptably high positive 
aberrations are encountered. Our design case has a vertical acceptance window for operation 
at 0.02o/o energy resolution of approximately± 17 deg, compared with± 22 deg for the theoretical 
optimum field, ± 14 deg for the 1f[r field, ± 9 deg for the Chalk River spectrometer (four pairs 
of coils), 8 and± 3 deg for a recent Uppsala spectrometer (two pairs of coils). 9 

In the single-channel mode of operation (detection of one narrow electron energy interval at 
a time) the relative collection efficiency of a spectrometer is proportional to the fractional solid 
angle into which electrons can be emitted without exceeding the desired resolution because of 
focusing aberrations. This solid angle is in practice controlled by baffles. In Fig. 1(b) we show 
resolution-fractional-solid-angle curves for the two primary theoretical fields for the two pre
viously mentioned spectrometers, and for our design case. The present design approaches 
theoretical optimum performance much more closely than the existing spectrometers, and is 
better in performance than the 1/,.fi: field, 

We have also studied the focal-plane behavior of the cases in Fig. 1(b). In general, it 
is found that as the range of energies analyzed increases (that is, as the radial width of the 
detector increases), it is necessary to decrease the vertical acceptance angle of the common 
electr<:m baffle to avoid introducing significant line broadening at the edges of the detector. The 
radial acceptance angle of the baffle, on the other hand, can be kept roughly constant. Further
more, the distance of the baffle from the electron source must be decreased as the range of 
energies is increased in order to accurately discriminate all particles on the basis of departure 
angles. Where comparison with previous focal plane studies B. 9 is possible, the agre·ement is good. 

The overall collection efficiency for multichannel operation will be proportional to the frac
tional solid angle times the number of channels in the detector. A channel width is defined to be 
the width of the image of a monoenergetic beam of electrons on the optic circle at rr.JZ. Efficiency 
estimates were made on the basis of a multichannel detector centered on the optic circle. In 
Fig. 2 we plot the relative overall collection efficiencies of the design cases of Fig. 1, of 0.02o/o 
energy resolution, as a function of detector width (expressed as b.E = detection bandwidth ·in o/o 
of mean energy). From these curves it is clear that data-accumulation rates can be increased 
by at least two orders of magnitude if multichannel detection is fully exploited. Our design case 
is essentially equivalent to theoretical optimum, and is approximately twice as efficient as the 
Chalk River spectrometerS up to b.E "' Bo/o. It also represents a marked improvement over the 
Uppsala spectrometer, 9 especially for b.E >"' 4o/o. We also note that for multichannel operation 
at b.E >"' 2"/o, the 1/.fr field gives superior performance to the theoretical optimum field; this 
behavior was qualitatively predicted by Lee- Whiting and Taylor. 10 

We gratefully acknowledge the assistance of R. N. Healey, J. S. Colonias, S. J. Sackett, 
and B. R. Burkhart in the preparation of computer programs. 
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Fig. 2. Relative collection efficiency for multi
channel detection at 0.02% energy resolution 
plotted against width of detector array in % of 
mean kinetic energy. All values divided by the 
theoretical optimum efficiency for single -channel 
detection. (XBL698-3330) 

Fig. 1. (a) Coil geometry for the proposed 
spectrometer design. Only one quadrant of 
cross section is shown. 

(b) Fractional solid angle of acceptance 
plotted against resolution for various theoretical 
fields and spectrometers. (Single-channel 
detection.) (XBL698-3331) 
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COMPUTER CONTROL SYSTEM FOR THE FIELD-FREE SPECTROMETER 

Joseph E. Katz 

A computer control system that utilizes a Digital Equipment Corporation PDP-8 computer has 
been in operation over the past year. The computer control system 'is used to collect and display 
data as well as to control the operation of the field-free spectrometer. Many experiments have 
been performed on an around-the -clock basis with a high degree of reliability; more than 7 000 
hours of operation have been logged during the past year. 

The reliability of the system has been increased by utilizing solid-state power controllers 
in many of the peripheral devices. In particular, the mean time between failures of the ASR 33 
teletype has been significantly increased by not running the drive motor needlessly~ 

Another significant improvement in the computer system has been the addition of a hardware 
bootstrap loader. Users of small computer systems are well aware of the inconvenience and 
frustration in having to repeatedly key in the bootstrap loader while testing or loading programs. 
The hardware bootstrap loader used is based on a design described by Morgan. 1 

Reference 

1. G. B. Morgan, A Hardware Bootstrap Loader for the PDP-8 Series Computers, Nucl. Instr. 
Methods 74, 165 ( 1969). 

COMPUTER ANALYSIS OF SPECTRAt 

C. M. Lederer 

Recent work on the analysis of multichannel spectra is reviewed, with emphasis on assessing 
the level of accuracy attainable in the determination of energies and intensities. A major portion 
of the review deals with the fundamental process of peak shape fitting of single and complex peaks. 
As an example Fig. 1 shows some fits to a single peak with two different types of peak shapes. 
Figure 2 shows the accuracy with which a doublet can be resolved when these shapes are used. 
From the analysis of results such as these and calibration procedures, it is concluded that y-ray 
energies can generally be determined to a few eV. 

Techniques for automated analysis, including peak-finding methods, are reviewed less criti
cally, and examples of three different programs in current use at Berkeley are given. The 
complete review was published in Hamilton's book. 

Fo.otnote 

tCondensed from a contribution to J. Hamilton, Radioactivity in Nuclear Spectroscopy (Gordon 
and Breach, New York, 1970). 
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SOME USES OF DIGITAL POLAROGRAPHY 

'Ray G. Clem and W. W. Goldsworthy 

The general'-purpose electrochemical instrumentation here presented is digital, and, since it 
is modular, permits the performance of a variety of electrochemical methods of analysis in keep
ing with the nonroutine nature of our analytical work by simple changes in the interconnections of 
the modules. The fact that the data are recorded in a 1024-channel pulse -height analyzer (PHA), 
equipped with a data processor (DP), allows some arithmetic manipulation of the stored data. 
Important advantages accrue. 

Coulorrietry 

A potentiostat is used in conjunction with a current amplifier and a digital current integrator 
to perform constant-potential or constant-current coulometric analyses. ·Coulombs cons·urrled in 
an oxidation or reduction at constant potential can be displayed on a scaler. A rate -meter is used 
to gate the scaler off at a preselected counting rate (current level). Alternatively, the coulometric 
data can be gated by a Hip-flop between two scalers at equal, preselected time intervals by a pulse 
obtained from the time -base oscillator ( TIBO). Either way, the operator is freed from attending 
the instrument during the analysis. Sufficient data are accumulated to permit calculation of the 
titration end point with a small desk computer in considerably less time than that necessary for 
the complete electroreduction or oxidation. · 

During the development o.r evaluation of a coulometric procedure, ·it is oftentimes helpful to 
have a log current-time display of the current decay curve. This display is readily obtained by 
storing the digital data in a PHA, using the TIBO to provide a channel advance signal at preselected 
time intervals. The DP gives a five -cycle log display and, if the data are stored in the first half 
of the memory, allows one to determine the linear region of the decay curve and to integrate 
selected channel regions for the calculation or direct determination of the end point; This log
display approach also allows one to deal, in some cases, with interferring substances coreduced 
with the ion of interest (Fig. 1). 

Polarography 

In addition to the instrumentation used in the preceding section, a multifunctional ramp 
generator, a digital differentiator, a drop sensor, a wait gate, and an interface to a PHA are 
required to do polarography. Unlike analogue instruments, ours does not require the use of a 
drop time controller, a residual current compensator, an active differentiator, or signal filters; 
however, it does embrace some of the fundamental feature's of existing instruments. Our instru
ment uses an incrementing-voltage scan; the increment is applied at the beginning of the drop. 
The sample gate width and wait interval are freely variable from about 1 msec to 1.8 sec. We 
have the ability to store digital information in a PHA and to do some data processing as described 
earlier. The stored data are not a measure of the instantaneous cell current, as with some other 
methods, but rather a digital current-time integral which amounts to signal averaging on each 
drop. Also the measuring devices used--the current amplifier, the digital current 1ntegrator, 
and the wait. gate--are all precise to 0.05% or less. 

Table I indicates the sensitivity and precision obtainable using different time Slices of a drop. 
Generally one uses a 1-sec drop time, a wait interval of 450 to 500 .msec, and a gating interval 
of 400 msec, provided maxima are absent. The high reproducibility for both the signal and back
ground, coupled with an ability to subtract back_rround, results in ahigh difference sensitivity. 
Thus we are able to detect the reduction of Cd2 at < 10-8 M levels. Table II shows the reproduc
ibility obtainable on consecutive sweeps. 

The phenomena of maxima have long plagued the field of classical polarography at the dropping 
mercury electrode (DME). Explanations for their existence are various and measures to contend 
with them have long been used. 2, 3 An examination of a scope trace of the current-time behavior 
of a mercury drop in the maximum potential region revels normal behavior at the beginning of the 
drop, but rapid current increase and finally erratic behavior as the drop nears completion (Fig. 2). 
Gating in the region of erratic current gives a polarogram with a pronounced maximum (Fig. 3A). 
Gating early in the drop life sacrifices some sensitivity, but yields a normal polarogram (Fig. 3B). 
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Possible Future Developments and Uses 

Digital polarography is highly amenable to computerization. Some 30 to 40 cations and anions 
could be determined by this approach. If calibration sweeps, including background, were made 
for these cations and ~nionP, in several different supporting electrolytes and Ilkovic capillary 
transfer function (rn2f3 t1f6) were recorded, the task of analysis would be ameliorated. Also, 
interrogation of the computer's memory file of elements in different supporting electrolytes should 
result in the selection of the appropriate electrolyte, furnishing maximum separation of the half
wave potentials for complex mixtures of cations and anions. The computer's ability to do complex 
mathematics quickly, coupled with the high precision of digital data obtainable, should allow one 
to use kinetics as a practical approach to chemical analysis. 

The digital instrument is called polarograph only because we use a potentiostat and work with 
electrochemical cells. If the equipment were connected to a spectrophotometer, for example, it 
could be used for colorimetry, flame emission, or atomic absorption of fluorescence. Its ability 
to signal-average could greatly enhance the spectra of weakly absorbing compounds, thereby 
increasing sensitivity and precision. 

References 

1. L. Meites, Anal. Chern. 31, 1285 ( 1959) 
2. V. A. Levich, Physicochemical Hydrodynamics (Prentice-Hall, Englewood Cliffs, New Jersey, 
1962). 
3. L. Meites, Polarographic Techniques, Second edition (Interscience, New York, 1965). 

Table I. Gating effects on the signal-to -background ratio (.1-sec drop time, 0.1 ~ KCl, 2 ppm Cd, 
E = MO. 750 vs SCE, average for 50 drops). 

Gate interval 
(% of drop life) 

90-98 
80-98 
70-98 
60-98 
50-98 
40-98 
ungated 

90-99 
80-90 
70-80 
60-70 
50-60 
40-50 
30-40 
20-30 
10-20 

0-10 

1186 ± 1 
2 505 ± 2 
3588±3 
4671±3 
5 732 ± 7 
6 667± 7 

11354±42 

1277±5 
1266 ± 2 
1256 ± 2 
1254± 2 
125 0 ± 2 
1246± 2 
1244± 2 
1245 ± 2 
1213 ± 2 

920± 2 

Counts 
Background 

89±2 
197± 1 
284± 1 
419± 1 
529 ± 1 
627± 1 

1374± 18 

118± 1 
120± 1 
121± 1 
124± 1 
127± 1 
131± 1 
137± 2 
146± 2 
163 ± 2 
216± 2 

Signal 
bkgd 

13.33 
12.72 
12.64 
11.15 
10.84 
10.63 

8.26 

10.82 
10.55 
10.38 
10.11 
9.84 
9.51 
9.08 
8.53 
7.44 
4.26 

ppm Cd for 
signal/bkgd = 1 

0.150 
0.157 
0.158 
0.179 
0.185 
0.188 
0.242 

0.184 
0.189 
0.193 
0.198 
0.203 
0.210 
0.220 
0.234 
0.269 
0.469 
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Table II. Reproducibility of consecutive sweep on the same solution. 
triplicate runs on the same solution: 8.88X 10-5 Polarograms obtained with 

M Cd, 0.100 M KCl; total volume; 50 ml, gate, 400 msec, wait 450 msec; 
open-circuit drop time, 1.02 sec. 

Derivative 

Run 1 2 3 

642 660 658 
797 797 841 
980 1015 1024 

1163 1167 1141 
1283 1273 1273 
1322 1324 1329 
1292 1283 1285 
1186 1179 1181 
1032 1028 1002 

845 825 803 
667 651 662 

11209 11202 11199 

6.4 I 0.8 17.2 23.6 
Time (min) 

Integral 

1 2 3 

29 699 29 693 29 654 
29 684 29 677 29 654 
29 685 29 673 29 635 
29 672 29 670 29 634 
29 679 29 663 29 635 
29 644 29 642 29 609 
29 657 29 650 29 586 
29 666 29 634 29 629 
29 593 29 627 29 598 
29 634 29 626 29 603 
29 624 29 616 29 594 

326 237 326171 325 861 

Fig. 1. Current-decay curves. 
1. Reduction of 4 mg Pd4+ in the presence 
of 108 mg Pt4+. · 
2. Reduction of 4 mg Pd4 in the presence 
of 54 mg Pt4+. . 
3. Reduction of 4 mg Pd4 + alone. 

End points of Pd4+ titration in curves 2 and 3 
are found by locating the channel at the inter
section of the extrapolated descending and 
horizontal branches and summing all preceding 
channels to this points. 
Reaction: 

Pd4 + + 2e- -+ Pd2 + 

Pt!_+ -+ Pt2 + + 2e 

Pt2 + + Pd4 +·_:,:.Pt4 + + Pd2 + 

Supporting electrolyte: 0.05 M Nj, 0.24 M 
phosphate buffer, pH 6.85. (XBB702-673) 



-c: 
CD 
~ 
~ 

:;, 
u 

.. 
c: 
CD 
~ 

~ 

~ 

u 

0.1 

I -o.a 
(a) 

0.3 0.5 

Time 

I I 
-1.0 

I 
-1.2 

0.7 

(sec) 

I 
-1.4 

Voltage vs. SCE 

364 

0.9 

Fig. 2. Maximum phenomenon. Current
time curve of: 8.8 ppm Ni2+ in 1 M NH3 , 
1M NH4Cl; E = -1.101 V vs. SCE. 
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Fig. 3. Polarographs with and without a maximum. 
a. Polarographic maximum present: wait, 580 msec;· gate, 100 msec. 
b. Polarographic maximum absent: wait, 3 msec; gate, ·100 msec. 

(XBB702-671 and XBB 702-672) 
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PREPARATION OF ISOTOPIC OXYGEN T-ARGETS FOR CHARGED
PARTICLE ACTIVATION ANALYSISt 

* James F. Lamb, Diana M. Lee, and Samuel S. Markowitz 

A method.has been developed for the preparation of oxygen comparison standards for charged
particle activation analysis, particularly for the use of 3He as the activating particle_, by anodic 
oxidation of tantalum foil. The isotopic composition of the oxide is varied by using isotopically 
enriched water in the electrolyte, which is 0.1% potassium chloride. The current passing 
through the cell is held constant at 40 rnA while the voltage is allowed to vary. The thickness of 
the oxide film produced is a smooth function of time and is reproducible 2o within a few percent. 
Oxide films have been produced which vary in thickness from 0.5 mg/cm for a 1-min anodi
zation to more than 35 mg/cm2 for an anodization time of 3 hours. The uniformity of the anodized 
foil and the oxygen content have been verified by 3He activation analysis. · Standards for activation 
analysis may be made by this method which reproduce any beam degradation in a sample from 
negligible energy loss to the complete stopping of a 10-MeV 3He beam. These standards have 
been used for isotopic oxygen analysis of

8
seve ral materials and for measurin'f excitatio~ functions 

for the production of 19o and 20F from 0 and for production of 18 F, 15o, 1c, and 1 F plus 
14o from 16o. 

The apparatus used is shown in Fig. 1. The .reasons for the rather interesting shape of the 
voltage curve in Fig. 2 and the mechanism of the process remain to be explored. The thickness 
of oxide coating as a function of plating time is shown in Fig. 3. 

Footnotes 

tCondensed from Anal. Chern. 42 
*Present address: Biomedical Department, Donner Laboratory, University' of California
Berkeley. 

To foil 

in Fig. 1. Electrolytic cell for ahodization of 
Ta foils at the electrolyte boiling point, 
z 1oo•c. (XBL671-345) · · 
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Fig. 2. Variation in the applied voltage during boiling-point anodization of Ta foil. 
Current = 40 rnA, temperature ;::.: 100•c. (XBL697-1032) 
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On the following pages the abstracts of theses issued in 1968 are given as they appeared in 
the original documents. 

CYCLING ZONE ADSORPTION SEPARATION BY THERMAL-WAVE PROPAGATION 

Burke Baker III 
(Ph. D. Thesis) 

(From UCRL-18967) 

It is demonstrated that proper utilization of the wave-propagational properties of fixed-bed 
adsorption systems can result in separation processes based on the imposed cyclic variation of 
certain intensive variables in the system. Mathematical and experimental evidence for this con
clusion is presented, and a cyclic temperature-driven process based on this conclusion is 
proposed. ' 

SPIN-LATTICE RELAXATION BY NUCLEAR MAGNETIC 
RESONANCE ONORIENTED NUCLEI 

John Arthur Barclay 
(Ph. D. Thesis) 

(From UCRL-18986) 

Nuclear magnetic resonance was detected at 0. 004- 0. 010° K by perturbation of the gamma
rq.y anisotropy of co60 in Fe, Co, and Ni. Shirley's work on the response functions describing 
the perturbation in the presence of homogeneous broadening has been extended to include inhomo
geneous broadening. The existence of a "hard core" value at resonance is demonstrated in this 
case also. Frequency modulation of the inhomogeneous line was necessary in order to perturb all 
of the spin packets in the broadened lines. The optimum conditions for frequency modulation were 
found by varying the modulation bandwidth and modulation frequency. A simple model was pro
posed to explain the observed degree of perturbation. In addition, nuclear spin-lattice relaxation 
times have been measured in the 0. 004-0. OlOOK temperature range. Interpretation of the data 
was done by fitting the data with a sum of exponentials. Precise T1 results are obtained but the 
accuracy was uncertain due to the uncertainty of the initial conditions. 



I. THE 1.6KI 

368 

ELECTRIC DIPOLE TRANSITIONS IN ODD-MASS DEFORMED NUCLEI 
II. THE DECAY OF Ta 17 6 TO LEVELS IN Hfl7 6 

Frederick Michael Bernthal 
(Ph. D. Thesis) 

(From UCRL-18651) 

In Part I we combine elements of the collective and single-particle nuclear models to provide 
a unified model interpretation of tlie 1.6KI = 1 electric dipole transitions in odd-A deformed 
nuclei. Attention is focused on the uniquely informative set of El transitions in Hfl77 that results 
from decay of the singular Lul77m nucleus. ·We show that the influences of Coriolis coupling, 
pairing, and octupole vibration-particle coupling may be used to successfully account for the 
anomalous El transition rates in Hfl77, and by implication, in other odd-A deformed nuclei. 
Precise experimental data have been gathered for comparison with the theory. 

In Part II we describe a detailed experimental study of the decay of Tal76 to levels in Hfl 7 6. 
Numerous semiconductor detection systems have been employed in conjunction with an on-line 
PDP-7 data acquisition system to gather '(-ray singles, conversion electron, and'(-'( coincidence 
data on this remarkably complex decay. Over 300 transitions have been observed to follow the 
Tal76 decay, and some 140 of these have been placed in the pr~posed Hfl76level scheme. We 
compare the experimental data on levels in Hfl76 with contemporary theoretical expectations. 

We also call attention to the exceptional quantity and quality of information on nuclear proper
ties that can now be expected from the timely marriage of semiconductor-detector and on-line 
computer technology. The techniques and problems associated with precision '(-ray spectroscopic 
data acq:uisition and analysis are discussed. 

WEAK INTERACTION STUDIES BY NUCLEAR ORIENTATION 

William D. Brewer· 
(Ph. D. Thesis) 

(From UCRL-19533) 

The technique of low temperature nuclear orientation has been applied to two problems 
involving weak nuclear decays. Nuclei of 119sb were polarized in an iron lattice and the angular 
distribution of inner bremsstrahlung photons emitted during the electron capture decay was ob
served. The.distribution fit the correlation function W(9) = 1 + A1G1P1 (cos 9) and the asym
metry coefficient had the theoretical value of +. 1. 0 near the spectrum endpoint. However, some 
energy dependence of A 1 was observed, in contrast to theoretical expectations. Possible ori
gins of the energy dependence are discussed. Nuclear orientation was also carried out with three 
isotopes which under go lgforbidden beta decays: 186Re, 188Re, and 194Ir. The source nuclei 
were polarized in iron: lattices and the angular distributions of both beta particles and gamma 
rays were observed. Lithium-drifted germanium counters were used to detect the beta particles. 
The beta particle angular distribution coefficients A1 and Az are reported as functions of energy. 
The results are in general agreement with those of previous workers, although the experimental 
errors have been considerably reduced. The attenuation of the gamma ray anisotropies gives a 
measure of the relative size of the fBij matrix element in the preceeding 1--+z+ beta decays and 
values for this attenuation are reported. The fBij matrix element was found to make a finite 
contribution in the decays of the two Re isotopes, but to be zero in the l94Ir decay. The com
bined data may be used to determine the nuclear matrix elements entering the decays and to test 
the Conserved Vector Current hypothesis of weak interactions. 
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INTERFACIAL MIXING CELLS AND MASS TRANSFER IN TURBULENT FLOW 

William H. Brown 
(M. S. Thesis) 

(From UCRL-18974) 

The effect of a rippling interface upon surface tension-driven cellular convection was experi
mentally investigated by contacting ethyl ether in tridecane solvent with nitrogen, both phases 
flowing in a cocurrent, stratified manner. These experiments were conducted in a horizontal, 
rectangular duct with a high aspect ratio. .Under laminar flow conditions in both phases, it is 
known for various systems that interfacial cellular convection caused by surface tension gradients 
will dramatically increase the liquid-phase mass-transfer coefficient. This type of cellular con
vection has been termed the Marangoni effect. 

In order to determine the influence of interfacial rippling upon Marangoni cells the liquid 
volumetric flow rate was increased until the interface was visibly disturbed by wavelets. The 
individual liquid-phase mass-transfer coefficient was obtained from the experimental mass
transfer data by assuming that the gas-phase resistance to mass transfer was equal to that re
sistance measured in the absence of or suppression of resistance in the liquid phase. At low 
liquid mole fractions, the increase in the liquid-phase mass-transfer coefficient due to cellular 
motion was greater than for the corresponding laminar-flow results of Clark and King; hence, it 
appears that interfacial rippling enhances the formation of Marangoni cells and their resultant 
effect upon the mass-transfer coefficient. However at high values of the liquid mole fraction, the 
experimental liquid-phase mass-transfer coefficients were only one-third as large as those for 
the laminar-flow case, an unusual result considering only the difference in flow rates. Here, at 
high liquid mole fractions, interfacial rippling appears to have a severe dampening effect on the 
contribution of Marangoni cells to the liquid-phase mass-transfer coefficient. 

THE (p, t) AND (p, 3He) REACTIONS ON (2s-ld) SHELL NUCLEI 

Heinz Brunnader 
(Ph. D. Thesis) 

(From UCRL-18716) 

The excitations of high isospin (T = 2) analogue states in the T z = 0 and the T z = + 1 A= 4n 
nuclei have been measured for the entire (sd) shell using the (p, t) and (p,3He) reactions induced 
by 45 MeV protons. Also the reactions 40Ar(p, t)38Ar and 40Ar(p,3He)38cl were utilized to ob
serve the first T = 3 analogue states in the Tz = 1 and T z = 2 nuclei. In addition to these high T 
states, a number of T = 1 analogue states were also observed. The ratio of the observed cross 
sections for these T = 1 analogue states was compared with the ratio predicted from the DWBA 
cross section expressions. This predicted ratio is found to depend on the type of transition by 
which the final analogue states are formed, and hence. may be used to provide structural informa
tion on the analogues without the use of detailed wave functions. The (p, t) reaction was further 
utilized to extend the range of known excitations in the nuclei 18Ne and 34Ar. All Coulomb dis
placement data in the (lp) and (ld5/2) shells, including those derived from this work,'\ were fitted 
to parameterized Coulomb displacement energy formulae derived in the jj -coupling low seniority. 
and Wigner supermultiplet schemes. The results were used to predict the masses of yet unmeas
ured neutron deficient nuclei in this region. 
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MOSSBAUER RESONANCE STUDIES OF GOLD COMPOUNDS 

Marjorie 0. Faltens 
(Ph. D. Thesis) 

(From UCRL-18706) 

Mossbauer experiments were performed at liquid helium temperature on linear gold(!) com
pounds and square-planar gold(III) compounds. A linear relationship was established between the 
isomer shift and quadr-upole splitting values for both the aurous and auric compounds. These 
results are explained in terms of the comparable electric field gradient values of the 5d and 6p 
electrons of gold and the differences in the ionic character of the compounds. The nuclear factor 
oR/R for Au 197 was determined to be 3. 1 X 10-4. A scale was established to indicate the number 
of 6s electrons on gold which corresponds to a given isomer shift and the number of 6p electrons 
and 5d electron holes which are responsible for the observed quadrupole splittings. 

AN X-RAY CRYSTALLOGRAPHIC STUDY OF CHLOROPHYLL 
ANALOGUES AND OTHER BIO-ORGANIC COMPOUNDS 

Mark S. Fischer 
(Ph. D. Thesis) 

(From UCRL-19524) 

The crystal and molecular structures of two analogues. of chlorophyll have been determined 
by x-ray diffraction. The monohydrated dipyridina

0
ted magnesiul? phthalocya~in crystallizes in 

space group P2IIn with cell dimensions 2:_= 17.098A, !2,= 16.951A, £.= 12.449A, and (3= 105.880. 
All hydrogen atoms were located, and the final R-value is 0. 050 for the 3323 independent non
zero reflections which were peak-counted on a diffractometer. The asymmetric unit contains one 
magnesium phtha1ocyanin molecule in which the magnesium atom is also coordinated to the oxygen 
atom of a water molecule. The hydrogens of the water molecule are hydrogen-bonded to two 
pyridine molecules of crystallizat~on. The phthalocyanin ring deviates significantly from a plane, 
and the magnesium atom is 0.496 A out of the plane of the inner nitrogen atoms and towards the 
water molecule. The biosynthesis and possible non-planarity of chlorophyll are discussed. 

The chlorophyll ~erivative methyl pheopho.fbide 2:. crystallizes in space group P21 with cell 
dimensions 2:_=8.035A, !2,=28.531A, £.77.320A, and (3=110.96° andwithtwomoleculesinthe 
unit cell. The final R-value is 0.051 for the 1616 independent non-zero reflections collected on a 
diffractometer. The inner hydrogen atoms are disordered. The Ring I vinyl and Ring V carbonyl 
groups are in conjugation with the

0
nearly flat chlorin ring. There are no chlorin-chlorin,inter

molecular contacts less than 3. 5· A. We propose a detailed model for the arrangement of chloro
phyll in photosynthetic lamellae, in which non-parallel chlorophyll molecules are related by a 21 
screw axis and are linked by water molecules. 

With the use of molecular orbital calculations, we predict a correlation between the phos
phorescence energy of metalloporphyrins and the ionic radius of the central metal atom. This 
prediction is in agreement with data in the literature. Since the metallic ionic radius depends on 
its coordination geometry, we suggest that phosphorescence spectra of metalloporphyrins be used 
to infer the environment of the central metal atom. 

Unsuccessful attempts to crystallize chlorophyll and a successful synthesis of zinc methyl 
chlorophyllide are described. 
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We have determined the structures of two choline chloride analogues in detail as well as 
listed space group information on the phosphonium analogue of choline chloride and on choline 
bromide. Betaine hydrochloride crystallizes in space group P21/c with cell parameters 

0 q 0 
2:._= 7.428A, Q.= 9.108.A, £.= ll.SSOA, and 13= 96.71° and with four molecules in the unit cell. The 
final R-value has been reduced to 0.026. The cation assumes a completely staggered conforma
tion with the acidic hydrogen atom as far away as possible from the nitrogen atom. Because of 
space group difficulties, we present only an approximate structure of choline iodide. Iodide
choline interactions determine the packing arrangement. The configuration of the choline cation 
is nearly identical for choline chloride and choline iodide. The mechanism for the unique radia
tion sensitivity of choline chloride is discussed. 

We have determined the crystal structure of 7-chloromercurinaphthalene-1-sulfonyl fluoride, 
a possible protein label, by x-ray diffraction. It crystallizes in space grou~ P21/m wit.f. the 
molecule

0
lying in the mirror plane. The unit cell dimensions are 2:,.= 9.725A, Q.= 6.836A, 

£.= 8.351 A, and 13 = 90.99°, and there are two molecules in the unit cell. The conventional R-value 
is 0.027 for the 1055 independent data collected on a scanning counter diffractometer and cor
rected for acute absorption effects. The fluorine atom always lies near a hydrogen atom of the 
naphthalene ring. 

We present space group data for triphenyl oxaziridine and N- (p-bromophenyl)-C, C-diphenyl
oxaziridine. A glossary of crystallographic terms is attached in the Appendix. 

SOME MAGNETIC, SPECTROSCOPIC, AND CRYSTALLOGRAPHIC PROPERTIES 
OF BERKELIUM, CALIFORNIUM, AND EINSTEINIUM 

Dennis Ken Fujita 
(Ph. D. Thesis) 

(From UCRL-19507) 

The work reported here is part of a continuing study of the physical and chemical properties 
of the trans curium elements. During the course of these studies, -100 J.Lg 249Bk, -40 f.ig 249cf, 
and -IS J.Lg 253Es were made available. Procedures for the purification, assay, and evaluation 
of sample purity are discussed in detail. 

The experimental techniques used to study the magnetic susceptibilities of berkelium metal, 
Bk3+, and Cf3+ are described. The susceptibilities of Bk3+ and Cf3+ follow the Curie-Weiss 
relationship with J.Leff(Bk3+)= 9.40 ± 0.06 B. M. and 1Jeff(Cf3+)= 9.14 ± 0.06 B. M. Among three 
samples of berkelium metal both ferromagnetism. and antiferromagnetism were detected at low 
temperature; at higher temperatures the susceptibilities follow the Curie-Weiss law. Effective 
magnetic moments derived from the high temperature data suggest that greater· than three elec
trons per atom occupy bonding orbitals. The effective moment of the most pure Bk metal sample 
(8.83 B. M.) corresponds to a metallic valence of -3.4. 

A recentlr-developed, light-pipe microabsorption cell used to obtain the solution absorption 
spectra of Bk + and Es3+ in dilute HCl solutions is described. The confirmatory experiments 
have verified most of the previously-detected Bk3+ and Es3+ absorption peaks. Seven additional 
Bk3+ and 12 new Es3+ absorption bands are reported. The most intense Es3+ peaks are observed 

0 0 ' 
at 4225 A and 4950 A. 

Techniques to prepare several 249Bk, 249cf, and 253Es compounds on the microgram scale 
are discussed. Standard x-ray diffraction powder methods are applied in the determinations of 
the crystal structures and lattice parameters of the Bk and Cf compounds. The extremely high 
specific radioactivity of 253Es required the development of special techniques for the preparation 
and x-ray analysis of Es compounds. 
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Face-centered cubic Bk metal (a=4.987±0.001A) is prepared by Li vapor reduction of BkF3. 
Attempts to prepare Cf metal by similar reductions of CfF3 with Li and K were unsuccessful due 
to the high vapor pressure of elemental Cf. CfF3 samples exhibiting the orthorhombic YF3-type 
structure (a= 6. 651 ± 0. 007 A, b= 7.040 ± 0. 002 A, and c = 4.393 ± 0. 004 A) are prepared. The mono
clinic lattice constants of CfBr3· 6Hz0 are a= 9.992±0.053A, b= 6.716±0.025A, c= 8.146±0.006A, 

0 
and 13 = 93.50 ± 0.14 A. CfBr;} crystallizes in a structure that remains uncharacterized; however, 
similar structure have been observed in BkBr3 and GdBr3. CfOBr and CfOI exhibit the tetragonal 
PbFCl-type structure. Lattice constants of CfOBr are a= 3.900±0.003A and c= 8.110±0.007A. 
CfOI lattice parameters are a= 3. 97 ± 0. 02 A and c = 9.13 ±0. 08 A. Thermal expansion coefficients 
for CfOCl are reported: aa= (1.14±0.0l)Xl0-5°c-l and ac= (1.85±0.03)Xl0-5oc-l. Our 
unsuccessful attempts to prepare CfClz by hydrogen reduction of CfCl3 contradict tracer experi
ments which have been interpreted as evidence for a moderately-stable +2 oxidation state 'of Cf. 

The first compounds of 253Es are reported. EsCl3 exhibits the hexagonal UCl3 -t~pe struc
ture between 400- 4509 C; the lattice parameters corrected to 20° C are a= 7.40 ± 0. 02 A and 
c = 4.07 ± 0.02 A. EsOCl crystallizes in the tetragonal PbFCl-type structure at 400-450° C. The 
lattice constants at 20°C are a= 3.948±0.004A and c= 6.702±0.019A. 

T= 0 AND T= 1 PAIRING IN LIGHT NUCLEI 

Alan L. Goodman 
(Ph. D. Thesis) 

(From UCRL-19514) 

A generalized quasiparticle transformation is presented which includes n-n, p-p, and n-p 
(T;::: 0 and T = 1) pairing correlations. The quasiparticle co-ordinates are required to be complex. 
The resulting gap equations for N= Z even-even nuclei are solved for the nuclei in the sd shell. 
To permit interaction between the Hartree-Fock (HF) and pair potentials, the Hartree-Fock
Bogoliubov (HFB) equations, including both T = 0 and T = 1 pairing, are also solved for these 
nuclei. 

Although T = 1 pa1r1ng correlations are not significant, T = 0 pairing correlations play a very 
important role, rectifying many of the failures of the HF theory in this region. T = 0 pairing re
stores axial symmetry to the equilibrium shapes of Mg24 and s32 and explains the vibrational 
nature of Ar36. These conclusions are reproduced by the following nucleon-nucleon interactions: 
the Yale t-matrix (s-p-sd), the Nestor-Davies-Krieger-Baranger effective interaction (s-p-sd 
and s-p-sd-pf), and the Rosenfeld effective interaction (sd). 

Evaluation of various approximations to HFB is facilitated by deriving the canonical form of 
the density matrix and the pairing tensor for generalized isospin pairing. The general quasi
particle transformation is equivalent to the product of three transformations: (1) an isospin
conserving rotation in particle space (canonical basis), (2) an isospin-generalized "special" 
quasiparticle transformation, (3) a rotation in quasiparticle space. 

The canonical basis often bears no resemblance to the corresponding HF basis. The third 
transformation may not be approximated by the unit transformation, nor is the pair potential 
diagonal in the canonical basis. The BCS approximation of neglecting elements of the pair poten"' 
tial connecting different spatial orbitals is therefore unjustified. Iterating between the HF and 
the BCS equations in an attempt to permit both degrees of freedom to interact with one another 
is an even worse approximation to HFB than merely solving the BCS equations with the trivial HF 
basis. 
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The HFB equations are derived by a variational principle. The self-consistent symmetries 
of the HFB solutions are discussed. Usage of the same effective interaction in both the HF arid 
the pair potential is justified. 

DEVELOPMENT OF A JET-MIXED EXTRACTION COLUMN 

Daniel R. Kahn 
(M.S. Thesis) 

(From UCRL-18679) 

A jet-mixed extraction column has been developed which incorporates most advantages of 
existing column-type extractors, while eliminating the need for internal moving parts. The 
column was designed to provide high rates of mass transfer, with only normal or even decreased 
extents of unwanted longitudinal dispersion ("axial mixing"). A guide to some of the more im
portant experimental studies involving longitudinal dispersion in various column-type extractors, 
and two theoretical models which describe the combined effect of mass transfer and longitudinal 
dispersion, are presented. 

The concept of a jet-mixed column is discussed, and the apparatus employed in the present 
study is described. The column utilizes uniformly spaced, horizontal, tubular, jetting and intake 
rings at the inner and outer boundaries of an annular cross-section. At each level, both rings 
are perforated so as to promote nearly straight-line radial flow between the jetting and intake 
rings. Externally these rings are connected by way of a small centrifugal circulating pump. 

Semiquantitative tests of the column in single-phase and two-phase operation have been made 
to study the effects of number, size, and position of the ring ports, compartment height, jetting 
circulation rate, and longitudinal flow rates, upon the vortex patterns, the extent of interception 
(desired) of the discontinuous phase, and the extent of colloidal dispersion (undesired) of discon
tinuous phase. 

Further experimentation, involving a complete mass -transfer analysis using two different 
solvent-solute systems and a larger number of jet-mixed stages, is needed to complete the per
formance evaluation of this new design. 

EPR-STUDIES OF TRIVALENT PLUTONIUM IN CaF
2

, SrF
2

, AND BaF
2 

Heinz Friedrich Mollet 
(M.S. Thesis) 

(From UCRL-18922) 

The electron paramagnetic resonance spectra (EPR) of the ground state of 239pu+3 in the 
three lattices CaF2, SrF2, and BaF2 have been measured at helium temperatures at frequency 
\1 ~9 Gc/sec. The observed isotropic spectrum was fitted to a spin-Hamiltonian 

--+ -+ -+ -+ 
H = g 13 'J(· s I + AI . s I 

with S 1 = 1/2, I= 1/2 and the spin Hamiltonian parameters: 



+3 
Pu /CaF 

2 . +3 
Pu /SrF 

2 
+3 

Pu /BaF
2 

1.297 ± 0.001 

1.250±0.003 

1.187±0.004 
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I Aj/h[
239

Pu] = 201 ± 2 Me/sec 

!AI/h[
239

Pu]= 253±3 Me/sec 

jAj/h[
239

Pu] = 306±9 Me/set 

We have interpreted the measured g-values using the concepts of intermediate coupling and crys
tal field J -mixing. 

The free ion ground state of 239pu+3 (electron configuration [Rn] 5f5) is a J= 5/2 state which 
splits into a doublet f7 and a quartet r8 in a cubic crystalline field. We have calculated 135/2• 
the 4th-order operator equivalent factor using an intermediate coupling ground state wave func
tion. This showed that 13 5/2 is negative as required for the isotropic f7 to be the ground state. 

The observed g-values indicate that there is an appreciable amount of crystal field J-mixing. 
The calculated g -value for the f7 doublet neglecting J -mixing is I gj = 0. 70. The amount of J
mixing required to fit the experimental data was calculated including the riext term (J = 7 /2) which 
splits into a r 6• a f7 and a r 8 state in a cubic crystal field: This in turn allows one to calculate 
the 4th-order crystal field parameter for a given ratio of B60/B40. Assuming B60/B40= -0.2, we 
obtain 

Pu+ 3 /CaF2 . 

Pu+ 3/SrF2 

Pu+3 /BaF2 

0 -1 
B4 = -6300 em 

0 -1 
B4 = -5400 em 

0 -1 
B4 = -4500 em . 

The true values are most likely with ±25% of the values given. 

For Pu+3 /CaF2 and Pu+3 /SrF2 the most intense EPR spectrum observed was due to Pu+3 
in cubic sites, whereas, for Pu+3jBaF2 the cubic spectrum was always accompanied by a much 
stronger trigonal spectrum which was fitted to the spin Hamiltonian. 

H= gllf3 H S' + g1 f3 (H S' + H S' ) +All I S' + A1 (I S' +I S' ) 
Z Z X X y y z. X X X y y 

with S' = 1/2, I= 1/2 and the parameters 

jgll= 1.300±0.005 

jglll = 0.80 ± 0.03 

jA1 ! /h= 678 ± 8 Me/sec 

!A
11

! /h= 365 ± 15 Me/sec 

(A
1

/g
1

13= 372±4 gauss) 

(All /guf3 = 326 ± 13 gauss) 

A 1/g 1 is not equal to All /gil' which again indicates the importance of crystal field J-mixing. 

CRYSTALLOGRAPHY AND THERMOCHEMISTRY OF SOME CHLOROCOMPLEX 
COMPOUNDS OF THE LANTHANIDE AND ACTINIDE ELEMENTS 

Lester Robert Morss 
(Ph. D. Thesis) 

(From UCRL-18951) 

Several complex compounds containing lanthanide and actinide (III) or (IV) ions in sixfold 
chloride coordination have been prepared in amounts ranging from several grams to one· micro
gram. Preparative techniques for compounds Cs2NaMCl6 (M= trivalent cation) and Cs2MCl6 
(M= tetravalent lanthanide or actinide cation) are discussed. Structures of these compounds have 
been studied by the X-ray powder method. All compounds Cs2NaMCl6 whi~h have been prepared 
are face-centered cubic; the lattice parameter of Cs2NaBkCl6 is 10.805(3)A. The synthesis and 
chemical analysis of a new compound of B~(IV), Cs2BkCl6, are described; this compound is 
hexagonal, with a= 7.450(3), c= 12.098(5)A. (Error limits represent 95% confiaence.) 
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The principles of design and the experimental operation of some solution microcalorimeters 
are described. The .most versatile microcalorimeter has a capacity of 30 ml, a thermal leakage 
modulus of 0.0009miri-l, and a sensitivity of 2 X lo-4 cal. Heats of solution of standard sub
stances of lanthanide and actinide metals, ·and of compoun<ts· Cs2NaMCl6, are reported. 

The crystallographic and thermochemical measurements on chlorocomplex compounds have 
been combined with auxiliary data to yield heats of formation of lanthanide and actinide chlorides, 
chlorocomplex compounds, and ions; redox potentials for lanthanide and actinide species; ioniza
tion potentials for several lanthanide and actinide ions; hydration energies for lanthanide arid 
actinide (II) and (III) ions; and a set of ionic radii based upon sixfold chloride coordination. Com-: 
parative stabilities and crystal structures of chlorocomplex compounds are discussed and 
systematized. 

IN-BEAM PROTON-GAMMA RAY COINCIDENCE STUDIES USING 
A LARGE COAXIAL Ge(Li) DETECTOR 

Joel M. Moss 
(Ph. D. Thesis) 

(From UCRL-18902) 

Two different applications were made of particle-gamma ray coincidence techniques:· first, 
in the 54Fe(p, p 1 )54Fe reaction at 10 MeV and then, in the reactions 54, 56Fe(p, p')54, 56Fe at ·· 
19. 6 MeV.· In both experiments a large coaxial Ge(Li) counter was used to detect the gamma 
rays. 

In the 54 Fe (p, p' )54 Fe reaction at 10 MeV, the angular correlation of gamma rays coincident 
with protons detected near 180° was measured. On the basis of this information, unambiguous 
spin assignments were made to the 3.345(3), 4.074(2), 4.781(3), and 4.949(4) MeV states. Model
dependent assignments and spin limitations were made for several other states. The angular 
correlation analysis also yielded multipole mixing ratios for several transitions and branching 
ratios for the decay of all states of 54 Fe below 5 MeV. From an analysis of the observed Doppler 
shifts of the coincident gamma rays, mean lifetimes were derived for the 1.409, 2.959, 3.164, 
3.836, 4.048, 4.074, 4.265, 4.287, 4.781, and 4.949 MeV states. 

Coincident gamma rays perpendicular to the reaction plane, as a function of proton scattering 
angle, were observed in the reactions 54, 56Fe(p, p 1)54, 56Fe at 19. 6 MeV. Analysis of these data 
yielded angular distributions of the spin-flip probability in the inelastic excitation of the first 2+ 
states in both nuclei. The spin-flip probabilities were compared to the predictions of both the 
collective and microscopic models of inelastic proton scattering. Also included in the theoretical 
analysis were high precision differential cross s·ection measurements made here, and inelastic 
asymmetry data from Saclay. 
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THE DESIGN OF AN IMPROVED DEVICE FOR ABSORPTION 
WITH CHEMICAL REACTION 

Edward J. Palkot, Jr. 
(M. S. Thesis) 

(From UCRL-18918) 

When absorption is accompanied by chemical reaction in the liquid phase, the nature of the 
gas-liquid equilibrium data is often such that a high degree of gas purification may be accom
plished in one or a very few equilibrium stages. Examples of such absorption systems that were 
considered in this study are the scrubbing of C02 from gas streams using hot, catalyzed potas
sium carbonate and the scrubbing of HCl from gas streams using water. The scrubbing of C02 
is important in the manufacture of high purity hydrogen for process uses such as the manufacture 
of ammonia, and HCl absorption is important in many processes, including a scheme for the 
reprocessing of enriched reactor fuels which has been considered by the AEC. Less commonly 
used devices for carrying out these absorption processes were considered which had features 
likely to result in high absorption rates and, consequently, high efficiency. The implementation 
of devices with these characteristics might be expected to result in considerable savings in 
investment and/or operating costs when compared to equipment currently used to effect the 
desired gas purifications. 

The devices considered were the co-current packed column, open pipe contractors with 
co-current flow of gas and liquid in the froth and annular regimes, and the spray tower. Based 
on information dealing with these devices in the literature and models which were proposed to 
fill gaps in the literature, device sizes necessary to scrub gases of quantities and compositions 
likely to be encountered in industry were calculated. Hierarchies of attractiveness of the devices 
for each of the systems studied were determined by assigning relevant cost variables to each 
contractor. It was shown that some of the devices could well be attractive in reducing the costs 
of absorption in the pr,ocesses considered. 

FOAM FRACTIONATION OF RARE-EARTH ELEMENTS 

George H. Robertson 
(Ph. D. Thesis) 

(From UCRL-19525) 

The foam fractionation of rare-earth elements Nd, Sm, and Ce by extraction of their EDTA 
chelates. with a cationic surfactant, and the foam fractionation of an anionic surfactant were 
studied. The objective was to determine the usefulne.ss of the foaming technique in fine separa
tions and to examine quantitatively the properties of transient foaming in producing the separation. 

The model of "persistent" foaming did not apply to most of the foaming conditions which were 
found in this study to favor foam formation, extraction, and fractionation. Therefore, a two
property classification was adopted; the type being determined by the persistence or transience 
of surface area, and the mode by the constancy or depletion of specific liquid content with foam 
height or age. 

In a preliminary study, fixed-height foaming from aqueous solutions of an anionic surfactant 
(Aerosol 22) was used to evaluate the effect of gas rate on the relative transiency and separation 
performance. Foaming of Aerosol 22 in a transient regime of gas rates yielded the best enrich
ments and extraction. The foam liquid fraction was proportional to the 0.20 power of the gas 
velocity in the transient regime and to the 0. 71 power in the persistent regime. 
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No previous foam fractionation between rare-earth elements has been reported. For rare
earth separation, separate cationic surfactant (Hyamine 1622) and chelating agent (EDTA) were 
employed to obtain good foaming and extraction as well as selectivity. Experimental studies were 
made of solution variables (surfactant concentration, EDTA concentration, total rare-earth con
centration) and of physical variables (foam height and column packings) on the relative foam 
stability, total rare-earth enrichment, separation factor, extraction rate, and foam liquid content. 

Transient foaming for rare-earth separations was observed for all concentrations of sur
factant tested; transiency increased as the surfactant concentration decreased. Enrichments of 
rare earth were best for the most transient foaming (lowest surfactant concentration). Separation 
factor (1.9 for Nd/Ce and 3.1 for Sm/Ce) was invariant above 17 em and decreased sharply to 1.0 
below 17 em. Extraction, constant above 17 em, was best in the most transient foams. 

TEMPERATURE DEPENDENCE OF THE HYPERFINE INTERACTION IN DILUTE 
NICKEL AL:DOYS USING GAMMA-GAMMA PERTURBED ANGULAR CORRELATION 

Stephen Saul Rosenblum 
(Ph. D. Thesis) 

(From UCRL-18675) 

Perturbed angular correlation studies of temperature-dependent hyperfine fields at lllcd, 
99Ru, and lOORh solutes in nickel above and below the Curie point are presented. For lllcdNi 
it is found that the hyperfine field is proportional to the lattice magnetization over the entire 
range of temperatures studied. For 99RuNi this is not the case, and a molecular field model is 
described which accounts for this behavior by postulating a local moment on the ruthenium atom. 
For lOORhNi all data was taken for Tc.!S T ~ 1.2 Tc and the hyperfine field was found to be propor
tional to the lattice magnetization. In addition, a time dependent interaction is seen in this case, 
which is accounted for by a model based on the exchange-narrowing of a broadened Zeeman tran
sition. Angular-correlation apparatus capable of O.lo/o accuracy and a furnace capable of ±0.5°C 
stability over 24 hours for use with this apparatus are also described. 

THE INFLUENCE OF SURFACE TURBULENCE AND SURFACTANTS 
ON GAS TRANSPORT THROUGH LIQUID INTERFACES 

Thomas G. Springer 
(Ph. D. Thesis) 

(From UCRL-18995) 

An apparatus called an interface impedance bridge is described for the observation of the 
resistance to passage of a soluble gas through a gas-liquid interface under dynamic conditions. 
The apparatus resembles an electrical a. c. bridge circuit and permits measurements to be made 
over a range of frequencies. 

The interface impedance bridge is used to measure passage of a soluble gas through a gas
liquid interface under varying conditions. Measurements over a range of frequencies of gas 
pressure oscillations allowed one to test interface mass transfer mechanisms, including the 
effects of soluble and insoluble surfactants on both stagnant and turbulent liquid surfaces. 

··· .. 
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Analysis of the turbulent interface of a clean liquid shows that a Danckwerts type distribution 
function of surface ages may be used to describe the statistical characteristics of the interface 
under the conditions of these experiments. 

Addition of a soluble surfactant to the liquid produced no measurable change in the mass 
transfer rate through a stagnant gas-liquid interface, but reduced the intensity of turbulence at 
the interface when the liquid was stirred from beneath. It was found that the statistical nature of 
the interface could still be described reasonably well with the Danckwerts random distribution 
function. 

Placement of an insoluble surfactant on the surface of a clean stagnant surface reduced the 
mass transfer rate' of soluble gas through it. The film resista~ce was found to be a function of 
the surface concentration. The film resistance was found to be a function of the surfactant's 
surface concentration. An insoluble surfactant had no effect on the mass transfer rate when the 
liquid was stirred from beneath. 

The nature of surface films and their stability in the presence of interfacial turbulence is 
discussed. 

METALLOCARBORANE STRUCTURE INVESTIGATION BY 
SINGLE-CRYSTAL X-RAY ANALYSIS 

David John St. Clair 
{Ph. D. Thesis) 

{From UCRL-18910) 

The solid state structures of four two-carbon metallocarboranes have been determined by 
analysis of the X-ray, diffraction patterns from single-crystals of (C2H5)4NCo{B7C2H9)2, 
CsCr[B9C2H9{CH3 )2 ]z- H20, Ni{B9C2H11 )2, and Cs2 {B9C2H11 )Co{BgC2H1o)Co{B9C2H11 )· H20. 

Crystg.ls of the salt, 
0
{C2H5)4NCo{B7C2H9)2, are tetragonal, space group P4/n, with 

2:._= 16.556A and .s:..= 8.580A. There are four molecules in the unit cell and the calculated density 
is p = 1.15 g/cc. Using the 926 independent X-ray intensity data collected by counter methods and 
the point counting. technique, the structure was refined by least squares to a conventional R value 
of 9.6o/o. The anion, Co{B7C2H9)2-, has the shape of two distorted bicapped square antiprisms 
which have one corner in common. This shared corner is occupied by the cobalt atom which lies 
on a crystallographic inversion center. The point symmetry of the anion is 2/m {C2h). Half of 
the {C2H5)4N+ ions lie on special positions having 4-fold rotational point symmetry and are dis
ordered. One of the carbons in each B7C2 fragment was located at an apex position but the other 
appeared to be disordered between two positions. Very anisotropic thermal parameters were 
found for most of the atoms. This result may be attributed in part to effects of the disorder, 
especially among the atoms in the B7C2 fragments . 

. Crystals of the hy1rated salt, ·csc~[B9CzH9{CH3)2]2· H20, are tetragonal, space group 
P41212, with 2:._= 9.938A and .s:..= 22.739A and with four molecules in the unit cell. The calculated 
density is p = 1.55 g/cc. For 1957 independent reflections measured by counter methods and the 
9-29 scan technique, the model was refined by least squares to a conventional R value of 4. 7o/o. 
The metallocarborane anion consists of two icosahedra linked by a chromium atom which simul
taneously occupies an apex position in each cage. Each icosahedron is composed of the chr~mium 
atom, nine boron atoms each having a hydrogen pol.nting out radially from the cage, and two car
bon atoms eachhaving a methyl group attached. The carbon atoms in the cage are bonded to ea~h 
other and to the chromium atom. The pair of methyl groups in one cage are as far as possible 
from the pair of methyl groups in the other cage in a single molecule. The anion has exactly 
point symmetry 2 {C2) and approximately point symmetry 2/m {C2h)· · 



379 

Crystals of the neutral molecule, Ni(B9C2H11l2, are monoclinic, space group P2t/c, with 
e.= 13.371 A, 2.. = 10.398 ~. .£.= 13.55 6 X., and 13 = 119.16°. There are four molecules in the unit cell 
and the calculated density is p = 1.31 g/cc. 3242 independent X-ray reflections measured by 
counter methods using the 9-29 scan technique were used and the model.was refined by least 
squares to a conventional R value of 3.5o/o. The molecule has the shape of two icosahedra, each 
composed of nine boron atoms, two carbon atoms and a nickel atom, which have one vertex 
position, occupied by the nickel, shared in common. The positions of the carbon atoms in the 
cage were determined and all hydrogen atoms were located. The carbon atoms in opposite cages 
are as close to each other as is possible in the staggered configuration. The molecule has C2 
point symmetry. There are two enantiomorphic rotational isomers present in the crystal. 

Crystals ~f Cs2(B9C2H,p)Co(B8C2H~o)Co(B9C2H11)· H20 are monoclinic, space group P2t/c, 
with a= 7.089A, b= 19.240A, c= 20.682A, .and 13= 98.00°. There are four molecules in the unit · 
cell a~d the calcu!;,ted density~ p= 1.87 g/cc. · Using 3649 independent X-ray reflections meas
ured by counter methods by the point count technique, the mo<;J.el was refined to a conventional R 
value of 3.4o/o. The carborane anion consists of three linked icosahedra. Two corners of a cen
tral ten-light-atom icosahedron are occupied by cobalts each of whfch is' common to another . 
icosahedron containing eleven light atoms. Five of the carbon atoms were localized but one was 
disordered between two positions. The cages are staggered across the cobalts and all carbons 
are as close to each other as is possibie in this configuration. All hydrogen atoms except those 
in the water molecule were located. · 

Correlations between these structures arid those of other metallocarboranes ar~ made. 
Metallocarboranes and metaliocenes are qualitatively compared concerning the possibility of fre.e 
rotation of the ligands. 

HIGH-RESOLUTION GAMMA AND X-RAY SPECTROSCOPY 
ON UNSEPARATED FISSION PRODUCTS 

Jerry Barnard Wilhelmy 
(Ph. D. Thesis) 

(From UCRL-18978) 

X-ray and-y-ray studies were made on the short-lived products formed from the spontaneous 
fission of 252cf. The fission fragments from an -10-llg source of 252cf (3. 7 X 108 fissions/min
ute) were embedded in a continually-moving belt system and transported past a detection point 
located some 19 inches from the source. By varying the velocity of the tape, spectra were ob
tained for transit times ranging from 0.27 seconds to 4.8 hours. 

Three individual experiments were performed: 1) K x-ray, -y-ray coincidence studies, 
2) high resolution -y-ray singles studies, and 3) high resolution K x-ray singles studies. In the 
coincidence studies it was possible to follow the decay of approximately 200 transitions and, 
through the x-ray energies, establish the element emitting the gamma ray for a large number of 
these. For the-y-ray singles studies 20,000 individual -y-ray peaks were analyzed at the various 
experimental transit times. From the K x-ray singles measurements it was possible to deter
mine the quantitative K x-ray yields as a function of time for all the elements appreciably popu
lated from the fission of 252cf (rubidium-europium). 

The data f:t;om the -y-ray singles experiment were correlated with information from 1) the. 
x-ray, -y-ray coincidence study, 2) the studies on the prompt radiations from the primary frag
ment, and 3) the reported literature on the decay of fission products. It was possible to assign 
-250 of the observed transitions to specific isotopes. New assignments were made to 25 isotopes 
which were previously unreported or had only been identified by half life: By following the 
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genetic decay of certain transitions it was possible to deduce charge distribution information on 
twelve mass chains. Finally, strong experimental information has been presented for the exist
ence of the proposed new region of permanent deformation near 110Ru. 

RADIOACTIVATION BY 3He BOMBARDMENT: A PRACTICAL ANALYTICAL SYSTEM 

James F. Lamb 
(Ph. D. Thesis) 

(From UCRL-18981) 

Charged-particle activation analysis using 1-30-MeV 3He ions as the nuclear reaction inducing 
particle is discussed from a practical point of view with emphasis upon the light elements, 
especially oxygen. . . 

Definitions and expressions fundamental to charged particle activation analysis are given 
with brief discussions. Also included are convenient 3He activation analysis reference curves 
for estimating Coulomb barriers and the effects of Rutherford scattering upon the incident beam. 
Range-energy tables for 3He ions in nongaseous targets of the stable isotopes of all elements and 
an extensive Q-value table for the more important 3He-induced reactions appear as appendices. 

A summary of excitation functions and reaction data for 3He induced reactions in Be, B, C, 
N, 0, F, Na, Mg, Al, Si, Ca, Ti, Fe, Ni, Cu, Ge, Ta, and.Au is given which contains our 
experimental measurements as well as those from the literature. All the excitation functions 
have been re-drawn to the same scale to permit convenient comparison. A brief discussion of 
the recognizable trends in the excitation functions for the more important 3He-induced reactions 
follows the experimental data. 
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