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A. RADIOACTIVITY AND NUCLEAR STRUCTURE 
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1. MEASUREMENTS OF g FACTORS OF EXCITED STATES 
WITH A DIGITAL TIME-TO-HEIGHT CONVERTER 

E. Matthias and D. A. Shirley 

The method of measuring a perturbed angular correlation in a known magnetic field has 
been widely used to determine g factors for excited nuclear levels.1 Surprisingly, however, major 
emphasis has been spent on very short-lived levels with half-lives in the nanosecond or subnano
second region. This time range is very difficult, as large magnetic fields are needed and only the 
time-integral method can be employed, giving a limited accuracy. Internal perturbations are not 
well controlled and often make the result questionable. 

In the range where time-differential observations are possible, hyperfine interactions can 
be measured with a much better accuracy. In general, the longer the half-life, the higher the 
precision· of the result. The narrowness of the nuclear level permits the measurement of small 
energy variations. In spite of this perspective only four cases with half-lives between 100 and 500 
nsec have been measured. For half-lives longer than 500 nsec there has not been· any angular cor.,. 
relation measurement reported. It is worth noting that presently there is no method known with 
whic;h nuclear g factors or, more general, hyperfine interactions can be investigated for isomeric 
states ranging between microseconds and seconds. It is our belief that the perturbed angular cor
relation method can be employed successfully at least in the range up to milliseconds, provided 
that sufficiently unperturbed source structures can be found. 

To use the time-differential correlation method with half-lives beyond microseconds, two 
major difficulties have to be overcome: (a) the poor signal-to-noise ratio, and (b) the fact that only 
very small magnetic fields can be used due to the poor time resolution of the analog time-to-height 
converter system, which usually is of the order of 1o/o of the total time range. An improvement of 
the signal-to-noise ratio by decreasing the source strength of the radioactive source is possible 
only to a limited extent. A better way would be to produce the isomeric state in a nuclear reaction 
process and study the time-differential angular dis.tribution following the beam bursts. Still, with 
an analog converter one would have to use extremely small magnetic fields. This difficulty can be 
avoided by employing a digital time-to-height converter, which has been described in the litera-
ture.2 · 

The advantage of a digital converter is that its time resolution is determined only by the 
driving frequency and is independent of the desired time range. The lower limit of the resolution 
is, of course, given by the intrinsic time uncertainty of the detectors. In our system3 a crystal
stabilized 100-Mc/ sec frequency is fed into a correspondingly fast scaler which is started and 
stopped by the signals coming from Y1 and Y2• respectively. Each number occurring in the scaler 
is dumped on a paper tape recorder, and the randomly occurring numbers on the tape are later 
processed by computer. 

After the numbers are ordered they form a distribution identical with the time spectrum 
recorded with an analog converter. A typical example is the 84-74.8-keV cascade of Rh100, shown 
in Fig. A.1-1. The measurement was carried out with Nal(Tl) detectors which could not resolve 

0 
the two y lines. The activity was embedded in Pd metal and placed in an external magnetic field 
of 2.22 kilogauss. In Fig. A.1-1 poor statistics obscure the modulation effect present in this 
measurement. A simple analysis of the data, however, makes the presence of a Larmer preces
sion visible. In the upper part of Fig. A.1-2 the results of two measurements with opposite field 
directions are displayed. The points for field up are calculated from the data shown in Fig. A.1-1. 
The ratio R is defined as 
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I a2n+1(T) - f a2n+2(T) 
R(T) 2 n n 

n = 0, 1, 2, 3, .•. 

L: a2n+1 (T) + L: a2n+2(T) 
n n 

and plotted as a function of the time interval T. The quantities a 2n+ 1(T) and a·2 +z(T) are actually 
the sums of the coincidences within the respective. time intervals of length T. 1P"tlie difference 
~ = R~ - Rt between the two field directions is formed the effect occurs more enhanced, as shown 
in the lower part of Fig. A.1-2. The second overtone, which should appear at 5/4 TL, is missing, 
as there were too few cycles in the spectrum. From the time at which the two resonance peaks 
occur a g-factor value for Rh in Pd of 

g 2.0±0.1 
is inferred. 

The most satisfactory method for obtaining the Larmor precession frequency consists of 
a harmonic analysis of the data. 4 In this way one obtains the frequency spectrum P( v) as the 
Fourier transform of the autocorrelation function C(T): 

l
oo 

C(T) 
P(v)~2 

0 
C(O)cos21TvTdT, 

with 
ave {R(t) R(t+T)} 
ave {R(t) R(t)} 

The autocorrelation function is calculated by comparing the coincidences at time t, R(t), with the 
ones at time (t+T), using all data and a shift T ranging from 0 up to times larger than the period 
TL· A typical frequency spectrum for Rh in Pd and an external field of 5.00 kG is shown in Fig. 
A.1-3. The g-factor value corresponding to the resonance frequency is 

g = 2.02, 

in very good agreement with the above r_esult and other measurements with an analog converter. 5 
The sign of the g factor can be obtained from the phase of the Fourier transform. The fact that 
the resonance is determined by two points only depends on the use of a 100-Mc/s driving frequency. 
It is obvious that the accuracy will be appreciably improved by using a higher resolution 1000-
Mc/s system; such a system is presently being tested. 
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2. g·F·ACTOR OF THE 90~keV LEVEL IN Ru 99 AND w 

THE PARAMAGNETIC CORRECTION IN TRANSITION ATOMS"" 

E. Matthias, S. S. Rosenblum, and D. A. Shirley 

A.1,-2 

The isotope Ru99 has recently been the subject of Mossbauer studies. 1 • 2 By using an 
iron absorber containing 2.3 atomic percent of Ru99 Kistner and Segnan2 WE!re able to observe the 
hyperfine splitting, from which they obtained the spin I = 3/2 for the 90-keV level and the ratio of 
the magnetic moments for the ground and the excited state, fl-1/fl-o = +0.455±0.010. The fact that 
the half-life of the 90-keV state is 20 nsec1, 3 offers the possibility of measuring the g factor of 
this state with good accuracy by studying the rotation of the angular correlation pattern in an ex
ternal magnetic field. This is interesting especially because the ground-state moment is not 
accurately known, while the ratio fJ- 1 /fJ-o is. 2 This nucleus Hes in a region of the periodic table 
where nuclear properties are neither thoroughly explored nor well understood. Also, the knowl
edge of this g factor allows determination of magnetic hyperfine fields at the nuclei of Ru atoms 
embedded in ferromagnetic lattices. 

The first step in our investigation was to reexamine they-ray spectrum of 16.1-day Rh99. 
A detailed decay scheme if? given in the Nuclear Data Sheets with reference to a conference re
port. 4 However, when studying they-ray spectrum of the 16-d Rh99 activity with Ge(Li) detectors 
we were not able to reproduce the decay scheme of Ref. 4, except for the lowest four excited 
levels. The part of the decay scheme of interest for our work is shown in Fig. A. 2-1. 

In connection with the Mossbauer experiments on Ru99 Kistne-r et al. 1, 3 reported a half
life of t1/2 = 20± 1 nsec for the 90-keV level. Recently, in connection with their g-factor investi
gation, Bodenstedt et al. 5 redetermined the half-life and obtained t 1 /2 = 19.7 ± 0.4 nsec. We 
measured this half-life by observing delayed coincidences for both the 354-90-keV and 529-90-keV 
y-ray cascades. In Fig. A. 2-2atypical time spectrum is shown.· As a final value we give 

t 1; 2 = (20. 7 ± 0.3) nsec. 

This result is in good agreement with the value reported by Kistner et al. 1, 3 but disagrees with 
the half-life reported by Bodenstedt et al., 5 which lies somewhat outside the limits of error of 
our value. 

The anisotropies of the photopeaks at 340 and 520 keV may be used to measure the g factor 
of the 90-keV level in Ru99. This was done by observing the rotation of the angular 'correlation 
pattern in an external magnetic field in the -conventional way, described elsewhere. 6 The y 2 
detector was placed at an angle of 135 deg with respect to the detector for y 1. The· time spectrum 

-~ 
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of the coincidences was measured for a magnetic field pointing upward (C1) and downward (C: ), and 
the ratio 

R. 
1 

d - c~ 
2 1 1 

d.+d 
1 1 

"':as 
6
formed for each channel number i. For A 4 << A 2 the ratio Ri can be described by the func

tlon 

Ri =a cos 2(wLti - <j>) + c , 

. ~N 
where wL is the Larmer precession frequency, wL = -g • H T. The four parameters a, wL, <j>, 
and· c are obtained fro-m a least-squares fit of the experimental data, R.i. Several measurements 
with two different liquid sources have been performed for both the 354-':10-keV and the 529-90-keV 
cascade. The results of all runs with liquid sources are summarized in Table A. 2-I. A typical 
set of data for the 529-90-keV cascade obtained with a liquid source is displayed in Fig. A. 2-3. · 

Measurements on Solutions - The "Paramagnetic Correction" 

In a transition-series atom a substantial hyperfine structure may be present, modifying 
the effect of the external magnetic field it0. In certain particularly simple cases, i~cluding those 
discussed here, the magnetic hfs may be represented by an internal magnetic field Hi. Then we 
may write 

(1) 

In each specific case some estimate must be made of the magnitude of the product wL T, 

where T is the electronic relaxation time. For wLT << 1, Eq. ( 1) may be written in the form 

(2) 

where 13 is the "par~magnetic correction factor." Here Ho is described as inducing a (collinear) 
internal field (13-1) Ho through polarization of electrons near the nucleus under. study .. For cases 
in which the hfs is a weak effect 13 is near· unity. Strongly magnetic rare earths may have 13' s near 
10 even at room temperature (and much larger below). These measurements on Ru99 constitute 
the first example of 13 < 1. Cases should exist (e. g., negative hyperfine fields at low temperatures: 
Fe 3+ at 10° K) for which 13 is zero or negative. 

Until now the "paramagnetic correction'' has been formulated only for the weak crystal 
field case of rare-earth ions, 7 and discussions of 13 have been limited to this rather special series. 
Angular correlation precession g-factor measurements have been reported for many d-shell tran
sition-series nuclei, all measured in aqueous solutions. In all these cases paramagnetic correc
tions either were simply ignored or were omitted on the basis of incorrect arguments. While in 
some cases accuracies of a few percent have been claimed for these g-factor measurements, these 
must, in light of arguments presented below, be regarded as expressions of precision only. Until 
the paramagnetic effects have been dealt with either empirically, as discussed below for Ru99, or 
theoretically .(an alternative for which there are presently not enough data available), the reported 
g factors must be regarded as being in doubt by approximately 5 to 10%. 

In order to discuss properly the magnitude of the "paramagnetic correction" ·two data are 
essential: 

(a) the oxidation state of the daughter atom during the lifetime of the nuclear state after the 
(usually beta or electron-capture) decay of the parent nuclear species, and 

(b) the effect on the electronic state of the various interactions present, principally the ligand 
field. 

With regard to the first problem, a survey of the available data8 makes us pessimistic 
about the cJ'rospect of reliably predicting the oxidation states in question. In beta decay the Migdal 
effect9, 1 can lead to higher oxidation states, and in electron capture decay the Auger effect plays 
the same role. Highly oxidized recoiling atoms can be reduced by water to the lowest stable states 
available to these atoms. Evidenc~ for this effect was obtained by Burgus and Kennedy11 in studies 
of the decay of Mn51o4- to Cr5 1o4 -and cr3+, wherein the latter two species were obtained in 
approximately equal abundances. Thus it is incorrect to assume that only a particular ionic species 
is present after decay. 
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Ruthenium can exist in the seven oxidation states II through VIII, with 0 to 6 4d electrons.12 
Both electron-capture and 13+ decay occur, and we can offer no unassailable arguments to eliminate 
any of the seven states. We therefore disagree with the assumption of Bodenstedt et al. 5 that Ru99 
is present only as Ru3+ after the decay of Rh99 in Rh)l63-. The 2+ oxidation state is more likely 
on the basis that it is isoelectronic with the parent, 8 • 1 but it is probably only one of several 
species pre sent. 

In those cases for which the oxidation state is known one must next determine the effect 
on the electronic state of the various interactions present. We discuss this problem for Ru very 
briefly below. 

The exact approach would be to make use of the ligand field theory, which is quite thor
oughly worked out for the d shells. 13 Under cubic symmetry the d shell is split, in the strong
field case, into a high-lying doublet, e , and a lower triplet, t , spaced by 10 Dq"' 2X 104 cm-1. 
We need consider only· t 2 . ·As a three&.dimensional representatRm of the octahedral group t 2 
is formally e~uivalent to f: p shell. ·This equivalence may be employed in estimating hfs effec~s. 
For Ru(II) 4d t 21L6' for example, we have a closed shell and diamagnetism, while for Ru(V) 4d3t2/, 
a half-filled shen leads to spin paramagnetism. 

If one assumes Ru(III) 4d5t 2 -1 as the correct structure, one finds that. Heff differs from 
the applied field by about ±9%. We ;§ight expect the above estimate to represent an upper limit 
for the magnitude of the correction because several of the other oxidation states, which are prob
ably also present, are diamagnetic ·or only weakly paramagnetic. This expectation is borne out, 
as discussed below. 

Measurements in a Copper Lattice 

Fortunately one may greatly diminish the uncertainties of paramagnetism for transition
series atoms by using metallic sources.' The rigid solid lattice and the reducing action of con
duction electrons combine to bring the daughter atom into chemical equilibrium in a very short 
time (<< 1o-9 sec) following decay of the parent. The Pauli principle allows only a fraction 
"'kT/EF (EF is the energy at the Fermi surface) of conduction electrons to participate in para
magnetism, and the paramagnetic correction is accordingly reduced by this factor, which has a 
numerical value of "'1o-2. The resUlting fractional shift, (Heff - H 0 )/H0 , of "'1o-4 to 1o-3 is the 
same phenomenon that is responsible for the Knight shift for NMR in metals. 

The cubic copper lattice was chosen for this experiment on Ru99 because the target Ru 
has a hexagonal lattice, which could create quadrupole interaction and complicate the measure
ment. The weighted-average result for a copper lattice, 

g = -0.189(2), 

includes statistical errors only, and is to be compared with the value 

g -0.181(2)' 

which also .includes only statistical errors, determined for liquid sources. The comparison yields 
an empirical paramagnetic correction 

i3 = 0.958(15). 

This is the first case for which a i3 of less than 1 has been found. The (4.2 ± 1. 5)o/o correction 
agrees well with the previous estimates. This experiment demonstrates the feasibility of preces
sion-correlation measurements in a cubic metallic lattice and at the same time indicates the exis
tence of a substantial paramagnetic effect in solutions. We conclude that cubic metallic sources 
should be used whenever accuracy is sought in g-factor measurements. 
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Table A. 2 -I. Summary of the results of all independent g-factor measurements 
performed with a liquid source. The amplitudes of the cosine waves are given 
to emphasize the consistency between the different runs, and. no conclusions are 
drawn from the values of a. The external magnetic field was in all cases 
41.6 ± 0.4 kG. 

C.g a 
Run No. Cascade g statistical Amplitude 

error (o/o) 

1 354-90 keV -0.1851 0.0041 10.3± 0.5 

2 II -0.1810. 0.0034 10.9±0.4 

3 II -0.1775 0.0064 10.5±0.6 

4 II -0.1770 0.0054 11.3±0.6 

5 II -0.1791 0.0050 11.1±0.6 

6 529-90 keV -0.1760 0.0033 13.7±0.5 

7 II -0.1930 0.0055 12.8:;1:0.6 

8 II -0.1859 0.0051 13.2±0.6 

Weighted average: -0.181 0.002 
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3. HALF LIFE AND g FACTOR OF THE 75-keV LEVEL IN Rh
100 t 

E. Matthias, D. A. Shirley, J. S. Evans, and R. A. Naumann 

The decay of 4-day Pd100 has recently been investigated in detail by Evans and Naumann. 1 
From a study of '(-ray and conversion-electron spectra the authors established a decay scheme in 
which there occurs a very intense 84-74.8-keV cascade. The intermediate state of this cascade 
was shown to have a half-life ofT 1; 2 = 180± 20 nsec. 1 The proposed spin sequence of this cascade 
makes one expect a large anisotropy in an angular correlation measurement, and a preliminary 
value of A = +0.18 ± 0.03 was reported. 1 This large anisotropy and the long half life make the . 
cascade very attractive for perturbed angular correlation measurements and promise a high accu
racy for the determination of hyperfine interactions. 

The 4-d Pd100activity was produced by a (p, 4n) reaction on natural Rh103 by using a proton 
beam of about 20 IJA-h and an energy of 45 MeV. For spectrum and half-life measurements the 
target material was used without further preparation. The g-factor measurements have been car
ried out both with a piece of the rhodium target and also with a source of rhodium in very dilute 
solution in copper. To prepare the latter source the Pd activity was chemically separated from 
the Rh target by a procedure described by Evans and Naumann. 1 The palladium was then electro
plated carrier -free onto a copper foil. The foil carrying the activity was melted in an argon atmos
phere at about 1200°C, The result was a shiny copper ball with a diameter of about 0.5 mm which 
was used for the angular correlation measurements. 
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All measurements were done exclusively with Ge(Li) detectors of 1 X 2 cm2 and a 
3-mm-deep drifted layer. Low-noise preamplifiers with an EC 1000 input stage as described by 
Goulding2 were used in connection with the detectors. A typical y spectrum obtained with our setup 
is shown in Fig. A. 3-1. For calibration purpose the well-known y rays of Co57 are indicated. 
The spectrum is in good agreement with the result of Evans and Naumann, and confirms the decay 
scheme shown in Fig. A. 3-1. In addition we see clearly the two low-energy transitions-at 32.7 
and 42.1 keY. 

For measuring coincidences of the 84.0-74.''8-keV cascade as a function of time we 
used a time-to-height converter described by Wieber, 3 which was modified to give a linear time 
range of 1 fJ.Sec. The time calibration was performed with the delay trigger of a type -555 Tektronix 
dual beam oscilloscope, which in turn was calibrated with a 10-Mc crystal-stabilized frequency. 
The overall accuracy of the calibration is to within less than 1%. For the half-life measurements 
the Ge(Li) detectors were placed at 180 deg and as close as possible to the source. The result of 
a typical half-life measurement is shown in Fig. A. 3-2 .. The final result, 

T 1/ 2 = 235 ± 3 nsec, 

is the weighted average of three independent determinations. Our value disagrees with the one 
reported in Ref. 1. It gives a hindrance factor of 9.3X1o5, using a= 0.3 and the total transition 
intensities given in Ref. 1. 

The nuclear g factor of the 74.8-keV level was measured·by observing the Larmer preces
sion of the angular correlation pattern in an external magnetic field. 4 The y 2 detector was placed 
at an angle of 225 deg with respect to the y 1 detector, counted clockwise from Y1 toward y 2 . From 
the coi~cidence rate in channel i for a magnetic field pointing upward (Cit) and downward (CH), 
the ratw 

R. 
1 

is formed, which can be expressed as a function of the Larmer frequency wL 

For the spin sequence of the 84-74.8-keV cascade the A 4 term in the angular correlation function 
vanishes. 

In an earlier report on g-factor me'asurements in Ru 99 the difficulty of a paramagnetic 
correction was discussed. 5 Following the conclusion of this work the g-factor measurements 
were performed with cubic metallic sources only; in this case we used as host lattices copper and 
rhodium. In Figs. A. 3-3 and A. 3-4 typical results obtained with the copper and rhodium source, 
respectively, are shown. It is obvious from these figures that in both cases there is not the 
slightest time-dependent attenuation present. This clearly indicates that the nuclear-lattice relax
ation is still at least an order of magnitude longer compared with the measured range of 1 fJ.Sec. 
Also the quality of the fit in all cases rules out the presence of a quadrupole perturbation arising 
from-a distortion of the cubic lattice. 

A summary of all results obtained with the copper and the rhodium sources is given in 
Table A. 3 -I. 

The external magnetic tield is modified in ~etals essentially only by the Knight shift, 
K = ti.H/H. NMR measurements by Seitchick et al. on Rh103 provided the necessary Knight shift 
correction factor for Rh nuclei in Rh metal. These authors found at room temperature K = +0.43%. 
Correcting our Rh-in-Rh results by this amount, we obtain, as a final value for the g factor of the 
74.8-keV state, 

g = +2.13±0.03. 

The final error includes uncertainties of 1% for the time calibration, 1% for the magnetic ·field, 
and the statistical error quoted in Table A. 3-I. The Rh-in-Cu data cannot be used to yield a g 
factor because the appropriate Knight shift correCtion is not independently known. We may, 
however, derive a value for this shift from the data in Table A. 3 -I 
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K (Rh in Cu) = + 1.0 ± 0.4"/o. 

5 
Evans and Naumann1 proposed for the 74.8-keV state two possible configurations: 

I, [TT(g 9;'2 )9 ; 2 v(d 5;,:~-ns 1;2 n) 5 jz] 2+, and II, [TT(g 9/~)7 ; 2 v(d5~~-n s 1;~l312J 2t• To get an estimate 
for the expected g factor we clS.oose for the proton configuration grr = -F1.Z5, interpolated from the 
values +1.37, +1.26, and +1.23 for the g 9; 2 proton states in Nb93, Tc99, and In109, 111,113,115, 
respectively. From the systematic behavior of nine d 5 ; 2 neutron states in this region we take an 
estimate of gv = -0.30 for the g factor of the neutron configuration. When these two values are 
used, the expected g factors for configurations I and II come out as +2.54 and +2.03, respectively. 
The experimental result thus favo·rs configuration II. 
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4. See, e. g., R. M. Steffen and H.· Frauenfelder in Perturbed Angular Correlations, edited by 

E. Karlsson et. al. (North-Holland Publishing Company, Amsterdam, 1964). 
5. E. Matthias, S. S. Rosenblum, and D. A. Shirley, Phys. Rev. 139, B532 (1965). 
6. J. A. Seitchick, V. Jaccarino, and H. Wernick, Phys. Rev. 138, A148 (1965). 

Table A. 3-I. Summary of g -factor measurements with copper and rhodium 
sources. In all cases the external magnetic field was 2.22 ± 0.02 kG. The 
amplitudes are given to emphasize the consistency of the different runs, but 
include no solid-angle correction. A separate time calibration has been done 
for each individual run. 

Run No. Source 

1 Rh in Cu 

2 Rh in Cu 

3 Rh in Cu 

Weighted average: 

1 Rh in Rh 

2 Rh in Rh 

Weighted average: 

Uncorrected 
g factor 

2.1598 

2.1549 . 

2.1359 

2.1526 

2.1360 

2.1434 

2.1405 

Statistical 
error, L'l.g 

0.0055 

0.0087 

0.0079 

0.0071 

0.0092 

0.0074 

0.0058 

Amplitude, 
a(%) 

26.1±0.5 

25.6±0.7 

25.3±0.7 

24.1±0.7 

23.8±0.6 
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Fig. A. 3-3. Time-differential g-factor measurement 
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Fig. A. 3-4. Result of the g-factor measurement (run 2 
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an external magnetic field of± 2.22 kG. The full line 
represents the weighted least-squares fit to the ratios 
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NUCLEAR SPIN AND MOMENT OF Ag110m 
BY PARAMAGNETIC RESONANCEt 

Warren Easley, Norman Edelstein, Melvin P. Klein, 
D .. A.· Shirley, and H. Hollis.Wickman 

A.4 

We have carried out electron paramagnetic resonance (EPR) experiments at 9.5 Gc/sec 
and room temperature with a superheterodyne spectrometer employing magnetic field modulation 
and synchronous detection, in order to measure the nuclear spin and nuclear magnetic dipole 
moment of 253 -d Ag110m .. Paramagnetic Ag2+ ·is formed by treating dry AgN03 (or the metal) 
with a solution of benzene containing a -larg'e excess of tetraisopropyl tliiuram disulfide. 1 The blue 
divalent Ag complex [(iso-C 3H 7 )2NCS 2 ]zAg forms immediately. Measurements were carried out 
on solutions containing 0.02 atom o/o Ag110m in a total of 2.3 mg of Ag107 and Ag109 and on solu
tions containing the enriched isotopes Ag107 (95.7%) and Ag109 (99.1%). 

The spin Hamiltonian approp'riate to Ag2+ in solution is 

JC = g f3 H · S + a i· S, (1) 

where g and a are the spectroscopic splitting factor and the hyperfine structure constant, re
spectively. The transition _energies, i:qcluding second-order terms, are given by 

·• 2 2 
hv = gf3H + aMI - 2:f3H (I(I+1) - MI ]", (2) 

where MI = -I, -1+1, • · ·, I. 1, 2 For Ag110m, a 13-line pattern was inferred from 11 observed 
lil'!,es, the remaining two being obscured by the hyperfine structure of the stable isotopes, and the 
spin value 6 was confirmed. 3 Positions of eight of the Ag110m lines were measured accurately, 
and for Ag110m we found a 110m = 75.39± 0.2 gauss (7.108 ± 0.02)X 10-3 cm-1. In Table A. 4-I the 
calculated and experimentally determined magnetic fields for the transitions are listed. 

From the ratio of the hyperfine coupling constant of either stable· isotoP.e to that of Ag110m, 
and the known nuclear moment of-the stable isotope, the nuclear moment of Ag110m can be calcu
lated approximately. Since the hfs ·observed is due to the finite s -electron density at the nucleus, 1 
the measured coupling constants include the effect of the hyperfine anomaly, and the nuclear 
moment obtained in this way will be uncorrected for this effect. Using the theory put forth by Bohr 
and Weisskopf4 and Bohr, 5 and the tabulated coefficients of Eisinger and Jaccarino, 6 we estimate 
that the hyperfine anomaly, .6. 109 HOm• for Ag-109, Ag110m is -3.7±1%. Hencethe uncorrected 
value of the moment (3.68 nm) is 'corrected to a final value of f.L110m = +3.55 ± 0.04 nm. 7 

The single-particle shell-model c-onfiguration for Ag110m is rr(g 9; 2 )2 v(dsj2 )5. It is 
profitable, in estimating theoretical magnetic moments for odd-odd nuclei, to use empirical g 
factors of the nucleon configurations, obtained from neighboring odd-A nuclei. From Lindgren's 
tabulationS it is clear that the magnetic• moments of g 9; 2 proton (ds/2 neutron) states vary sys
tematically with proton (neutron) number._ Bd; interpolation we can estimate gp = +1.24, gn = -0.32 
for the g9/2 proton and dsj2 neutron in Agii m. The moment is then calculafed as 

f-L110m = +1.24(29/7)-0.32(13/7) = +4. 54 nm, 

almost one unit too high. This difference is far outside what would be expected from the regularity 
of the empirical single-nucleon g factors. This method of estimating the moment should account 
for pairing and configuration-mixing effects in the configurations of the two types of nucleons. 

An attractive explanation for the low moment is the coupling o~the proton configuration to 
spin 7/2. The 6+ state would then be described as lrr(g 9 ; 2 )77/2 v(dsj2) 5/2)6· There are preced-

ents for such higher -seniority coupling {for example in v5 1). The calculated magnetic moment is 
then 

f.L = +1.24(7 /2) 0.32(5/2) +3.54 nm, 

in good agreement with experiment. 
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Table A. 4-I. Calculated and experimental hyperfine line positions 
of Ag110m, a 110m = 75.39:1:. 2 gauss. Lines are numbered 
arbitrarily: the highest field lirie is 1, the next highest is 2, etc. 

Line 

1 

2 

3 

4 

5 

6. 

7 

8 

9 

10 

11 

12 

13 

Calculated 
(gauss) 

3752;2 

3667.4 

3584.2 

3502.8 

3423.2 

3345.2 

3268.9 

3194.4 

3121.6 

3050.5 

2981.1 

2913.5 

2847.5 

Experimental 
(gauss) 

3752.0 

3666.9 

3583.8 

3502.5 

3194.5 

3121.6 

3050.5 

2981.0 

5. NUCLEAR MOMENTS OF AMERICIUM-241 
AND 16-h AMERICIUM-242 AND ANALYSIS 

OF THE HYPERFINE FIELDS* 

Lloyd Armstrong, Jr. and Richard Marrus 

The nuclear moments of amei:icium-241 and 16-h americium-242 have been directly 
measured bl; the method of triple resonance in an atomic beam. They are !J.I(Am241) = +1.58(3) nm 
and !J.f(Am2 2 ) =+0.3808(15) nm, including a correction for diamagnetic shielding. On the Nilsson 
mode , !J.I(Am242 ) is a direct measure of the gyromagnetic ratio of the core (gR); the measured 
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value of !J.I is in excellent agreement with the value gR = Z/A. From these values of the magnetic 
moments and from previous measurements of the hyperfine constants, values are deduced for the 
magnetic fields at the nucleus. It is shown that breakdown of Russel-1-Saund.ers coupling including 
relativistic effects give magnetic -field contributions of the wrong sign. Arguments are given that 
show that the residual effect is most probably due to core polarization. . . 

Footnote 

*Abstract for the American Physical Society meeting_._ New York, January ·26-'29,. 1966. 

6. DIRECT ME·ASUREMENT OF THE MAGNETIC 
MOMENT OF PLUTONIUM-239t 

. . . . ' . . . . . 

John Faust;· Richard ·Marrus, and William A.. Nierenbergt 

The magnetic mome~t of Pu239 .has been the ~~bject of experimental work for about a 
decade. The original measurement was performed by Bleaney et al. 1 in 1954. They concluded, 
on the basis of paramagnetic resonance studies, that f:LI(239) equals ± 0.4(2) nm. · Ari atomic-beam 
measurement by Hubbs et al. 2 of the hyperfine structure in the 7F 1 state of the free atom yielded 
!J.I(239) = ± 0.02 nm, with the assumption of pure Russell-Saunders coupling. Subsequently several 
determinations based on optical hyperfine structure ·were made, particularly by the Bellevue group 
(Refs. 3, 4). It should be emphasized that all these values of !J.1(239) ·are inferred from measure
ments of magnetic dipole hyperfine constants A according to the relation f.LI(239) = IJ (A/Hz), 
where Hz is the magnetic field at the nucleus, I is the nuclear spin and equals 1/2, and J is the 
electronic angular momentum. Hence all these determinations rest on assumptions concerning 
the magnetic field at the nucleus. · 

Recently, an analysis of the hyperfine structures (hfs) of the states arising from the 7 F 
level was undertaken by Bauche and Judd. 5 These authors showed that the A values of these 
states could be understood if contributions to Hz arising from core polarization and the breakdown 
of Russell-Saunders coupling were taken into account. The size of the Casimir correction factors 
indicated that relativistic effects are negligible. Bauche and Judd concluded that !J.I(239) = 0.17(0.04) 
nm. Armstrong's recent calculations of relativisbic effects in the hyperfine structure of these 
states are based on a Hartree-Fock central field. He shows that these effects may be the domi
nant contribution to the hfs; However, they have the same J dependence as the core polarization 
and would not interfere with the fit of Bauche and Judd. Only a measurement of the hyperfine 
anomaly could decide wheth.er core polarization or r_elativistic effects are dominant. 

In this note we report the r~sult of a direct measurement of f.L (239) by the method of 
triple resonance in an atomic beam. The atomic-beam flop-in methoa was employed (it is de-
scribed elsewhere8). For a hyperfine-structure system of I= 1/2, J = 1, the normal flop-in 
transition, which we denote as a, has the quantum numbers F=3/2, mF=1/2 +-+ F=3/2, mF= -3/2. 
The end hairpins were always set at the frequency corresponding to the center of the resonance 
line of a. The hyperfine constants determining these frequencies are taken from the data of Hubbs 
et al. 2 The two transitions that are sensitive to the nuclear moment we denote by a and b; they 
have the quantum numbers F=3/2 mF=1/2 ..._ F=3/2 mF=3/2 and F=3/2 mF= -3/2 ...- F=1/2 mF= -1/2, 
respectively. These transitions are of the type C.mi = ±1 and C.mJ = 0 in high field, and in the high
field limit the resonant frequencies are given by 

v = ±A + gi f-Lo H •. 

where !J.O is the Bohr magneton and H is the applied field .. Therefore the field dependence of the 
resonant frequency is a precise, direct measure of the nuclear moment. 

When the frequency applied to the center hairpin corresponds to the resonant frequency for 
either of these transitions, the detector registers an increase in signal. 

The data were analyzed as follows:. we combined the observed· resorianc~s of Hubbs et al. 
with our triple -resonance data, and on the IBM-7094 made a least-~quares fit according to the 
Hamiltonian 
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The data of Hubbs et al. essentially determine the values of A and gJ, whereas our data fix the 
value of g1. The value obtained in this way is 

JJ.r(239) = +0.200(4) nm , 

where a correction for diamagnetic 'shielding has been made. The results for the triple resonance 
only are given. 

. Our value of fJ.r(239) iswithin the limits of e;f,f.pr set by Bauche and Judd. We are currently 
try1ng to extend· our measurements to the isotope Pu . If the hypothesis of large amounts of core 
polarization is "co·rrect, ·then a-~arge hyperfine anomaly should exist in these isotopes. 

The value of the JJ.r(239) has· also been calculated by Mottelson and Nilsson, 9 on the basis 
of the Nilsson model," to b·e -0.1-rim. Recently Rasmussen and Chiao10-have recalculated this 
moment using "quenched" g factors and obtained -0.06 nm. Hence there is a discrepancy in sign 
between the theoretical and experimental values. 
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7. HYPERFINE STRUCTURE AND NUCLEAR MOMENTS OF 
PROMETHIUM-148 AND ERBIUM-165t 

Dolores Ali, Isaac Maleh/'and Richard Marrus 

The hyperfine structure of the 6H7; 2 level in 5.3-d Pm148 and the 3H6 level in 10-h Er165 
have been measured b_y atomic-beam magnetic resonance. The spins of these isotopes have been 
verified to be I(Pm14if) = 1 and I(Er165) = 5/2. The electronic g factor for the 6H7/2 level in 
Pm148 is found to be g.l = -0.8278(1). The hyperfine constants and inferred nuclear moments are 
for Pm148: A= +1038({5) Mc/secf B = -98(103) Me/sec, fir= +2.07(21) nm, Q = +0.2(2) b; and 
for Er165: lA I= 195(6) Me/sec, B I= 3502(115) Me/sec, B/A < 0,_ IJJ.r I= 0.65(3) nm, 
lo I= 2.2(1) b, 0/fJ.r > 0. The nuclear moments of Pm148 were calculated from the hyperfine con
stants and assumptions made concerning the electronic fields at the nucleus; these assumptions 
include a 2% correction for the breakdown of Russell-Saunders coupling, but do not include correc
tions for the Sternheimer effect. The stated errors include a 5% uncertainty for ( 1/r3). The 
Fermi-Segre formula and the direct measurement of the magnetic moment of Er167 were used to 
calculate the dipole moment of Er16\ The quadrupole moment of Er165 has not been corrected 
for the Sternheimer effect. The measurements indicate that Pm148 may be described by the shell 
model, but that Er165 is deformed and must be interpreted by the collective. model. 
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Footnote 

t Abstract from Phys. Rev. 138, B1356 (1965). 

8. THE DECAY SCHEME OF Es 2 5 4 

W. McHarris, F. S. Stephens, F. Asaro, and I. Perlman 

We have studied the alpha, gamma; and electron radiations emitted in the alpha decay of 
long-lived Es254. These data are summarized in Tables A. 8-I, A. 8-II, and A. 8-III, respectively. 
The alpha spectrum was investigated with a magnetic spectrograph and with Si solid-state detectors. 
The y rays were investigated with Nal detectors and high-resolution Ge detectors in a variety of 
singles and coincidence measurements. The electrons were measured with a high-resolution 
permanent-magnet spectrograph. 

There are two known isomers of Es254 with half lives of 38.5 hours and"' 280 days. 
Closed-cycle calculations with our a-decay energy for the long-lived isomer indicate the long-lived 
isomer to be the ground state, and the 38.5-hour isomer to be an excited state with an energy of 
101 ± 22 keY. 

Most of our information has been used to characterize rather unambiguously four low
lying rotational bands as indicated in the decay scheme shown in Fig. A. 8-1. The properties of 
these bands have been compared rather carefully with those predicted by considering the odd 
neutron and odd proton to move independently of each other. The agreement is surprisingly good, 
as illustrated in Table A. 8-IV. We have compared experimental values with predicted energies, 
rotational constants, and approximate a-decay hindrance factors for the various expected Nilsson 
states. The rotational constants, -n2/20J, were simply determined from the lowest-energy rota
tional spacings with the equation OJ Bk250 = OJ Bk249 + ;J F 255 -OJ F 254. B is the corfficient of 
the I 2(I+1)2 term in the energy expansion. The sign of J:rlwould be mcpected to" be negative from 
the vibrational-rotational interaction except when large Coriolis interactions are present; e. g., 
for nuclei in this region with even-parity odd-proton states or odd-parity neutron stat"es. The 
estiinated a-decay hindrance factors are simply the product of the lowest hindrance factors for 
the a decay to the corresponding odd-neutron and odd-proton bands. 

All the foregoing data and their various ramifications have been discussed. 1, 2 

References 

1. W. McHarris, F. S. Stephens, F. Asaro, and I. Perlman, The Deacy Scheme of Einsteinium-
254, Phys. Rev. (to be published) (UCRL-11676, Oct. 1965). 

2. William C. McHarris, Decay Schemes of Odd-Odd Einsteinium Isotopes (Ph. D. thesis"), 
UCRL-11784, July 1965. 



A.8 

.~ 

·--) 

-19-

Table A. 8 -I. Data from the alpha spectra obtained by magnetic analysis. 

Alpha -particle Excited-state 
energy Intensity Hindrance energy 
(MeV) ("/o) factor (keV) 

6.52 -'S0.005 >1.3X 105 0 
6.486 ± 0.005 . 0.27 1. 7 X 103 35.5 
6.437 ± 0.005 93.0 2.9 85.5 
6.424±0.005 1.7 1.4X 102 99 
6.392 ± 0.005 0.13 1.3X1o3 131 
6.367 ± 0.005 2.9 43 155.9 
6.355±0.005 o. 74 1.5X 102 169 
6.331 ± 0.005 0.05 1.7X1o3 193 
6. 284 ± 0. 005 0.16 3.1X 102 241 
·6.276 ± 0.005 0.22 2.1X 102 249 
6.200 ± 0.010 - o.o5a -3.4X1o2 -326 
6.193±0.010 -0.05 -3.8X1o2 -333 
6.113 ± 0.005 0.33 23 414 
6.056±0.005 0.16 25 472 

aThis intensity has been reduced 0.03"/o for a presumed contribution of 
cf249a. • 

Table A. 8-II. Gamma rays from E 254 decay. 

Ey 

(keV) 

""15 - 18 (L x rays) 
63 

104 (Ka. 2 l 
108 (Ka, 1) 

::::123(K's) 
150 j3 

(233) 
249 
264 
278 

::::285 
304 
316 
342 
348 
377 
385 

Intensity 
("/o) 

230a 
2.0 

} 0.40 

0.13 
0.02 
0.008 
0.025 
0.05 
0.03 
0.01 
0.07 
0.15 
0.009 
0.007 
0.015 
0.05 

aThis intensity was obtained by comparing the 
Es254 L x rays with those of E253. The number 
represents L -electron vacancies rather than 
L x rays. 

UCRL-16580 
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Table A. 8 -III. Electron lines from Es254. 
:~' 

Electron Subshell. Binding Gamma-ray Electron Transition 
energy energy energy relative intensities 

(keY) (keY) (keY) intens itie sa (%) 

9.18 LI 25.23 34.41 YW i:-
10.04 Ln 24.34 34.38 M 
14.93 Ln1 19.47 34.40 w 
27.81 MI 6.56 34.37 w 
28.22 Mn 6.16 34.38 w 
masked Min 

32.74 ~\ 1.58 34.32 YYW 
33.20 II 1.27 34.47 YYVW 

Best; value 34.4 M1-E2 "'30 

10.24 LI 25.23 35.47 M 
-10.87 Ln 24.34 :::::35.2 YYW 

16.05 Lui 19.47 35.52 MS 
28.95 Mr 6.56 35.51 MS 
29.42 MII 6.16 35.58 MW 
30.54 Mni 4.99 . 35.53 M 
33.80 NI 1. 77 35.57 w 
34.32 Nm 1.27 35.59 YW 
35.15 Ol, On • Om ::::: 0.34 :::::35.49 YYW 

Best value ~M2 :::::70 

17.36 LI 25.23 42.59 YS 
18.19 Lu· 24.34 . 42.53 MS-S 
23.18 Lni. 19.47 42.65 MS 
36.17 MI 6.56 42.73 YS 
36.55 Mu 6.16 42.71 MS 
37.61 Mni 4.99 42.60 s 
41.02 Nb (<:.._ Ib 

Nn 1.58 42.60 MS 
41.41 Nni 1.27 42.68 W-MW 
42.39 01, on, Oni ::::: 0.34 "'42. 73 MW 

Best value ~M1-E2 100 

"'44.5 LI 25.23 :::::69.7 YYYW \:+ 
"'45.4 Lu 24.34 :::::69.7 YYW 

50.27 Lni 19.47 69.74 YW 
63.51 Mn 6.16 69.67 YYYW 

Best value 69.7(M1)-E2 "'1 

45.15 LI 25.23 70.38 w 
45.94 Lu 24.34 70.28 MW 
50.90 Lm 19.47 70.37 MW 
63.90 MI 6.56 70.46 YYYW 
64.30 Mu 6.16 70.46 YW 

:::::65.2 M1u 4.99 "'70.2 YYW 
Best value ~M1-E2 "'3 

55.60 LI 25.23 80.83 YYW 
56.45 Ln 24.34 80.79 YVW 

:::::61.54 Lin 19.47 :::::81.01 YYW 
Best value 80:8M1-E2 <1 

59.90 LI 25.23 85.1 YYYW (;. 
60.77 Ln 24.34 85.1 YYYW 

Best value 85:1 (M1-E2) << 1 
aw -weak, S .:. strong, Y - very, M- moderately. 
bThe NI and Nn lines were too close together to be resolved well; since the lines were 

(~ .. ', read from the high-energy edge, the two lines were given the Nn position. Hence the .,_ 
Nu binding energy is used. 
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Table A. 8-IV. Properties of rotational bands in Bk250. 

p, Proton states 

7 /2+[633'1'] 3/2 -[5211] 
Neutron 
states Predicted properties 

1/2+[620t] 

7/2+[613t] 

K1r = 4+ (3+) 
E = 0 keV 
ii2/2~ = 4.35±0.14 
B = positive 
HF = 750 

K1r = 7+ (0+) 
E = 106 keV 
ii 2/2~ = 4.49±0.01 keV 
B = positive 
HF = 2.0 

K1r = 2- (1-). 
E = 9 keV • . 

2 • 
ii /2'J = 5.67 :1: 0;24 
B = negative 
HF =large 

K1r = 5- (2-) 
E = 115 keV . 
ii2/2'J = 5.90±0.02 keV 
B = negative 
HF = 90 

Experimenta] properties 

1/2+[62ot] 

7/2+[613t] 

K1r = 4+ 
E = 35.5 keV 
ii 2 /2'J = 4. 26 keV 
B = positive 
HF = 1300 

K1r = 7+ 
E = 85.5 keV 
ii 2 /2'J = 4.40 keV 
B = positive 
HF = 2.89 

Legend: % a population 

__jlrr, K proton state, neutron state 
keV 

Es254 
--=-;;,...-,,.,....-,-- 1+, 7 AX 

, ...... 280d From Bk249 
2 

. From ct25 i 
2 

Prolan stale Enerqy .fl 12::1 Neutron stole Enerqy .fl 12:1' 
A 712+ [6331] -0- 4.64 X 712+ (6131] ----;-Q6 6.69 
a 312- [521t] a.e.. . 6.17 v tl2+~zot] o 6.4 

0.22 

a 

Kir = 2-
E = 0 keV 
ii2/2'J = 5.73 keV 
B = ? 
HF;l;1.3X105 

K1r = 5-
E = 99 keV 
ii2/2'J = 5.75 keV 
B =negative 
HF = 140 

UCRL-16580 

Fig. A.8-1. 
254 

The decay scheme of Es . 

9. ENERGY LEVELS OF Am
23

9 AND Am
241 

I. Ahmad, .F. Asaro, and I. Perlman 

239 241 . The energy levels of Am and Am have been worked out by study1ng the a. decay of 
and Bk245. The Bk isotopes were prepared by irradiating Am243 with 40- and 33-MeV a. 
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particles at the 88-inch cyClotron for varying lengths of time, followed by intensive chemical 
se~arations to obtain ~ure Bk fractions. In the bombardment Bk243(4.5 h), Bk244(4.4 h), 
Bk 45(4.95 d), and Bk 4 b{1.8 d) were all made and their a or {and) y radiations were observed in 
our experiments. In this report, however, we discuss only the radiations accompanying the a 
decay of Bk243 and Bk245. · 

The Bk samples were analyzed for y singles, a singles, andy-a coincidences simulta
neously in order to obtain maximum information in the shortest time. The y rays were detected 
with aLi-drifted Ge crystal, and the a particles were detected with a 6-mm-diameter Au-Si 
surface-barrier detector {resolution 20 keY at 4o/o geometry). 

Bk
243 

and Bk
245 

both have very low a branching ratios {0.15o/o and 0.1o/o respectively), 
which made the coincidence experiments with Ge{Li) crystals very difficult. The a-singles 
spectra of these isotopes are shown in Figs. A.9-1 and A.9-2. Their energies, intensities, and 
hindrance factors are listed in Tables A.9-I and A.9-II. We used Cm244 and Th2 26 a groups as 
energy standards, with the values given by Wapstra.1 The hindrance factors were calculated by 
Michel2 from the Prestor2 equations. The results of the coincidence experiments with a Ge{Li) 
crystal, in which the coincidence circuit was gated with specific a groups, are shown in Table 
A.9-III. Our proposed decay schemes are shown in Figs. A.9-3 and A.9-4. 

The spin and parity assignment of the levels of Am23 9 and Am241 have been discussed by 
Stephens, Asaro, and Perlman, 4 and also by Nilsson and Mottelson.5 We give here some of their 
arguments along with our new results. 

Am241 has a measured spin of 5/2. From studies of its decay to Np 2 37 it was concluded 
that this state must be 5/2- [523~). The next three Am241 levels we observed fit well with the 
expected energies for the rotational members of this band. With the formula 

1i2 
E = E 0 + 

2
;s I{I+1), {1) 

1i2 
the rotational constants 

2
"' have values of 5.96 keY for Bk245 and 5.81 keY for Bk243. The level 

at 207.4 keY decays to the:;sground state and to the 41.7 -keY level. As seen in Table A. 9-Ill, com
parison of the K-conversion coefficients of these y rays with the theoretical values indicates that 
these radiations are either E1 or E2, and hence the 207 .4-keY level has spin and parity 5/2+, 7 /2+ 
or 3/2--+ 9/2-. The only reasonable Nilsson state in this region is the 5/2+ [642t) level, the 
ground state of Np237. The relative intensities of the 165.3-keY and 207.4-keY radiations agree 
well with the theoretical expectations for fast E1 transitions between K= 5/2 rotational bands, as 
seen in Table A.9-IY. The next four levels, at 237, 274.5, 324.3, and 378.2 keY, are very likely 
the rotational members of this band. The a intensities to these levels agree fairly well with the 
theoretical calculations of Poggenburg. 6 The disturbed spacing between various members of this 
band is similar to that observed in other odd-proton nuclei, which have been interpreted in terms 
of Coriolis interaction with other even-parity states arising from .the i13j2 shell-model level. 

The state at 474.5 keY is assigned 3/2- because the low value of the hindrance factor in
dicates favored a decay, and hence K and 1T of this state must be the same as that of Bk245 
ground state, 3/2- [521t]. They transition to the ground state is found to be M1 (with some E2 
admixture), which has previously been noted4 in the electron-capture decay of cm'241. 

The spectra associated with Bk243 a decay are very similar to those associated with 
Bk245, as can be seen by a comparison of the decay schemes {Figs. A.9-3 and A.9-4). The 
quantum-number assignments for the Am239 levels are based on arguments which are nearly 
identical with those for the Am241 levels, and hence will not be repeated. 
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Table A.9-II. 245 Bk alpha data. 

E Level a intensity (%) a Hindrance factor 
(MeV) (keV) Experimental Theoretical 

6.358 0,0 16.5 15,2 7.17 X 102 

6.317 41.7 15,0 14.2 5.03 X 10
2 

_¥) 6.265 94.9 1.4 2.7 3,00 X 103 

6.200 160.6 1.4 1,7 1.47 X 103 

6.153 207.4 18.9 14,1 64 

·ti 6,124 237.0 14.7 10.1 59 

6,087 274.5 5.6 5.8 1.01 X 102 

6.038 324.3 0.6 0.3 5.27 X 10
2 

5.985 378.2 0.2 0.1 9.89 X 10
2 

5.889 474.5 21.8 29.7 2.4 

5.858 505.5 4.0 4.5 9.3 
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E 
'{ 

(keV) 

Bk243 a. 

187.1 

146.4 

K x rays 

Bk245 a. 

207.4 

1"65.3 

K x rays 

. K x r.ays 

Table A.9-IV. 
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Table A. 9-III. Multi polarity determinations. 

Expenmental 

5.0 

1.0 

1.1 

4.4 

1.0 

0.64 

1.0 

- 0.17 

Relative Intensity 

'theoretical 
. E1 E2 

1.0 

0.67 

1.0 

0.46 

1.0 

0.013 

1.0 

1.0 

1.0 

o. 79 

1.0 

0.035 .. 

M1 

1.0 

40 

1.0 

18 

1.0. 

0.30 -

Rel<i.tive v.~ray intensities depopulatin'g the Krr = 5/2+ levels in Ain
239 

and Am241 . . · ' 

·(B1) 
· B2 exp (~: r· :: 

Bk243 

Bk245 

. . 2 
(ri \ Ki(Kf-Ki) IIi\ If Kf) (:~) theo. -

.(ri \Ki<KrKi) lri U£K£) 

Ki = Kf = 5/2 

Multi polarity 

E1 

B187.1 

B146.4 
E2 1.41 

E1 Z.30. 

B207.4 

B165.3 
E2 1.45 

2.50 

o. 75 

2.50 

0. 75 

A.9. 
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the occurrence of single transitions at energies around 1 MeV in even-even nuclei migh~ ~erve to 
indicate such baf?cf· Transitions fitting these requirements are known to occur in Cm 4 (Bk244 
decay) 11 and Cf (Es 250 decay), 2 suggesting 2- levels in these nuclei at about 950 and 850 keV, 
respectively. Thus, collective 2- levels lying around 900 keV may be a systematic feature of 
nuclei in this region. 

These K = 2- bands presumably correspond to octupole vibrations, similar to the well
known K = 0- bands in the Ra-Th-U region. In this regard it would be important to try to Coulomb
excite the 2- bands and show the enhanced B(E3) values (as has bee2

4
1,one for the K = 0- bands). 13 

It is not likely that a K = ·O- band lies below. the K = 2- band in Cm , and thus the lowest octupole 
band has probably changed between plutonium and curium froi:n K = 0- to K = 2-. It is interesting 
that in just this same region the lowest quadrupole vibration changes from K = 0+ (beta) to K = 2+ 
(gamma). This must have to do with the general type of orbitals filling in these regions, and the 
calculations of Soloviev and-Siklos bear out both of these cross-overs in a general way; although 
they have probably underestimated the collective nature of the K = 2- bands. 
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AM246 a, this intensity was measured 
by other workers (see Ref. 3). 

11. A N E W PAR TIC L E - C 0 N SERVING VARIA Tl 0 N A L W A V E F UN C T I 0 N 
FOR THE NUCLEAR PAIRING-FORCE PROBLEM 

Oliver Johns and J. 0. Rasmussen 

The nuclear pairing-force Hamiltonian 

H= L + + e: .(c. c. +c.-c.-) 
J Jm Jm Jm Jm 

j;m>O 

G L. 
j;m>O 

j';m'>O 

+ +.-C. - 1C, 1 c. c Jm Jm Jm 
Jm 

(1) 

has a ground state which can be approximated, for G>Gc' by minimization of the energy, using a 
BCS trial wave function, 

.Po = rr 
j;m>O 

(U.+ V.c + 
J J jm 

+ 
c .

Jm 
l I o ). (2) 

where UJ + v/ ·= 1, and G is some critical value of G. For G < G , only trivial solutions with 
no configuration mixing ar~ obtained. The G may be zero, but ther~ are important cases in 
which it is nonzero. Furthermore, the ordiniry BCS wave function has the defect that particle 
number is not conserved. If only the terms in .p

0 
containing the correct number of particles are 

retained and the energy based oy such a trial function is then minimized, the critical behavi~r of 
solutions at G = Gc disappears. This is the FBCS method of Dietrich, Mang, and Pradal. 

The FBCS method was applied to the example of 0 pairs of nucleons in two levels of iden
tical pair degeneracy 0 by Rho and Rasmussen. 3 The symmetry of the problem is such that the 
FBCS trial wave function becomes 
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where X is a variational parameter and !a!J-qbq) is a state with !J-q pairs in the lower level 
and q pairs in the upper level. The correct ground- state wave function was found by exact diag
onalization of H. It is of the form 

The FBCS solution was found to match well the correct coefficient ratio C;l./ c 0 , but the coefficient 
ratios C /C 0 for q>1 were not match~d well when G was small. In fact, 1n tlie sma11~G limit, the 
coefficie%.t ratios C /Co were underestimated by factors of q!. To remedy the underestimation 
of t~e coefficients o~ states with two or more pairs in the upper level, Mang, Rasmussen, and 
Rho suggested a two-parameter trial function of the form 

+ + 
Pn(i + ~Aa Ab ) 4'o(X), 

where A + c·reates two quasi particles in the pth level, coupled to J = 0. This function was found 
to imprmPe somewhat the low G agreement wiTh the coefficient ratio c 2jc0, but it sti11 under
estimated the ratios Cq/Co for q :;;>2 in the small-G limit. 

The success of the two -parameter trial function of Ref. 4 suggests the use of a trial func
tion such as 

(3) 

A si-milar form appears in the ground-state wave function by random-phase approximation, but has 
not been studied hitherto with projection of. fixed particle number. In fact, the wave function 

does exactly reproduce the correct coefficient ratios of al1 states in the sma11-G limit, and we 
know._that the projected FBCS form with no exponential operator f9-ctor is exceedingly good in the 
limit of large G. Thus, we had hope that the two-parameter variational trial function of Eq. (3) 
might be quite good over the full range of G. The results of a search for an energy minimum at 
an intermediate pairing-force strength is shown in Fig. A.11-1, for G = 0.1 and n = 5. The energy 
is defined by 

(4) 

A minimum is seen to exist for a small negative value of ~· The FBCS solutions lie on the X axis 
for ~ = 0. The values of~ and X which minimize the energy were calculated for several G values, 
by use of an electronic computer. The coefficient ratios obtained by this minimization are com
pared·with the correct C /C 0 values for three q values in Figs.· A;ii-2, A.11-3, and A.11-4. It is 
seen that excellent agree~ent is o·btained over a range from G = 0.01 toG = 1. 0. Five coefficient 
ratios are very closely reproduced by a variational method using only the two parameters ~ and X. 
The minimum-ene.rgy ~ and_X values asf.u~ctions_of Gar~ shown in Fig. A.H-5. The behavior.of 
~ for large G (~ 1s proportlonal to 1/G ) 1S cons1stent w1th the known result that the wave functlon 
4'o is correct in the large G limit. 

The trial function ljJ is similar in. form to the unprojected ground state 'for the symmetric 
two-level problem,' derived· by H1:>gaasen-Feldman5 using the quasiboson approximation. It is 
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f(G)(A +-A +) 2 
e a b lJ!o· 

where f(G) is proportional to 1/G2 for large G. The functions f(G) and f3 are approximately pro
portional and of the same cyder of ~atnitude for G > 0. 5. The exponent in the quasi boson ground 
state contains terms (Aa +) and (Ab ) not found in our trial function of Eq. (3 ), but since X is 
large only when f3 is small, and since the leading contribution from these t1-rm~ in a projected 
wave function is one power of X smaller than that of the cross term -2Aa Ab , the squared 
terms may not be so important. 

It would appear that the new fixed-particle -number variational form of Eq. (3) will not 
significantly lower the variational energy below the FBCS method, which already comes close to 
the exact eigenvalue over the whole range of G. However, the smaller amplitudes in the wave 
function may be greatly improved over FBCS in the range of pairing force strength encountered in 
real nuclei. It is hoped that the new variational expression can be generalized to cases of more 
than two orbitals. 
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Fig. A.11-1. A contour plot shows the results 
of a search for a minimum of the function . 
E(f3, X) for an intermediate G value, G =0.1. 
The function E(f3, X) is defined in Eq. (4) 
(n =5, Ea = o, Eb = 1 ). 
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1 2 . ME AS U R E MEN T 0 F PAIR P R 0 D U C T I 0 N C R 0 S S S E C T I 0 N 
NEAR THRESHOLDt 

.. · T._ Yamazaki and J. M. Hollander 

A determination has been made of the total pair production cross section near threshold 
in germanium (Z = 32) with use of lithium:-dlflfted ger:gtanium -y-ray detectors. Figure A 12-1 
shows an example of the pair spectra of Rb and Co 0 , obtained with a triple coincidence pair 
spectrometer employing a Li-drifted germanium detector and two. 3 X 3-in. Nai crystals. In the 
case of higher photon energies (?; 1.3 MeV), the pair peaks ("double-escape" peaks) can be meas
ured directly from the singles spectra obtained with Ge(Li) detectors. These measurements al
lowed us to deduce, after necessary corrections, the total pair-production cross sections (relative). 
In Table A.12-I the experimental values are compared with the Bethe-Heitler cross section. 1 A 
systematic deviation from the B-H value is illustrated in Fig. A.12-2. Since the Bethe-Heitler 
theory is based on the Born approximation, this deviation in the threshold region is reasonable. 
In fact the tendency seems in qualitatiVe agreement with the calculation of Jaeger and Hulme, 2 
which takes into account more realistically the interaction of the produced pairs with the nucleus. 

Footnote and References 
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Table A.12-I. Experimental pair-production cross sections in comparison 
with the Bethe-Heitler cross sections. 

Photon energy 
Isotope 

a . (exp) a . (BH) a pair(exp) 
pau parr 

apair (BH) MeV k 

1.077 2.108 Rb86 5. 76 ± 0. 50( -4)a 2.855(-4)a 2.02±0.18 
65 1.115 2.182 Zn60 2.33±0.17(-3) 1.243(-3) 1.82±0.14 

'1.173 2.295 Co22 7.86 ± 0.29( -3) 4.614(-3) 1.70±0.07 
1.278 2.500 Na60 2.63±0.08(-2) 1. 781(-2) 1.48±0.05 
1. 332 2.607 Co24 4.18±0.43(-2) 2.846(-2) 1.47±0.05 
1.368 2.677 Na152 5.18±0.16(-2)C 3.677(-2) 1.41 ± 0.04 
1.407 2. 753 Eu93m 6.36±0.36(-2) 4.693(-2) 1.36±0.08 
1.477 2.890 Mo140. 9. 39 ± 0.43( -2) 6.804(-2) 1.38±0.07 
1. 596 3.123 Lfis 1.32±0.07(-1) 1.112(-1) 1.19±0.06 
1. 837 3.594 y 2. 58± 0.11( -1) 2.191( -1) 1.18±0.05 
2.185 4.276 Nb90 4.43±0.16(-1) 4.041(-1) 1.10±0.04 
2.318 4.536 Nb90 4.78±0.13(-1) 4. 791(-1) 1.00±0.03 
2. 754 5.389 Na24 7. 60 ± 0. 23( -1) b, c 7.303(-1) 1.04±0.03 

a. 5.76±0.50(-4) (5.76±0.50)X10 . 
b. 
c. 

Normalized at 2. 754 MeV to the JH value, which_ is 4o/o higher th~~ the BH value. . 
These relative values were obtained from a pair spectrum of Na , being considered 
as most reliable. 
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1 3. T HE E F FE C T 0 F THE CHEMIC A L S TAT E 0 N b HE LIFE TIME 
0 F THE 2 4- SEC 0 N D IS 0 MER 0 F N b 9 t 

J. A. Cooper, J. M. Hollander, and J. 0. Rasmussen 

The rate of decay of a radioactive nucleus is generally unaffected by its chemical and 
physical environment. However, in 1947 Daudel 1 and Segre2 predicted that under certain condi
tions a dependence of the decay constant on the chemical and physical environment of the nucleus 
should be observable, and subsequently such a dependence was found ex]i:r;imentally in the K-
capture decay of Be 7, 3 and in the internal-conversion decay of Tc 99m. · This report describes 
an experiment by which a large change in the decay constant of the 24-sec Nb9° isomer was ob
served following a change in the chemical state. 

Recently Cooper et al. 7 proposed a b)artial decay scheme for Mo90 (Fig. A. 13-1) in which 
a very low-energy isomeric transition in Nb9U was postulated. The transition was not detected 
directly, but an upper limit of 3 keV was placed on its energy. It is thus of interest to obtain ev
idence of the existence of this isomeric transition. 

Such evidence may be obtained, if the transition energy is sufficiently low, by changing 
the chemical environment of the nucleus and thus altering its decay constant. (As pointed out by 
Daudeli, the change in isomeric decay constant arises from a change in electron density nea,r: the 
nucleus.) For the 2-keV isomeric transition in Tc99m, Bainbridge, Goldhaber, and Wilson ob
served a differenc<} of 0.3o/o in the decay rate of Tc99m in the compounds KTc04 and Tc 2S . In 
the case of the Nb 0 isomer, the chemical bonding electrons are in the Nand 0 shells of iJb, with 
binding energies ;S 50 eV. If the decay energy should be less than 200 eV (binding energy of the 
My shell), internal conversion could take place only in the N and 0 shells and appreciable chem
ical effects might be expected. 

In the case of a short-lived daughter activity in equilibrium with a long-lived parent, a 
sudden change in decay constant of the daughter caused by a chemical reaction will perturb the 
equilibrium, which will again be restored with the half-period of the daughter in its altered envi
ronment.· (By "chemical reaction" is meant a change in chemical state of the daughter, not a chem
ical separation of daughter from parent.) Such a chemical effect on the liftetime of Nb9°m1 has 
been demonstrated by an experiment in which an intensity change of the 122-keV E2 -y ray (in cas
cade with the low-energy i~omeric transition) was observed following a rapid chemical reactio~0 About 200 Nb foils (0.02 in. X0.0005 in.) were bombarded with 50-MeV protons, pr~gucing Mo 
by a p, 4n reaction. Each foil, which contained Nb90m1 in equilibrium with the Mo , was rapidly 
dis solved. (1 to 2 sec) in a mixture of hot concentrated HN0 3 and HF, thus changing the chemical 
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environment of the metastable state from metallic to that of a fluoride complex. 

Immediately after the chemical reaction, a growth in activity was noted; A four-point 
growth curve was obtained by recording four successive y-ray spectra from a Ge(Li) detector for 
18 sec in each of the four 100-channel blocks of a 400-channel pulse-height analyzer. This pro
cedure was repeated about 200 times to insure the statistical reliability of the data. The entire· 
experiment was repeated at a later date and a lower counting rate was used so as to improve the 
resolution. The resulting y-ray spectra from the first block of 100 channels are shown in Fig. 
A.13-2. 

The resolved growth curve of the 122-keV photopeak was obtained by assuming that the 
background under the photopeak is constant (as it is on both sides of the photopeak) and subtract
ing this background value from the total number of counts under the photopeak (Fig. A.13-3). A 
least-squares analysis of the four y-ray spectra was made in order to obtain an average value of 
the background. 

The expression for the intensity of the 122 -keV y ray after the reaction is obtained from 
the usual relationship for the growth and decay of a two component system, 

A. 90 N• 90 f · [ - ] } 
~A. Mo . +;;:~)-A. ~ exp(-A. 90t)- exp -(A. 90m1 + AA.)t 

Nb90m1 Mo9 :Mo Nb 

-+ N• 90 exp [-(A. 90 + A A.) t] 
Nb mi Nb mi 

(1) 

where N• 
90 

and N• 90m
1 

are the number of nuclei present at the time of the chemical re-

action anft1° A. . 00 Wb A A. is the decay constant for the isomer in the fluoride complex. By sub-
Nb' m1 

stituting A. 90 N• 
9
-0 for A. 

90 
N• 

90 
in Eq. (!)(equilibrium condition immediately be-

Nb m1 Nb m1 Mo Mo 
fore the reaction) and dropping A.- 90 from the denominator, one obtains 

Mo 

N 90mt (A. 90mt + AA.) = A. 90mt N" 90rn1 exp( -X. . 90t)+ AA. N" 90 exp[ -(X. 90 +AX.)t] · 
Nb · Nb . Nb · Nb Mo Nb m1 Nb m1 (

2
) 

Thus the intensity of the 122-keV y ray is given by either the_ sum or difference (depending on the 
sign of .6. >..) of two exponentials, · 

I (t) =a exp [-A 90t] + 13 exp ~-(A. 
90 

+ AA.)t] . 
Mo l Nb m1 

(3) 

Thus, 13/a = .6.>-./i-.. 90mt• the fractional change in decay constant of the isomer. 
Nb - · 

The functional relationship of Eq. (3) was fitted to the four points oi the growth curve by 
the method of least squares. The best solutions (Fig. A.13-3) were obtained with a Nb90mt half 
life of 21 sec, which is in good agreement with the 24± 3-sec value reported by Mathur and Hyde,8 
The results of the two experiments were compared (Fig. A.13-4) by normalizing the B results to 
the first point of the A results with a normalization factor of 2.865. The results of this analysis 
show that the decay constant of the metal is 3.6 ± 0.4}'o greater than the decay rate of the fluoride 
complex. 

The siz9 of the effect, an order of magnitude greater than that observed by Bainbridge 
et al. 4 with Tc9 m in·Tc metal and KTc04 , indicates that the transition depopulating the 24-sec 
isomeric ·state has a very low energy and decays by internal conversion in the outermost electron 
shells, where changes in the chemical state can be expected to affect most strongly the electron 
density at the nucleus. So far as we know, this 3. 6% change is the largest alteration in half-life 
yet noted for a radioactive isotope. 

,-I 
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Not only is the effect an order of magnitude greater than but it is also in the opposite 
direction from the effect observed in Tc 99m. Slater suggested that the faster decay rate observed 
for KTc04 is due to a greater squeezing of the Tc atom in the KTc04 (Te-O bond distance of 1. 7 A) 
than in the metal (Tc- Tc bond distance of 2. 7 A). 9 The same effect of smaller bond distance should 
also be Pfesent in the case of the solid Nb fluoride salt, KNbF 7' si~ce it has a Nb-F bond distance 
of 2.0A, 0 compared with the Nb-Nb metal bond distance of 2.85A. 1 We have no knowledge of the 
Nb-F bond distance in the niobium fluoride complexes in the solution which was the .final state in 
our experiment, but if it is also less than the Nb-Nb bond distance in the metal, another explanation 
must be sought for the direction of the observed effect. Possibly this could be attributed to the very 
high electronegativity of the fluorine atom. Since the Nb- F chemical bond involves essentially the 
4d and 5s electrons, our results would then indicate that an appreciable fraction of the isomeric 
decay takes place by ejection of valence electrons, which would indeed indicate a very-low-energy 
transition. · · 
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14. NEW WEAK BETA TRANSITION FROM Y
88 

M. Sakai, T. Yamazaki, and J. M. Hollander 

We report here on the observation of a weak electron-capture branch from 105-day y
88 

to 
the 3. 24-MeV level of the sub-double-closed-shell nucleus Sr88, A pair spectrometer1 employing a 
2X 3-cm x

8
kcm-deep Ge(Li) crystal was used for the detection of weak high-energy y rays in the 

decay of Y . The results are summarized in Table A.14-I. A peak was found at 2. 22 MeV Jf the 
pair spectrum, which corre§~onds to the y ray of 3.24 MeV., previously unobserved from Y . In 
a study of the f3 decay of Rb , Lazar et al. 2 have established the existence of the 3.24-MeV level 
in Sr88, deexcited by transitions of 3.24 and 1.39 MeV. The 1.39-MeV y ray was not visible in our 
pair 

8
1fectrum because of the very low pair peak· efficiency at this energy. The new decay sche~e 

of Y is shown in Fig. A.14-1. 

. The log f
0

t value for electron-~apture decay to the 3. 24-MeV level was _calculatedtci be 
9.4, ;:r1th use of QEC = 3.62 MeV. 3 Th1s value becomes log f 1t = 8. 1 after shape-factor correc-
tion. This value 1s compatible with interpretation of the transition as first-forbidden "unique," 
leading to a spin-parity assignment 2+ for the 3. 24-MeV level. The alternative assigments 4+ 
and 3+ cannot be ruled out by f t arguments alone; however, 4+ is eliminated by the fact that the 
3.24-MeV y ray is a ground-state transition, and 3+ is considerzd very unlikely on the basis of 
the

8
Sarge relative transition probability observed by Lazar et al. for the 3. 24-MeV transition in 

Rb decay. · 
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Table A.14-I. Results of pair spectrum of y rays from the decay of y88. 
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AN 8 - IS OMA RIC S T A T E IN THE 1 0 6t- N E U T R 0 N NUCLEI : 
w180, Os182, Pt184 

J. Burde, '~ R. M. Diamond, and F. S. Stephens 

A.15 

In a continuing study of. they-ray cascades following (heavy ion, Xn) reactions as de
scribed in the previous report for the light isotopes of Yb, Hf, and W, 1 prompt radiations from 
the neutron-deficient nuclei of Os and Pt were.investigated. At the same time, a search was con
ducted for possible millisecond to minute isomers in these nueleL Such isomers can very conven
iently be studied between beam pulses at the Hilac, and Os182m was observed,2 as well as the new 
activity, Pt1~4m, bott:_ with 106 neutrons.- _To co~plete the study, a third, partially cha7acterized 
106-neutron lSOmer, 2 4 w 180m, WaS also lnvestlgated. . . _ 

Conversion-electron spectra from the targets were observed at 90 deg to.the beam direc
tion with a single-wedge-gap spectrometer. Gamma. ray spectra were detected with 5X 5-cm Nai 
(Tl) crystals and with a lithium_-drifted Ge detector. Gamma-gamma coincidence experiments 
and angular distribution measurements were made with 5X 5-cm Nal(Tl) crystals. -

The isomeric level in w180 was produced by the reaction Hf17S(a, 2n)W180 by irradiating 
a foil of natural. Hf with 23-MeV He4. An example of the conversion-electron spectrum obtained 
between the beam bursts and with the long-lived activity subtracted is shown in Fig. A.15-1. Five 
transitions were seen with a half life of 5.2 ± 0.2 msec. Determination of their conversion coef
ficients indicates that the transition of 390 keV is an E1 and the others are E2. All have about the 
same total intensity, and al~ are in coincidence. The y-y angular correlation experiments indi
cate an 8(1) 8(2) 6(2) 4(2) 2(2) 0 cascade, although a 4(1) 4(2) 6(2) 4 (2) 2(2) 0 combination is not ex
cluded. No cross -over transitions were observed, and we believe that the decay scheme is as 
shown in Fig. A.15-5. 

The activity Os182m was produced by the reaction Lu175(B11, 4n) o182. A conversion 
electron spectrum observed between beam bursts is shown in Fig. A.15-2. Again there are five 
prominent transitions of comparable intensity, of which one, the 554-keV one, is an E1, and the 
others are E2. All five show the same half life, 0.78±0.07 msec. The y-y angular distribution 
measurements again suggest an 8(1) 8(2) 6(2) 4(2) 2(2) 0 cascade, so that we believe a decay 
scheme very similar to that in w:f80m is involved, as shown in Fig. A.15-5. But, in fact there 
seems to be a small increase in the intensity of the transitions on going down the cascade, and at 
least one weak additional transition, "' 1245 keV, has the 0.8-msec half life as the isomer. Both 
features suggest that a small side branch to the main cascade occurs, but this has not been worked 
out because of the weakness of the branch. 

The last isomer Pt184m was produced in a variety of ways· Ta181(B11 8n)Pt184. 
175 . ' 6 ' . ' ' Lu (N14, 5n)Pt184; and. Tm1 9(F19, 4n)Pt184. A conversion electron spectrum of it is shown in 

Fig. A.15-3, and a y-ray spectrum obtained with a lithium-drifted Ge detector is shown in Fig. 
A.15-4. As can be seen, the decay is more complicated than in the two previous cases, but again 
there are five prominent transitions tracing out the main cascade. They all have the half life 
1.01 ± 0.05 msec. Conversion coefficients and K/L electron intensity ratios show that the 610-keV 
transition is an E1 and the other four are E2 1 s. The y-y angular distribution measurements 
again suggest the 8(1) 8(2) 6(2) 4(2) 2(2) 0 sequence, although the 4(1) 4(2) 6(2) 4(2) 2(2) 0 sequence 
is not ruled out. The proposed scheme is shown in Fig. A.15-5. But this time there are a number 
of additional (weaker) transitions with the same half life that carry about one-half of the total in
tensity in branching y decays. The multipolarity of some of these can be established from the 
value of their conversion coefficients, and by means of energy sums and y-y coincidence meas
urements most of these transitions, but not all, have been placed in the decay scheme. 

It is interesting to compare the isomeric states and their mode of de-excitation in the 
three isotones. From the systematic appearance of the isomers it appears that the states have to 
be connected with an intrinsic configuration of the neutrons. In Table A.15-I are summarized the 
energies of the deexciting E1 transitions of the three isotones, and the retardation of their transi
tion probabilities with respect to the single-particle value. The transitl.on probabilities seem to 
be equal within a factor of 3. It is remarkable to note that there is no obvious trend for a relax
ation in the K-forbiddenness in the transition probabilities in going from w180, the best rotor, to 
Pt184m, the poorest one and the, initially, least deformed nucleus. It might be expected that the 
effect of the K-forbiddenness would decrease in approaching the spherical nuclei as the validity of 
the .K quantum number itself diminishes. 

The excited states of a fourth isotone, Hf178, are also known from previous work. 5-7 
Two 8- states were found in this nucleus at energies of 1480 and 1148 keV, while in Hf180 and 8-
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state has been observed at an energy of 1142 keV. T~tr 1148-kflcJ and the 1142-keV states are 
probably due to a two-froton configuration in the Hf17 and Hf isotopes, respectively, In fact, 
Gallagher and Nielsen have so assigned them as the two-quasiparticle state formed from the 
Ni\~~on [404,J.+514-t] proton orbitals. These authors have also assigned the 1480-keV level in 
Hf as a two-neutron state made up of the Nilsson (6241'+514J,] orbitals. Gallagher and Soloviev8 

found good agreement between the experimental energies and theoretical values calculated on the 
basis of a model which applies pairing correlations to nuclei with a deformed core. 

Their neutron configuration assignment of the 1480-keV level in Hf178 is supported by the 
systematic occurrence of the 8- isomeric states in the three nuclei described in the present work; 
these other 106-neutron isotones have most probably the same [624'1'+514J,] neutron configuration. 
It is interesting to note, as is apparent from Table A.15-I, that the transition probability of the 
deexciting transitions from the two-neutron state to the ground rotational band is at least four 
orders of magnitude larger than that from the two-proton state (in Hf180m) to the ground band, de
spite the fact that both transitions have the same K forbiddenness. 
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Table A.15-I. The energies, configurations, and E1 hindrance factors for the 8- levels. 

1838 1832 1525 1480 1148 1172 Level 

Config
uration ( 624 i+514J] ( 624 t+514tl ( 624l+514t] -A( 404.!+51411 ,)1 -A 2[ 404j.+5141'1 ( 404j,+ 514'11 

nn ~ nn ~ ·~ -~ 

Transition 
energy(keV) 

o/o of decay 

T 1; 2 (sec) 

(1 +a) 

Hindrance 
over s.p.a 

610 554 

::::50 "'95 

1. 01 X10 - 3 7.8X10- 4 

1.00 1. 01 

2.13X10
12 

6.5X10
11 

+•Jt -A2[ 624t +514-!-] +A( 624t +514t] 
nn nn 

390 (420) 88.8 57.6 

100 100 81 

5.2X10- 3 
4 1.98X10

4 

1.01 1. 50 1.30 

1.44:X1o12 
1.9X10

13 
2.8 X 1016 

aNuclear Data Sheets, Nuclear Data Group, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

bThe single-proton transition probability is calculated as 1.0X1014 A2/3E 3 S when ~is in MeV and 
Sis taken as unity. The expression is from S. A. Moszkowski, Theory bf Multipole Radiation, in 
Al;e!:a-, Beta-, and g~mma_:_!tay~.::_ct~-~-~-c-~, Vol. 2, K. Siegbahn, Ed. (North-Holland Publishing 
Co., Amsterdam, 1965), Chapter XV, p. 881. 
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16. ANISOMER OF SPIN 25/2+ IN_ Re 183 t 

M. J. Emmott, J. R. Leigh, J. 0. Newton, and D. Ward 

A 1-msec isomeric state of :Re 183 was discovered when Ta181 was bombarded with 
helium ions frorri the Manchester University heavy-ion linear accelerator. · The internal conver
sion lines were studied at Manchester and the isotope was assigned to Re183 from the excitation 

·function and the
1 
correspol'ldenfe of the lowest-energy transitions with those already ·known from 

the decay of Os I:U to Re 183. · 

The investigation of this isomer was continued at Berkeley by observations of the y radi
ation from its decay with a 6-cm2 X 8-mrri germanium detector at 27.5 MeV bombarding en·ergy. 
A typical spectrum of they rays, taken in a 2~msec interv.al after the Hilac beam pulse, is shown 
in Fig. A.16-1. · . 

The observed transitions can be placed in a decay scheme as shown in Fig. A.16-2. The 
two lowest states were already known from O.s i83 decay, 1 and the rest of the scheme depends on 
energy relations between the rather accurately meas-ured energies. It appears that the decay takes 
place through the ground-state rotational band. The conversion coefficients, derived from a com
parison of the· electron andy-ray data, are consistent with this interpretation, the cascade transi
tions being mainly Mi.and the crossover transitions E2. The conversion coefficients were not 
measured absolutely, but they could be obtained by comparison with the L line of the 145-keV tran
sition, which is known to. be mainly Mi. If the states are assume·d to be part of the rotational band, 
then the Mi, E2 mixing ratios of the cascade transitions can be calculated from the intensities of 
the crossover transitions. 2 When this is done it is found that the percentage of E2 component in 
the cascade transitions varies from about-3 for the 145-keV transition to about 1. 7 for the 303-keV 
transition. These results are consistent with a constant ratio of B(E2) to B(Mi) for the cascade 
transitions, as would be expected for an unperturbed rotational band~ 

The total tl}ansition intensities <:;an be calculated if the mixing ratios and theoretical con
version coefficients are assumed, the theoretical conversion coefficients being more accurate 
than our measured ones. These are shown in Fig. A.16-2, the errors being ±9o/o .. The total feed
ing and decaying intensities so obtained for each level are equal within the errors. Ther.efore, it 
appears that the proposed decay scheme is internally self consistent and we feel that the evidence 
in favor of it is very strong. 

The 193.8~keV transition has a K conversion coefficient of 0.2 ± 0.07, which is consistent. 
only with an E2 transition. 3 The K/L ratio of this transition is also consistent with this inter
pretation. The fact that the isomeric state decays to the 21/2+ member of the rotational band by 
an E2 transition fixes its spin within the limits 17/2+ to 25/2+. However, if the spin were other 
than 25/2+, it wouid be expected to decay also to states of the band with spins less than 21/2+. 
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No evidencf for such transitions is seen, and in particuJar the intensity of any possible transition 
to the 19/2 member is less than 2o/o of that to the 21/2 member. Since the transition to the 19/2+ 
state would be favored by a factor of a hundred over that to the 21/2+ state by the energy difference 
in the transitions, the evidence that the isomeric state is 25/2+ seems very strong. 

The half life for a single proton, neglecting the statistical factor but including internal 
conversion, for a 193-keY E2 transition is 23 nsec. Thus the isomeric transition is hindered by 
a factor of about 4X 104. Since the transition has a degree of K-forbiddenness of 8, a hindrance 
factor between 108 and 1016 might have been expected, therefore the observed hindrance factor -
seems rather low. In view of the fact that the E2 transitions in the rotational band are enhanced 
by·a factor of order 100 over the single-proton values, an admixture of about 10-7 in intensity of 
the I = 25/2+, K = 5/2+ state into the K = 25/2+ state could account for this discrepancy. Since 
these two states are expected to be separated in energy by only about 400 keY, and since, as will 
be seen below, the isomeric state probably differs from the ground state only in the excitation of 
a single particle, this very small admixture may perhaps not be unreasonable. 

The spin of the isomeric state is much hiHher than can be accounted for, at this excitation 
energy, by the excitation of the odd proton in Re 1 3 to another Nilsson orbit. It is likely, then, 
that the state arises from the promotion of a paired neutron or proton to another orbit, giving rise 
to a three -quasi-particle state. Such states will be expected to occur above an energy correspond
ing to the energy gap arising from the pairing interaction. Up to this time only 1!ffee examples of 
three-quasi-particle states have been reforted, all observed in the decay of Lu m. If the odd 
proton is left in its original state of 5/2 , a stat~ of 25/2+ has to be constructed by coupling two 
protons or two neutrons to g1ve angular momentum and parity 10+. The arrangement which see~s 
most likely to us to give a state of minimum energy is the two-neutron state, v, 9/2+(624), 11/2 
(615). Another possible arrangement is the two-proton state, 1T, 9/2-(514), 11/2-(505). 

The properties of the rotational band are of some interest; we have already remarked on 
the constancy of the ratio of reduced transition probabilities in the cascade transitions. In Fig. 
A.16-3 is shown a plot of (EI+t- EI)/(1+1) versus (I +1) 2. If the energies of the levels are given 
by a relation of the form 

E = AI(I + 1) + BI
2

(I + 1), 
I 

(1) 

then the plot would be a 'straight line. As can be seen, it is not; moreover, it is apparent that an 
alternating term is r·equired for the higher spin states. Such a term is expected in fif~h-order 
perturbation theory for the Coriolis operator, operating between the states K and -K. If this is 
the only operator of importance the correction term to the energy has the form 

~~ = {-li+i/2 (I- 3/2)(I- 1/2)(I + 3/2)(I + 5/2)B
5

. (2) 

It is possible to fit the observed energy values with the terms of Eqs. (1) and (2), together with a 
further term, ·ci3(I + 1) 3. The_~alues we obtained for the coefficients are A= 16.625±0.02 keY, 
B = -12.0±1 eY, C = +(14±6)10 eY and Bs= +(3.5±1)10- 3 fY. The B 5 term might be expected to 
be about an order of magnitude smaller than the C term, so that the value we obtain appears 
reasonable. 
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1 7. ANGULAR DISTRIBUTION OF 'Y RAYS 
IN La 1 39(p, 2n)Ce138 

Mitsuo Sakai, Toshimitsu Yamazaki, John R. Meriwether, and David L. Hendrie 

This is a preliminary report on angular distribution of 'Y rays in La 139 (p, 2n) Ce 138. 

La 
139 

was bombar<\~13 with 14-MeV protons from \he Berkeley: 88-inch cyclotron, The 'Y 
rays from. highly excited Ce nucleus produced by the La 39(p, 2n)Ce 138 reaction were measur~~ 
with a lithium-drifted germanium '{-ray

1
specrtrometer. Since the low-lying excited states in Ce 1 

are known from 13-'Y spectroscopy of La 3?:S, as shown in Fig. A.17-1, we can expect to observe 
the 794-keV, 1044-keV, and 306-keV 'Y rays. 

Figure A.17-2 shows a '{-ray spectrum taken with a 3X2-cmX10-mm deep germ·anium 
crystal and with a target of lanthanum oxide of thickness 5 mg/cm2. Prominent peaks corre
sponding to the transitions mentioned above appeared with several other peaks some of which are 
due to contaminants. The angular distribution of these 'Y rays was measured at positions of 160, 
135, 110, and 90 deg with respect to the direction of the incident proton beam. The result is shown 
in Fig. A.17 -3. The errors attached to each point are only estima,ted from the statistics of the 
counting rates. · 

Beam current was monitored by a fixed germanium counter in case the thick target caused 
scattering loss of beam from the Faraday cup. The dead time of the multichannel analyzer was 
measured by the counting rate of monitor pulses which was introduced from a pulser into the pre
amplifier. Despite these precautions, we feel that some systematic instrumental error may be 
involved in this experiment. However, we <£le<:rly do no{ f~nd any appreciable anisotropy in angular 
distribution of the 'Y rays in the reaction La 3 9(p, 2n) Ce 3 . The same conclusions are obtained 
from similar runs on lanthanum metal targets of about the same thickness. 

As far as the 794-keV and the 1044-keV 'Y rays are concerned, this conclusion is com
patible with the preliminary results of angular anisotropy of conversion electrons i~ the Sil-me re
action obtained by one of the authors (M.S.) with his collaborators at INS in Tokyo, However, 
the large anisotropy for the 306-keV transition obtained in the latter experiment is not consistent 
with ·the present results. Since the 2144-keV 7- state has a half-life of 9 msec, it is very natural 
to expect an isotropic angular distribution. Detailed measurements with conversion electrons are 
now in progress at INS. The present result is found to be consistent with a similar experiment 
performed in Tokyo by Ejiri et al.3 

1 
2. 
3. 
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1g. SPIN AND PARITY OF Beg STATES AT 16.6 AND 16.9 Mev* 

t s . 
H. E. Conzett, P. Darriulat, H. G. Pugh, E .. Shield, ·:and R. J. Slobodrian 

The 16.6- and 16.9-MeV states of Beg can decay via a particle mode only to two a particles, 
since the next lowest particle-channel threshold (Li7+p) corresponds to an excitation of 17.3 MeV. 
Even tpoug,h a-particle groups from the decay of these states have presumably been seen in there
action Li (d, n) Beg, the ziirect excitation of these states in a-a scattering had not been observed. 
An a-a excitation function taken at a scattering angle of 90 deg c. m. at energies E between 23 
and 38 MeV (E = 11.5 to 19 MeV) exhibited no resonance behavior, but the bearrtt spread was 
too large for tK~~·states to be observed or resolved. Because of their known a-decay mode, it 
follows that these levels shoUld be exciter by the inverse process. In the scattering of spin-zero 
identical particles we hav.e (J)1T = (1 . ) , where 1 is the orbital angular momentum correspond
ing to the scattered partial waves, ~~a~herefore a clear assignment of spin and parity would be 
possible from a simple determination of the resonant partial wave. 

Using the Berkeley gg_inch cyclotron, we have measured excitation functions for elastic 
a-a scattering between energies Ea of 23 and 55 MeV, with an energy resolution of 0.1%. Du;,.i.ng 
some 70 hours of data collection, the cyclotron energy was changed about 120 times. Measurements 
were made at c. m. angles of 90, 55. 5, and 30.6 deg, the last two being approximately at zeros of 
P 2(cose) and P 4 (cose) respectively. Since the nuclear scattering amplitude is given by 

where •\ = cS1(E) is the _!th partial-wave nuclear phase shift, a resonant behavior of cSJ=l' would 
have no effecf on the differential cross section at an angle e=e• where P 1, (cose•) = 0. At energies 
below E = 35 MeV only the 1 = 0, 2, 4 partial waves contribute appreciably to the scattering. 2,3 

a 

Figure A.1g-1 .shows o.ur measure~ excitation functions. The resonance structure near 
34 MeV corresponds to .the two states of Be at excitations of 16. 6 and 16.9 MeV. Here, data were 
taken at energy inter.vals as small as 40 keV. Since no resonant effect was observed at the c. m. 
angle of 55.5 deg, these states should be assigned spin 2 and even parity. 

'The energy region from 37 to 43 MeV has been examined in more detail through the meas
urement of nine angular distributions and their analysis in terms of complex phase shifts. Effects 
due to the c:>pening .of r,raction channels seem to play a relevant role in the explanation of the differ
entia! c:r;oss.sectiOI).S.+ The behavior of the .excitation curves near Ea = 45 MeV suggests again the 
assignment of J 1T = 2 to a resonance in that region. 
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19. (d, a) REACTIONS ON c 12
, N

14 
AND o 16 INDUCED BY 

24 MeV DEUTERONS* 

Richard H. Pehl, ioseph Cerny, Ernest Rivet, t and Bernard G. Harvey 

Alpha-particle energy spectra from (d, a) reactions on c 12, N14, and o 16 have been ob
tained by use of 24-MeV deuterons. Marked variation in the relative cross sections of final states 
was observed in the energy spectra. The removal of two nucleons from the target nucleus in a 
direct reaction should favorably excite levels in the product nucleus whose configuration corre
sponds to two holes in the target. Thus, states not strongly excited in single-nucleon transfer re
actions can be investigated·. Although many (d, a) reactions in the light elements have been studied, 
most of them have involved the use of either single-counter systems or very low bombarding ener
gie.s, and consequently the observable excitation in the residu'\1 nucleus was severely limited. 
The development of a Sf!miconductor counter telescope system has enabled us to investigate the 
formation of states of higher excitation. 

These (d, a) rea'ctions 'were ind)lced by the 24-MeV deuteron beam of the late Crocker 
Laboratory 60-inch cyclotron. Particles were detected by a counter telescope that consisted of 
two semiconductor counters: A 2. 7-mil phosphorus-diffused silicon transmission counter1 b~cked 
by another phosphorus -diffused silicon counter~ which had a depletion thickness of 67 mg/cm 
when a 240-V reverse bias was applied. In the study of reactions producing a particles having a 
range greater than 67 mg/cm2 (23 MeV), lithium-drifted p-i-n junction silicon detectors3 of 
v_ar~ous thicknes~e~ were used. T_he rea?tion pro~ucts4were dis.ting~ished by_ an ~nalog pulse mul
tlpher. A mulhpher spectrum w1th ophmum He .-He separa\lfn 1s sh8wn 1n F1g. A.19-1. 
Figure A.19-2 shows an a-particle energy spectrum from the C (d, a)B1 reaction. · 
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Angular distributions of the a particles corresponding to formation of the B10 ground
state, 0.717-, 2.15-, 3.59-, 4.77-, 5,18-, and 6.04-MeV levels were obtained, but precise anal
ysis of the energy spectra above an excitation of about 6 MeV is severely hampered by the a
particle continuum, and no angular distributions were obtained \or levelf above the 6,04-MeV level. 
Figure A.19-3 shows an a-particle energy spectrum from theN 4(1 a)C 2 reaction. The angular 
distributions of the a particles corresponding to formation of the C 2 ground-state, 4.43-, 7.66-, 
and 9.64-MeV levels

1
'!,re presented in Fig. A.19-4. Figure A.19-5 shows an a-particle energy 

spectrum from ~e 0 (d, a) N 14 reaction. Since extensive theoretical studies of the N14 nucleus 
have been made ' 5 the observed selectivity in the formation of the N14 levels is especially inter
esting. 

The double closed-shell configuration of o 16 could, by removal of two nucleons, produce 
the levels at 0, 3.95, and 7.03MeV. But formation of the levels at 4.91, 5.10, 5.69, and 5.83 
MeV would require raising one p nucleon into an s or d shell in addition to the removal of two 
nucleons, and formation of the levels at 6.21 and 6.44 MeV would require raising two p nucleons 
into the s or d shell (or both). The'Se last six levels were observed, although in slightly reduced 
yield. All these levels could arise from an admixture of [p-2(s11 )2+p- 2(s112cl,:; 12 ) +p- 2(d51 )2] 
in the o 16 ground state. These levels could also be formed by {al a compouncf'.inucleus mec~anism; 
(b) knockout of an a particle from the (P3j2)8 (p1 ; 2 )

4 configuration and capture of one or both nu
cleons of the incident deuteron in the s or d Miells. To eliminate compound-nucleus formation, 
this reaction could be Studied at higher energies to see if the (sd) states are still strongly populated, 

A DWBA analysis was made for several of the transi~ions; the outstanding characteristic 
of this analysis was the strong preference for L = 2 transitions over L = 0 transitions. 

Footnotes and References 
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20. INVESTIGATION OF HIGH SPIN LEVELS 
PREFERENTIALLY POPULATED BY THE (a, d) REACTION* 

Richard H. Pehl, Ernest Rivet, t Joseph Cerny, and Bernard G. H~rvey 

A.20 

The' ener_gy SJ;>ectra of deuterons from the (a, d) reaction on c12, N14, N15, o16, Nezo, 
Mg24, Mg26, Si2S: sJ"Z, Ar40, and ca40 have been observed. These reactions were induced by 
a particles ranging in energy from 42 to 53 MeV. All the energy spectra were dominated by one 
or more preferentially populated levels. It is proposed that the levels preferentially popul<j.ted 
are of a [J T + (j . j ri)J'] J configuration, with the proton~ neutron pair captured in the d

5
/ 2 or f 7/ 2 

shell, and that t~e maximum final spin (5, 6, or 7) is favored. , 

In a previous (a, d) investigation! on the target nuclei c12, N 14, N 1 5, and o16, the first 
evidence that all the strongly populated levels might be of the same (d512 )~ configuration was ob
tained when the Q values for their formation were plotted as a function of the mass number of the 
product nucleus. As Fig. A.Z0-1 illustrates, the (negative). Q values decrease in a regular way 
with increasing A. This relatioffhip has now been extended tp higher .mass· numbers by the addi
tion of the 1.53-MeV level of Na and the ground state of Al20 . Figure A.Z0-1 also includes the 
Q values for the formation of the other preferentially populated levels observed. Thes2 points 
fall into what appear to be two groups, both of which resemble the behavior of the (d512 )

5 
points. 

This information was very useful in making the (d
5

/ 2f
7

/ 2 )
6 

and (£7/2 )~ assignments given in this 
paper. · 

Describing the preferentially populated levels in terms of states of good. J in deformed 
nuclei appears to be fairly well justified, since most of the strength goes to on.e level; rio indication 
of a series of peaks built on a large peak was observed. Thus it appears that even in deformed 
nuclei the coupling between the two captured nucleons and the target core is relatively weak. 

As Fig. A.'20-2 illustr~t'es; the ~ngular distributions of the deuteron groups correspond
ing to the (d 512 )2 + levels closely resemble one another, and they have therefore been used as an 
additional basis ~or the assignments of the preferentially populated levels. In no case is there any 
evidence for diffraction-like oscillations for the preferentially populated transitions, and the dis
tributions are all strongly peaked in the fo~~ard direction. However, the angular distribution of 
the transition to the 5+ ground state of Al , which is not highly populated, exhibits a well
defined structure. The oscillatory angular dist2ibution observed is not surprising, since the semi
classical explanations used for the other (d

5
/ 2 )

5 
.levels may not be so applicable here because of 

the relatively low cross section. ·· 

Figure A.Z0-3 presents a plot of the summed cross sections of the (d 5; 2 )~+ levels, 
integrated over similar angular ranges (::::12.5 to 70 deg, c. m.) vs the mass number of the prod
uct nucleus. A constant cross section to these states is expected when the target nuclei all have 
completely empty d 512 shells; as the d 512 shell is filled, the cross secti2n should decrease. 
The data are in good accord with this except for the transition to the (d 5 ; )5+ level in the c12 
(a, d) N14 reaction, which has a considerably smaller cross section than fue other transitions to 
an empty d 5; 2 shell. 

Figure A.Z0-4 ];!resents the angular distributions of the transitions to the tentative 
(d5; 2 f7j2lf,_ and (f7; 2 )~+ :levels. These angular distributions again resemble one another, and 
also resemble the angular distributions of the (d5;, 2 )2

5 
levels. The structure shown by the angu

lar distribution of the transition to the 0.60-MeV levet of Sc42 probably arises because the ob
served peak corresponds to two levels, although the observed cross section should be attributed 
predominantly to the 7+ level. 

Footnotes and References 

'~condensation of Phys. Rev. , (1965). 
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s32(o., d)Cl3 reaction using 48-MeV a. par
ticles from the 60 -inch cyclotron. 
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the transitions to the (d5/2)s levels as a 
function of the mass number A of t~e 
product nucleus. 

< ..0 

E 

Cl 
1:1 

'-. 
b 
1:1 F 

18
, 9.4 4 

No 2 ~ 7.46 

A1 26
, 6.95 

Al
26

, 8.27 

A 1
28

, 9.8 

p 
30

, 7.03 
K •z I. 8 7 

sc•2, 0.60 

ec.m. (deg) 

... ---.:...:---
--... 

MUB-6651 

Fig. A,20-4. Angular distribution~ of the 
tentative (d 5; 2f7; 2 )6 _ and (f7; 2 )7+ levels. 

-._I 



UCRL-16580 -54- A.21 

21. ENERGY LEVELS OF 0
18 

FROM SHELL THEORY 

Martin G. Redlich 

Recently, calculations for a Pb208 core plus two outer nucleons have been made on the 
basis of shell theory. 1 All two-neutron configurations of the 2g912, 1i11 ; 2• 1j 15 ;

2
, 3d 5;

2
, 

4s 112, 2g 712, 3d
3

; 2 main shell were included, and the single-parhele energies ll(nJ!.) were taken 
from the data for 'Pb209. A singlet-even (SE) Gaussian interaction J 

2 
V SE (1, 2) = V 0 exp(r/rn) , ( 1) 

with param-eters V 0 = -31.61 MeV and r = 1. 7765 F, from low-energy p-p scattering and zero 
triplet-odd (TO) interaction V T , lead tongood agre[o:gent with the data on Pb210 now available. 
Similarly, calc~lations for the Pwo-hole nucleus Pb with single-hole energies from experimen
tal data for Pb2 7 and including all configurations of the 1h9; 2• Z£7/2• ii13 ; 2, 3p3 ; 2, 2f5; 2• 3P1/2 
main shell, with the interacfion (1) only, lead to excellent agreement with if large number of data 
on the excited states of this nucleus. 2 

The present investigation begins with similar calculations for an o 16 core+ two outer 
neutrons, with all configurations of the 1dsf2• 2s 1; 2, 1d3/2 main shell. The results for only 
interaction (1) between the outer nucleus are given in Fig. A.21-1(a). The harmonic-oscillator 
parameter is· v::: 0.35041F-2; it was determined by the o17 -F17 1d5; 2 -state Coulomb-energy dif
ference: States are labeled J x with x = a, b, c, · · ·. Here J a denotes the lowest state with J+. 
Figure A.21-1(b) shows the corresponding experimental data. The lowest fourstates which are 
probably due predominantly to core excitation are drawn with dotted lines.in Fig. A.21-i(b); the 
higher ones are not included. A comparison of Figs. A.21-l(a) and (b) shows only a rough corre
lation between the theoretical and experimental energies. Calculations with a Yukawa SE inter
action also from low -energy p-p scattering, with zero TO interaction, or with central or central 
+ tensor TO interactions do not lead to substantially improved agreement for a v determined by 
the Coulomb energy. 

This lack of good agreement suggests the possibility that the simple shell theory is far 
mor.e accurate for isotopes of Pb than for isotopes of 0. Further indication of this possibility is 
found in the fact/hat the energy of excitation of the first excited state of Pb208, multiplied by a 
factor (208{16) 2 3, equals 14.46 MeV, as compared with the energy 6.05 MeV of the lowest excited 
state of of . Also, the energies of the four lowest core-excited states of o18, given in Fig. 

16 
A.21-1(b), differ substantially from those of probabJ6 approxi%'htely corresponding states of 0 . 
This again is in contrast with {he situation for Pb2 and Pb2 . To obtain more information 
about the wave functions of 0 8, it appears desirable to investigate the effect of admixtures of 
states of higher configurations. Here, primarily excitations of the type 21iw will be examined. 
This means excitations to states which would have energy 21iw above the ground state in a model 
of independent particles in a harmonic-oscillator well without spin-orbit coupling. 

Matrix elements of a total Hamiltonian 
A A 

H = L Ki + L V(i, j), (2) 

i =1· i<j=2 

evaluated for states of A-particle configurations with harmonic -oscillator wave functions, will be 
considered. Ki is the kinetic energy operator for particle i. To estimate the effect of an excited 
state m upon the energy of a state 0 which does not include excitations of the 21iw type, the 
formula · 

(3) 

will be used. The denominator is estimated as-21iw. For 0
16, the state 0 will be taken as 

(4) 

For 0
17 

or 0
18

, corresponding states 01 which have the same con:Qguration plus one or two 
states nl!j in the 1dsjz, 2S1/2• 1d3/2 shell and a total Hamiltonian H will be considereci. 
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Corresponding to excitation m of 0, there will be excitations m' ~b 0'. F~r example, for the 
single-particle excitation 1s 1;

2
- 2s

112
, m. and .m1 are, for 0 and 0 7 : · 

m: [(1s1/2)3 2s1/2] 

m': [ (1s1/2)3 2s1/2] 

( T,J) =(0, 0), 

(T, J), ni., (T, J) = (1/2, j). 
J . . 

(5) 

(6) 

In (5) and (6) closed subshells have been omitted, but their effect is 'included in the calculations. 
It can be shown that for eygry excitation m of state 0 there exists one main. corresponding ex
citation m' of o17 or 0 , except when such an excitation is prohibited by the exclusion principle. 
For (6), the main excitation has (T, .f) =(0, 0). It can ·be seen that a simple relati.on between ma
trix elements often exists. It will be written as · · 

(7) 

Here m' is the main excitation corresponding to m. For a two-particle excitat\cgn, c equals 1, 
unless the excitation is into a shell n~ which is already occupied in 0 17 or 0 . In the latter 
instance, c usually is not very much less than 1. For-a one-particle excitation, c is also 
generally near 1. The effect of rearrangement excitations, such as (6) with (T, J)fo (0, 0), appears 
to be generally extremely small. 

The effect ofthe,exclusion principle in core excitation may be quite important in determin
ing the Coulomb energy difference between the ni. = 2s 11 states of F17 and o17. This is seen 
when the excitation (6) is examined in a scheme without l!So'iopic spin. The effect of the excitation 
(6) and other excitations

1
fftype 1_'1iw upon the Coulomb energy has been calculated for the 1d512 

and 2s
1

;
2 

states of F and 0 7. The results are, with %(ni.) = binding energy difference 
between F1 7 and 0 17 in the ni. state: J J . 

Exp1t Theory, with Coulomb interaction 

Without core exc . With core exc. With core exc. 

. VTE = VSE VTE = 1 · 5 VSE 

371 keV -179keV -18 keV 129 keV 

In this calculation, V SE is given by (1), and two triplet-even (TE) interactions have been assumed. 
The remaining interachons are: V TO= V SO= 0. Thus, the internal Coulomb enffgy could ac
count for a part of the discrepancy T>etween fhe energies of the 2s 1 12 states of F and of 0 1 7. 
Both of these states are bound, by 0.10 MeV and 4. 14 MeV, respechvely, with respect to nucleon 
emission. The remaining discrepancy could be accounted for by Coulomb wave-function distortion 
in the external region. 3 

Equations (3) and (7) s'tflgest the possibility that the effect of core excitation upon the 
nuclear energies of states of o 1 which are predominantly of outer-nucleon type may rather gen
erally be roughly the same regardless of the outer-nucleon state 

ni. n'i'., (T, J). 
J J 

(8) 

A physical picture would be: The structure of the core may perhaps be roughly the same for o16 
and for the low-lying outer-nucleon-type states of o17 and o18, For o18 there are, however, ex
citations of type 2'1iw which are not core excitations. These are excitations of only the outer nu
cleons, and their effect does vary with (T, J). Matrices of the Hamiltonian (2) for the states of the 
1d5/2• 2s5/2• 1d3 ; 2 shell and all such 2'1iw configurations as well as those of type 3'1iw (total ex
citation by three shells in a j-j coupling model) were diagonalized. The calculations were made 
for all states which are predominantly of outer-nucleon type, with outer nucleons in the 1d5/2• 
2s1/2• 1d3/2 shell. Estimates were made for the energies of excitation of the higher single
particle states, wliich are: 
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These estimates range from 6. 5 MeV for 1£:712 to 30 MeV for iiB/2" The estimate of the higher 
state of each doublet with given P, was based ilpon the empirical rure that the splitting is roughly 
proportional to 2£ + 1. Matrix elements for various inte,ractions V(1, 2) were calculated on a 
computer with multiple-precision fixed-point arithmetic. The results are given in part (c) of 
Fig. A.21-1 for the interaction of (1) and V TO= 0, and in part (d) for the same V SE' but with 
V TO = ~0. 5 V SE" Level schemes (e), (f), and {g) of the figure 1 were obtained for tliree Yukawa 
interactions wn1ch were also used for Pb210. The SE interaction is given by (4) of Ref. 1 for 
all three schemes. For (e), V TO = 0; for (f), V 

0 
= -0. 5 V E(Yukawa). For (g), V is -0.5 

times the Feshbach-Schwi~2er _ce~tral + ten~or idteraction of ~ef. 1, (6). For Fig. A'!li-1, (c) 
through (g), v = 0.33930 F , th1s 1s a reductwn of about 3.2o/o from the value used for part (a), 
based upon an estimate of the effect of core excitation upon the Coulomb energy. Figure A.21-1 
gives the results only up to 7.5 MeV; energies of.higher states, not yet experimentally identified, 
were also calculated. The calculations were made for several sets of higher single-particle 
energies; the results do not depend very strongly upon these energies. 
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·Fig. A.21-1. Energy levels of 0
18 

Part (b) gives all levels 
which have been experimentally identified as being prob-
ably of outer-nucleon type, and the lowest four levels which 
are probably due predominantly to core excitations. These 
four levels are drawn with dotted lines. Part (a) gives theo
retical levels, calculated with single-particle states of the 
1dsj2. 2s1/2• 1d3/2 shell only. The remaining schemes show 
the effect of all 2flw and 3flw outer-nucleon-type excitations. 
The states are labeled Jx, with x = a, b, c, · · ·. Here Ja is the 
lowest state with J+. Schemes (a), (c), and (d) are for the 
Gaussian SE interaction (1), with VTo=.O for (a) and (c) and 
-0.5 VsE for (d). Schemes (e), (f), and (g) are for a Yukawa 
SE interaction, with VTO = 0 for (e).. and VTo = -0.5 VsE 
(Yukawa) for (f), and a central+ tensor V TO for (g). 
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2 2. CORRECTED Na 20 MASS AND LEVELS IN Na 20 AND F 16 

USING THE (He3, t) REACTIONt 

R. H. Pehl and J. Cerny 

2 3
Indications that the presently accepted value 1 for the mass of NaZO is considerably in 

error ' have stimulated its remeasurement using the Ne 2 (He3, t)NaZO reaction. Also, until very 
recently, 4 little has been accurately known about the levels in F16 

These reactions were induced by an energy-analyzed 40 2-MeV He3 beam from the Berke
ley 88-inch cyclotron. A 50-mg/cm2 transmission-360-mg/cm2 stopping semiconductor counter 
telescope fed a new type of particle identifier. 5 Complete separation of the tritons from deuterons 
was obtained. 

Figure A.ZZ-1 shows an energy spectrum from the o 16(He 3, t)F16 reaction, and Table 
A. 22 -I lists the easily observed low-lying levels of F16 with our tentative J 1f ·assignments. The 
relative spaci¥-~s of

3
the first five ley~s are in excellent agreement with the results of a recent 

study of the N (He ,n)F16reaction. However, we believe that two of their tentative JlT assign-
ments, which are based on level width arguments and are also given in Table A.ZZ-1, should be 
reversed. C{ge way to pregict the level ordering of the low-lying quartet in F16 is to compare the 
observed 0 (T = 1) - F 1 level shifts with the predicted shl·ft fro:rp a Coulomb energy calculation 
using mirror nuclei and with the systematics of the known N 6_ o 1b(T = 1) shifts for the quartet. 
As illustrated in Table A.ZZ-II, there is a marked downward shift of the 0- and 1-(T = 1) states in 
o 16, relative to their position in N16, whereas the z- and 3- states undergo only a mfgor shift 
Since the first four states in N16 are bound, while the corresponding states in both 0 and FI6 
are unbound, this shift is probably due to.the Thomas -Ehrman effect, 6 which would be most pro
nounced for the s -state proton. If our Jrr as sigifGlents are cor:ect, ti:_e 2- and 3- states are again 
shifted only a minor amount in F 16 relative to 0 , while the 0 and 1 states undergo another 
downward shift. However, if the 1- - 2- assignments are reversed, 4 the level shifts become gen
erally inconsistent. 

The angular distributions of the 0.436- and 0. 736-MeV levels closely parallel each other, 
exhibiting a smooth forward ( < 18 deg c. m.) peaking pattern; the ground-state and 0.200-MeV level 
also parallel each other, but reach a maximum at ::::28 deg c. m. A comparison of the observed 
relative intensities also places the 0.436- and 0. 736-MeV levels in one group, and the other two 
levels in a different group. From this information and the uncontroversial 3- and 0- assignments, 
one is tempted to associate the former gr~up with transitions to the [pi/z - 1d 512] states, and the 
latt~r group with transitions to the [pi/Z- s 1; 2J states, which would a so be 1h accord with our JlT 
as s1gnments. 

12 The en~rgy calibration usf~ to determine the mass of Na20 was based on the c 12(He3, t) 
N ground-state transition an~ 0 (He 3, t) tran.fitions tf the O.f36- and 0. 736-MeV levels of F16 
using mass excesses of 17.349 and 10.686 MeV for N 1 and F 6, respectively. 

Figure A.ZZ-2. shows an energy spectrum from the Ne20(He3, t)NaZO reaction, and the ob
served levels of Na20 are listed in Table A.ZZ-1. Since levels above 2 MeV could not be followed 
easily they have not been included. Our measu;red Q value for the Ne20(He3, t)Na20 reaction is 
14.04± 0.05 MeV(± 0.08 MeV including N12, F 1b errors), which corresponds to a mass excess for 
NaZO of 6.98 MeV. This is 1.30 MeV less than the currently accepted valuei and in excellent 
agreement with the predicted Na20 mass. 2, 3. 
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Table A.22-I. 

Sc(MeV)a J1T 
0 (0-) 
0.200 (1-) 
0.436 (2-) 
o. 736 (3 -) 
3,78 
4,25 
5.45 
5.9 
6.4 

F16 and Na20 levels ob
served. 

J1T 
(o-) 
(2 -) 
(1-) 
(3 -) 

Ex(MeV)c 
0 

(0.65. ( 
) o. 75? 
l0,85 J 
0,95 
1.27 
1.85 

a. AU excita:tions accurate to ±50 keV. 
b. Tentative assignments given in Ref. 4, 

-58-

c. There are four levels in this region, approx
imately equally spaced apart. 
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Fig. A;2.2-1, Triton energy spectra from the 
o16(He3, t)F16 reaction. A gas target was 
used to obtain the more complete spectrum 
on the left (r·esolution 200 keV FWHM) while 
a Mylar target was used to improve the res
olution (140 keV) of the low-lying levels 
shown on the right, 

A.22 

Table A,22-ll. Comparison of the mass ex
cesses (in MeV) of the low-lying levels 
of the mass-16 triad, a 

J N16 016 F16 

Differ- Differ- Th1s 
ence ence paper Ref, 4 

3 -5.97 (2,55) 8,52 (2.90) .. 11.42 11.42 
2- 5.67 (2.56) 8.23 (2.89) 11,12 10,89 

(2.66)[ 4] 
1 6.07 (2.29) 8,36 (2.53) 10,89 11,12 

(2. 76)[ 4] 
0 5. 79 (2.26) 8,05 (2.64) 10.69 10,69 
Coul, pre d. (2.68 (2,83) 

a, The mass table of K~nig et al. (Ref. 1) has 
been used, 

60 

40 
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c 
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Fig. A.Z2-2, Triton ene:fgy spectrum at 15 
deg from the Ne 20(He , t) Na20 reaction. 
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2 3 • 0 B S E R V AT I 0 N 0 F T = ~ .L E V E L S I N L i 7 - Be 7 

. AN D THE UN CHAR A C T E R i Z E D N U C LEI He 7 , B 7 , AND He 8 t 

Claude Detraz, *Joseph Cerny, and Richard H. Pehl. 

:fhe location and properties of the hitherto unestablished T = l levels in the T z = ± -} 
nuclei Li and Be 7 are important nuclear structure information; in addition, the question of particle 
stability of the controversial nuclei He 7, B7, and He8 should be answerable by extrapolation from 
these T = f sfates. · . . . . 

As has previously been shown, i- 3 (p, t) and (p, He3) reactions can. be a valuable spectro
scopic tool for locating states of high isospin in the residual nuclei. To investigate these mass-7 
nuclei, the reactions Be9(p,t)Be7 and Be9(p, He3)Li7 were induced by 43.7-MeV protons from the 
Berkeley 88-inch cyclotron. Tritons and He3 emitted from th,r 650-t.J.g Be 9 target were detected by 
a (dE/dx)-E counter telescope which fed a particle identifier. Figure A.23-1 shows two typical 
sp~ctra obtained at 32.5 deg; the energy resolution averaged 170 keV for tritons and ZOO keV for 
He . 

One would, in general, expect the angular distributions of the T = ~ mirror states of Be 7 

and Li 7 formed in these reacti()ns to diffir both in shape and magnitude. this arises since the 
(p, t) transitions occur predominantly by S, T = 1 pickup of two neutron~, while the JP· He 3 ) transi
tions can occur by pickup of a proton-neutron pair in a predominantly S, T = 0 or S, T .7 1 config
uration. Marked differences are in fact observed in the compared mirror angular distributions 
and are even apparent in Fig. A.23-1. . . . 

However, transitions toT= 1._ states in Li 7 and Be 7,' assuming 'the fharge independence 
of nuclear forces, proceed from idenhcal initial to final states through only S,T = 1 pickup of the· 
two nucleons; as such, identical cross sections are expected for s·uch transitions after phase-space 
and isospin-coupling corrections (here only 1,1"/o) are included (see Ref, 1). Indeed, Fig, A,23-2 
shows that the transitions to the ~air of previously unobserved "mirror" levels at 11.13±0,05 MeV 
in Li7 and 10. 79±0,04 MeV in Be are identical, considering the background subtraction and statis
tical errors, Therefore, these two states can be assigned a T = t isospin. Their excitation ener
gies3are close to the theoretical 3s~imates for the lo'f~st T =·~ stateS, 6 i~ Li7 -the first three 
T = 2 states are predicted to be 2 (10.9, 5 10.1, 6); 7: (:.:12.4, , 6), and i (13, 7, 5 13,2, 6 MeV). 

We note that the angular distributions in F1g. A.23-2 have the same shape as is standardly 
observed for known L=O transitions at 43.7 MeV (see Fig. 3 of Ref. 3). Because of angular.:mo
mentum conservation, this also restricts our transitions to be to the~-- states. These two T=f 
states are therefore the lowest ones -analogs of the He 7 and B 7 ground states. 

The difference betw~en the two excitation energies in Li7 and. Be 7,. which is about 340keV, 
is qualitatively in accord with the variation of the· Coulomb energy with excitation, as calculated by 
Fairbairn, 71fith the difference in pairing energies between the T = 2 and T = i states, estimated 
by Wilkinson for the 1p shell, and with a probable Thomas-Ehrman shift. 

These two T =~ levels are broad, Correcting_lor the experimental ener~y resolution, we 
find full widths at half maximum of 268 ± 30 keV for Li7 .,. and 298 ± 25 keV for Be 7·. These two 
wig~s are very si~ilar, and both staJ:es can de<;:ay throu~h three T = J channels: He 0 + p, 
Li (T=1)+n, He +p+2n for Li7·e, and Be 0+n, Li6 (T=1)+p, He4+2p+nforBe7*. 

The mass of the He 7 nucleus can be obtained from the mass of Li7':'(T=i ), if the neutron
hydrogen atom mass difference is taken into account and the Coulomb energy difference from the 
pair He6-Li6':'(T=1) is calculated. We find for He7 a mass excess of9 26.03±0.15 MeV in the c12 
S_Ystem; ;therefore, I:Ie 7 is definitely unbound to neutron emission by about 360 keV. Assuming the 
f1rst T=- level of L17 to be lower than 10.81 MeV, Balashov6 found that He 7 would be a 13 emitter 
with a hlJ.f life of 30 to 100 msec. He 7 being unbound, the assignment of 50 p.sec for its half-life, 
which appears in the Chart of the Nuclides, fO presumably quoted from Ref. 6 through a misprint 
in its abstract, 11 should be dropped. 

A similar calculation to that for ~ 7, but using the T = ~ state in Be 7 and the Coulomb 
energy difference from the pair Be 10-B10'(T=1), indicates amass excess of9 27.99±0.15 ~eV for 
B7. Though this value is smaller than the one predicted by Goldanskii12(29.4±0,5 MeV inC 2 sys
tem), B 7 is still quite unstable for particle emission, decaying to Li 5 + 2p, Be6 + p, and a+ 3p. 
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To estimate the mass of Hes, we can use the arguments reported by Goldanskii, 13 namely 
that th~ difference between the binding energies of the fourth and third neutrgns of the 1p

3 12 shell, 
B (He ) -~(He 7), is smaller than for the second and first neutrons, B (He )-B (He5), 15\it larger 
tlfan B (Li7)-B (LiB), where the extra proton disturbs, by a deuteron-ftke bond,nthe pairing be
tween lfie two ngutrons. Using the mass of He 7 as calculated above, we obtain the double inequal
ity 

31.6 MeV< mass excess (He8) < 32.4 MeV. 

Since the lightest particle-unstable channel is He6 + 2n, the m'\ss excess of which is 33. 74MeV, 
HeM should be stable to neutron emission by at least 1.3 MeV. 4 
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Calculations in the mass-8, T = 2 system based on this He mass give for C a mass excess 
of 36.4±0.8 MeV, which agrees with the predictions of reference 12 ( < 38 MeV in the c 1 2 sys-
tem), and implies that c8 is unbound. . ' 

\_.1 
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Fig. A~23-2. Angular distributions for the 
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2 4. Li 4 AND THE EXCITED LEVELS OF He 4 t 

Joseph Cerny, Claude Detraz, t and Richard H. Pehl 

There is continuing interest in a characterization of such nuclei as H4 and Li4 ; in addition, 
a determination of the mass of either should aid in locating the lowest T = 1 state of He4, which is 
the subject of considerable current speculation. To accomplish this we have again 1 utilized the 
technique of sim~taneous observation of (p, t).and (p, He3) transitions to analog final states-here 
applied 40 the Li (p, t) Li4 and Li6(p, He3) He4* (T = 1) reactions. The

4
latter reaction and the Li 7 

(p, a.)He reaction also allow the investigation of the T = 0 states of He . 

Some ofl~ recent data concerning the two lowe~t excited sta~~s of He 4 are summarized · 
in Table A.24-I. - Since state I (::::20 MeV, probably 0 , T = 0) lies just above the p+t threshold 
at 19.81 MeV excitation and state II(:o::22 MeV, probably 1- or 2-, T = 0), above the n+He3 thres
hold at 20.58 MeV, their exact nature is uncertain. Besides these two states, Vlasov and Samoi
lov suggest9 the possibility that the lowest T = 1 state lies at 24 or 25 MeV. This would require 
Li4 to be unbound by 4.5 to 5.5 MeV. 

We have used 43. 7-MeV protons from the Berkeley 88-inch cyclotron to induce (p, t) and 
(p, He3) reactions on Li6 and (p,.a.) reactions on Li7. Targets of separated isotopes were used; the 
general experimental setup was as reported previously. 1 

Figure A.24-1 presents a Li6 (p, t) Li4 spectrum at 15 deg. Such data, taken between 10 
and 35 deg, show a broad state which is unbound by 2.9 ±0.3 MeV to He3+ p decay. (Though we 
shall1enote this peak as the Li4 groun,f state throughout this report, it is probably not a single 
state. 0 ) The width of the unbound Li state is 5.0±0.5 MeV at all angles. Using this Li4 mass, 
a Coulomb calculation predicts that the T = 1 excited state of He 4 is located at approximately 22.5 
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MeV(± 0.3 MeV). Finally, one predicts that the analog H4 nucleus is also unbound~ by about 2.0 
MeV. 1 1 These masses directly: confirm the negative results of previous searches for the 13 decay 
of H4or Li4 (see Imhof et al. 12). 

Figure A.24-2 presents spectra from the Li 6(p, He3)He4 and Li7(p, a)He4 r~actions. 
State I was observed ~n both these reactions, appearing at 20.10±0.15 MeV. If its 0 assignment 
is correct, the {p, He ) transition to this level should correspond to an angular momentum trans
fer of L = 0 (or 2), while the {p, a) transition would require L"' 1 transfer. The angul~V distri
butions of Fig. A.24-3a 3-re in accord with these expectations and str~gly s~ppo~t this 0 assign
ment. First, the (p, He ) transition is essentially identical to the Li (p, He )He g. s. transition, 
and both appear

1 
to be fairly pure L = 0, according to our two-nucleon transfer systematics in the 

light elements; and, second, the limited (p, a) data are consistent with the Li7(p, a)He4 g. s. tran
sition, which must have L = 1 transfer. 

It is apparent from Table A.24-I that there are large discrepancies in both the location 
4 and width of state II as reported from ·different experiments. These fluctuations and the above Li 

results lead us to postulate that there are in fact at least two states near 22 MeV. We expect one 
to be a T = 0 state with a width of about 1 MeV, clearly apparent in the work of Parker et a:l, 2 at 
21.2±0. 2 MeV, and the other(s) to be the T = 1 state(s{ predicted from our Li4 mass to appear at 
22. 5±0. 3 MeV. An analysis of the data using t%e width 3 ~ven by Parket et al. for the prominent 
peak which appears at 21.4±0.25 MeV in the Li (p, He3)He spectra (Fig. A.24-2a) indicates the 
presence of an additional, somewhat smaller peak at 22. 5±0. 3 MeV.· As expected, this new peak 
is broad; however, no width could be o·btained because of the complexity of the spectra. Thi..f 
22. 5-MeV level can be postulated as the first T = 1 excited state of He4 -the analog of the Li 
ground state. 

Furth1f confirmation of this assi'gnment is presented in Fig. A.24-3b, where both analog 
transitions, Li {p, t)Li4 g. s. and Li6(p, He 3 )He4 *{22.5 MeV, T = 1), are shown. The monotonic
ally decreasing apgular 

3
distributions to thes~ T = _1 states over the observed angular range are 

similar to the Lib{p, He )He 4 * (21.4 MeV, 1 or 2 , T = 0) angular distribution; all three transi
tions are consistent with the L = 1 angular momentum transfer that would be expected to 1- or 2-
states. Finally-and most importantly-the relative. crp..fs sections to these two analog levels, 
after correction for isospin coupling and phase space, are quite similar (within the large un-
certainties of peak separation and background subtraction), as would be required for transitions 
proceeding from identical initial to final states through 1s, T = 1 pickup of two nucleons. 

To summarize, w~ have observed the unbound ground "state" of Li 4 and predict that H4 

must be unbound by 2 MeV. W~ have obtained angular distributions to the 20.1-MeV state of He4 
which are consistent with its 0 assignment, and have identified the lowest T = 1 "state" of He4 
at an excitation of 22. 5±0. 3 MeV. 
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Following Goldanskii' s pairing energy systematics [JETP 11, 1179 (1960)], one can predict 
from this H4 mass that H5 is also unbound by at least 1,1 MeV. . 
W. L. Imhof, F. J. Vaughn, L. F. Chase, Jr., H. A. Grench, and M. Walt, Nucl. Phys, 
59, 81 (1964). 
The apparent width of a short-lived state can vary with the nuclear reaction employed to study 
it. [See, e. g., E. H. Berkowitz, Nucl, Phys. 60, 555 (1964).] However, the spectator 
particle velocity, which appears to be a relevantparameter influencing the width, is very 
similar in this experiment to that of Ref. 2. 
J. Cerny and R. H. Pehl, Phys. Rev. Letters g, 619 (1964). 

Table A.24-I. Evidence for the first two excited levels of He 4 . 

Reaction 

3 4 d(He , p)He 
- 4 -- 4 
He (p, p')He 

3 4 
He (d, p)He 

4 ' 4 
He (p,p')He 

4 
T(d, n)He . 

T(d, n)He 4 

T{p, Pl'!' 

State I State 

Bombarding Position Width Position 
energy 
(MeV) (MeV) (MeV) (MeV) 

31.8 19. 94±0.02 0.140±0,025 21.24±0,2 

40 20.46±0,14 :::::0.3 22.0 ±0.14 

6-10 20,08±0,5 0.2 ±0,05 

55 22.4 ±0. 7 

7.83 20.1 0.35 ±0,05 

19 22 

resonance 20,3 ±0.1 

Fig. A.24-1. Ari energy spectrum of the Li6(p, t)Li4-
reaction at 15 deg using 43. 7-MeV protons, The 
counts above channel 420 arise from a slight deu
·ieron breakthrough into the trlton region of the 
identifier spectrum. 

II 

Width 

(MeV) 

1.1-J:0.2 

several MeV 

1, 7±0, 5 
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Fig. A.24-3. (a} Angular distri~utions to the 
' 20.1-MeV excited state .fl He for t~e two 

reactions Li6(p, He3}He (0} and Li (p, a} 
He 4 *(.6). The arbitrary unit, common to 
both distributions, corresponds roughly to 
15 to 20 iJ.b/sr. (b) A comparison of the 
an8ular di~tributions of the analo~ rea,r~ions 
Li (p, t}Li g. s. (0} and Li6(p, He }He 
(T=1, 22.5 MeV}(-6). The (p, He3} cross 
sections have been multiplied by 1. 99 to ad
just for isospin coupling and phase-space 
factors. Because of the complexity of the 
spectra, the relative cross sections have 
been obtained from only the "corrected" 
peak heights, comparable widths being as
sumed for these analog states. Probable 
uncertainties introduced by this procedure 
are indicated. 

25. He 3 AND He 4 SCATTERING ON B
11 

D. L. Hendrie, Marc Chabre, * H. G. Pugh, t and E. Boschitzt 

In a recent c
12

(p, 2p} experiment, 1 the first four excited states of B 11 (see Fig. A.25-1 
for a level scheme} were made· with comparable intensities, each about 20"/o of the ground-state 
intensity. In a one-step knock-out pr

1
'2cess, only states which have a parent in the ground statf 

of the target nucleus can be made. C is known to contain an appreciable admixture of (p1 ; 2} 
(p

3
; 2 }2 configuration2 in its ground state. However, adn.;ixture of_contributions from higher 

shelrs is expected to be small. 3 Thus, although the 1/2 and 3/2 states might be reached by 
configuration impurities in the ground state of c12, one feels another mechanism must be invoked 
to explain the appreciable excitation of the 5iL2- and 7/2- st.ftes. Such a mechanism could be a 
double process involving excitation of the C 2 core to its 2 first excited state at 4.43 MeV, S"hich 
is known to be strongly excited by inelastic scattering at thes: energie~. 4 Work at 15~ MeV has 
inficated large fractional parentage coefficients from th.f 5/2 and 7 ~2 states to the 2 state of 
C . If the p 3/ 2 proton hole is weakly coupled to the 2 state of C 1 , several predictions can be 
made:6 
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(a) the center of gravity of the 4 states (5.26 MeV), should be equal to the c 12 2+ state (4.43 MeV), 
(b) the angular distributions of the 4 states should be similar, 
(c) their cross sections should be in a ratio of 2J+1, + 12 
(d) the sum of their cross sections should equal that of the 2 state of C . 

11 
In order to check these predictions we scattered 42-MeV alphas and 40-MeV He 3 from 

B . A sample alpha spectrum is shown in Fig. A.25-1. The angular distributions obtained are 
shown for the alpha scattering in Fig. A.25-2 and He3 scattering in Fig. A.25-3. Figure A.25-4 
compares the elastic and sum of the 4 excited states :-fith carbon data of Naqib7 for 42-MeV alphas. 
Figure A.25-5 does the same for the He3 work; the C 2 data were taken during the same run. 
Systematic uncertainties of about 20o/o in the data probably limit the precision of the comparison 
in both cases. 

In the He 3 results, we find quite good agreement with predictions (b) and (d), and fair 
agreement with prediction (c). In the alpha work, (b) and (c) are very badly met, and (d) seems to 
be significantly violated. These results are unexpected because the lack of spin and the sharper 
interaction radius8 of the a particle should have made it a less ambiguous probe. It is possible 
that strong resonances in the N15 compound nucleus in this energy region cause effects whichmask 
the direct reaction processes necessary for the validity of predictions (b) to (d). It is hard to see 
why properti~s of the B1 1 states themselves (such as configuration mixing between the ground 
state and 3/2 excited state) should selectively perturb only the a-particle scattering. 

' ' • I 

Clegg et al. 9 have shown that the unified model can provide good fits to 155 -MeV proton 
data. They find that a value of -4 for Nilsson's parameter, ,, gives a good fit to their data and 
the energy levels. The overlap of the wave function with the wave function for 11 =. 0 (the weak 
coup{\ng limit) is 0. 8, so that the weak coupling model would provide a good first approximation 
to B . The problem of why the He 3 results provide good agreement and alpha results yield such 
poor agreement remains to be solved. 
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Fig. A.ZS-3. Angular distributions of the B11 
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Fig. A.ZS-4. Comparison of the elastic and 
sum of the first four excited states of B 11 

for the (a, a') reaction with the C 1 2 data of 
Ref. 7. 
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26. THE c
12

(d, t)C
11 

AND c
12

(d, He 3 )B
11 

REACTIONS 

M. Chabre; D. L. Hendrie, H. G. Pugh, t and C. Detrazt 

The c:
2

(d, t)C 1 ~ and c
12

(d,li.e 3)B
11 

reactions were studiedto investigate the excitation 
of the first 5/2 and 7/2 states inC .and B 11 . Those stati_~ had been found to be produced 
with large cross sections in the c 12(p, 2p)B11 and c 12(p, d)C reactions at 50 MeV. 1 As the 
groundltate of c12 is a p 3/2 closed shell configuration, witJ:. some adn:ixture of (p 3/2)- 2 

(p 1/2) but only a negligible amount of 1 f admixture, the 5/2 and 7/2 states should not be 
produced by a clean pickup or knockout reaction. In addition, identical angular distributions to 
states in both final nuclei provide direct evidence for mirror assignment. 

The (d, t) and (d, He3) reactions were chosen for the following reasons: 

(a) The (d, He 3 ) reaction producing proton hole states is equivalent in this respect to the (p, 2p) 
reaction. 

2 (b) The simultaneous study of the two re;;,ctions, using a Goulding-type identifier, makes it 
possible to identify unambiguously the 7/2 state at 6. 76 MeV in B11. This state cannot be sep
arated from the next positive parity state at 6.81 MeV. But in c11 the mirror doublet is split by 
140 keV, and therefore the contribution of the positive parity state can be measured. 

The reactions were induced by a 50-MeV deuteron beam from the 88-inch cyclotron. 
Two solid-state counter telescopes were used, a 0. 50-mm t. E + 3 mm E combinati~n at forward 
angles, and a 0.25-mm t. E + 3 mm E combination at larger angles. Tritons and He spectra 
were recorded simultaneously. The resolution was 100 keV for tritons and 160 keV for He3. 
Figure A.26-1 shows two spectra on which 10 pairs of mirror states can be recognized. In c 11 

the positive parity state at 6.35 MeV was always less than 10% of the 7/2- state close by, and 
most often barely seen. 

~I 
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Figure A.26-2 shows the angular distributions for the ground-state transitions and the 
first four negative-parity states. The similarities of the patterns are striking, although the (d, t) 
cross sections seem to be lower by a few percent than the corresponding (d, He3) cross sections 
even after the correction is made for the difference in momentum transfers, due to the different 
Q values of the two reactions. The ground states, 1/2-, and 3/2- states have characteristic 1 = 1 
pickup patterns. Preli:flinary fits with a DWBA (distorted-wave Born approximation) program 
written by Glendenning and using interpolated optical potential parameters are very satisfactory 
for the ground states, and in qualitative agreement with the 1/2- and 3/2- patterns at forward 
angles, although the agreement becomes poor at large angles where the' experimental cross sec
tions do not fall fast enough. 

The cross sections for the 5/2- and 7/2- states are of the same order of magnitude as 
for the 1/2- and 3/2- states, but the angular distributions are very smooth, without any oscilla
tions even at forward angles, and fall off very slowly at large angles. Trials were made, but no 
fits were found possible by DWBA, assuming 1 = 3 pickup. This suggests that those states are 
produced by a different and more complex mechanism than simple pickup mechanism, involving 
the core of c 12 . Such processes are always neglected in DWBA calculations. One may assume 
that the c 12 is inelastically excited to its 2+ level at 4.43 MeV, known to be strongly collective, 
and that the pickup takes place in this configuration, therefore allowing 1/2 .,;;D,J.,;; 7/2 for a p 3/2 
pickup. Calculatiopf by Clegg4 of the CFP (coefficient of_fractional_parentage) relating the first 
excited states of B to the ci2 states, show that the 5/2 and 7/2 states of B 11 have very large 
CFP with the 2+ states of c 12. This is in good agreement with our hypothesis, and shows the 
necessity of coupled-channel_calculatio~s to interpret the angular distributions o.f the 5/2- and 7/2-
states. The CFP of the 1/2 and 3/2 excited states to the 2+ of ci2 are also quite large,. and 
contributions of the double stage process may also explain the filling of the minima and the slow 
fall of the cross section for those states at large angles. 

For higher excited states, simple comparisons of angular distributions allow us to iden
tify unambiguously the states at 6.90, 7.50, 8.10, and 8.4"3 MeV in c 11 as being mirrors to the 
states at respectively 7.30, 7.99, 8.57, and 8.92 MeV in B11, as seen on Fig. A.26-3. 
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27; THE SCATTERING OF a PARTICLES BY 'cr5 2 

'-. .. · 
John R. Meriwether, Italo Gabrielli, David L. Hendrie,. 

Jeannette -Mahoney, and Bernard G. Harvey 

The elastic and inelastic scattering. of a particles ·by. Cr52 has been studied with 23. 5-, 
33-, 50-, and 75-MeV a particles. 

Figure A.27-,1 shows the energy spectra, taken at a lab angle of 50 deg, obtained from 
the scattering of 50-MeV a. particles from Cr52. This angle was chosen because none of the alpha 
groups of interest is opscured by the group· due to the impurities carbon and oxygen. The angular 
distributions.for the principal alpha groups· are shown in Fiys. A.27-2 through A.27-5. The solid 
curves are those calculated from the Austern-Blair model, · The 2.97-MeV state, reported to be 
2+ by van Patter, 2 is very weak at most angles, and no angu~ar distribution could be obtained. 
The same is true for the 2.65-MeV, 0+ state. The angular distributions for the 3.45-, 4.10-, 
4. 73-, and 5.07-MeV states are very similar to those for the 4+ states at 2,37 and 2. 77 MeV. An 
assignment of 4+ is thus indicated, ... The,states at 6.16, 6.54, and 7.10 MeV appear to be negative 
parity, and probably are 3- states. 'This is in agreement with the ··electron scattering data of 
)~ellj.card, et. al. 3 Several states bet:ween 4. 9 and 7 MeV were too weakly excited for determina
tion of the angular distribution. The 5.46 -MeV group was strong but gave a featureless angular 
distribution. This group probably represents more than one state. 

The reduced transition probabilities for a number of states were determined by compar
ison with the Austern-Blair model, These values are listed in Table A.27-I. It should be noted 
that the values are generally independent of energy, as they should be. The values we obtain. ~re 
consistently lower, by a-factor of twp or ~ore, than the electron-scattering data of Bellicard, 
the Coulomb excitation work of McGowan, or the Sai::lay group' s5 smooth-cutoff analysis of their 
alpha scattering data. We have reanalyzed the Saclay data; using the Austern-Blair model, and 
find a large reduction in the value of B(E2) obtained. These values along with Peterson's, 6 cor
roborating ours, are given in Table A.27-ll. It would probably.be erroneous to attribute the. above 
di~crepancies to .failures of the Austern-Blair model, as there are many examples, in particular 
Ni 2, for which the agreemen~. of this method with electromagnetic methods ·is·excellen( · · 

1, 
2. 
3. 
4. 

5. 

6. 
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Table A.27-I. B(El~ values obtained 
for crsz. 

Level J'!T E. 
(M~~) 

a2(I) B(EIH (FZI) 
2 e 

1.434 2+ 23.5 0.44 57.9 
33 0.41 53.9 

44.4 0.36 47.3a 
50 0.41 53.9 
75 0.34 46.0 

3.16 2+ 23.5 0.055 7.23 
33 0.036 4. 73 

44.4 0.026 3.42 
50 0.042 s.sz 

3. 78 2+ 23.5 0.080 10.5 
33 0.090 11.8 

44.4 0.13 17.1 
50 0.12 15.8 

4.59 3- 23.5 0.138 269 
33 o: 153 298 
50 0.142 277 

6.16" 3- 50 0.034 64.7 
6:54 3- 50 0.058 108.8 
7.07 3- 50 0.058 108.5 

a. Data from Ref. 5 -analysis, this work. 

Fig. A.27-1. 
a. particle. 

Counts 

Cr 52 (a., a.' )Cr SZ with 50 -MeV 
The lab angle is 50 deg. 

50 
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Table A.27-II. Comparison of various 
B(E2)~ values for the 1.434-MeV, 
2+ state in crsz. 

B(EZ)~ Determination Analysis Ref. 

57.9 23.5-MeV(a., a.') A-B a 
53.9 33.0-MeV(a., a.') A-B a 
53.9 50.0-MeV(a., a.') A-B a 
46.0 75-MeV (a., a.') A-B a 
60.1 42 -MeV(a., a.') A-B 6 
102 44-MeV(a., a.') BSW s· 
47.3 44-MeV(a., a.') A-B 5, a 

103 iSOto 180-MeV(e, e') 3 
140 Coulomb excitation 

33-MeV o 16 
4 

a. 'f'liis worK, 

10 1 

~ 
.0 

! 
lo-• 

q 
"0 ..... 
b 

"0 

·I 

Bc.m. (deg) 

Fig. A.Z7~2. Angular distributions for the 
1.434-, 3.16- and 3. 78-MeV 2+ states in 
Cr5 2. The solid curve is the Austern-Blair 1 
model calculation. 
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Fig. A. 2 7-4. Angular distribution for the 2. 3 7-
and 2. 776-MeV 4+ states in Cr52. 
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Fig. A. 2 7- 5. Angular distribution for the 
3.42- and 4.10-MeV 4+ states in Cr5 2 . 
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28. CHARGE AND ENERGY DISTRIBUTIONS 
OF RECOILS FROM Th 22 6 ALPHA DECAY* 

K. Gunter, F. Asaro, and A. C. Helrnholz 

The charge and energy distributions of rec2~16' from Th226 alpha deca~ were investigated 
with a high-resolution a-particle spectrograph. Th was chosen for investigation because its 
decay chain of three relatively short-lived alpha emitters makes conclusive identification of the 
recoils possible, because it has an appropriate complex alpha spectrum, 1 and because it can be 
prepared into an extremely thin source by electrostatic recoil collection. 

The u 230 was chemically prepared and purified from a previously pu2:fbed Pa
230 

source 
which had been prepared by bombarding Th23 2 with 50-MeV deuterons. The U was then bapor-
ized in.~ onto a platinum plate. The resulting source was invisible. T23a31-rnin Th22 

daughter was electrostatically collected on a platinum plate from the thin U source under a 
uniformly applied negative potential of 225 V fern in an air atmosphere. 

fuch Th226 samples were used as sources in a f80-deg double-focusing a-particle spec
trograph with photographic emulsions for detection. The a particles appear in the emulsion as 
nearly parallel tracks of approximately the same length. The recoils appear in the emulsion as 
two or three a tracks of varying length and direction corning from a common vertex on the surface 
of the emulsion (2- and 3-pronged events). These 2- and 3-pronged events .represent only a por
tion of the total number of recoils striking the plate. 

[igure A.28-1 shows that the +2 recoils struck the emulsion quite close to the position of 
the Th22 ground-state a group (a 0 ), as would be expected for a.thin source. Charges +3 through 
+20 were each investigated separately by altering the magnetic field so that the recoils of a given 
charge followed approximately ·the same path in the spectrograph as had the a particles and +2 re
coils. Charges +1 through -2 were obtained with the emulsions much closer to the source than 
they were for the other charges, which resulted in adequate charge separation.but essentially no 
energy resolution .. 

Typical results for recoilG of various charges are shown in Fig. A.28-1. Recoil peaks 
are identified by the notation Th22 R~n, where n indicates the charge of the recoils and E i:tz<2\) 
cates the energy ih keV of the excited state of the recoil nucleus populated by the a decay of Th 

The R~2 peak is separated from the a 0 peak by 0. 17 keV, and was found to be much 
broader than the other R 0 peaks. The former effect could be the result of the recoils losing en
ergy by collision in leaving the platinum backing plate. Such collisions could also involve a change 
in charge, and, in this case, a charge of +2 would be favored because it has a closed electronic 
configuration. The net effect wo~d then be a selective broadening of the R +2 peaks. It was found 
that all the Rtn peaks except R+ had approximately the same shape and half-width. This peak 
shape is indicated by the dashedC\ine in Fig. A.28-1, and represents 64o/o of the total R62 peak. 

The R1+~1 peaks ~re composed of recoils of Th226 associated with the a group (a1 1:1) that 
populates the 111-keV exc1ted state (21. 9%). These recoils can thus decay either by the em1ssion 
of y rays or conversion electrons. Those R 111 recoils which decay by y emission (R 111 y) should 
have the same charge distribution as the R

0 
recoils, but they should have a slightly increased 

half-width because of the recoil energy associated with they rays. Those R1.11 recoils which de
cay by electron conversion (R

1 
1.1 e) should have a charge distribution that diners from that of the 

R 0 recoils because of the erniss1on of Auger electrons associated with the conversion electrons. 
Tfie half-width of the R 111 e recoil peaks should be considerably larger than that of the R

0 
recoil 

peaks because of the reco1l energy associated with the Land higher-order conversion electrons. 
As seen in Fig. A.28-1, the half+width of R 111 is indeed appreciably larger than R 0 . Also the 
spacing between the R +n and R 1~ peaks was equal to the spacing between the a

0 
and a 11 groups 

for all clearly resolveg recoil pea~s. This indicates that the increase in half-wiath of It111 must 
be roughly symmetrical, as would be expected from the foregoing explanation. 

If one assumes that the recoils do not drift in the emulsion after their initial energy has 
been absorbed, then one should be able to calculate the counting efficiency of the recoils in the 
photographic emulsion, i.e., the intensity of the 2- and 3-prong events. The absolute intensity of 
3 -prong events, however, was greater than the calculated value by a factor of 2. 5, possibly indi
cating unusual behavior of the recoils in the emulsions. The recoil counting efficiency was deter
mined by setting the total intensity of the R~~ 1 e groups equal to the known intensity of that portion 
of a 111 which is followed by conversion electrons. The normalization factor so obtained was used 
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for all the experimental recoil intensities. This procedure is valid for charges +2 through +20 
because these recoils struck the photographic emulsion at essentially the same angle. However, 
the intensities of charges +1, 0, -1, and -2 were obtained with the photographic emulsion in a 
different arrangement, and hence their corrected intensities can only be regarded as approximate. 

The experimental intensities normalized in the above manner are presented in Table A. 28-
I. The errors in the table reflect 90o/o confidence limits, assuming no systematic errors are .. 
present. 

For charge +3 the intensity of R 111 is just the value one would expect from only R:;1-y 
i. e., essentially all recoils followed by conversion electrons have higher charges. We assumed 
then that the 0, +1, and +2 recoils were ·composed of only R

0 
and R 111 -y, which was deduced 

from the known 111-keV -y-ray intensity (4.8o/o ). · · · 

The resulting charge distributions of the R
0 

recoils and the R 111 e .recoils are_ plotted in 
Fig. A.28-2. 

S. Szucs and J. M. Delfosse 3 studied Po 216 recoils from Rn220 a decay a~d fou22 the ·_ 
maximum in the charge distribution occurring at zero, in contrast to our results with Th 6 Rn, 
for which the maximum intensity occurs at a charge of +1. The charge distribution of the Th_220' 
R 111 e recoils is roughly similar to that found by A. H. Snell and F. Pleasanton4 for Xe 131. 

Footnote and References 
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n 

-2 
-1 
0 

+1 
+2 
+3 
+4 
+5 
+6 
+7 
+8 
+9 

+10 
+11 
+12 
+13 
+14 
+15 
+16 
+17. 
+18 
+19 
+20 

Table A.28-I. Normalized experimental results. 

+n/ (RO aO) 

7.06±0. 50o/o 
4. 74±0. 26o/o 
4.55±0. 39o/o 
2.08±0.11o/o 
0.651±0.065% 
0.167±0.024% 

+n +n 
(Ro + R111)/ao 

<0. 03o/o 
<0. 03o/o 
z 20o/o 
z 50o/o 

26. 7±1.1o/o 
1.21±0. 86o/o 
1.06±0. 52o/o 
2. 04±0. 62o/o 
1. 91±0. 24o/o 
3. 52±0. 30o/o 
6.67±0. 40o/o 
8. 07±0. 52o/o 

10.03±0. 62o/o 
9.64±0. 65o/o 
9. 38±0. 6 7o/o 
9.26±0.67o/o 
5.25±0.40o/o 
5.Hi±O. 32o/o 
3.38±0.27o/o 
2. 6 7±0. 2 7o/o 
1. 57±0.22o/o 
0. 80±0.19o/o 
0. 44±0. 0.11 o/o 
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Fig. A.28-1. Experimental flpha and recoil 
spectra. (a) Partial Th2 a spectrum 
(sffwn on an arbitrary scale) and Th226 
R+ spectrum. The dashed line is the rel
ative shape of all the Rbn peaks wgth a 
charge greater than +2. (b) Th22 R+7 
spectrurn.(c) Th226 R+15 spectrum. 
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10 

(b) 
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Recoil charge 

Fig. A.28-2. C0_trge distributions of recoils 
following Th2 a decay. (a) Charge dis
tribution of Ro recoils. (b) Charge distri
bution of R 111 e recoils (R111 recoils which 
decay by conversion electrons). Note: The 
sum of the charge intensities for any given 
recoil group (Ro or R111l is equal to 100o/o. 

29. THE MASS 13 T = 3/2 QUARTET * 
J. Cerny, R. H. Pehl, G. Butler, D. G. Fleming, C. Maples, and C. netraz t 

The completion of isobaric multiplets of four or more members permits an independent 
test of the isobaric multiplet mass equation, 1 which is based on the assumption of charge inde
pendence of nuclear forces. A first such study2 completed the mass -9 T = 3/2 quartet throu~h the 
determination of the mass of c9. We would like to report measurements of the lowest T = 3/2 
states in c13, N13, and o13, thereby completing a second quartet. 

It has been shown previously3 that the (p, t) and (p, He3) reactions are valuable spectro
scopic tools in the study of high isospin states. We have used these reactions to locate the T = 3/2 
levels in N 1 3 and c13 via the N 15(p, t) and N15(p, He3) reactions. These experiments were fer
formed with a 43. 7-MeV proton beam from the Berkeley 88-inch cyclotron. Tritons and He par
ticles emitted from a pure N 1 5 gas targe~ were simultaneously detected by a (dE/dx)-E counter 
telescope which fed a particle identifier. Figure A.29-1 shows energy spectra for both the 

.A 

~I 
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Ni5(p, t)Ni3 and Ni5(p, He3)c 1 3 reactions with typical resolutions (FWHM) of i50 keY. 

The lowest T = 3/2 states in ci 3 and Ni 3 are expected to lie near i5.3 MeV excitation, 
as calculated from the B13 mass after correction for Coulomb energy and neutron-hydrogen atom 
mass differences. As previously reported, 5 two new states near i5 MeV excitation are observed 
in these reactions-they are \~e presu1_13ed T = 3/2 ground-state analogs and lie at i5.065±0.037 
and i5.i03±0.045 MeV in N and C , respectively. These new analog states are sharp, with 
a resolution comparable to that of the respective ground-state transitions; this is consistent with 
aT = 3/2 assignment, since there are no T = 3/2 channels energetically available for decay. 

The angular distributions confirm these a3signments. To first order, the (p, He 3 ) re
action proceeds via the pickup of a is, T = i or S, T = 0 neutron-proton pair, whereas the 
(p, t) reaction is restricted to 1s, T = i two-neutron pickup. Therefore, one might in general 
expect the angular distributions of the T = 1/2 mirror states of ci3 and Ni 3 formed in these re
actions to differ in shape or magnitude or both. Marked differences are gene.rally observed in 
such transitions, as exemplified by the ground-state transitions shown in Fig. A. 29-2. However, 
assuming the charge independence of nuclear forces, transitions to the analog states proceed from 
identical initial states to identical final states thro~h only is, T = i pickup of the two nucle<?ns. 
Since these T = 3/2 states, analogs of the known B :-.5 ground state (3/2-), 6 must also be 3/2 , 
conservation of angular momentum and parity restrict the transitions populating them to an L = 2 
transfer. (Angular distributions to known states in N13 requiring solely L = 0 or L = 2 transfer 
are shown in Fig. A.29-2 for comparison.) Identical cross sections with L = 2 behavior are there
fore expected for these analog transitions, after isospin coupling and phase-space corrections. 3 
Indeed, Fig.· A.29-2 shows that the angular distributions in question are essentially identical and 
that both distributions show the same structure as the known L = 2 transfer to the Ni3(7.38 MeV, 
5/2 -) state. 7 

The (He3, He6) reactiff has been used previously
2 

to obtain the mass of c 9, and was em
ployed here to measure the 0 ground-state mass, thus completing the quartet. A 65.3-MeV 
He3 beam was focused on an o16 gas target from which emergent He6 particles were separated by 
means of a particle identifier (general experimental details are giv1,n in Ref. 2). Typical resolu
tions (FWrM) were 250 keY. Simultaneous measurement of the Li spectra, in conjunction with 
a He6-Li vs pulser calibration, permitted absolute energy measurements. 

The particle stability of o
13 

has been predicted, 8 and o 13 has fien recently observed 
as a delayed proton emitter. 9 A mass excess of about 23.0 MeV on the C scale is expected. 
Figure A.29-3 presents typical oi6(He 3, He6)o13 and oi6(He3, Li6)N13 energy spectra. Althoufth 
there is a fairly high background, one can clearly see the sharp ground-state transition in the He 
spectrum. The average cross section for measuremen{~ at four angles between 10 and 20 deg (lab) 
was only 1f.i.b/sr. The experimental mass excess of 0 was found to be 23.11±0.07 MeV. 

Within the framework of charge independence of nuclear forces, the masses of the mem
be:r;s of an isobaric multiplet are related by1 

M =a+ bT + cT
2 

z - z 

This equation can now be tested by predicting the o 13 mass from the masses of the other three 
members of the multiplet. By use of our experimental excitations (N13, T = 3/2 at 15. 065±0.037 
and c13, T = 3/2 at 15.i03±0.045 MeV), and the ground-state mass excess of B13(16.562±0.004 
MeV, 10,, the mass excess of oi3 is calculated to be 23.i1±0.18 MeV. Though the agreement is 
excellent, the error on the predicted mass is large. Better error limits can be obtained by noting 
(a) a recent measurement of the c14(He3, a) ci3 reaction, i 1 which populated a sharp state at 
i5.i08±0.0i4 MeV (which the above has shown to be the lowest T = 3/2 state), and (b) a measure
ment using the B 1 i(He3, n)N 13 ref:ction, i2 observing a sharp state.at i5.068±0.008 MeV. These 
data predict a mass excess for 0 3 of 23.i0±0.05 MeV. Essentially complete agreement is also 
observed in the mass-9 quartet, 2 where a 2emeasurement of the c9 mass excess gave 28.99±0.07 
MeV instead of the earlier 28.95±0.15 MeV; the prediction for c9 using the mass equation is 
29.00±0.054 MeV . 

The above results comprise the most rigorous test of the isobaric multiplet mass equation 
to date; the data are sufficient to show that the coefficient of a possible term dT3 in the mass 
equation is no greater than order {Za)c. (Unfortunately, no explicit theoreticalzestimate of the ex
pected magnitude of d is available. ) This accuracy is clearly sufficient to ~uide experimental 
searches for missing members of isobaric multiplets, such as, for example, the T = 2 states in 
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F16 and Ne 16. However,. as noted earlier, 2• 13. the best method of investigating a charge de
pendence of nuclear forces through use of the mass equation still remains a detailed study of the 
mass or isospin dependence or both of the b and c coefficients as more data become-available. 
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Fig. A.29-2. (a) Angular distributions of the 
N15(p, t)N13 transitions to the ground (1/2-) 
and 7.38-MeV (5/2-) ievels and the angular 
distribution of the N15(p, He3)c13 g. s. 
(1/2-) transition. (b) Angular distributions 
for the T = 3/2 states at 15.065 MeV in N13 
and at 15.103 ~eV in c 13 . The cross sec
tions for the C 3 .transition have been cor.
rected for phase-space and isospin cou
pling3 by the factor of 0. 924. The error 
bars are based on counting statistics only. 
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Fig. A.29-3. Energy spectrq. for the 
o 16 (He3, He6)on and o1b(He 3, Li6 )N13 
reactions at 12 deg. 

3 0 . NEW N E U T R 0 N- DE F I C IE NT IS 0 T 0 P E S 0 F E MAN AT I 0 N 

Matti Nurmia, Kalevi Valli, and Earl K. Hyde 

Heavy-ioi). beams were used to prepare a number of new isotopes of emanation by bom
bardment of targets of elements from erbium to lead. A variety of techniques was developed for 
the rapid removal of the gaseous element in a form suitable for measurement of a radiation with 
semiconductor diode counters. 

The previously known isotopes Em
208 

to Em
212

, with half-lives ranging from 23 min to 
16 hr , were studied by irradiating a metallic target of thallium or lead. After bombardment the 
target was melted ·in an evacuated quartz chamber, and the emanation isotopfs were affixed to 
small aluminum foils by the glow discharge technique of Momyer and Hyde. The previously re-
ported properties of those isotopes were confirmed. 

For shorter-lived and lighter isotopes the emanation liberated from the melted target 
metal was allowed to expand into a small chamber, at the end of which was mounted a semi
conductor diode. lt was possible to start measurements'of a-particle energies and half lives with
in 40 sec of the end of bombardment. 

For the study of still shorter-lived isotopes the target for the bombardment consisted of 
the stearate compound of the appropriate target element (erbium, platinum,mercury, thallium, and 
lead). It is a well known property of the salts of stearic acid that they readily release from their 
open crystal lattices any gaseous emanation activity formed inside the crystals. Hence the iso
topes of emanation produced in the bombardment quickly diffused out of the target and into an ad
joining chamber containing the semiconductor counter. 

Still another technique which proved useful for the study of very short-lived activities 
was the bombardment of a strip of a metallic target element (gold or platinum) mounted in such a 
way that an electric current could be passed through it during or immediately after the beam 
burst. The current served to heat the target foil and drive the emanation activity into an evac
uated chamber. 

A brief summary of new results is presented in Table A.30-I without the details of the 
experiments, which will be published later. 

Reference 

1. F. F. Momyer, Jr., and E. K. Hyde, J. Inorg. Nucl. Chern. ~. 274 (1955). 
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Table A.30-I. New data on emanation isotopes. 

Isotope Half-life Alpha particle energy 
(MeV) 

Em 206 -6 min 6. 26'0 ± o. 003 
Em205 -1.5 min 6. 26.0 ± o. 003 

Em 
204 

75 ± 1 6. 416 ± 0. 003 sec 

Em 
203 

45 ± 5 6.497 ± 0.005 sec 

Em 
202 

28 ± 2 6.547 ± 0.003 sec 

Em 
201 

13 ± 1 6. 636 ± o. 003 sec 

Em200( ?) 3±1 sec 6. 768 ± 0.005 

3 1. DECAY PROPERTIES OF zr 86 t 

E. K~ Hyde, W. J. Treytl, A. Siivola, D. H. Sisson, and D. J. Horen 

The radiations of 16.5-hour Zr
86 

were restudied with lithium-drifted germanium and 
silicon detectors and with a Nai crystal spectrometer. Besides x rays, there are y rays of 28, 
243, and 612 keVin relative intensity 21, 100, and 5.4. No other y rays were det9gted. No an
nihilation radiation was present. There is no evidence for formation of 48-min Y min the de
cay of zr86. The K-conversion coefficient of the 243-keV transition was found to be 0.035±0.003. 
The lifetime was measured as 29±3 nsec. These properties agree well with an E2 multipolarity. 
The lifetime and conversion coefficient of the 28-keV transition are < 10 nsec and 3.8±0.5, re
spectively, which corresponds to an E1 multipolarity. A decay scheme was cons'tructed as shown 
in Fig. A.31-1. Reasonable shell-model assignments can be made to all levels except the 2-
level of y86, whose character is uncertain. 

Footnote 

t Abstract of paper submitted to Phys. Rev. 
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sHE L L - MO DE L cALc u LA T I 0 N F 0 R p 0 
2 1 2 t 

. * Norman K. Glendenning and Kichinosuke Harada 

We have performed a shell-model calculation for the Po212 nucleus which involves the 
four nucleons beyond closed shells. Our technique for making this a tractable problem is dis
cussed in the full paper. The calculated low-energy spectrum of low-spin states is compared in 
Fig. A.32-1 with the known levels. Higher-spin states in this region not yet found are mentioned 
in the figure captions. 

Figure A. 32-2 shows the lowest level of each spin plotted as a function of spin. The two 
arcs comprising the 0 to 10 group and the 12 to 18 group illustrate the tendency to isomerism at 
J = 10 and 18. ~e discovery1 several years ago of a high-spin long-lived isomer inspired this 
and earlier work on this nucleus. The lower, J = 10 state has not so far been observed. We 
calculate its lifetime against a decay to be of the order 10- 5 or 10- second, so that it would not 
be seen by the technique used to find the long-lived isomer. 

Alpha-reduced hindrance factors for a number of states were calculated and are listed in 
our paper. The influence of the correlations among nucleus on the a-decay probability and the role 
that several factors play is illustrated for the transition connecting ground states in Table A.32-I. 
Entry (a) shows that the probability is enhanced by a factor 30 over a pure configuration, because 
of the correlations built up by the residual interaction. Entry (b) shows that the p-n force adds 
only about 15o/o of the enhancement. 

Gamma-transition probabilities were also calculated and several branching ratios com
pared with experiment. 

Footnotes and References 

tshortened version of Nucl. Phys. 72, 481 (1965). 
Present address: Nuclear Physics Division, Japan Atomic Energy Research Institute, Japan. 
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I. Pe'rlman, F. Asaro, A. Ghiorso, A. Larsh, and R. Latimer, Phys. Rev, 127, 917 
(1962). 
N, K. Glendenning, Phys. Rev. 127, 923 (1962). 

Table A.32-I. Reduced width for ground-state a decay of Po
212 

in units 
of the reduced width of the dominant configuration (h2 )

0
(g 2 )

0
• Results 

for the complete wave function are compared with various approxima
tions to bring out the role of several features. 

Description 

(a) complete wave function 

(b) p-n force absent 

(c) higher seniority amplitudes 
< 1o/o neglected 

(d) all amplftudes < 1% neglected 

(e) p-n force absent but higher 
neutron configurations 
s, g, d added 

30 

26 

22 

15 

43 
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3 3. RESTUDY OF ALPHA DECAY OF Fr
212 

Kalevi Valli and Earl K. Hyde 

'[he 19.3-minute activity, Fr 212, was identified many years ago by Hyde, Ghiorso, and 
Seaborg, and in later-publications 2• 3 some features of its a spectrum were investigated by ion
ization chamber and magnetic spectrometer techniques. The alpha branching is reported to be 
44o/o, and three a groups have been identified: 6.342 MeV (24o/o), 6.387 MeV (39o/o), and 6.411 MeV 
(37o/o). 

Modern techniques of alpha spectroscopy with semiconductor detectors make it possible 
to restudy a radiation of short-live1 nuclides with greater ease and good resolution. Hence 
in this work a decay of 19-min Fr 2 2 was reinvestigated. 

12
samples were prepared by bombarding 3-mm-thick buttons of metallic thallium with 120-

MeV C ions in the Berkeley heavy-ion linear accelerator. Immediately after bombardment the 
thallium was dissolved in nitric acid and heated to oxidize Tl+1 to Tl+ 3. The solution was then 
chilled, diluted with concentrated hydrochloric acid, and saturated with HCl gas. A few drops of 
0.4 ~ silicotungstic acid were added to pr,rcipitate white crystalline silicotungstic acid which 
served as a specific carrier for francium. The precipitate was washed with 5 ml cold cone HCl, 
then dissolved in water to form a solution which was pipetted to the top of a 1-cm column of 
Dowex-50.resin. The silico1ungstic acid passed through the column, while the Fr 21 activity was 
adsorbed on the resin. Following this, the carrier-free francium· was desorbed with a few drops 
of 6 M HCl and evaporated on the tantalum filament of a vacuum evaporator. The filament was 
heatea by an electric current to volatilize the francium onto an aluminum collector foil. Weight
les~d;venly deposited samples were prepared in this fashion. The volatilization step removed 
Em activity and the a activity measured immediately after preparation of the sample was 
purely Fr 2 12. 

Alpha energies were measured with surface-barrier semi~onductor diodes of-commer
cial manufacture (Nucl~ar Diodes Inc., Highland Park; Ill.), A direct alpha spectrum obtained 
with a detector of 25 mm active area is shown in Fig. A.33-1. Alpha-particle energies and in
tensities are listed in Table A.33-I. These values were confirmed by several measurements 
taken on samples prepared in different bombardments. 

The three a groups reported in the earlier work were confirmed, but at 4 kV lower 
energy. Five new groups with intensity 2o/o or less were identified. It is not surprising that 
these groups were not observed in the earlier studies. The major new feature uncovered in this 
work is that the most intense group in the a spectrum falls at 6.261 MeV. This pef:k had been ob~ 
served previously but had been assigned to the K-capture daughter activity, Em2 2, which is 
known to emit 6.264-MeV a particles.Z. 3However, in this work a 6.261-MeV peak was found im
mediately after the preparation of the samples, and several experiments demonstrated conclu
sively that this group belongs to the Fr2 12 spectrum. 

Coincidence·experiments were also performed. Figure A.33-2 shows an a spectrum ob
tained in coincidence with any electromagnetic radiation above a low threshold. The resolving 
time of the fast coincidence was 50 nsec. The ground-state transition at 6.407 MeV is absent, as 
expected, and the 6.383-MeV group is missing, presumably because of strong conversion of the 
low-energy~ transition. The presence of the 6.261-MeV group confirms its assignment to Fr 212, 
because the group of equal energy in the decay of Em212 is a ground-state transition. 

Figure A.33-3 shows a y spectrum taken in coincidence with a groups. The y detector 
was a 3-mm-thick lithium-drifted germanium detector equipped with a cooled field-effect trans.is
tor (FET), used as the first stage of a charge-sensitive preamplifier. The energy resolution of 
this detector system was about 1.2 kV. 5 Our study of they radiations emitted by Fr 21 2 is in
complete, and additional results will be reported later. 

1. 
2. 
3. 
4. 
5. 
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34. RADIATIONS OF 14-MINUTE Nb
88 

E. K. Hyde and J. M. Nitschke 

The· 15-mfnute isotope Nb88 was discovered by Korteling and Hyde 1• 2 in niobium tar
gets bombarded with high-energy protons and in targets containing bromine which were bom
barded with C 12 ions. The mass number of the activity was proved, but very little 'was learned 
about the ra.diatiori. An independent discovery was made by Butement and Qaim, 3 who isolated 
the activity directly from niobium targets bombarded with protons· and also from the molybdenum 
fraction of such targets. lffey reported that Mo88 decayed with a 28-minute half life to produce 
a 21-minute 'daughter, Nb . From the measurements made with a Nai crystal spectrometer 

88 
they found evidence for y rays of energy 200, 720, 970, and 420 keV emitted in the decay of Nl:i . 

We have reinvestigated the y spectrum of Nb88 with lithium-drifted germanium diodes. 
We preparerzour samples by 20-minute bombardments of pressed tablets of sodium bromide with 
120-MeV C ions. After bombardment the bromide target was dissolved, niobium carrier was 
added; and a brief radiochemical procedure was followed in order to isolate a pure niobium frac
tion. 

The y-ray spectrum emitted by the niobium sample about 30 minutes after the end of the 
bombardment is shown in Fig. A.34-1. Several y rays belonging to 14-hr Nb90 are present, but 
in addition there are y rays, with energy 76, 271.8, 399.2, 671, 1058, and 1083 keV, which 
decay with a 14-minute half life and which consequently can be assigned to Nb88. The annihila
tion photons peak also had a 15-minute component, and there was uncertain evidenc~ for a 503-
keV y peak. No evidence was found for the y rays reported by Butement and Qaim. 
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Investigations are being continued by yy- coincidence measurements. Preliminary ev
idence indicates that the 671-keV y ray is a crossover transition in parallel with the 271.8- and 
399.2-keV pair. With this exception all the y rays appear to be in coincidence with each other, 
but the order of their occurrence is unknown. i3+y experiments suggest that the level populated 
by positron decay has a measurable half life. 

These y rays provide information on the level scheme of zr 88. This should be of 
interest because of the great theoretical interest in such nuclei as zr90. 
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THE RADIATIONS OF 1.9-HOUR Nb 8 9 

E. K. Hyde and J. M. Nitschke 

Isomeric forms bf Nb89 were reported 10 years ago by Diamond1 and by Mathur et a1.2 

These isomers were prepared by proton bombardment of niobium, zirconium, yttrium, and silver 
targets and by C;l.rbon ion bombardment of sodium bromide. Radiochemical experiments proved 
the g'enetic relationship of an 0.8-hour and a 1.9-h activity to zr89 daugg~er activity. The 
shorter-li'v.ed activity decays through the 4.4-min isomeric level of Zr , while the 1.9-h activ
ity 'appeared to decay directly to the ground state. Both Nb89 isomers are positron emitters, 
whose .spectr,a have end-p'Jint energies of about 3 MeV. More recent work by Butement and Qairn:3 
confirr:ns the earlier experimental work. 

89 The simple shell model provides an explanation of the observed facts. The odd proton in 
Nb lies in the 40-50 subshell, where the lowest-lying states are g9/2 and s 1; 2. The spin 
difference of 4 accounts for the isomerism. Furthermore, the odd neutron in the daughter zr89 
also has ~9s choice of g

9
{ 4 and s 1; 2 states, the former lying lower. Hence one expects the 

0.8-h Nb to have spin lj2 and to decay by an allowed transition to the 588-keV level in zr89. 
Ong also expects the 1. 9-h activity to have spin 9/2 and to decay directly to the ground state of 
Zr 9. . 

Recent experimental work on the 1.9-h Nb89 in this Laboratory shows that the decay is 
more complex than the published work indicates. Measurements on intense sources carried out 
with lithium-drifted germanium detectors show that a large number of energetic y rays, ranging 
in energy from 1.5 to 3.9 MeV, accompany the decay of the 1.9-h isomer. 

Samples were prepared by bombarding pressed pellets. of sodium bromide with 1-!J-A 
currents of c12 ions for periods of 30 min to 2 h. Niobium-89 is made by the reaction 
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After bombardment, the sodium bromide was dissolved, 5 mg each of niobium, yttrium, and 
zirconium carriers were added, and the niobium radioactivity was isolated by a radiochemical 
procedure which separated it cleanly from other radioelements. The final step was a precipita
tion of Nb20 5 from strongly acidic solution. The precipitate was centrifuged to the bottom of a 
small glass test tube which was placed in front of a germanium detector. Spectra were taken at 
intervals over a ~eriod of many hours. In the region below 1. 5 MeV, the observed peaks were 
those of 14-h Nb 0 , but a number of other peaks were found at higher energy which had half lives 
of approximately 2 hand which could be assigned to no nuclide other than 1. 9-h Nb89. A typical 
spectrum of the lower energies is shown in Fig. A. 35-1, and of the higher energies in Fig. A.35-2. 

For further confirmation of these peaks, spectra were taken with a pair spectrometer. 
This was similar to the one described by Yamazaki and Hollander, 4 and consisted of two 3X3-in. 
crystals of sodium iodide positioned at 180 deg and a third, lithium-drifted germanium counter. 
The counters were operated in triple coincidence in the usual manner for identification of pair 
production y-absorption events with a typical time resolution of 40 nsec. 

For use in the pair spectrometer measurements intense samples of 1.9-h Nb8 9 were 
prepared by bombarding niobium metal foils with 350-MeV protons in the internal beam of the 184-
inch cyclotron. After bombardment, the niobium was dissolved and purified from molybdenum, 
zirconium, yttrium, and all other radioactive elements produced in the bombardment. Samples 
of niobium in the form of Nb

2
0

5 
were prepared in small glass tubes. 

A typical result is shown in Fig. A. 35- 3.. In the figure the energy labels on the peaks are 
those corresponding to the full energy of the incident photons; i.e., the rest energy (1.022 MeV) of 
the electron-positron pair has been added to the energy reco;rded in the germanium crystal. The 
agreement in energy of the peaks in the pair spectrum ·and those in the singles spectrum is strong 
confirmation of the existence of they rays. Spectra like that of Fig. A. 35-3 were taken at inter
vals over a 24-h period in order to confirm the 2-h half life of the y peaks. A list of y rays 
identified in singles and pair spectra is given in Table A. 35-I. 5 

There is little doubt that these y rays belong to 1. 9 -h_ Nb 89 as the half life corresponds 
to no other niobium isotope. They cannot be assigned to Nb87 or Nb86 because no evidence was 
found for the growth of zr87 or Zr86 into the niobium fraction. On the other hand, the radiations 
of zr89 were observed to grow into the niobium samples. 

The total decay enersr of Nb89 is 4.12 MeV according to Cameron, 6 and 4. 0 MeV accord-
ing to Yamada and Matumoto. The presence of y rays above 3 MeV means that electron capture 
must occur to high-lying levels, which then decay directly to ground. The positrons of 3 MeV ob
served by previous workers must represent direct decay to the ground state. The log ft for this 
decay is about 6. The electron-capture decay to the high-lying levels has a much lower log ft. 

Further study is planned on this decay scheme because of the interest of Nb89 and zr 89 

for the shell model. Z r8'7 is but one neutron removed from Z r 90, whose level scheme has been 
thoroughly investigated experimentally and theoretically. 
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Table A. 35-I. Observed y rays and their half lives in the decay 
of 1.9-hour Nb89, 

Energy 
(keY) 

1510 
1626 

1713(?) 
1832 
1911 (?) 
2220 
2572 ± 1 

2754£1 
2961±1 
3018'± 1 
3093 ± 1 
3282 
3333 
3513±1 
3577 ± 1 

3838 ± 1 

3908 ± 1 

Average halflife 120± 3 rriin · 

Half life 
(min) 

122 
124 

132 

119 

:::: 120 (pair spectrometer) 
110 

125 

:::: 120} (pair spectrometer) 
:::: 120 

Note .1. 
Note 2. 
Note 3. 

Where_ error is not given it may be as large as 5 _keY. 
Mo-re intense lines indicated by underlining. 
More recent spectra indicate additional weak y rays between 

2.5 and 3.9 MeV. 

Ge(U} defector 
6cm2.xemm deep 

(Er~ergies in keV) 
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Fig. A.35-1. '{Rays of 1.9-h Nb8 9 in 
3-MeV region. 
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36. HIGH-RESOLUTION STUDY OF TRANSITIONS 
IN THE DECAY OF u237 

T. Yamazaki and J. M. Hollander 

The internal conversion electron_:__and y-ray spectra from the decay of ~237 .have been 
studied with use of a high-resolution Tr.J 2 iron-free spectrometer and solid-state y-ray spec
trometers .. In addition to the previously known transitions, . several new lines were observed 
and fitted into the Np237 level scheme (see Fig. A.36-1). Absolute conversion coefficients for· 
most of the transitions were determined. The presence of the previously undiscovered level at 
281.35 keV, confirmed by the observation of a very strong 13.81-keV M1-E2 transition and a 
weak 220.8-keV cross-over transition, establishes that the 267.54-keV 3/2- level is the lowest 
member of a K = 1/2- band. 

a, •515 kev 

K=l/2-
[501] 

t 
K•l/2+ 

0 

[400] 

K•I/2-
C 

[530] 

[642] 

Fig. A. 36-1. The decay scheme of u237 · 
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3 7. I NT ERN AL- CONVERSION COEFFICIENTS 0 F THE 3 81 -keV 
AND 3 8 9 - k e V M4 TRANSIT I 0 N S F R 0 M Y 8 7 m AND S r 8 7 m 

M. Sakai, T. Yamazaki, and J. M. Hollander 

Internal-conv1r7sion spectra of the 381-keV M4 transition from Y87m and the 389-keV 
M4 transition from Sr m (see the decay scheme in Fig. A.37-1) were measured with the Berke
ley iron-free j3-ray spectr.orneter, at 0.06 o/o resolution. The electron spectra are shown in Figs. 
A.37-2a and b. Gamma-ray spectra of these transitions were also obtained with a Ge(Li) y-ray 
spectrometer with 3.0-keV resolution, as shown in Fig. A.37-3. Electron intensities as well as 
y-ray intensities were precisely determined by using the IBM 7094 computer. 

The result on the K/L ratios is summarized in Table A.37-I. Although both K/L 
ratios are a few percent lower than the Sliv-Band theoretical value, there is no significant differ
ence between these values. 

Table A.37-II shows the result on the ratio aK(381)/aK(389). The experimental ratio 
is 5o/o smaller than the theoretical one. The significance of this discrepancy depends on the esti
mate of experimental errors. The error analysis is still in progress. 

Table A.37-I. Ratio of Kline to L line. 

Element Transition Reference K-ICC L-ICC (K/Lheo (K/L)exp (K/L)exp- (K/L)theo 
. energy 

rrqr;jtheo (keV) 
y87m· 381.1 Rose 0,2180 0.03239 6. 730 -0.049 ± 0,017 

6.41 ± 0.11 

Sliv-Ba:O.d 0.2168 0,03286 6.597 -0.029 ± 0.017 
Sr87m 388.8 Rose 0.1815 0,02600 6.981 -0.024 ± 0.019 

6.82 ± 0.13 

Sliv-Band 0,1816 0,02615 6.944 -0.018 ± 0.019 

Table A.37-II. Ratio aK(381)/aK(389). 

Element Tran- Relative Relative Relative ef- Ie· 11/Iy aK(381)/aK{389) 
sition intensity of intensity of ficiency of (a: aK) 
energy K electrons y ray y-ray detec-

Exp Rose Sliv- exp/theo (keV) (I e) (I ) tor 
In l Band 

y87m ----
381.1 203 758±732 22 822±210 1.054±0.006 9.390 

1.135 1.201 1.194 0.95±0.02 
± 0. 019 

Sr 
87m 

388.8 77 458±324 9 352±102 1,000 8.283 

t) 

. .,,, 

'" 
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1. 

B. F1SSION 

IDENTIFICATION OF HEAVY-ION REACTION PRODUCTS 
BY IN- BE AM x - RAY M E AS U R E MEN T 

·H." R. Bowman and S. G. Thompson 

x Rays: emitted from heavy-ion reaction products have been ~bserved directly from the 
target during the heavy-ion beam pulses by use of high-resolution x-ray detec{~l)s· In bombard
ments of lutetium with 92-MeV nitrogen ions, giving the compound nucleus Pt , we were able to 
identify not only the K x rays of platinum but aJso .iridium K x rays from (N, pxn) reactions and os
mium K x rays from the. N, a.xn reactions. In bombardments of gold with 83-MeV nitrogen ions, 
the K x rays of emanation were observed from the N, xn reactions. 

These measurements were made with a lithium-drifted germanium detector 1 X 2 X0.2 em 
operated at liquid nitrogen temperatures. The first stage of the detector preamplifier consisted 
of a field-effect transistor ( FET) which was also cooled to liquid nitrogen temperature. The ger
manium detector was ;!'laced 4 em away from the target, and the reaction products were viewed 
through a 500-mg/cm beryllium window. .. 

Figure :8.1-1 shows the x rays resulting. from the reaction of nitrogen ions with the lute
tium target. . The major component in Fig. B.1-1 is the result of K x rays coming fro"m the target 
material excited by the scattering of nitrogen ions. The reaction products are indicated by ar
rows as shown. Figure B.i-2 shows the results of bombarding gold with. 83-MeV nitrogen ions 
and indicates that the N, xn reactions are the principal nuclear reactions at this bombarding energy. 
The prominent x rays are again the target x rays. 

Experiments aimed at measuring the lifetimes of these reaction-product x rays were 
carried out by placing a beryllium catcher foil 3 em beyond the target (downstream) and counting 
X rays from the catcher foil through a collimator slot. The impurities in the catcher foil.have so 
far limited the usefulness of these experiments. 
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2. GAMMA-RAY AND INTERNAL-CONVERSION ELECTRON STUDIES 
OF PRIMARY Cf 252 FISSION FRAGMENTS 

R. L. Watson, H. R. Bowman, S. G. Thompson, andJ. 0. Rasmussen 

Recent studies 
1

- 5 of the '( rays and internal-conversion electrons emitted in coincidence 
with the fission of Cf2 5Z have yielded encouraging results concerning the possibility of obtaining 
nuclear spectroscopic information on the low-lying energy levels. in the neutron-rich fragment 
nuclei. Moreover, these investigations are expected to provide a body of experimental data from 
which a number of general features of the fission process may be deduced. 

The experimental method used in our studies consisted in simultaneously measuring, with 
semiconductor detectors, the kinetic energies of both fragments and the energies of the emitted '( 
rays or conversion electrons. These energies were then recorded individually and in sequence 
in a multidimensional pulse-height analyzer and recorded on magnetic tape. Subsequently, the 
magnetic tape, with the primary thre-e (or more) dimensional information was sorted, event by 
event, on the IBM 7094 computer to obtain the energy spectra of the electrons and the '( rays for 
the cases of various fragment masses and total kinetic energies. 

Study of the internal-conversion electrons emitted in coincidence with fission presents 
an experimentally difficult problem in that there is no straightforward means of isolating the elec
tron detector from the direct radiation by fission fragments, a particles, and'( rays and still 
maintain a high collection geometry. In our experiments we have made use of a high-gradient 
magnetic field to provide a means of steering the electrons away from the source region and fo
cusing them on a detector shielded from the other radiations. In this type of magnetic field, elec
tron's ·leaving the source (on the symmetry plane) in any direction in the plane perpendicular to 
the magnetic lines of force will precess around the magnet at a constant radius (which is independ
ent of the electron energy) in the same manner as particles are mirrored in the Van Allen belt 
about the earth. A photograph of the electron apparatus presently being used is shown in Fig. 
B.Z-1. 

The observed -y-ray spectra from these experiments show many discretely resolved 
peaks, and most of the peaks are found to be Doppler-shifted due to the motion of the fragments. 
These' shifts have been used to ascertain which members of the pairs of fragments (heavy or 
light) emitted the '( rays as well as to deduce some information on the -y-ray lifetimes involved. 
As a typical case, Fig. B.Z-2 shows the observed -y-ray spectra for the selected heavy fragment 
mass interval 143-145 and the complementary light fragment mass interval 103-105. The peaks 
are labeled alphabetically--the top spectrum with the heavy fragment moving toward the detector, 
the middle spectrum with the gamma rays emitted at 90 deg, and the bottom spectrum with the 
light fragment moving toward the -y-ray detector (heavy fragment away). On the basis of the ob
served Doppler shifts and relative intensities, it has been possible to identify the emitting frag
ment as either heavy or light for most of the observed'( peaks. In Fig. B. 2-2 they are stipulated 
as such by the letter H or L, respectively, following their identification letter. Those peaks 
having components in the unshifted position (indicating '(emission after the fragment had stopped 
in the detector) are labeled with the letter U following their identification letter. 

The most useful electron data to date have been obtained by placing the Cf
252 

source 1 
em off the median plane. In this configuration, the high magnetic field prevents those electrons 
leaving the immediate region of the source from reaching the electron detector, and only those 
electrons emitted along the portion of the flight path crossing the median plane of the apparatus 
will precess around to register in the electron detector. In this way, complete separation of the 
electrons emitted by single members of the pairs of fragments may be achieved. The delayed 
electron spectra (z1 nsec after fission) for the game mass intervals as the '(spectra in Fig. B.Z-2 
(143-145 and 103-105) are shown in Fig. B.Z-3. 

The electron peaks of Fig. B.Z-3 have been used in conjunction with the-y-ray spectra of 
Fig. B.Z-2 to determine the binding energies and hence the nuclear charges of the emitting nuclei. 
Use has also been made of most probable charge data 7 in reducing the experimental mass uncer
tainty. The tentative assignments resulting from these spectra are summarized in Table B.Z-1. 

It should be pointed out that in assigning charge numbers on the basis of binding energies, 
account must be taken of the increase in the binding energies due to the highly ionized state ofthe 
emitting nuclei (electronic char ze "' +20 to 22 ). Detailed calculations of the binding energies of 
atoms spanning the region of Cf 5Z fission products as a function of electronic charge, using the 
Hartree-Fock self-consistent field method in the form developed by Roothaan, 8 are being carried 
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out at present. Preliminary r esults of these cal culations indicate that the K binding 
energie s in the region of inte rest are increased by about 1 keV on the average. 

Further y-ray and internal-conve rsion e lectron experiments are pr esently being con
ducted, utilizing the improved noise and r esolution c haracteristics (::::1 k e V FWHM for y rays and 
::::2.5 k e V FWHM for e l ectrons) afforded by the r ece nt application of fi e ld- e ffect transistors to the 
preamplification of semiconductor d e t ector signals. 9 It is expected that this work will y i e l d data 
of considerable value for the determination of life times and conversion coefficients, allowing the 
subsequent assignment of multipolarities . 

Footnotes and References 

1. H . R. Bowman, S. G . Thom pson, a nd J. 0 . Rasmussen, Phys. R ev. L ett e rs 12, 195 (1 964 ). 
2. R. L. Watson, H. R. Bowman, S. G. Thompson, and J. 0. Rasmussen, Phys:-Rev . L e tters 

14, 183 (1965). 
3 . H. R. Bowman, S. G. Thompson, R . L. Watson, S. S. Kapoor, and J. 0 . Rasmuss e n, in 

Proceedings of the International Sympos1um on the Physics and Chemistry of Fission, Salzburg 
Austna, 1965 (IAEA, Austria, 1965), p. 125. 

4 . T. D. Thomas, R. A. Atneosen, W. M. Gibson, and M. L . P e rlman, in Proce e dings of the 
International Symposium on the Physics a nd Ch emistry of Fission, Salzburg, Austr ia, 1965 
(IAEA, Austria, 1965). 

5. R. L. Watson, H. R. Bowman, S. G. Thompson, and J. 0 . Rasmussen, Inte rnal Conversion 
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6. The energy values of the peaks shown in Fig. B. 2 - 3 have been corr ected for an exp e rimental 
e ffect r ecently discover ed (since the publication of R ef. 5). 

7. S. S. Kapoor , H. R. Bowman, and S. G. Thompson, Phys. R ev. 140, B1310 (1965). 
8 . C. C. J. Roothaan, Rev. Mod. Phys. 32, 179 (1960). --
9. E. Elad, submitted to Nucl. Instr. Methods (Lawr ence Radiation Laboratory R e port UCRL-

16390, Sept. 19 65 ). 

Table B.2 -I. 
Gamma-ray K electron Isotope 

identification letter e n e rgy e nergy (keV) assignme nt 
(se e Fig. B.2-2) (keV ) (se e Fig. B.2-3) 

A 95.5 73.0 105Tc 

c 112.7 74.0 144Ba 

K 170.0 149.0 105Mo 

N 191.5 170.5 10 5Mo 

0 198.0 161.0 143Cs 
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3. 2 N G MEN T
2 

fsN G u LA R DIs T R I B u T IoN I N T HE F Iss I o N 
0 F B i AND U INDUCE D BY a PARTICLES 0 F ENERGIES 

UP TO 115 MeV 

Shyam S. Kapoor,* Hiroshi Baba, t and Stanley G. Thompson 

In recent years, angular distributions of fragments have been intensively studied as a 
tool to investigate the properties of the highly stretched configuration of the fis sioning nucleus 
represented by the saddle -point shape. The developments in this direction are primarily based on 
a model proposed by A. Bohr, 1 and further extended by Halpern and Strutinski2 and Griffin. 3 On 
the basis of this theoretical frame, the angular distributions provide a measure of Ko 2 corre
sponding to the saddle -point configuration. Here Ko is defined as the standard deviation of the 
distributions in the angula,r momentum projection on the nuclear symmetry axis, and according to 
the statistical theory, Ko '1;2 is equal to the product of the effective moment of inertia Jeff and nu
clear temperature T for the saddle -point configuration. We have investigated the energy depend
ence of Ko2 up to high excitation energies not studied before from the study of the fragment angu
lar. distributions. 

Angular distributions of the fragments were measured in the fission of Bi209 and u238 

induced by a particles of various energies (from 23 to 115 MeV) obtained from the 88-inch 
variable-energy cyclotron; The fragments were detected by semiconductor detectors placed on 
two movable arms located in the two halves of the vacuum chamber, The angular distributions 
were measured by changing the angle of one arm, carrying three detectors, while keeping the 
other arm, carrying the fourth detector, fixed at 90 deg in the other half of the chamber to serve 
as a monitor. The respective thin targets were mounted at 45 deg to the beam direction. By 
counting the fragments at 90 deg on both sides of the target, it was possible to correct the angular 
distribution for any small systematic error introduced by the possible noncentering of the beam 
position. The measured distributions were transformed to the center -of-mass system with the 
assumption of full momentum transfer of the a particles to the compound nucleus. 

The observed angular distributions in the[· m. system in each case were fitted to the 
theoretical expressions to deduce the values of Ko . The transmission coefficients T p, and the 
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mean square of the orbital angular momentum, (1/), required to deduce Ko 2 were obtained .from 
the optical-model calculations using the Woods-Saxon parameters given by Huizenga and Igo. 

Figures B.3-1 and B.3-2 show plots of the deduced values of K 0
2 against the respective 

saddle -point excitation energy Exs. The values of Exs were calculated by taking into account the 
angular-momentum-dependent barrier energies as calculated by Swiatecki et

2
al. 5 and the rota

tional energies. The shaded area in Fig. B.3-1 re~resents the values of Ko given by statistical 
theory as obtained by normalizing the values of Ko deduced from the measurements with 40-MeV 
a. particles where essentially all the observed fissions take place with a single value of Exs corre
sponding to first-chance fission. For the sake of comparison with the present results, the values 
of Ko 2 obtained by Huizenga et al. 6 in the range of energy Exs between 4 and 16 MeV are also 
shown in Fig. B.3-1. The solid line in Fig. B.3-2 shows the values of K 0

2 calculated on the Fermi 
gas theory, using af equal to A/8 and J s_ph/J eff equal to 0. 78, as deduced by Reising et al. 7 from 
their anisotr~y measurements. It can rle seen from Figs. B.3-1 and B.3-2 that the observed 
values of Ko increase more rapidly 't'ith energy Exs than expected from the statistical theory, 
and thereby the observed values of K·o are found to be larger than the theoretical values for 
higher values of Exs. If the effects of multichance fissions are taken into account, one instead 
expects the observed values of Ko 2 to be lower than given by theory; and consequently the devia
tions with the theory are more serious than apparent in these figures. 

·As a possible reason for the observed discrepa~cy with the theory, the presence of direct 
interactions and their effect on the deduced values of Ko was then investigated. From the exper
imental measurements of the fragment-fragment angular correlations, it is found that in bombard
ment with 110-MeV a. part~5les the fractions of fissions following direct interactions is Oo/o and 9o/o 
for the target nuclei of Bi 9 and u2 38, respectively. With the purpose of experimentally as
certaining the accuracy of the optical-model calculations and infe:fging the percentage of direct in
teractions not leading to fission,· the fission cross section of u2 

2 
for a.-particle ·energies up to 

110 MeV were also measured. From.this, it was found that in U 38 the direct interactions not 
leading to fission are less than 15o/o of the total interactions. However, it was found t~at even 
after extreme corrections of the dir.ect interaction effects are made, the values of Ko are still 
higher than theo:n by about 16 to 34o/o for 110-MeV a. bombardment of u238. In 110-MeV a. bom
bardment of Bi 20 '1, there is good evidence from some measured (a., xn) cross sections that the ex
pected percentage of direct interactions is too small (less than 10o/o) to account for the observed 
higher values of Ko 2. Assuming that as much as 15o/o of the events involve direct interactionBz the 
observed values of Ko 2 will still be larger than theory by about the same fraction as for of U 38. 
On the assumption that the statistical approach is justified in calculating the angular _distributions 
even for the high Jxcitation energies involved in this work, one is led to the conclusion that the 
value of J eff/af 1 2 increases with increasing a.-particle energy. It is most reasonable to infer 
that the value of Jeff increases with the incident a.-particle energy, as a result of the change in 
the saddle shape of the nucleus. This can come about, firstly, because of the dependence of the 
saddle -po,int shape on the angular momentum, and secondly, because of the increase·in the ampli
tude.of the wriggling and .bending modes of oscillations with the· nuclear temperature. 

Footnotes and References 
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4. FISSION PRO PER TIES 0 F SOME ELEMENTS BE LOW RADIUM 

A. Khodai-Joopari, R. C. Gatti, and S. G. Thompson 

Fission excitation functions were measured for several elements below radium with the 
primary objective of making accurate determinations of fission barriers. This work is a contin
uation of our work reported previously. 1 Mica was used fof the detection of fission fragments, 
an~6be m'?,thod is similar to that reported by Burnett et al. Additional targets, namely enriched 
Pb 6, Pb 07, and Pb208 isotopes of desired purity, were obtained by careful partial vaporization 
of the metals in the same manner. 1 

The re~;>ults 2b the measufed fission cross sections, erf, for the reactions of helium ions 
with Bi 20 9, Pb206, Pb 7, and Au 97 (including the data of Ref. 1 for this target) are plotted 
against excitati2£ energy in Fig. B.4-1. The data for the reactions of protons with the above tar
gets (except Pb 7) are plotted in Fig. B. 4-2. Values of the total reaction cross section, erR, were 
obtained from optical-model calculations. In order to check the calculated values of erR at h1gher 
energies, some fis.sion cross sections for the reaction of helium ions with u238 up to 110 MeV 
bombarding energy were measured, using solid-state counters. The agreement between the 
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measured and calculated results was found to be.within 10o/o. The ratio uf/uR is plotted against 
excitation energy for the helium ion and proton bombardments in Figs. B.4-3 and B.4-4, respec
tively. In all figure·s smooth curves have been drawn through each set of data points for ease of 
identification. The solid symbols represent the experimental points measured by solid-state 
counters. 

Analyses of these urfuR data in terms of the theoretical expressions 2 - 4 for the competi
tion between fission ,rng neutron emission and the comparison of the determined fission barriers 
with the predictions - of the liquid drop model have been made. Some of the interesting results 
obtained from the analysis of the experimental data are as follows: 

(a) The values of the fission barriers as determined from the low-energy data (up to 15 MeV 
above the lowest energy points), with a maximum standard deviation of 1. 5 MeV, are given in 
Table B.4-I. Within the limits are included all values obtained with wide variations in choices of 
the level density parameter appropriate for fission, af, the residual nucleus, an, and values of 
the barrier-thickness parameter, 1iw, ranging from 0 to 1.5 MeV. The ratio af/an is fairly con
stant, and greater than unity in each l:ase. This can be explained by consideration of the effect of 
shell structure on the nuclear level densitiesb Table B. 4-I also gives the values of Bf and the 
liquid-drop part of the fission barrier, Bf L ,- toge6her with the shell correction term, Am, ob-
tained from the mass table of Myers and Swiatecki. . 

(b) From the comparison of the measured values of the fission barriers with those calculated on 
the basis of two versions of the liquid-drop model which differ only in the use of a composition
dependent or -independent surface energy, the following conclusion is reached: The ag.reement be
tween the calculated and measured values of the fission barriers is obtained only if a composition-
dependent surface energy is used in the calculations. --

(c) The expected increase in fission probability at higher energies and its decrease at energies 
close to the fission barrier as a result of increasing angular momentum is observed for the 
Po2 10 compound nucleus made in two different ways. However, it should be mentioned that the 
experimental errors are rather large and the magnitude of angular momentum involved is small 
compared with that obtained by heavy-ion bombardments. 

(d) The effect of the shell term, Am, on th'i values of the fission barriers can be seen qualita
tively by comparison of the urfuR data of Po 2 0 and Po2 12. The quantitative agreement can be 
seen in Table B.4-I. .. . 

(e) The slope and the order of urfuR curves at higher-energies reveals that the number of pre
fission neutrons is large. Even tli1s qualitative result is of considerable interest for the interpre
tation of fission-fragment angular distributi.ons and of fragment mass-eneq~yd,istributions. 
Extension of the calculations of uf/uR to higher energies, using the. paramete-rs obtained from the 
best fits to low-energy.data, showed a very large discrepancy with the experimental uf/G'R data. 
It is impossible to account for this disagreement if it is assumed that the statistical treatment is 
valid and an do.es not change. with energy. Quantitative analysis of higher-energy data requires 
better knowledge of nuclear level densities, more information on the cross section for charged
particle emission, and investigation of the validity of statistical theories at higher energies. In 
order to get some information about these, work is in progress ~<n 9measure the cross sections and 
also mean ranges of the products of the (a, xn) reactions with Bi up to 120 MeV helium ion 
energy. 
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Table B.4-1. Measured and calculateda values of the fission barriers. 

Calctlt;ted b 
Calculate db Measured 

Compound Shell cobrection fission~fjrrier fission barrier 
nucleus Bf term, .D.m Bf = B£ -.D.m Bf (MeV) 

(MeV) (MeV) (MeV) 

Hg198 18.77 -3.43 22.20 21.6 
Tl201 17.44 -4.98 22.42 22.5 
Bi207 14.92 -7.22 22.15 21.5 
Bi209 15.37 -8.53 23.90 23.0 
Po210 13.76 -7.24 21.01 20.5 
Po212 14.17 -4.93 19.09 18.8 
At213 12.67 -3.57 16.24 16.8 

ait should be noljec:l that the mass formula of Myer~ and Swiate~ki is normalized to the fission 
barrier of Tl2 1 as measured by Burnett et al. (Ref. 2). · ·· . 

b . . 
Ref. 6. 
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Fig. B.4-1. Measured fission cross sections as a function of excitation 
energy, E , of the compound nuclei formed in the bombardments of 
various ta~gets with helium ions. 
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Fig. B.4-2. Measured fission cross sec
tions as a function· of excitation energy, 
Ex• of the compound nuclei formed in 
the bombardments of various targets 
with protons. 
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Fig. B.4-3. The ratio urluR as a function of excitation energy, Ex• of 
the compound nuclei -'formed in the bombardment of various targets 
with helium ions. 
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Fig. B.4-4. The ratio af/aR as a function 
of excitation energy, E , of the com
pound nuclei formed in t~e bombardment 
of various targets with protons. 

FISSION OF URANIUM-238 BY ARGON-40 

Torbjprn Sikkeland 

Using standard coincidence technique, we have measured fission cross sections, fragment
fragment angular correlati2~1functions4 and most probable kinetic energy release for binary fis-
sion in the interaction of U with Ar o. 

In Fig. B. 5-1, experimental values for. the total fission cross section are plotted versus 
the kinetic energy of Ar 40 The data have been corrected for energy resolution of the incident 
ions. In the same figure we have drawn the curve for the total interaction cross section. The 
latter was calculated by using the parabolic approximation to the real part of the optical potential 
with the parameter Vo = -70 MeV, ro = 1.26 fermis, and d = 0. 440 fermis. 1 The agreement is 
satisfactory, although there appear to be systematic differences near the barrier. 

The angular correlation functions at the highest energies show two peaks with widely dif
ferent widths. The narrower one consists of fragments from fissioning nuclei that are formed in 
a complete fusion (CF) of ion and target nuclei. From the angular relationship at this peak and the 
law of conservation of momentum, it is estimated that the most probable c. m. kinetic energy re
lease in the fission of the nucleus 110 2 78 is 221±3 MeV. The excitation energy of this nucleus 
formed in the interaction with 415-MeV Ar40 is about 220 MeV. 

By comparing the c. m. energy of 221 MeV with the most probable final kinetic energy of 
the fragments, as seen by a detector, it is concluded that, on the average, about 25 neutrons are 
emitted from the two fragments. 



UCRL-16580 -106- B.5 

The second peak in the correlation function corresponds to fission following· an incom
plete fusion (ICF) process. The ratio between the cross section for ICF to that of CF is found to 
be about 1.0, 0.85, and 0.33 at 415, 348, and 272 MeV, respectively. 

At lower ion energy, the two peaks could not be separated. 

Reference 

1. For a description of these calculations see, e. g., V. E. Viola, Jr., and T. Sikkeland, 
Phys. Rev. 128, 767 (1962). 
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C. NUCLEAR REACTIONS AND SCATTERING 

1. CORRELATIONS AS REVEALED BY THE (p, t) REACTIONt 

Norman K. Glendenning 

Nuclear physics has reached the point in its development where considerable work if' 
being done to derive the properties of finite nuclei from a more or less basic starting point. Much 
of this activity centers around trying to reproduce the energy-level systematics and electromag
netic transition rates in spherical nuclei, some of whose states exhibit collective properties. The 
energy level systematics is of course the easiest part of such a program because the Hamiltonian 
is stationary at its eigenstates. Electromagnetic transition, inelastic scattering, and several
nucleon transfer probabilities all depend upon certain correlations among the nucleons. As a re
sult transition rates can vary from strongly enhanced to strongly hindered when compared with 
the rate calculated for an uncorrelated state. These wide variations put a structure calculation 
to quite a severe test, much more so than the energy-level systematics. Moreover reactions, 
since the kinematics are at the disposal of the experimenter, in principle provide a more versa
tile tool than electromagnetic transitions in studying nuclear structure. 

The subject of this note is the use of the two-nucleon transfer reaction in the above role. 
The theory for the reaction has been given elsewhere. 1 

The only systematic two-nucleon transfer experiments in a region where structure calcu
lations have also been done are those of Hintz and collaborators in the nickel and tin regions. 2 In 
these experiments he measured the differential cross section of the (p, t) reaction connecting the 
ground states of the even isotopes, SnA+2 (p, t) SnA. One is here probing certain ground-state cor
relations. The experimenters attempted to test the Kisslinger-Sorenson and Arvieu-Barranger
Veneroni calculations. They concluded that the structure calculations yield predictions for the 
reaction that are about orthogonal to the experiments. However, that analysis was based on a 
more approximate version of the two-nucleon transfer calculation than derived by.me. 1 The ap
proximation which I believe does the most damage to the extraction of nuclear information: is the 
assumption that the triton can be treated as a point. The triton structure projects out the part of 
the motions in the nucleus of the transferred nucleons that can contribute to the reaction, and so 
plays an important role. 

The effect of the point triton assumption on the overlap integrals av is compared in .the 
table with the values that correspond to a triton of the size indicated by electron scattering and a 
nucleus of the size generally accepted in structure calculations. The two results are in sharp con
trast. Consequently the above two assumptions lead to quite different weights to the various 
terms, appearing coherently in the cross-section, and hence to quite different cross-sections. 

Figure C.i-1 shows the e:x:Perimental data together with the results of the point triton 
analysis used by the authors of the experiment. The third curve corresponds to a calculation 
based on the theory of Ref. 1. The parentage factors f3 were computed by use of the wave func
tions of Kisslinger and Sorenson. The overlap av was computed using a finite -size triton, 
and the transfer amplitude B was computed in distorted wave approximation using a optical
model parameters for elastic scattering of proton and triton as nearly corresponding to the rela
vant s'ituations as I could obtain from the literature. The triton optical-model parameters are in 
fact not very well. known, and the calculation should be regarded as qualitative. There is one pe
culiar aspect of the experiment. The angular distribution is peaked at a very small angle corre
sponding to a very large scattering object, Fig. C.1-2. To reproduce this I had to suppress the 
contributions from the first five partial waves. 

At this point it was necessary to determine if the elastic cross section, which determines 
the optical-model parameters for the reaction calculations, would allow this freedom. I therefore 
recomputed the elastic cross section for the triton but now setting to zero the amplitudes of the 
outgoing part of the first five partial waves. This did not introduce any detectable change in the 
cross section ove.r the range of angles typically measured in experiments. Therefore elastic 
scattering, as regards the lower partial waves, only tells us that these waves are ·absorbed. The 
corresponding wave functions are accordingly highly ambiguous: on:ly their asymptotic behavior 
is specified by the elastic scattering, although for the reactions we rriust have them at all points 
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inside the nucleus. Therefore my procedure in calculating the reaction is not inconsistent with 
the determination of the optical-model parameters from elastic scattering. Parenthetically I 
might add that the reaction may be useful in reducing the ambiguities in the optic parameters. 

To conclude, this calculation· suggests that the Kisslinger-Sorenson calculations, to the 
extent that they are tested by .these experiments, are consistent with the experiments. This con
clusion is contrary to that reached by the experimenters who used, however, fairly severe ap
proximations, most notable of which concerns the incorrect projection on the nuclear wave func
tion that is made by a point triton. 
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Table C.1-I. Relative values of the overlap integrals nv which correspond 
to a point and finite-size triton. 
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Fig. C.1-1. Cross section for (p, t) connec
ting ground states of even tin isotopes. 
Experimental points shown by error 
bars. Dashed line marked "point" cor
responds to experimenter's analysis 
based on various approximations includ
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2. INELASTIC SCATTERING BASED ON A 
MICROSCOPIC DESCRIPTION OF NUCLEI'~ 

Norman K. Glendenning and Marcel Veneronit 

UCRL-16580 

In both experimental and theoretical work on inelastic scattering, attention has been fo
cussed during the last 5 years on the strongly excited collective states. Information from the ex
periments has been extracted by assuming that the nucleus can be described by macroscopic pa
rameters. The incident particle is pictured as interacting through an optical potential in which 
several collective degrees of freedom of the nucleus are included as deformation parameters for 
quadrupole and octupole shapes. The information content of the model is minimal and consequently 
(under appropriate circumstances) little more can be learned about the nucleus than the spin, par
ity, and deformation parameter of several of its states. A complete theory of the nucleus must 
describe all states, including but not solely the collective ones in terms of the underlying nucleon 
motions. Some progress in this direction has been made. It is important to subject these detailed 
structure calculations to the penetrating tests of which certain reactions are capable. Two-nucleon 
transfer and inelastic cross sections both depend upon nucleon correlations in the nucleus and are 
therefore appropriate. · 

We have formulated the calculation of inelastic cross sections in terms of a two-nucleon 
interaction and detailed microscopic wave functions of the nucleus. 1 The interaction between an 
incident nuclide and a nucleus is the sum of two-body potentials. Since each term contains only 
one nuclear nucleon, it is a one-body operator as far as the nucleus is concerned. Therefore it 
can connect only components in the wave functions of initial and final nuclear states that differ in 
at most the coordinates of one nucleon. In other words the direct excitation process involves·at 
most a superposition of simple one -nucleon excitations. The form of the superposition depends of 
course on the wave functions. The probability of such a single-nucleon transition involves the ma
trix element of its interaction with the scattered particle, taken between its initial and final states 
in the nucleus, say "a" and "b". The interaction is expanded in multipoles to isolate the terms 
corresponding to transfer of specific units of orbital, spin, and total angular momenta (L, S, J). 
If the terms in the expansion that refer to the nucleus are denoted by ;J LSJ• the above matrix el
ement has the form ,. 

which is a function of the radial coordinate, r, of the scattered particle. Some single-particle 
form factors, F("r), appropriate to the nickel region are shown in Fig. C.2-1. In the limit of a 
zero-range force these ·form factors are just proportional to the product of the radial functions, 
ua ub, and the general character of F can be guessed in this way. 

Any nuclear state in general involves the admixture of many single -particle configura
tions, and its form factor, according to the discussion above, will be a superposition of form fac
tors corresponding to the various single -particle transitions by which its components are con
nected to the ground. The relevant single-particle form factors are shown in Fig. C.2-2 with 
signs and phases appropriate to the collective 2+ state in Ni60, showing how they add to give a 
large single-peaked scalar form factor, in rough analogy with the macroscopic model. That all 
contributions to the scalar form factor are coherent reflects the fact that the correlations in the 
low-lying collective states are built up by the spin-independent part of the force. In contrast the 
vector form factor for the same state is smaller by a factor five. The higher 2+ states cannot 
be coherent in the same sense as· the lowest one. As an example the scalar form factor for the 
2! state is shown in Fig. C.2-3. It is of course made up from the same single-particle transi
tions, but they are not coherent. It is entirely possible, however, that a new type of collective 
state built up by the spin-dependent part of the force may exist at higher excitation energies. We 
found some evidence in our calculations for a trend to such correlations. 

In the full report on "this work we compared the neighboring nuclei Ni60 and Ni62 as being 
typical of the phenomena that occur for the nickel isotopes. It was found, for example, that the 
second and third 2+ states can interchange their character in neighboring nuclei. Moreover, the 
shapes and magnitudes of the form factors exhibit a much greater variety than the macroscopic 
model with its strict selection rules. The variety is reflected in the cross sections as calculated 
for 11- and 40-MeV protons, which means that the details of the structure of these states is ac
cessible to investigation by precision experiments (see Fig. 4). In contrast, strongly absorbed 
particles are quite insensitive to the nuclear interior, which makes them useful in measuring 
spins and parities but not as a probe of nuclear structure. 
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3. INELASTIC SCATTE.RING OF 40.5-MeV ALPHA PARTICLES 

BY C12, C13, N14, N15, 0 16, AND 0 18 

B. G. Harvey, J. R. Meriwether, J. Mahoney, A. Bussiere de Nercy, ·~ 
and D. H. Horent 

C.3 

The inelastic scattering of a.-particles is a useful method for studying the surface shapes 
of medium-mass nuclei. 1 The levels most strongly excited are the 2+, 4+, and 3- collective 
states. It is therefore for the excitation of such levels that most of the angular distributions of 
scattered particles have been measured. The shapes of the angular distributions are determined 
almost entirely by the angular momentum transfer L, whereas the absolute value of the differen-· 
tial cross section depends upon the collective strength of the level excited.-

The light nuclei present many opportunities for studying inelastic scattering of a.-parti
cles from targets for which the structure of the initial and final nuclear states is well understood. 
In many cases, collective effects are weak or absent. ' 

In the experiment described here, 40.5-MeV a.-particles from the 88-inch cyclotron 
were scattered from targets of c12, c13, N14, N15, o16, and o18. About 40 angular distribu
tions were measured; many other excited states were observed but were too weakly populated 
(ortoo close to other states) to permit good angular distributions to be obtained. 

In many cases the shape of an angular distribution was found to depend on the particular 
single-particle transition involved as well as on the angular momentum transfer. Figure C.3-1 
shows the differential cross sections for excitation of the following levels: c12 4.43 MeV 2+; 
c13 3.68 MeV 3/2- and 7.55 MeV 5/2 -; N14 3.945 MeV 1+ and 7.03 MeV 2+; N156.33 MeV 3/2 
o16 6.916 MeV 2+; o18 1.980 MeV 2+ and 3.92 MeV 2+ .. The abscissa is the function 
kR 8 = 1/2 (ki + kf) (1.3A1/3+ 1.2) ec. m. in radians, where ki and kf are the center-of-mass 
wave numbers of the incident and outgoing particle at 0 deg, and A is the target nucleus mass 
number. 

The first six angular distributions show a strong resemblance, especially in the system
atic appearance of the first maximum at a value of kR e of just under 6. In four cases the 
known wave functions of the initial and final states correspond predominantly to the promotion of 
a single nucleon from the P3/2 to the Pi/2 shell, involving a change of 2 units of orbital angular 
momentum. The three oxygen L= 2 excitations (016 6.92 MeV 2+, o18 1.98 MeV 2+, and 
3.92 MeV 2+) gave angular distributions different from those of the P3/2-+ Pi/2 promotion. In 
o16 and o18 the P1/2 shell is already filled. 

Seven octupole t'ransitions believed to be due f.redominantly to the single-particle promo
tion P1/2-+ d5j2 were observed. The levels are: N 4 5.10 MeV 2- and 5.83 MeV 3-; 
N15 5.2'76 MeV 5/2+ and 7.57 MeV 7/2+, o16 6.131 MeV 3- and 8.870 MeV 2-; and o185.09MeV3-. 
Excitation of the c12 9.64 MeV 3- level gave an angular distribution clearly different from the 
other seven. Since c12 has no P1/2 nucleons, the promotion P1/2 -+ d 5/2 is obviously forbidden. 

Figure C.3-2 shows the angular distributions for excitation of six levels by L = 1 transi
tions. The levels are: c13 3.085 MeV 1/2+; N14 4.91 MeV 0- and 5.69 MeV 1-; 
N15 7.31 MeV 3/2+; o16 7.115 MeV 1-; and o18 4.45 MeV 1-. The corresponding single-particle 
transition is believed to be P1/2 -+ 2 s 1/2· The six angular distributions are remarkably alike. 

Whereas the strengths of quadrupole and octupole inelastic excitations are expected to be 
proportional respectively to the reduced quadrupole and octupole electric transition probabilities 
B(E2) and B(E3), 2 there should be no similar relationship between dipole inelastic scattering and 
the corresponding B(E1) value. Since the two isospin states of the nucleon interact differently 
with an electromagnetic field, the Hamiltonian describing the interaction of a nucleus with a field 
can be separated into an isospin scalar and an isospin vector part. On making a multipole ex
pansion, it is found that only the isospin vector part of the Hamiltonian contributes to the electric 
dipole (E1) transition amplitude, provided that the wave number of the photon is such that kr<<i. 3 

Since the interaction of a.- particles through the nuclear forces is not isospin-dependent, 
there is no isospin vector component of the interaction Hamiltonian. The (scalar) Hamiltonian 
leads to no dipole excitation provided that the incident and scattered particles can be represented 
as plane waves and provided that Q R < < 1 (where Q is the momentum transfer !i - !fl· The 

) 

' ' 
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observation of rather strong dipole excitations in this experiment shows that these assumptions 
are not valid. Probably the excitation is due mainly to failure of the plane wave ~ssumption. 
Multiple excitations (as, previously reported for excitation of a 1- level in Ne20 ) may also con
tribute. 
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4. CQMPARISON BETWEEN- PHASE SHIFT AND COMPLEX POTEN_TIAL 
DESCRIPTIONS OF ELASTIC SCATTERING t .. 

Jonas Alstert and H. E. Conzett 

We want to emphasize the equivalence between parameterized phase -shift (PPS) and 
complex-potential model (CP¥) analyses of the elastic scattering of strongly absorbed1 "parti
cles," such as deuterons, He , a. particles; and heavier ions. We make specific comparisons, 
using analyses of a.-particle scattering data. Then we point out several advantages of the PPS 
method, which encompasses all analyses2~6 in which the partial-wave (complex) phase shifts are 
explicitly parameterized in the calculation and are not adjusted through an intermediary complex 
potential. 

The differential cross section for elastic. scattering is 

u (G)= I f(G) 1
2

• 

with the scattering amplitude, in the absence of spin-dependent interactions, given by 
00 

. \ 2iu 1 
f(G) = fc(G) + -ik_ &o (21+ 1) e (1 -111) P 1 (cos G), 

where fc(G) is the Coulomb scattering amplitude, k = (1/11)(2f.LE) 1/ 2 , Ul=argr(1+l+in), with 
n=z1 z2e2/11v. Onecanwrite . 

(1) 

111 = A1 exp (2io1), (2) 

so thatA
1

, the amplitude of the outgoing !_th partial wave, and o1, its nuclear phase~shift, are 
real. Tlius, 0 ~A1 ~ 1, with A1 = 1 corresponding t() no absorption and A1 .=·O, to complete ab
sorption of that partial wave. Mcintyre et al. 2 introduced the (arbitrary) parameterization 

[
. (1-1 )]-1 [ (1-16\}-1 

A 1 = 1 - 1 + exp ~ , o1 = 6 1 + exp .6.
16

-) (3) 

as an improvement over the "sharp cut-off" model. This form for A1 has been justified by 
Elton, 5 whereas a form of o1 suggested by Conzett et al. 3 as having qualitative theoretical justi
fication differs from that of Eq. (3), particularly for 1 < 10. However, we shall see for those 
cases examined here that the scattering amplitude is not seriously affected, because in the region 
of 1 values for which Eq. (3) is incorrect, A 1 - 0. This would riot be the case for less strongly 
absorbed particles, and thus a theo·retically proper form of o1 would be required. 

The CPM analysis determines A 1 and 61 by solving the equation satisfied by the radial 
wave function, f1(r): 

[_L- 1(1+1) + k2- 2f.L U(r)] fl;r) = 0, 
dr2 r 2 ,11

2 
(4) 

where U(r) = V c(r) + VN(r), the Coulomb plus the nuclear potential. In order to provide a de
scription of both the elastic scattering and absorptive processes, the latter is taken to be com
plex: VN(r) = - [V(r) + iW(r)]. Comparison at r = oo of f 1(r) with the solution of Eq. (4) for 
VN(r) = 0 then gives A1 and 61. Strongly absorbed partides sample only the surface region of 
the nucleus, so one is justified in questioning the significance of using a parameterized complex 
potential to describe the scattering. The PPS analysis parameterizes the A1 and . 61 directly, 
so it is clear that the two analyses can be equivalent. 

For purposes of comparison, one can make the correspondence between 1 and r, the . 
distance of closest approach for a particle of orbital angular momentum [1(1+ 1)]1/211, through the 
relation 

kr = n+ [n2 + 1(1+1)] 1/
2

. (5) 

We indicate this correspondence between coordinate (r) space and orbital angular-momentum (1) 
space by writing A1(r). The value of r = Ra for which A1(r) = 1/2 should not be expected to 
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agree with the value of r = R for which V(R) = V(0)/2 in the CPM. Similarly, t, the interval 
~ lA converted to coordinate space via Eq. (5), would not necessarily agree with the analogous 
complex-potential surface -thickness parameter -~. These points have been developed previously. 4 

In order to demonstrate these considerations more explicitly, we have made PPS analy
ses of some existing data on the elastic scattering of a. particles from A, Cu, and Pb at ·18, 40, 
and 48 MeV, respectively. 7-9 These data had previously been used for a CPM analysis. 10 
Figures C.4-1 shows one comparison between experimental and calculated angular distributions for 
both PPS and CPM analysis. The values of the parameters resulting from these analyses are 
compiled in Table C.4-I, together with those resulting from PPS2 and CPM1 1 analyses of data 
on the sc·attering of 22- and 40-MeV a. particles from Ag. The expected differences between the 
complex-potential parameters, Rand a, and the PPS parameters, Ra and t, are seen. If one 
now looks at the actual scattering ampTI.tude.parameters describing the 1 dependence of A1 and 
61, the equivalence of the two analyses is seen. That is, the lA and ~~A values determined 
from the separate analyses are in excellent agreement, and the differences in the coordinate space 
parameters, ~O and ~ vs ~a and !.! clearly result from their different physical definition. 

In summary, PPS and CPM analyses of the elastic scattering of strongly absorbed 
particles are seen to be equivalent. Some advantages of the PPS treatment are the following: 

1. The calcuiation is simpler than for the CPM, since the numerical solution of Eq. (4) is by
passed. This is particularly advantageous whenever large numbers of partial waves contribute to 
the scattering. 

2. The form of A1(r) gives a clear physical interpretation of the absorption of the incident 
particles, and we believe that for strong-absorption scattering the determined A1(r) curve is 
essentially unique. On the other hand, the CPM varies the parameters of VN(r) to rroduce this 
A1lr) curve, .and ambiguities in the potentials describing, for example, a.-particle! and deuter
on13 scattering result from the fact that different potentials can give essentially the same .A1( r) 
and Ol(r) values. Clearly the value of VN(r) for ·r < r'' where AI(r) = 0 for r < r I' can have 
no effect on·the scattering. 

3. Equation (1) for the scattering amplitude is valid, also, in the relativistic region insofar 
as spin effects are unimportant. 
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Table C. 4-I. Comparison of parameters resulting from PPS and CPM analyses 
of alpha-particle scattering data. 

Data CPM Analysis PPS Analysis 

parameters 

MeV v w R a lA 6.1A lA 6.1A Ra 

A+He4 18 100 15 5.4 0.6 9. 7a 0.6 7.5a 0.6 6.67 

Cu+ He
4 40 49.3 11 6.8 0.5 17.8 0.8 17.0 0.8 7.92 

Pb+ He 4 48 25 15 8.1 0.6 21.1 1.3 21.0 1.3 10.16 
4b Ag+He · 22 50 20 7.5 0.6 10.5 1.5 10.8 0. 75c 9. 74 

150 20 7.5 0.6 11.3 1.3 10.8 0. 75 9. 74 

Ag+He4 .b 40 50 20 7.1 0.6 19.3 1.2 19.0 1.1 9.27 

150 20 7.1 0.6 19.8 1.1 19.0 1.1 9.27 

a. The disagreement in lA values in this case arises from the difference in fits to the 
experimental data. 

b. From references 2 (Mcintyre et al.) and 11. 
c. This 6.1A value resulted from ~alysis in which li1 was zero. This may account for its 

being appreciably lower than the value determined from the CPM analysis. 
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Fig. C.4-1. (A). The solid line is the CPM fit to the 
elastic sc;attering of He4 from Cu (Ref. 10). The 
parameteriare V = -49.3, Wo =- 11, 
R = 1.14A1 3 + 2.24, a= 0.5. 

(B). The solid line gives the PPS fit to 
the same data. The parameters are: lA = 17, 
AlA= 0.8, li = 0.7, 10 = 17, A10 = 1.0. 
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UCRL-16580 -118-

5. ENERGY DEPENDENCE OF THE POLARIZATION IN 
p-016 ELASTIC SCATTERING BETWEEN .21 AND 53 Mevt 

E. T. Boschitz, t M. Chabre, §H. E. Conzett, and R. J. Slobodrian 

C:5 

It is clear that the cross sections and polarizations of medium-energy protons scattered 
by the heavier nuclei are well described by the optical model; however, its applicability to light 
nuclei is less certain. An extensive analysis! of p-c12 and p-o16 differential cross-section data 
between 10 and 20 MeV has indicated that thg optical model is surprisingly successful in account
ing for the p-c12 data, but less so for p-01 , where the parameters vary severely as a function 
of energy. · 

In order to study the validity of the optical model for light nuclei at higher energies, in 
particular, to investigate the energy dependence of the spin-orbit potential, we have determined 
the polarization in the p-o16 elastic scattering at seven energies between 21 and 53 MeV .. The 
source of polarized protons is the alpha-hydrogen scattering utilizing the variable -energy feature 
of the Berkeley 88-inch cyclotron. In the data presented in Fig. C. 5-1 (the lines are visual aids 
and have no theoretical significance), a drastic change in the polarization pattern is found between 
21 and 25 MeV. Above this energy the polarization distribution varies slowly with energy. We 
have also measured the differential cross section at 42.1 and 52.5. MeV•to supplement the avail-
able data at 30.3 MeV (Rutherford Laboratory). . 

The optical model analysis was performed in Berkeley with SCAT 4 and at NASA with a· 
modified version of SCAT 4 employing the Argonne search routine. 2 In this preliminary analysis, 
we have considered only the polarization data in the less energy-dependent region, and have 
limited the search to the conventional seven-parameter potential consisting of a real central po
tential of the Saxon-Woods type (V, a, R 0),

1 
a surface peaked imaginary potential with a derivative 

Saxon-Woods form factor (W, a1, RI), and a spin-orbit potential of the Thomas type (V 5 , a, Ro)· 
Keeping Ro fixed at 1.25±0.05 fermis and gridding on a, ar, and RI, we have searched for the 
best parameters V, W, V

5
, to give good fits to both polarization and cross-section data. For the 

search at 32.8 MeV we have used the 30.3-MeV cross-section data from the Rutherford Labora
tory; at 36.7 MeV interpolated cross.sections served as a guide to the search routine. The "best 
fits" were selected by visuai inspection under the constraint that the parameters were reasonable 
and-compromising over this energy range. The results of the analysis are shown in Fig. C. 5-2. 
The solid lines present the optical-model predictions with the parameters from Table C. 5-I. 
Except at the highest energy, quite satisfactory fits to polarization and cross -section data can be 
obtained up to 120 deg c. m. 

At present, we conclude that the optical model is reasonably applicable to the p-016 
elastic scattering at these· energies; although there are some fluctuations in the parameters. 

Footnotes and References 
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Table C.5"-I. Parameters used for optical-model predictions. 

.E v w Vs 

32.8 41.0 5.4 7.5 

·36,7 41.3 6.3 8.1 

42,0 36.0 3.5 8.1 

52.5 31.4 .. 3.6 5.7 

c: 
0 

0 
N 

... 
0 

0 
a.. 

e . c.m. 
MUB·9065 

Fig. C. 5·-1. Energy dependence of the 
p-o16 polarization. . . 
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Fig. C. 5-2. Optical-model predictions 
to the polarization and eros s -'Section 
data, using the parameters of 
Table C. 5-I. 
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6. POLARIZATION IN p-He 4 SCATTERING BETWEEN 27 AND 63 Mevt 

E. T. Boschitz'~, M. Chabret, H. E. Conzett, E. Shield, and R. J. Slobodrian 

Using the polarized-proton facility at the Berkeley 88-inch cyclotron, we have measured 
the asymmetries in the elastic scattering of polarized protons from He4 at energies of 26.8, 34.2, 
44.1, 54.8, and 63.3 MeV. These energies were selected so that experimental results would then 
be available at approximately 5-MeV intervals over the region 10 to 63 MeV, the latter being the 
maximum energy available at this facility. With the beam polarization P1 known from experi
mental results, we then determined from the measured asymmetries E(E, (;)) the polarizations 
P(E, (;)) = E(E, 9)/P 1 . A phase-shift analysis of these and other data available throughout this en
ergy range has been started, and we report here preliminary results of this analysis. 

Fi9_ure C.6-1 shows our data along with those from the Rutherford Laboratory at 29, 40, 
and 48 MeV and 21-MeV data from ~erkeley. 2 The polarizations calculated from the phase-shift 
solutions are also shown. Available or interpolated differential cross-section data3, 4 were in
cluded in the analysis at all energies, although such data at 66 MeV were limited to c. m. angles 
forward of 60 deg. The 55-MeV polarization results show a continuation of the trend established 
with the lower-energy data, agd they are in substantial disagreement with the polarization calcu
lated by Kanada and Horikawa from phase shifts derived from analysis of 55-MeV differential 
cross-section data. 4 Their calculated P((;)) has three maxima, of values appro~imately +0.37, 
-0.77, and +0.93 near c. m. angles of 50, 95, and 125 deg, respectively. 

Figure C.6-2 shows our preliminary phase-shift results. We use the notation 
TJfexp(2iaf) for the (complex) amplitude of the outgoing lth partial wave, so that 11+ and ai, the 
absorption parameter and nuclear phase shift for the j = !+ 1/2 state, and 111 and af for the 
j = 1- 1/2 state, are real. The smooth curves show the general energy dependence of the af, al
though the actual preliminary values show some scatter about these curves.· Until further more 
complete searches are made, we do not ascribe physical significance to the slightly oscillatory 
behavior of af and az near and above 40 MeV. As is seen in the table listing the values of nf, 
there are accompanying variations in these parameters in the same energy region. This behavior 
is not to be expected, because all possible reaction thresholds occur at lower energies, and a 
smoother behavior would be more plausible. 

The arrows at 22.9 and 35.2 MeV in Fig. C.6-2 mark the threshold for the first reaction 
channel, going to d+3He, and the energy at which all channels are open, the last being the 3p+2n 
five-body channel. In this energy interval the absorption appears to be strongest in the 
1 = 2 (j = 5/2) partial wave, with appreciable absorption also taking place in the 1 = 1 (j = 1/2) and 
1 = 3 (j = 7/2) waves. We see no evidence of threshold effects, but data more closely spaced in 
energy would be required in order to study such questions. 
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Fig. C.6-1. Polarization P(9) in p-He4 
elastic scattering. The dots are the 
experimental data (references in text). 
The curves represent values calculated 
in this .analysis. 
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PROTON POLARIZATION IN SMALL-ANGLE 
p-He4 SCATTERING AT 38.7 MeVt 

E. Boschitz'~, M. Chabret, H. E. Conzett, E. Shield, and R. J. Slobodrian 

C.7 

In the last two years different phase-shift analyses1, 2 of the p-He4 cross section and 
polarization data3, 4 around 38 MeV have been published. Recently Giamati and Thaler5 have dis
cussed the possibility of determining a unique phase-shift solution by means of further do1.1ble or 
triple scattering experiments. They point out that sufficient information can be obtained by a 
.double scattering exp·eriment, obviously more easy and precise than a triple scattering experi
ment, carried out in the region of interference between the Coulomb and the nuclear scattering 
amplitude. ·In. this region, significantly different polarizations (about ·0.20) are calculated from 
the different sets of phase shifts. Therefore small-angle polarization measurements with an ab
solute· precision of about ± 0. 03 should allow one to decide between them. Recently the rotation of 
the polarization has be.en m;asured at 48 MeV. 6 The results are more. consistent with the GMT 
or GMT-B type of. solution, but the energy at which the measurement was made differs-appre
ciably from the energy of the phase-shift solutions. 

We have measured the polarization at small angles with a standard double scattering 
·technique. The expe:dmental setup was basically the same as was described in an earlier paper. 7 
The polarized. protons .were produced as recoils from a hydrogen target bombarded by a beam of 
a particles at approximately 80 MeV. The proton polarization was taken t9 be P 1 = + 0.83 ± 0. 03, 
with the probable error a:dsing principally from counting statistics.8 The protons were scattered 
from the He-gas target at a mean energy of 38.7 ± 0.6 MeV. The intensity distribution and location 
of the beam at the gas target center, as well as its alignment with respect to the precision·scat
tering table, were determined by beam profile measurements.· For this purpose· an ionization 
chamber with a tantalum slit ·o.16 ern wide was used as a scanner. Beam radiographs on x-ra.y 
film were also obtained 'in order to get information on the actual beam shape. The beam width 
was 0.9 ctiJ. at the'target center, and its divergence in the horizontal plane was ±0.10 deg. The 
maximum angular error in positioning the detectors was ± 0.12 deg; this corresponds in first 
order to an instrumental asymmetry E .;:; ± 0.003 calculated from the known data for the cross sec
tion in the small-angle region. 

Four Csi detector.s mounted on DuMond 6363 phototubes were used. Two of them were 
fitted with collimation systems, designed especially for small-angle measurements, which pro
vided an angular resolution of± 0.3 deg. The two remaining ones were used for check measure
ments at larger angles with the usual angular resolution (± 1. 5 deg). 

In making the measurements, instrumental asymmetries were minimized by interchang
ing detector assemblies (and associated electronics). The smallest angle at which measurements 
were taken was 8 deg lab, and checks were carried but to insure that no scattering from the tar
get window was detected. At smaller angles a large background counting rate produced results 
with a large uncertainty. The background was determined by reducing the pressure of the He gas 
from the operating pressure of 8 atmospheres down to 1 atmosphere, and obtaining spectra for· 
equal charge collected in the monitoring system, and, alternatively, by inserting brass absorbers 
in front of the Csi crystals. 

Figure C. 7-1 shows our results along with larger-angle data from reference 4. · Our 
measurements at 63.4 and 99.4 deg c. m. served as check points. With the exception of t~e polar
ization value at 10 deg c. m. all small-angle data favor the SY -A phase-shift solution. 1 • How
ever, the 10-deg c. m. data point, which is closest to the Coulomb interference minimum in the 
differential cross section, suggests that an intermediate phase shift set between SY -A and GMT -B 
might be found to better represent the experimental data to date. Also, in view of the data points 
between 50 and 90 deg c. m. , it is interesting to notice that the SY solution, containing partial 
waves only up to 1 = 3, behaves too smoothly in this angular region, while the GMT(lmax = 5) solu
tion provides oscillations of larger amplitude than are present in the data. The SY -A solution 
does not include g waves, which could be contributing to the scattering at this energy (kR z 4.25). 
This possibility is supported by the Harwell polarization data9 at 29, 40, and 48 MeV. While the 
29-MeV data behave quite smoothly around 70 deg c. m. a "kink" appears at 40 MeV and finally 
develops into a new oscillation at 48 MeV. Thus, we feel that a complex phase-shift analysis of 
the 38-MeV data should definitely include at least 1 = 4 partial waves, and we expect that the 
small-angle values of the polarization will help to establish a unique solution. 

.~ 
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Fig. C. 7-1. Polarization P as function of c. m. 
scattering angle. The open circles shown 
are the data taken from Ref. 4, the full 
circles are the result of this investigation. 
The curves are taken from Ref. 5. The solid 
curve is the prediction of the SY -A phase shift 
solution, the dashed line corresponds to the 
GMT-B solution. 
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THE REAL PART OF THE SCATTERING AMPLITUDE 
AT HIGH ENERGIESt 

Homer E. Conzett 

C.8 

Analyses of p-p elastic scattering data 1 -8 in the region 3 to 23 GeV / c and TT± -p data 7 
near 10 GeV/c have provided strong evidence for the existence of a repulsive real part of the 
(spin-independent) nuclear forward scattering amplitude at these momenta. In both instances the 
ratio of real to imaginary parts of the forward amplitude, a(O) = ReAn(O)/ImAn(O), is approxi
mately -0.25. The possiblity of spin dependence in the p-p case provides an alternative explana
tion, 2 but the TT-p result has no such alternative explanation since the spin-flip amplitude goes to 
zero in the forward direction. 9 

Spin-independent models proposed10o 11 to describe the data have employed the basic 
assumption that the elastic scattering is produced by the strongly absorptive processes at high 
energy, resulting in a scattering amplitude that is either com&letely imaginary or has, at least, 
a much larger imaginary than real part. A recent treatment develops an impact-parameter 
expansion for the amplitude and assumes, for p-p scattering, a repulsive real contribution from 
small impact parameters. Support for this claim is provided by dispersion-relations calcula
tions, 13, 14 which have given the proper magnitude and sign of a(O). In neither case, however, is 
suggestion made as to the origin of the ReAn with a sign corresponding to a repulsive potential. 

The purpose of this note is to point out that both the necessity for and the sign of the 
ReAn can result from purely absorptive processes. Consider the partial-wave expansion for the 
nuclear scattering amplitude, t 5 

so that 

we write 

ReA (0) 

IIDA:(o) = a(O) 

I: 
1 

L (21+1) ImTJ1 
1 

(1) 

(2) 

(3) 

so that ITJ 1 I, the (absolu.te) amflitude of the outgoing..!_th partial wave, and 51, the phase shift, 
are real quantities. Since 0 ,s; 1 T] I ,s; 1, with ITJ 1 I = 1 corresponding to no absorption and !TJ1J =0 
to complete absorption of that parhal wave, it follows that ImAn(O) :;;,o. Thus a(O) < 0 can result 
only from the condition that ReAn(O) < 0, which from (2) and (3) requires that 

(4) 

for a sufficient number of partial waves. In particular, one expects ~4) to be necessary for 
values of l near L = kR, with R defined as the absorption radius, 1 , 17 because of the (21+1) 
weighting factor in (2). Also, in instances of strong absorption ITJ1I may approach zero for 
l < (L -ll.l/2) with ll.l < < L, where ll.l is the interval in 1- space over which the transition from 
no absorption to maximum absorption takes place. Condition (4) has been met in cases involving 
the scattering from nuclei of strongly absorbed "particles" such as deuterons, a particles, and 
heavier ions at nonrelativistic energies, and we see no apparent reason for the explanation of this 
result not to apply in the relativistic region. The "repulsive" effect of absorption can be seen by 
examining complex-potential model (CPM) analy.ses 18• 19 of elastic scattering data; and this con
cept t;as been developed qualitatively for application in parameterized phase-shift (PPS) analy
ses1 of such data. Specifically, in CPManalyses numerical solution of the (radial) Schrodinger 
equation, with the nuclear interaction represented by a complex potential 

V (r) = - [V(r) + i W (r)], 
n 

has shown, beside the obvious absorptive result that JrJ 1 I ,s; 1, that 51< 0 for strongly absorbed 
partial waves. Since this occurs even in the presence oi the attractive real potential, which 
alone would result in 51 > 0, the absorptive repulsion is clearly indicated. Recent analyses20-22 
of 11- to 12- and 15-MeV elastic deuteron scattering data provide interesting examples of cases 
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for which a.(O) < 0. Figure C.8-1 shows I TJ1 I and 61 resulting from CPM analysis20 of data for 
11.8-MeV d+Sn. Substitution of these values into Eq. (2) results in 

a.(O)"' -0.20. 

One can make phenomenological PPS analyses of the high-energy data, employing a pa
rameterization of o1 that gives an 1 dependence of the form indicated in Fig. C. 8-1. Such anal
yses could provide useful descriptions of the energy dependence of such quantities as absorption 
radii, surface thicknesses, and opacities. 
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Fig. C.8-1. The 1 dependence of ITJ 1! and 
61 from CPM analysis of 11.8-MeV 
d + Sn elastic scattering data, Ref. 20. 

9. STUDY OF THE He 4 (p, d) He 3 REACTION WITH POLARIZED 
PROTONS AT 55 AND 63 Mevt 

E. T. Boschitz*, M. Chabre:t: ," H. E. Conzett, and .R. J. Slobodrian 

The He 4 (p, d)He 3 reaction, and the inverse stripping reaction He3(d, p)He4, are not yet 
well understood. Distorted-wave Born-approximation (DWBA) fits on intermediate-energy data 
are not very convincing, whereas a simple diffraction approach seems to be more succes sfu1.1-3 
Studies with polarized particles may help to elucidate the reaction mechanism. We have measured 
the asymmetry in the He4(p, d)He3 cross section with polarized protons, at 55 MeV where data are 
available for the cross section4 and at 63 MeV. 

We have used the polarized proton beam of the Berkeley 88-inch cyclotron, produced by 
alpha-proton scattering. At forward angles the deuterons were detected and identified by two 
large (4 cm2) E-ll.E solid-state detector pairs. At backward angles the deuteron energies were 
too low for the deuterons to penetrate the ll. E detectors. Therefore, we counted instead the He3 
recoils at forward angles with Csl crystals of thickness sufficient to stop only the He3. For those 
measurements, the main uncertainty is due to the subtraction of a continuous background, while 
for the deuteron measurements the peaks are very clean and the precision is limited almost purely 
by statistics. Figure C. 9-1 shows the observed asymmetries, with P 1 being the polarization of 
the incident proton beams. · 

The asymmetry in a :Rickup reaction induced by polarized protons is related to the deuter
on polarization by the formulaS 

(dO") = (1+ 1 p . p ) (dO") 
dO polarized Z -P -d dO unpolarized 
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Therefore we measure the component of the deuteron polarization parallel to the proton 
pola.rization. In an 1 = 0 nucleon pickup reaction, the deuteron polarization is due to spin-orbit dis
tortion. In such a case a derivative rule analogous to the one for elastic scattering has been sug
gested. 6 However, comparing our data· with the cross-section data at 55 MeV, we find that the 
asymmetry changes sign near the minima of the cross section, which occur near 30, 95, and 150 
deg, but ·no·.zero of the asymmetry can be associated with maxima of the cross section. It may be 
that here, also, another approach, such as a diffraction model, could be more successful than the 
DW.BA treatment in describing our results. 

'' 
One knows that the asymmetry in a reaction induced by polarized particles is connected 

to the polarization occurring in the inverse reaction induced by unpolarized particles. 7 • 8 Our 
measurements of asymmetries are therefore equivalent to the measurement of the proton polar
ization in the stripping reaction He3(d, p)He4 at the corresponding energies 43 and 54 MeV. 
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10. ON THE DETERMINATION OF THE 
PROTON-PROTON 1s 0 SHAPE PARAMETER'~ 

R. J. Slobodrian 

In a recent letter1 a determination of the 1s0 shape parameter P for proton-proton 
scattering was produced through fits to very accurate phase shifts, as obtained from experimental 
data at five energies between 0.3825 and 3.037 MeV in the laboratory system. 2, 3 The main con-· 
elusion was that best agreement with the data was achieved by the Coulomb-corrected partial-wave 
dispersion relation (PWDR). The boundary condition model (BC) was ruled out because it gave the 
wrong sign for the shape parameter·. 1 

Breit has expressed some doubts about such determination of the shape parameter,4 and 
this note presents some evidence against the certainty of our knowledge of P, based on shape
dependent (SD) fits to the five experimental points today available with high accuracy, without and 
with the vacuum polarization correctiun5 (from now on called VPC), and also fits to the experi
mental points, excluding the points at 1.397 and 0.3825 MeV, again with and without the VPC. The 
reason for doing this may be found in the paper by Foldy and Erikse:nS concerning the VPC, where 
they discuss at length the implications of their choice of the parameter C, as calculated by Jack
son :and Biatt6 for the Yukawa well, in the expression 

K = A + BE + CE 2 , ( 1) 

where E is the laboratory-system energy in MeV. 

(F is 
The function K ·is related to the function F defined below through the eq,uality K = RF 

currently used nowadays in the representation of low energy p-p scattering): 

F C
2

k cot oo + _!_ h(TJ) 1 + ...!._ r k 2 Pr 3k 4 , (2) 
R ap 2 e e 

where 

r' (-iTJ) 
h(TJ) = Re r(-iTJ) -ln TJ , 

ap is the proton-proton scattering length, E is the lab energy, ~is the proton mass, 'T]=e 2/1iVJ.ab 
(e is the proton charge, 1i is Planck's constant divided by 2rr, vla.b is the relative velocity),· 'T] is 
usually called Coulomb parameter, r e is the effective range, and P is the shape parameter. 

Table C.1 0-I summarizes the results of the least-squares fit to the data as described 
previously. One learns from the table that, excluding the points at 0.3825 and at 1.397 MeV lab, 
the effect of the VPC is simply to turn the SD fit more shape -independent, whereas the sign of P 
remains negative. Includingthe point at 1.397 MeV, the effect of the VPC is to reverse the sign 
of the shape parameter p, although with or without VPC, P can be considered consistent with zero 
because of the experimental error of ±0.014 (see Ref. 1 and Table C.10-I). Finally, including 
the point at 0.3825 MeV, there is again a reversal of sign when one includes the VPC, and P be
comes much larger. This certainly means that the VPC is dominating the parameter. There is 
also a basic contradiction with the meaning of the shape parameter P because of the algebraic 
structure of Eq. 2 or its equivalent C in Eq. 1. The parameter C is the coeffiCient of the quad
ratic term of expansion 1, and therefore it should be determined by the higher-energy points. 
The function 1 should be very well approximated by a straight line at low energies if C is small, 
and deviate at higher energies. A large-scale plot of the function K easily reveals that the vacu
um polarization corrected point at 0.3825 MeV lab is too low with respect to the almost straight 
line defined by the remaining four points, and this forces the increase in the parameter. 

The conclusions seem simple: the existing very accurate data do not seem to confirm 
yet the validity of the VPC. In the author's opinion a reiteration of the old measurements at 0.3 
and 0.2 MeV lab with high accuracy is necessary to settle the question of the VPC as it stands 
now; lower-energy measurements, if possible, would also be desirable. Additional measure
ments between 0.3825 and 1.397 MeV should help to confirm the measurement at 0.3825 MeV. 
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Finally, the algebraic structure of Eq. 2 implies that the shape parameter P should be deter
mined preferably by the context of the higher-energy points. If the context of the very-low-energy 
points forces a shape parameter in disagreement with the higher-energy points (the latter being 
more sensitive to it), the result should be viewed with suspicion. Lastly, and this refers to the 
remaining scattering parameters also, a reexamination of the electromagnetic corrections to the 
p-p scattering parameters is desirable on a different basis than the approach of Schneider and 
Thaler, 8 in view of the accuracy of present data and experimental possiblities. The author of this 
paper has explored the effect of the extended electromagnetic structure of the proton with positive 
results. 9 

If all the above-mentioned questions and problems are favorably solved, more meaningful 
and accurate scattering parameters will be obtained, and the sign and value of the shape param
eter will perhaps be definitely settled, permitting thereby a choice between existing models for 
the nuclear interaction, or a readjustment of their parameters, or both. 
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Table C.10-I. Comparison· of the SD.fit to the experimental data without and with VPC, at 5, 4, 
and 3 energies, excluding .successively the lower energy points; SD: shape-dependent fit, SI: 

· shape-independent fit. 

Five experi
mental points b 

SD (no VPC) 

SD (with VPC) c 

Four experi
mental pointsd 

SD(no VPC) 

SD (with VPC) 

Three experi-' 
mental points e 

SD (noVPC) 

SD (with VPC) 

A 

3.73380 

3.67934 

3.71969 

3.68698 

3.74955 -
3. 72181 

a. Values taken from Ref. 1. 

B c 

(MeV- 1) (MeV- 2) 

0.45644 0.003367 

0.48690 -0.002767 

0.46967 0.0005888 

0 .. 479713 -0.001189 

0.44521 0.005330 

0.46042 0.001039 

b. At 0.3825, 1.397, 1.855, 2.425, and 3.037 MeV lab. 

-a p 
.(F) 

7.8284±0.0080 

7.8163±0.0048 

7.7189 

7.8332 

7. 7482 

7.8176' 

7.6865 

7. 7438 

r e 
(F) 

2. 794±0.026 

2. 746±0.014 

2.6303 

2.8062 

2. 7069 

2. 7648 

2.5659 

2.6536 

'p 

0.026±0.014 

0 

-0.0443 

0.0277 

. -0.00711 

0.0133 

-0.0755 

-0.0133 

c. The slight discrepancy with the values of Ref. 1 is well within experimental error and has· no 
effect on the arguments presented in this paper. 

d. At 1.397, 1.855, 2.425, and 3.037 MeV lab. 
e. At 1.855, 2.425, and 3.037 MeV lab. 

11. THE c 12 (p, 2p)B 11 REACTION AT 50 MeVt 

H. G. Pugh, •:• D. L. Hendrie, Marc Chabre, t and E. Boschitz§ 

The (p, 2p) reaction has been extensively used at energies above 150 MeV to investigate 
shell-model structure and momentum distributions of nuclear protons. 1 Two major experimental 
limitations have hitherto been encountered. 

(a) Poor energy resolution has not permited investigation of any but gross shell-model states 
or groups of states. 

(b) The low duty factor of the accelerators at these energies has limited precision and has 
caused loss of information by necessary electronic integrations over large energy ranges of the 
outgoing particles. 
The high duty factor of the 88-inch cyclotron and improved electronic and counting devices have 
allowed us to perform the c12(p, 2p) experiment without the previous limitations. 

Two b.E-E counter telescopes, able to detect protons in the range 9 to 25 MeV, were 
used to detect the outgoing protons. A fourfold fast coincidence was required, and only those 
events were selected by electronic particle identifiers in which both particles were protons. The 
resulting pulses were fed into a 4096-channel two-dimensional analyzer; one axis was proportional 
to the ·sum of the energies of the two protons, E1 +E2, the other axis was proportional to their 
difference, E1-E2. A sample E1+E2 spectrum is shown in Fig. C.11-1, showing energy resolu
tion of better than 250 keV and permitting us to identify individual states in the residual B 11 nu
cleus. 

<'"" 
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Several.different experimental arrangements were used during the experiment. Figure 
C.f1-2 shows the angular correlation obtained whenboth counters were moved so that they made 
equal coplanar angles on opposite sides of the incident beam. Figure C.11-3 gives the correlation 
when one counter was held fixed at 30 deg and the second counter was moved in the scattering 
plane. The way in whiCh the two protons share their energy is indicated in Fig. C.ii-4 for several 
of the symmetrical runs. The angular correlations~have all been integrated over an energy range 
IE1 -E21 < 5 MeV, as shown by the dotted lines in Fig. C.11-4. The dotted line in Fig. C._11-1 is 
an estimate made from the E1- E2 spectra to correct for the integration over E1- E2. 

Noteworthy in the angular correlations are the large rise in cross section at small angles, 
and the oscillatory nature of the distribution at larger angles. Further runs -were made with both 
counters on the same side of the beam to see if final-state interactions between the two outgoing 
protons when their relative momentum was small would account for the large forward cross sec
tion; results were negative. The most probable explanation of the small-angle cross section is 
the large increase in the free p-p scattering cross section at low energies, This is most easily 
seen in the quasi-free-scattering approximation, where the angular correlation is determined by 
the momentum of the struck proton. The diffraction-like angular distribution might indicate a 
surface interaction, reflecting the short nuclear mean free path of protons of these energies. 

Because of the good energy resolution, we were able to obtain angular distributions for 
the first four excited states of B 11, seen in Fig. C.11- 5. In a clean knockout process, excitation 
of these states could arise only from configuration mixing in the ground state of c12, which is 
:rt~inly P3/2· Since it ~s q_uite unlikel_y that enough h /2 and f 5/2 configu~atio~_§ are_ admixed, 2 
1t 1s hkely that the exc1tat10n mechan1sm goes by a double process, couphng the 3/2 protein hole 
to the excitation of the 2+ state of the c12 core. Work at higher energies has made such confi,g
urations for the four first excited states of B11 quite plausible. 
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12. INELASTIC SCATTERING OF a PARTICLES ON Fe
56 

J. Valentin, t I. Gabrielli,~ B. G. Harvey, D. L. Hendrie, 
J. Mahoney, and J. R. Meriwether 

Because of their short nuclear mean free path, a particles of cyclotron energies (18 to 
130 MeV) have proven valuable probes for inspection of collective states of the nuclear surface. 
Angular distributions from such states and the ground state show a diffraction-like structure at 
forward angles (less than"' 60 deg) the envelope of which gradually decreases with increasing 
angle. Parity assignments of the excited states are made by the Blair phase rule, 1 which pre
dicts that odd-parity states have diffraction maxima in phase with the elastic maxima; even-parity 
statgs are out of phase. The discovery by workers at Saclay2 of a known 4+ state at 2. 97 MeV in 
Fe 5 hasinstigated experimental and theoretical reevaluation of the phase rule. The theoretical 
approach has attributed the reversed phase to a double-excitation process of two phonon levels. 
Further experimental4 work has uncovered other cases of reversed phase in 4+ and 2+ levels, but 
has found normal phases in cases in which double excitation might be expected. Work at this Lab
oratory has shown that the phases of some expected two-phonon levels change as a function of 
bombarding energy, 5 which has been attributed to mixing of the two-phonon with neighboring one
phonon states. In order to verify the interpretation of these results, we repeated the Fe56(a, a') 
work over a range of energies. ' 
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The experiment consisted of bombarding thin Fe 56 foils with a particles of 23.5, 33, and 
50 MeV. (The original Saclay work was at 44 MeV.) Four movable solid-state detectors were 
used to obtain the angular distributions. Angular distributions for several excited states obtained 
at 50 MeV are shown in Figs. C.12-1 and C.12-2. The levels at 0.845 and 2.66 MeV are known 
2+ states. The similarity of the angular distributions permits us to assign spin and parity of 2+ 
to the 3.85-MeV (previously assigned to have JlT = 3+ 6) and the 4.74 MeV levels. 'Comparison of 
the phas·es of the 2.08-MeV (4+) and 2.97-MeV (2+) levels with those of the elastic and 4.54-MeV 
(3-) levels indicates the double excitation process is invoked. The more gradual decrease of 
cross section with increasing angle shown by the 2.08- and 2.97 -MeV levels is an additional fea
ture expected for the double-excitation process. · 

Figure C.12-3 shows the angular distributions of the 2.08-MeV state at the three incident 
energies plotted as a function of kRBc. m. to remove the energy dependence. Here k is the wave 
number of the incident a particle and R, the interaction radius, was determined by fitting the 
0.845-MeV level with the Blair diffraction model. 1 We see no variation of phase with angle. Sim
ilar results were obtained for the 2.97-MeV level. This is in complete contrast to the results 
obtained on nickel isotopes for the corresponding "two-phonon" levels. Recent calculations using 
microscopic wave flfnctions have cast some doubt on the validity of the two-phonon description for 
the nickel isotopes. 
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COMPARISON §>F THE·ELASTIC SCATTERING 
OF He AND He4 BY Ca40 

A. Springer, t Marc Chabre, '~D. L. Hendrie, and H. G. Pught 

C.12, 13 

The scattering of medium-energy He 4 ions has been extensively used in the last several 
years for investigating nuclear properties. The characteristic feature of the scattering is the 
oscillatory angular distribution, originally explained by using a semiclassical diffraction model 
in which the a-particle waves were assumed not to penetrate inside a well-defined interaction 
radius near the nuclear surface. 1 As the experiments have become more refined it has become 
necessary to introduce new parameters to allow for a lack of definition, or a "diffuseness," of the 
interaction radius. We have attempted to bring direct evidence to bear on this diffusness by com
paring the scattering of He3 and He4 from the same nucleus under carefully chosen conditions. 
Accurate angular distributions showing a characteristic diffraction pattern were already avail
able2 for the scattering of 50.9-MeV He4 by Ca40, so the He3 energy was chosen as 65.3 MeV, 
since this yields the same relative momentum in the center-of-mass system as for 50.9-MeV He4. 
Thus in the absence of the Coulomb interaction the diffraction model would give the same angular 
distribution in both cases. 

We bombarded a 1.02-mg/cm2 natural calcium target with 65.3-MeV He3 ions from the 
Berkeley 88-inch cyclotron and used a solid-state counter telescope and particle identification to 
measure the elastic scattering angular distribution between 9 and 64 deg in the c. m. system, with 
an effective angular resolution of 0.6 deg. The results for both 50.9-MeV He4 and 65.3-MeV He3 
are shown in Fig. C.13-1, where the absolute normalization of each set of measurements is inde
pendently known to ± 10o/o. Both projectiles yield a diffraction-like pattern. The major difference 
is that the He3 cross section is generally smaller ~nd drops off more quickly as a function of 
angle. The anomalously large maximum in the He data at 60 deg in the region of low cross-sec
tion may be due to more complex processes. The lower cross section for He3 at small angles is 
explained by the difference in Coulomb scattering. 

f-. 
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The more significant feature is that the He3 differential cross section falls more rapidly 
as a function of angle than the He4 cross section. To explain this we analyze in terms of the usual 
partial-wave expansion, 3 

~ 
4
J I (21+1)[1-1']1 exp(2ia 1)]P1(cos(:l)l

2
, 

1 

where TJ1 is the scattering amplitude, a 1 is the Coulomb phase shift, P1 (cos 8) is a Legendre 
polynomial, and k is the wave number of an incident particle in the c. m. system. To simplify 
the analysis we have restricted the variations of the TJl according to the notation 

8 E . ( a E a 2E) , 1 = E t a -- t 1 b - t c --
2
-

al a1 a 1 

where 

The real and imaginary parts of the scattering amplitudes T]l as determined by a least-squares 
fit to the data are shown in Fig. C.13 -2. The important difference between the two projectiles is 
that for He3 the change in TJ1 takes place over a larger range of 1 than for He4. By making the 
usual classical connection between impact parameter and angular momentum 1 = kr, we conclude 
that the diffuseness of the interaction surface is greater for He3 than for He4 by a factor :::: 1.5. 
The possibility that the effect may be due to a spin-orbit interaction has been ruled out by tests 
using the optical-model program SCAT-4. The negative dip in the He4 curve is not significant, 
since it comes in the region of 1 < 16, which we can show may be changed withouJ: affecting the 
fit to the data. This seems to be in contradiction with the s~atement4 that nuclei appear "blacker" 
to He3 than to He4. However, similar results have been seen by Venter and Frahn, 5 using an 
equivalent method with a three-parameter fit to the TJ1's. 

We have recently been informed by Dr. R. H. Basse! that he has independently observed 
the same phenomenon in comparing optical-model-derived phase shifts from He3 and He4 scatter
ing at a numbc,r of lower energies, for a variety of nuclei. 
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14. HIGH-ENERGY DEUTERON CROSS SECTIONSt 

V. Franco and R. J. Glauber':' 

A theoretical analysis of the collisions of particles with deuterons is carried out in the 
high-energy approximation. This approximation, which corresponds to a generalized form of dif
fraction theory, takes explicit account of double collision processes as well as single ones. It is 
used to express the amplitudes for elastic and inelastic scattering by deuterons in terms of the 
elastic scattering amplitudes of the neutron and proton and the deuteron wave functions. The re
sulting expressions are used to evaluate the differential cross section for elastic scattering and 
the angular distribution of the inelastic scattering (i.e., the differential cross section for deuteron 
breakup integrated ·over final energies of the incident particle). The contributions to these cross 
sections of the various single and double scattering processes and the terms which represent their 
interference are exhibited individually. Expressions are derived for the total cross section of the 
deuteron and for its elastic and inelastic total scattering and absorption cross sections. The dif
ference between the various types of deuteron cross sections and the sum of the corresponding 
cross sections for the free neutron and proton is explained in some detail. Spin-dependent inter
actions are treated, and for incident particles of spin 1/2 an expression is given for the deuteron 
total cross section in terms of the general spin-dependent scattering amplitudes of the neutron and 
p_roton. 

The theory is applied to antiproton-deuteron collisions in the energy range from 100 MeV 
to 17 BeV. If a total cross-section defect &<r is defined in terms of the deuteron, free proton, 
and free neutron total cross sections, <r.d• <TP' and <Tn, respe.ctively, by 

then O<T is given by 

<T d = <T + <T - &a ' 
n p 

oa = - .2..
2
. Js(q) Re [fn (q) f ( -q)] 

k . p 
(2)-+ 

d q ' 

where 1ik is the incident momentum, 1iq = 1i (k- k') is the momentum transferred to the deu--+ 
teron, S(q) is the form factor for the deuteron ground state,· fn and fp are the free neutro~and 
proton elastic scattering amplitudes, and the integration is over a plane tangent to the shell k' = k 
at the forward direction. If we assume that at high energies fn. = fp and that these amplitudes are 
purely imaginary near the forward direction and Gaussian in form, we may write 

&a S(q) q dq, 

where <TN is the antiproton-proton total cross section and a. 2 is a parameter related to the anti
proton-proton elastic scattering angular distribution. We show in Fig. C . .14-1 the way in which 
the actual cross section of the deuteron differs, as a function of energy, from the sum of the 
cross sections of the two nucleons. As input data in the calculations for this graph we have used 
the curves labeled <TN and <TNel• which have been drawn to fit the measured values of the 
total and elastic proton cross sections. The deuteron wave function used was "App'roximation II" 
of Moravcsik. 1 We observe that the cross-section defect decreases quite slowly with increasing 
energy. The graph shows quite clearly the importance of O<T in calculating the cross section of 
the deuteron. 

Calculations of the absorption cross section of the deuteron (i.e., total minus the sum of 
elastic plus inelastic scattering cross sections) have been carried out for the energy range 100 
MeV to 2.5 BeV. The influence of double interactions on the absorption cross section is shown as 
a function of energy in Fig. C.14-2. The absorption cross sections predicted by taking double 
interactions into account (a absl agree much more closely with the expe.rimental values of the ab
sorption cros.s section of the deuteron than those which neglect them (2<TN -2cr.Nell· 
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15. QUALITATIVE ASPECTS OF NEUTRON-NUCLEAR INTERACTIONS 
AND THE OPTICAL MODEL t 

V. Franco· 

The appearance of broad maxima and minima in the energy dependence o"fneutroh
nudear total and scattering cross sections at less than 100 MeV is given a simple explanation. 
Within the framework of the Glauber diffraction approximation, the general conditions for the 
occurrence of the maxima and minima are obtained in terms of an integral, over impact param
eters involving a phase shift function. A modification of the approximation is employed so that 
the formalism may be applied below 100 MeV. The assumption that the average phase difference 
between that portion of the neutron wave which traverses the nucleus and that which does not is 
equal to an integral multiple of 'lT at cross-section maxima and minima is shown to be incorrect. 

1--.. 
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The approximations are illustrated with some optical-model calculations which indicate that the 
positions of the maxima and minima shift to higher energies with increasing target mass number. 
Some numerical calculations using the Schrodinger equation with square-well and Woods-Saxon 
potentials are compared with cross sections calculated from the approximation. Near regions of 
maxima appreciable contributions come .from a number of partial eros s sections. The appearance 
of these maxima implies neither a resonance in any single partial wave nor a maximum in any 
single partial cross section. A brief consideration of the energy dependence of the total, absorp
tion, and scattering cross sections separately reveals that the principal qualitative features of the 
total cross section are manifest in the scattering cross section. 

The neutron-nuclear total cross section may be written in the Glauber diffraction approx-
imation 1 as · 

a = 2 J [1- Re eix (~)] d(
2

) ~, 
where b is the inpact parameter vector and lies in a plane perpendicular to the direction of the 
incidentbeam, and the integration is over this plane. The phase shift function X (b) is complex 
and may be expressed in terms of an optical potential V(~, z) by -

( 00 f [ 
X(~)= k f f 1 

)_oo '-

2V(~, z) ( 1 
- tikv 1 - 2 (1) 

where ·1ik is the incident momentum, v is the relative velocity, and E is the total energy of the 
incident neutron. The direction of the incident beam is taken to_be along the z. axis, 

In the application of Eq. (1) to nuclei, we have considered both a real square well_and a 
complex square well whose real and imaginary parts are both negative, with magnitudes given by 
the solid curves in Fig. C.15-1. In Fig. C. 15-2 we show the calculated loci of points for the in
cident neutron kinetic energies at which the maxima and minima in the total cross section are 
found for the range of mass number 1 ~A< 250. The experimental maxima and minima are 
shown as points. The calculations yield the result, in agreement with measurements, that neu
tron-nuclear total cross sections possess broad maxima and minima when plotted against incident 
energy, with the lighter nuclei having only one maximum and the heavy nuclei having three max
ima and three minima. A partial-wave analysis shows that these maxima are not caused by 
resonances of any partial wave and that no one partial cross section contributes such a great a
mount to the total cross section that the other partial cross sections may be neglected. The broad 
cross -section maxima are caused by a joint effort on the part of many phase shifts to contribute a 
large share to the total cross section. 

Footnote and Reference 

t Materi~l condensed from Phys. Rev. 140, B 1501 (1965). 
1. R. J. Glauber, Lectures in TheoretiCal Physle:s, Vol. I (Interscience Publishers Inc., 

New .York, 1959), p. 315. 
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16. EXTENDED CHARGE EFFECTS ON LOW-ENERGY 
PROTON-PROTON SCATTERING'~ 

R. J. Slobodrian 

The accuracy of the measurements of proton-proton scattering in the low-energy region 
(between 0 and 5 MeV, laboratory system) has called for refined calculations of departures from 
the simple Coulomb potential energy term V c = e2/r, like the vacuum polarization contribution,1,2 
or the magnetic dipole interaction effects, 3 the latter proven finally to be unimportant. 4 Several 
recent letters5· and papers have dealt with comparisons of the reputedly very accurate experimen
tal results with different models for the p-p interaction, and best agreement was found with ·the 
Coulomb-corrected partial-wave dispersion relation (PWDR). The boundary-condition model 
(BC) was ruled out because it gave the wrong sign for the shape parameter P. 5 

If one believes in a quantum-mechanical Hamiltonian formulation of the proton-proton 
interaction, it should be describable in terms of a potential 

V = V N + V ES + [ V. , pp i 1 
( 1) 

where VN is attributed to nuclear effects, YES is the energy due to the electrostatic inter
action, and ~ Vi is the contribution, if any, of other interactions that may be present. It is 
usually assm:hed that ~Vi is very small compared with the two remaining terms, and it is safe 
to ignore it. The S-w-lve scattering is described by the well-known amplitude 

(2) 
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where so = Arg r ( 1 + i TJ), TJ is the Coulomb parameter, TJ = e2/11vlab (11 is Planck's constant di
vided by 2u, e is the charge of the proton, and vlab is the relative velocity), 5o is the S-wave 
"nuclear" phase shift, and fc is the Coulomb scattering amplitude. Of course(2) has to be ade
quately symmetrized. Here again the accuracy of the experimental information has forced the 
consideration of P waves and also relativistic corrections to TJ. 6 Conventionally it is assumed 
that V ES = V C• and the nuclear field is parameterized in order to obtain the phase shift oo ex
tracted from the experimental data. This step, as is well known, is relevant for the comparison 
with n-p 1so potentials, 7 and in the near future with n-n potentials, in view of the increasing ac
curacy and reliability of n-n scattering parameters, 8 in order to settle the old questions of charge 
independence and 'charge symmetry of the nucleon-nucleon interaction. 

Hofstadter's experiments9, 1'0 have proven beyond doubt that there is a positive extended 
charge in the proton with an rms radius of 0.8 F. This report presents some calculations con
cerning the influence, on low-energy S-wave p-p scattering parameters, of the extended charge of 
the proton, using the same first-order perturbation technique employed earlier by Foldy and 
Eriksen to correct for vacuum polarization effects. We assume that the charge distributions over
lap at short distances without appreciable disto.rtion. If we imagine the protons as uniformly 
charged spheres of radius R (equal to the rms radius of the charge) the potential energy is given 
by the well-known expressions 

2 
V ( ) _ e ( 6 R3 

i r --:-:r 5 
R 

-1 Rr2 + 3 3 1 1 5 - r - -- -- r ) for 0 ~ r ~ 2R, 
2 16 160 R 2 ' 

2 
e 

for r :;,2R, 
r 

(3) 

(4) 

where r is the distance between the centers of the spheres and e is the electric charge of each 
sphere. As will be seen, the assumption of a uniform charge distribution with a sharp cutoff at a 
radius equal to the rms radius of Hofstadter' s charge distribution yields results which do not dif
fer appreciably from a more realist~c calculation using a charge density of exponential form 
p = ke-ar. The potential function of such a charge distribution is given by 

I 1 -ar ( 1 I ~] u (r) = e lr- e r + a ~ . (5) 

The expression for the potential energy of two such overlapping charge densities is too lengthy to 
be presented here, but Fig. C.16-1 summarizes the res,~lts. It also includes the potential energy 
of a point charge in the field given by (5). Presently it is customary to use, for the low-energy 
p-p scattering, 11 the representation 

F c
2

k coto0 + ..!-h(TJ) = _ _i_ +.!.. r k
2

- Pr 3 k4 (6) 
~ ap 2 e e 

c2 2u TJ k2 
ME 

where p 
ZlTTJ . ~ e -1 

R 
112 

h(TJ) Re 
r'(-iTJ) 

- ln TJ :-:--z- ' 
Me r ( -iTJ) 
.P 

(E is the laboratory energy, M is the proton rnass), TJ is again the Coulomb parameter, r is 
usually called effective range, fnd P shape parameter. Foldy and Eriksen1,Z use instead die 
function 

K = RF = A + BE + CE
2 

, (7) 

where E is the laboratory-system energy of the protons. It is clear that if the electrostatic 
energy within some range is not given by e2/r, but rather by functions like those of Fig. C.16-1, 
the electrostatic energy has been overestimated. Consequently what is conventionally attributed 
to "nuclear" interaction contains in part effects of the excess of electrostatic energy, 

V d = V c - VES' (8) 

where V can be classified as a short-range perturbation. To correct this we can calculate the 
change in~uced in the function K by a potential energy change l:>.V = -V d. As long as the quad
ratic term of (7) is small we can make use of first-order perturbation tlieory and calculate 
l:>.K (l:>.K = Bl:>.E) as 
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C
2

R f M f 2 
D.K = 

p 

0 

D. V(r) U (r) dr, (9) 
il 

where U(r) = [F(r) cot 50 + G(r)] (1-e-i3r), (10) 

and F(r) and G(r) are the regular and irregular Coulomb wave functions adequately normalized.12 
The parameter j3 was taken 'the same as indicated by Foldy and Eriksen.1 The integration was 
carried out numerically up to R=1.6 F, with sufficient accuracy even for the cases with extended 
charges without cutoff. 

A least.-square.s fit to K' = K - D.K was calculated; K was obtained from the very accu
rate phase shifts· quoted by H. Pierre Noyes5 and due tci several experimental groups.13-15 
Table C.16-I summarizes the results: It can be appre'ciated that the change in ap is quite small, 
about 0.4% when VES is changed from the exponential·case to the uniform charge distribution 
with sharp cutoff (about 20% change). · 

Schneider and Thaler16 have calculated recently the effect of electromagnetic corrections 
to low-energy nucleon-nucleon scattering, using a hard core of 0.388 F, from another viewpoint", 
i.e. , with the purpose of changing the parameters of the potential in order to obtain the empirical 
values of ap and subsequently produce values for an. Table C.16- I contains calculations of the 
corrections for a model with a core of 0.4 F and also for a soft core as corresponding to the 
Gartenhaus model1 7; the values excluding the point at 0.3825 MeV are also presented ori grounds 
that .such measurement may be questionable, 18 and the shape pa.rameter P depends critically on 
i~ . . . . 

The conclusionp are th.at a nonnegligible correction to the p-p scattering parameters 
arises from the considerp.tion of the extended charge distribution of the proton, far beyond the 
errors quoted in the recent literature. 
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Table C.16-I. Calculated scattering parameters for a least-squares fit to the corrected 
values K'. For comparison the parameters obtained from the point-charge assumption 
are transcribed, together with the predictions of the BC and PWDR models. (a) The lines 
numbered 1, 2, 3, correspond respectively to a point charge in the field of an exponential 
distribution, to two uniformly charged spheres, and to two exponential distributions; the 
last should be considered the most realistic picture because it is consistent with the 
electron-scattering results of Hofstadter. (Refs. 9, 10). The lines labeled 5 correspond 
to fit with five experimental points, and those labeled 6 correspond to four experimental 
points excluding the point 0.3825 MeV. 

Parameter 

Model 

Extended charge 

SD 

SI 

Hard core 

rc = 0.4F 

1 

2 

3 

1 

2 

3 

5 

6 

Soft core 5 

Gartenhaus<17)6 

;F'OINT CHARGE 

SD (a) 

SI (a) 

BC (a) 

PWDR (a) 

(a) See Ref. 5. 

A 

3. 77431 

3.78856 

3.80377 

3. 77920 

3. 79341 

3.80847 

3.69602 

3.70237 

3.71893 

3. 72461 

0.48619 

0.48610 

0.48607 

0.47806 

0.47810 

0.47826 

0.48602 

0.48005 

0.48379 

0.47848 

-0.0023968 

-0.0023 522 

-0.0023015 

0 

0 

0 

-0.0025336 

-0.0012301 

-0.0019897 

-0.0008342 / 
/ 

7.6354 

7.6067 

7. 5770 

7.6265 

7. 5980 

7. 5679 

7. 7978 

7. 7845 

7.7498 

7.7380 / 
/ 

F 

2.8021 

2.8016 

2. 8014 

2. 7 552 

2. 7 555 

2. 7 568 

2. 8011 

2.7667 

2. 7882 

2.7576 I 

.; / I 
.--" / I 

p 

0. 02607 

0. 02560 

0. 02506 

0 

0 

0 

0. 027 59 

0. 01390 

0.02197 

0.01003 

_, / I 

/ 7.8284±0.0080/2.794±0.0261 0.026±0.014 

7.8163±0.0048 2.745±0.014 0 

7.8009 2.687 -0.036 

7.8259 2.786 0.024 
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-· · -· ·- , two uniformly charged 
spheres; and---, two exponential 
charge distributions consistent with 
the results of the Hofstadter group. 

1 7. THE L i 
6 

(p, p d) He 4 AND L i 7 ( p, p t) He~ REA C T I 0 N S AT 55 MeV 

D. L. Hendrie, Marc Chabre, '~ and H. G. Pugh t 

Several experiments have shown that the (p, pd) reaction proceeds with high probability in 
nuclear reactions induced by medium-' or high-energy protons incident on Li6 targets. 1 The ang
ular correlations between the scattered proton and outgoing deuteron show a large peak at angles 
corresponding to free p-d scattering. This has been interpreted to mean. that the incoming proton 
has interacted with and ejected a preformed deuteron from the nucleus. Cluster-model calcula
tions select Li6 to be a good example of a nucleus .that contains such preformed deuterons. 2 
Evidence indicates that competing mechanisms such as indirect pickup and sequential processes 
are less important. ·Much of the analysis has been done in terms of the quasi-free scatteting 
approximation, in which distortion of the incoming and outgoing particle waves is neglected, as 
is the binding energy of the deuteron to the core. The shape of the angular correlation is then 
determined by the momentum distribution of the deuteron in the nucleus. The cross section in 
the quasi-free approximation1 is 

where kQ, kp, kd are the wave numbers of the incident and outgoing particles; ~ lp-d is the 

free p-d scattering cross section, P(d) is the probability of finding a deuteron cluster in the nu
cleus, and lJiL(Q) is the wave function of the deuteron cluster with momentum Q and angular mo
mentum L. This separation can be valid only if the amount of clustering is large (i.e. , P(d)"'1) 
and more complex effects, such as exchange and contributions from the core, are neglected. 

We have looked at the Li6(p, pd) He4 reaction, using the 88-inch cyclotron to provide the 
55-MeV protons. The outgoing particles were detected in two b.E-E solid-state counter 

,'-• 

..... 
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telescopes. A fast coincidence was required and the particles were electronically identified and 
summed before being fed into a 4096-channel two-dimensional analyzer. The two axes of the ana
lyzer were fed with summed energy pulses (Ep +Ed) and deuteron energy pulses (Ed) respectively. 
The correlations were obtained by maintaining the proton counter at fixed angles and moving the 
deuteron counte.r in the scattering plane. 

An angular correlation obtained at a proton angle of 60 deg is seen in Fig. C.17-1. The 
peak in the correlation occurs at ed = 46 deg, where the momentum transfer to the recoiling nu
cleus ( -Q) is zero, or just the angle at which the deuterons would appear from protons scattered 
from free deuterons at rest. The half width of the peak, corresponding to a variation in Q of 
64 MeV/c, can be compared with the momentum distribution of 60.6 MeV/c expected for a deuteron 
bound by 1.47 MeV. Similarly, Fig. C.17 -2 shows the correlation obtained for fixed angles 
( ep = 60 deg, ed = 46 deg) and varied deuteron energy. One again obtains a peak with a half-width 
corresponding to a variation in Q of 64 MeV/c. The dotted lines in Figs. C.17-1 and C.17-2 indi-' 
cate the fit obtained by using harmonic oscillator wave functions for l!JL(Q) with the range param
eter equal to 37.6 MeV/c and L= 0. With these values we obtain a probability of::::: 15o/o of finding a 
deuteron in Li6. Similar results obtain at other proton angles. 

These results and the low binding energy of a triton in Li7 (2.47 MeV) encouraged us to try 
the Li7 (p, pt) He4 reaction, although clustering may be less significant in Li7. 3 Figures C.17 -3 
and C. 17-4 show the resulting angular correlation for ep = 75 deg, ·and energy correlation for 
ep = 75 deg, et = 41 deg. Again we find results equivalent to quasi-free scattering, but with. non
zero angular momentum transfer. The dotted line in Fig. C.17 -3 is an attempt to fit the data with 
harmonic oscillator wave functions with L = 1 and the range parameter equal to 55.6 MeV/ c. 
Clearly, we would have better fits if we had chosen wave functions that arise from wells with a 
longer range than the harmonic oscillator well. Since the free p-t scattering cross section is not 
known at this energy, no probability of clustering can be obtained; 

Although we have used the theory in its very crudest form, quasi-free scattering seems to 
fully account for our Li6(p, pd)He4 results. However, it is expected that the deuteron clustering 
probability would change markedly with improved theoretical handling. Since experimental con
ditions are little changed from the Li6(p, pd) to the Li7(p, pt) reaction, quasi-free scattering 
should occur in this case, if P(t) is .not negligible. That this is, in .fact, the case indicates that 
triton clustering in Li7 may be about as important4 as deuteron clustering in Li6. Conversely, 
further results not shown here indicate that triton cluste'rs in Li6 and deuteron clusters in Li7 are 
less important by·i to 2 orders of m~gnitude. . 

Footnotes and References 

'~NATO Fellow on leave from CNRS, lnstitut Fourier, Grenoble, France. 

t Present address: University of Maryland, College Park, Maryland. 
1. See, for example, M. Riou, Rev. Mod. Phys. 37, 375 (1965); D. W. Devins, Bruce L. Scott, 

and H. H. Forster, Rev. Mod. Phys. 37, 396 (T%5). 
2. Y. C. Tang, K. Wildermuth, and L. :Pearlstein, Phys. Rev. 123, 548 (1961). 
3. D. R. Inglis, Rev. Mod. Phys. 34, 165 (1962). 
4. R. K. Sheline and K. Wildermuth, Nucl. Phys. 21, 196 (1960). 
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D.. CHEMISTRY 

1. SYSTEMATIC VARIATION OF QUADRUPOLE 
CRYSTAL-FIELD SHIELDING IN RARE-EARTH ETHYLSULFATES 

Johan Blok and D. A. Shirley 

It has long been clear that application of group-theoretical methods to rare -earth ions in 
crystals gave a quantitatively correct description of stark levels only if the crystalline field terms 
could be parameterized into the actual components of the crystalline field A~ and multiplicative 
correction factors, (1 -aL), which account for shielding of the 4f electrons by other electron 
orbitals on the central ion. By comparing measured quadrupole coupling constants with optical 
data we have been able to evaluate a2, the leading-term shielding parameter, in rare-earth 
ethylsulfates. 1 · 

In the crystal-field model the Coulombic interaction of the 4f electron level .with the crys
tal field may be written 

~=L: I (1) 
k L,M 

Here ~k' ek' and .<l>k are the coordina1il;;l _of the ~t~ 4~ el~ctron, !!?~ ~s. a linear combination of 
sphencal liarmorucs Y~ and y-M, AL 1s a multlphcatlve factor g1v1ng the strength of the crystal 
field, and SL is the linear shid~ing term arising from deformation of closed electronic shells. 
Nonlinear shieldingl is described by T~, which depends on several At;. Experimentally, optical 
data are fitted with crystal-field parameters vt; = At; (1 - a L) <. rL) 4f· This ~ay be regarded 
as the defining equation for a L· It is important to note that both linear and nonhnear shielding terms 
are· contained· in a L in a completely empirical way. Thus a 2 is not independent of A~. 

Interaction of the rare -earth ion with th~ crystal field sets up field gradients at the nu
cleus through a. variety of mechanisms. Experimentally one finds that the nuclear spin Hamil-. 
tonian has a term of the form 

We refer to the directly measurable quantity P as the quadrupole coupling constant. 
a linear combination of several terms, 

(2) 

P may be 

(3) 

Here P 4/~) arises from the 4f configuration in jth-order perturbation theory. While P (1 ) is 
most common, P4f(2) is very important in Eu3f' in the 7F 0 ground state. The antishie1&ed lattice 
contribution is given by 

[ 
3Q ] 0 

PLat=- I(2I -1) (1 -yoo)A2 • (4) 

and the first-order 4f term by 3 

(1) _ 3e 2Q · 2 /_ 3'\ ~ 
P4f -- 4I(2I-1) {1-RQ)[3Jz -J(J+1)] ~- /4f (J lla.IIJ/. (5) 

Here '{
00 

is the Sternheimer factor for the lattice and RQ is the "atomic Sternheimer factor." 
The quantity ( J lla. II J) arises in application of the Wigner-Eckart theorem to evaluation of the 
crystal-field interaction by the "operator equivalent" technique, 3 and (r-3) 4f is the actual ex
pectation value of r-3 for 4f electrons in the ion. The effective (r-3) Q for quadrupole mterac
tions is given by4 
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(6) 

With sufficient knowledge of the behavior of a given ion in a crystal along with the values 
of P, P4f where necessary, Q, and ·I for a specific isotope, it is possible to obtain the quan
tity (1- '{ )A2 °. We have derived this quantity for several ions in the ethylsulfate lattice from P 
values obtained by nuclear orientation, Mi:issbauer spectroscopy, and nuclear magnetic reso
nance. 1 Comparison with the calculated value 5 '{

00 
= -80 yields Az 0 in each case. Comparison 

of these "directly measured" crystal-field parameters with the V2°'s determined fromoptical 
spectroscopy yields the shielding factors 1- a2. In Figs. D.1-1, D.1-2, and D.1-3 are shown the 
variations of V2°, (1-y

00
)A2 °, and 1-0" 2 with atomic number throughout the rare earth series. 

Values are summarized in Table I. The value of CT 2 "" 0.6 for heavy rare earths is ro.ughly what is 
expected theoretically, but the much larger CT 2 ' s in light rare earths is surprising. 

1. 

2. 
3. 
4. 
5. 
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Table r. Crystal-field data for the rare-earth ethylsulfetes 

(1 - -,.) ,2o A2 o{r2) A2 o(r2) (1 - a2) A20 

n in 4~ ion isotope method
8 PLat(~o-5cm·l)b Q(berns) (104c:m-ll!lo-2) A2 o~cm-1 eo -2)m (cm-l)n (cm-l)o (cm-l)q a •• 

2 0theory references 

,.,. 
1}9 - 1.98c +0.27(1)h 1.4}(6) 177 (-40) 1.23 12, 31 

140 NA -1.42(12). +0.1}(2) 1 
this vork 

ce3• -1}(8}" (1.1) (0.68cc .. ,. 6l6p 14.18 (1.0) ; 0.52dd 

t-0.59ee 

Nd}+ :;8.4 t (0.9) 

I'm}+ (7}) (0.8) 

sm3+ 87" (0. 75) 

Eu}+ 154 NA fp:J~~~l:e~ +}. 75(}7) 1 
•2.9m }62 }17 96v 0. 7} this vork 

Gd}+ 159 NA '-144(5). (+1.56)J +2.54(26) }14 246 (121) 0.61 this vork 

Tb}+ 146" (0.65) 

J>?• 161 M -120(6)e,t +2.6k +4.29(22) 5}0 }85 17lx 0.68 15 

10 Ho3• 180\1 (0.6) 

11 .,.,. 
}l},P406 188Y (0.6) 

12 Tm}+ 169 +1.51 +5.10 6}0 40} 204z 0.68bb 0.50cc 14 

n Yb}+ 
(220) (0.6) 

14 Lu}+ 175 IIMR 1o8.64(20) 0 +}.6J +5.9 7}0 (256) 0.68 }1 

177 NA -67(2). +}.6J +}.65(12) 450 0.48 this ll?rk 
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2. SYSTEMATIC VARIATION OF HYPERFINE FIELDS AT NUCLEI OF 
SOLUTES IN FERROMAG NETIC LATTICES 

D. A. Shirley 

For some time we have conducted a long-range program to characterize the hyperfine 
fields induced at nuclei of atoms dissolved in ferromagnetic lattices. The original purpose of 
this work was to a-ssess, for the various elements, the "universal" method of nuclear orientation 
introduced by B. N. Samoilov and co-workers. 1 This was to be accomplished by determining ex
perimentally enough of those fields that trends throughout the periodic table could be established. 
At this time this original objective is near completion. With the help of two completely new tech
niques - Mossbauer spectroscopy and time-differential angular correlation - and substantial im
provement in the nuclear polarization method, as well as further application of the NMR and heat
capacity methods, various workers throughout the world have accumulated sufficient data on in
duced fields to allow several trends to be observed. Although a few gaps remain, we have a 
rather complete systematic (albeit empirical) picture of induced fields. The various trends are 
described below. 

1. Proportionality to lattice magnetization. 

For solute atoms of normally "magnetic" elements there is some tendency to take a 
certain hyperfine interaction into the host lattice. This field may be essentially constant, as is 
the case for rare earth, in which the fields arise from orbital, as well as spin, mag~ti!?,.m, and 
in which the moments are patently localized. Of course this hyperfine interaction, AI · J may 
be manifest as various values of hyperfine field in different crystal-field environments, but these 
fields can be treated theoreti.cally to give A, the hyperfine -structure constant. 

A second class of solutes comprises atoms of elements that are normally "magnetic" 
at low temperatures. Manganese and iron are good examples of this class. Although the behavior 
of these atoms as solutes in ferromagnetic hosts is by no means well understood, there is some 
evidence that "localized moments" are formed, with the solute atom largely bringing its own 
magnetism into the lattice. 

The third class of elements is far more important for nuclear orientation purposes. It 
consists of those atoms that are normally not magnetic in the elemental form. Hyperfine fields 
in these solutes are induced by the ferromagnetic hosts. Near the center of the 4.£, 5d, and 6p 
series these induced fields tend to follow the host magnetization .. The major conclusion to be 
drawn from the above discussion is that for orienting nuclei of nominally "nonmagnetic" elements 
one should cnoose a lattice with maximum magnetization. For most purposes iron is the optimum 
choice. 

2. Regular variation of induced fields with atomic number. 

Distinct regularities have been discovered2 • 3 in the variation of induced fields with 
atomic number in both Fe and Ni hosts. These are illustrated for 3d, 4d, and 5d solutes in Fe 
in Fig. D.4-1, and for the 4d-5p series in Fe and Ni in Fig. D.4-2. 

For the noble metals, presumably for the alkalies, and less certainly for the alkaline 
earths and II -B metals, the dominant contribution to the hyperfine field arises via pola:dzation of 
conduction (s) electrons. Near the center of the d shell, however, core polarization apparently 
takes over, creating a pronounced maximum in this region (Fe-Co, Ru-Pd, Os-Pt). The p shells 
apparently produce the same kind of trends, but with positive, rather than negative, induced 
fields. 

3 .. Prospects for the 11 uni.vers.al11 method of nuclear orientation. 

With the detailed knowledge that is presently available, we can now predict to which 
elements the. "universal" method may be applicable. Since laboratory magnetic fields of 105 
gauss are available, we shall use as a criterion the existence of fields,. in suitable lattices, in 
excess of this figure. To date all together 39 elements have had nuclei oriented by all equilib
rium methods. The "universal" method should extend this list to at least 22 additional elements 
-Ni, Ga, Ge, Se, Zr, Mo, Tc, Ru, Rf, Pd, Cd, Te, Hf, Ta, W, Os, Pt, Hg, Tl, Pb, Bi, and 
Po. 
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3. HYPERSENSITIVE TRANSITIONS IN RARE-EARTH IONSt 

B. R. Judd 

A few years ago, it was noticed that the intensities of some absorption lines in the solu
tion spectra of rare-earth ions are peculiarly sensitive to the solvent. 1 The source of the hyper
sensitivity was later examined in detail, and it was concluded that it owed its existence 'to the in
homogeneous polarizability of the solvent, which was visualized as enhancing the variation of the 
electric vector of the electromagnetic radiation across a rare-earth ion, thereby greatly increas
ing the intensities of quadrupole transitions. 2 

An additional source for the hypersensitivity can arise from the presence of constant 
electric fields produced by the ligands. These distort the f shells, and mix in states of opposite 
parity such that the net electric field at a rare-earth nucleus is zero. The point symmetry can 
be at the very highest one of the sequence Cs, C1, C2, C2v• Cf, C3v• C4, C4v• C6, or C6v· It 
is thus significant that the lines at 17·300 cm-1 and 19320 em- of Nd3+; already classed as hyper
sensitive, 1 appear to be the most intense in the absorption spectrum of Nd2Mg3(N03)12 · 24H20, 
for which the Nd3+ ion is at a site of C3v symmetry. Furthermore, it is to be noted thatfor smZ+ 
at a site of C4v symmetry in BaClF, there appears to be strong evidence for constant electric
field terms in the Hamiltonian. 3 
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4. SECOND QUANTIZATION AND ATOMIC SPECTROSCOPYt 

B. R. Judd 

The :rr1ethod of using annihilation and creation operators in the theory of atomic spectros
copy has been examined in detail. Basic formulae have been derived, and several examples of 
the effect of configuration interaction on the configuration (n£) N of equivalent electrons are dis
cussed. These include corrections to the hyperfine structure originating from core polarization, 
and also displacements of terms. The results of Rajnak and Wybourne1 can be derived in a par
ticularly transparent way, and a number of errors thereby removed. Illustrations are provided 
by drawing out the Feynman graphs and interpreting them through the topologically equivalent 
angular-momentum graphs of Jucys. 2 Complete calculations may thus be carried out graphically, 
the final combinations of 3-j, 6-j, or 9-j symbols being specified in detail as well as their phase 
and associated factors. 

A large field for further study opens up when the tensorial character of the creation and 
annihilation operators is examined. The reduced matrix element of a creation operator is simply 
related to the fractional parentage coefficient (ljJ{ \iJi), and this permits a rapid derivation of a 
number of formulae involving such coefficients. In particular, the undetermined normalizing 
factor N in Redmond's formula3 for (ljJ { jiJi) is given a~ explicit form. 

Further applications become possible when a creation and an annihilation operator are 
regarded as the two components (mq = ±1/2) of a tensor of rank 1/2 with respect to quasispin Q. 
It turns out that for a state ljJ of seniority v, -

Q = (2£ + 1-v)/2, MQ = -(2£ + 1-N)/2. 

Hence questions of seniority reduce to problems of quasi .angular-momentum. Triple tensors are 
introduced, their three ranks specifying their rank with result to quasispin, spin, and orbital 
angular momentum. Conjugation, the operation that connects hole s-tates to particle states, cor
responds to MQ -. - MQ, and is thus analogous to time reversal, for which Ms - - Ms and 

(-•-
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ML ..... - ML. The frequent vanishing of matrix elements for half-filled shells is related to the 
vanishing of 3-j symbols in which quasispin quantum numbers appear in the top row and zeros in 
the bottom. 

. The curious connection between states (vi SJ) and (v2 S2) for which vi+ 2S2 = v2 + 2S1 
= 2£ + 1, which was noted some years ago by Racah, is found to correspond to the .interchange of 
spin and quasispin. This has an important application in allowing matrix elements of double ten
sors, such as are required in hyperfine-structure calculations, to be related to those of single
rank tensors that have already been tabulated. 

Among many results obtained in the study of groups, it may be mentioned that the entire 
atomic f shell spans the simplest spin representation (of dimension i6384) of R29• the rotation 
group in 29 dimensions. 
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5: THREE-PARTICLE OPERATORS FOR EQUIVALENT ELECTRONSt 

B. R. Judd 

Interaction between the electronic coniigurations (nl)N and (n.l! )N±1 (n'£ ')t 1 can be rep-·-.., 
resented for (n£ )N by the addition of effective three -particle operators· to the Hamiltonian, the 
effective two-particle parts being absorbed by operators already present in the elementary linear 
theory of configuration interaction. For f electrons, the three-particle operators are decom
posed into nine operators ti that are labeled by irreducible representations W and U of the 
groups R7 and G2 respectively. We find WU= (000) (00), (220) (22), (222) (00), (222) (40), 
(400) (40), (420) (22), (420) (40), (420) (42), (600) (60), for i = i, 2, · · ·, 9. The matrix elements of 
t9 are always zero, while those for t5 are proportional to the two-particle operator e2 of 
Racah, i which is already included in the total Hamiltonian. Furthermore, ti can be absorbed 
by eo and e1. Hence for f electrons, only six parameters are required to completely repro
duce the effective three-particle operators. For the d shell the situation is even simpler; 
Feneuille2 has shown that two additional parameters suffice. Complete tables of the matrix ele
ments of the ti for .£3 have been constructed. 

The dependence on N of matrix elements between states of given seniorities is studied 
by breaking the ti down into parts characterized by well-defined quasispin. To do this, the de
compositions of a number of representations of R28 are required. The analysis, incidentally, 
reveals why Racah achieved such success by writing e3 = (e3+ Q) -Q and then evaluating the 
matrix elements of e3 +fl and n separately to find those for e3. It turns out that e3 +fl and 
Q correspond to quasispins K= 2 and 0 respectively, and consequently possess the striking 
properties expected when quasispin is a good quantum number. The six ti (i = 2, 3, 4, 6, 7, 8) break 
down into parts corresponding to K= 1 or 3. For a half-filled shell, operators with ·odd K can 
be shown to vanish between states of seniorities v and v' for which v- v' = 0 (mod 4); whereas 
the ordinary two-particle,operators ei correspond to even K and are nonvanishing only when 
this condition is fulfilled. It follows that the effect of the three -particle operators vanishes for a 
half-filled shell such as Gd3+ 4f7 in the limit of Russell-Saunders coupling. 
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6. ZEEMAN EFFECT AS A PROTOTYPE FOR 
INTRA-ATOMIC INTERAGTIONSt 

B. R. Judd 

When an atom is placed in a unit magnetic field, the energies of the components of a 
level J are given in units of the Bohr magneton by gMJ, where g is the Lande factor and MJ 
is the quantum number of the projection J z of the total angular momentum J. That gMJ should 
be a simple product is a consequence of the Wigner-Eckart theorem, appliedto the group R3 of 
rotations in ordinary three-dimensional space. Since, intra-atomic interactions are all scalars 
in R3, a similar application of the Wigner-Eckart theorem to these cases does not give useful 
results. .However, if our eigenfunctions are described by the representations of higher groups, 
such as R5 for d electrons, the theorem can again be applied when the interactions have been 
broken down into parts having well-defined pr-operties with respect to these groups. 

The method is illustrated in detail for the spin-spin and spin-other-orbit interactions, 
and applied to the d shell. It is found that the spin-spin interaction Hss can be decomf.osed 
into two parts h1 and h2, corresponding to the respective classifications (22000) (20) Do and 
(22000) (22) 5D 0. Here (22000) stands for a representation of the symplectic group Sp 

0
; (20) 

and (22) are representations of R5; and the spin and orbital characteristics are descritjed by the 
familiar spectroscopic symbols. The spin-other-orbit interaction is more complicated, and for 
d electrons five components are ne·eded. Their representations of Sp

10 
and R5 are (11000)(11), 

(11110) (21), (22000) (11), (22000) (21), and (22000) (31); they all correspond to 3p0· 

These d~compositions make apparent a numbe~ of striking properties that spin-spin and 
spin-other-orbit interactions possess, and also point the way to a treatment of the f shell. 
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7. THE HYPERFlNE MAGNETIC FIELDS AT NUCLEI OF 
INDIUM IN IRON AND NICKELt 

R. J. Holliday, D. A. Shirley, and N. J. Stonet 

The decay scheme in In114m is shown in Fig.D.7-1. This isotope was one of the first 
used by Samoilov et al.1 to demonstrate the existence of large hyperfine magnetic fields at the 
nuclei of diamagnetic atoms dissolved in ferromagnetic lattices. They found a lower limit of 
Hh£(In in Fe) ~17 5 kG for the field for In in iron. Later this value was changed to 250 kG and an 
attempt was made to measure Hhf(In in Ni), but no anisotropy was observed. 2 The sign of 
Hhf(In in Fe) was subsequently dete·rmined as negative (i.e. , opposite to the polarizing field) by 
Kogan et al. 3 Westenbarger independently confirmed this result. 4 Thus before the present work 
was undertaken the hyperfine field for In in Fe was known to be approximately -250 kG. 

Recent activity in this area of research has yielded rather accurate values for several 
hyperfine fields at nuclei of elements between Y (Z=39) and Te (Z=52) in Fe and Ni lattices, 
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determined by the techniques of perturbed angular correlations, nuclear polarization, Mossbauer 
spectroscopy, and NMR. Frankel et al. 5 have found a strikingly regular variation of Hhf in Fe 
and Ni lattices with solute atomic number; accurate experimental' values for the fields at In nuclei 
in Fe and Ni have thereby acquired a new significance. Accordingly we have made_accurate de
terminations of these fields, B,sing a co57 y-ray thermometer .. 

The apparatus described by Westenbarger and Shirley6 was used in these experiments. 
Those authors also described the portion of the theory of nuclear orientation that is relevant to 
this work. The recently developed Ge(Li) y-ray detectors enabled us to resolve the 122.0- and 
136.4-keV y rays of Co57 very well, and we used the 136.4-keV y ray as a nuclear thermometer. 
The decay scheme andy-ray spectrum of co 57 are shown in Fig. D. 7-2. Table D. 7-1 gives the 
calculated intensity of the 136.4-keV y ray vs temperature, for co57 oriented in Fe and in Ni. 
These calculated values are based on the nuclear moment of 4. 6 nm for Co 57 and hyperfine fields 
of -286 kG and -120 kG in Fe and Nf, respectively. The Co57 anisotropies have been shown to 
obey the calculated relationship by comparison with a co60 thermometer. 7 For many experi
ments Co57 should prove a more convenient thermometer be'cause of thel"ow intensity of poten
tially interfering high,-energy radiations. 

The alloys were prepared and soldered to a copper fin assembly which was embedded in 
a chrome alum""-gly"ceri"ne slurry and adiabatically demagnetized from 1.0° K to"' 0.01° K. The 
anisotropy_ of the Co57 y rays was used to measure the' alloy temperature. The samples were po
larized by a magnetic field of 2 kG trapped during demagnetization in a short tube of pure niobium, 
which is superconducting under the experimental conditions. 

The In114m (5+ M 1+) and Co57 y-ray intensities were measured along the axis of mag
netization, by use of a Ge(Li) detector for co 57, and both Ge(Li) and Nal(Tl) detectors for In 114m. 
Theln114i3-(1+ -+0+) spectrum was taken with the second Ni-In alloy, both at 0 and at 180 deg, 
with a silicon surface-barrier detector mounted inside the cryostat. Intensities were measured 
with the alloy "cold" and ~ere normalized to the fO K (isotropic) values. 

The data were corrected for background and solid angle, and W(B) was calculated for 
each case (W(B) = cold intensity/warm intensity at angle B). This was compared (Figs. D. 7-3 and 
D. 7 -4) with theoretical curves calculated for different values of the hyperfine fields (Hhf), based 
on the known8, 9 magnetic moment fl.114m = +4.75(10) nm, yielding 

295 ± 5 kG (In in Fe), 

42 ± 3 kG (In in Ni). 

The above statistical errors are the root-mean-square values. They should be doubled 
in both cases to include miscellaneous systematic errors. 

For the ln11 4 13- measurements we found that W(O) > 1 and W(lT) < 1, implying f!.Hhf < 0 
(In in Ni). At 1/T = 25° K-1 the approxima,;te magnitudes were W(O) -1 :' 1 -W(1T) :' 0.03. This 
number is uncorrected for scattering and solid angle, and the magnitude is thus of doubtful accu
racy, but the sign of the asymmetry is certain. For In 114m in Fe, f-LHhf < 0 was also found. 3, 4 

To deduce the sign of Hhf from the above data we must know the sign of the relevant nu
clear moment fl.· Kogan et al. 3 assumed that reorientation takes place in the 72-sec ground state 
of In114, and that the magnetic moment of this state, f-1.114• is therefore the one in question. If 
this is correct we can estimate the moment theoretically as +3.4 nm, using the nuclear shell
model single-particle states g9/2 (proton) and g?/2 (neutron). This estimate is based upon 
Schmidt-limit values for the s1ngle-particle moments, and more sophisticated methods of calcu
lation would reduce its magnitude somewhat, but if the proton has mainly g 9 ;2 character a posi
tive sign for fl. is inescapable. This interpretation yields the result: both 'Hhf(In in Fe) and 
Hhf(In in Ni) are negative. · 

In Table D.7-II are listed the best values to date for Hhf at nuclei of elements between 
Y and Te dissolved in Fe and Ni. These values are plotted in Fig. D. 7-5. There now is very good 
evidence that this open 4d shell contributes {probably via core polarization) heavily to the negative 
hyperfine fields above the middle of the shell. This conclusion is supported by recent measure
ments on local moments for Ruin Ni by Matthias et al. 10 The continuing large negative Hhf in 
Ag and Cd may be understood as arising from polarization of 5s "conduction" electrons.11 
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No convincing explanation exists ·as yet for the systematic sign change of Hh£ in the 5p 
shell. This experiment underscores the regularity of this trend. Possibly the positive Y -in-Fe 
point is another manifestation of this phenomenon. Certainly a successful quantitative explanation 
of these fields will have to account for both the regularity exhibited in Fig. D. 7-5 and for the pro• 
nounced trends. 
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Table D. 7 -I. W(9) vs 1/T for the Co57 y-ray thermometers. 

1/T Fe lattice Ni lattice 

(oK-1) W(O) W(lr/2) W(O) W(lr/2) 

10 0.980 1.010 . 0.995 1.002 

20 0.927 1.036 0.986 1.007 

30 0.851 1.070 0.968 1.016 

40 o. 767 1.106 0.947 1.026 

50 0.682 1.138 0.920 1.039 

60 0.602 1.165 0.890 1.053 

70 0.531 1.185. 0.856 1.068 

80 0.465 1.202 0.822 1.083 

90 0.404 1.216 0.786 1.098 

100 0.353 1.225 0. 750 1.113 



D.7 

Element 

y 

Nb 

Mo 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

-159-

Table D. 7-11. The known values of Hh£ for Y -Te in Fe and Ni. 

T (° K) 

<1 

4.2 

4.2 

4.2 

4.2 

<1 

300 

< 1 

100 

< 1 

< 1 

4.2 

Errors are given parenthetically. 

Hhf in Fe 

+205 

286(5) 

258 

256(5) 

-505(20) 

545(8) 

600(10) 

-272(19) 

348( 10) 

-295(10) 

-81( 4) 

193(3) 

+205 

17 0( 8) 

230 

+620(20) 

T (°K) 

1.4 

300 

300 

< 1 

100 

4.2 

4.2 

Hhf in Ni 

39 

-178(7) 

-84(5) 

-65.3(1.6) 

-42(6) 

+18. 5(1.0) 

+88(5) 

+195(10) 
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Fig. D.7-1. Decay scheme in In114m. 
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Fig. D.7-4. W(O) for 191-keV y ray 
from In 114m in Ni as a function of 
temperature. Each point represents 
the average of several demagnetiza
tions. Curves are for various values 
of the hyperfine field. 0 , source 
1 [Ge(Li)); 0, source 2 (Ge(Li)); 
e, source 2 [Nai(Tl)]. 
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Fig. D.7·-5. Hyperfine fields at nuclei 
of atoms (Z = 39 to 52) disso.lved in 
Fe (circles) and Ni (squares) hosts. 
Cases for which the sign is known 
are shown as filled points. 

8. THE T~MPERATURE SCALE FOR 
NEODYMIUM ETHYLSULFATE BELOW fO K 

Johan Blok, D. A. Shirley, and N. J. Stone 

High-precision nuclear orientation studie-s of several isotopes in the neodymium ethyl
sulfate (NES) lattice have shown a reproducible systematic discrepancy between experimental data 
and theoretical curves. The discrepancy was independent of the particular -Hamiltonian governing 
orientation of the nuclear spin system. The only real contact among the ·several experiments was 
that a temperature scale based on measurements made by Mey'er1 was used throughout. ·.Two 
cases in which this discrepancy is especially plain are Ce137m 2 and Lu177 (Fig. D.8-1). ·Be
cause of the importance of NES as a coolant, we have restudied the "temperature scale. In prac
tice this involves relating the absolute temperature, T; to the entropy, S, of the electronic spin 
system. 

Two methods were used. The first is the classic thermodynamic method of y-ray heat
ir:~· by which one relates the entropy and temperature to a measurable "magnetic" temperature, 
T···, obtained from the susceptibility and from Curie's Law. Determination of the magnetic heat 
capa,city, C'~ = dQ/dT'~, and the T'~-S relation allows the calculation of 

T = dQ/dS = C'~/(dS/dT'~). 

A typical heat-capacity run is depicted in Fig. D. 8-2. While the heat leaks during the fore drift 
and after-drift periods were large, they were also linear and essentially equal. Accurate meas
urement ofT':' thus made reliable corrections possible. Still at temperatures below 1/60 • K the 
S':'-T curve became very steep, and the necessity of differentiating the data to obtain dS/dT'~ 
rendered the result uselessly inaccurate. Fortunately the statistical mechanical method of nu
clear orientation3 could be used in this range. This method is based on the fact that for a given 
orientation Hamiltonian there is a unique 1 to 1 relationship between the absolute temperature and 
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each of several statistical tensors, Bk, describing orientation of the nuclear spin, system. We 
chose ce137m to establish the T-S relation for NES, shown parametrically in Fig. D.8-3 (by this 
we mean that S is uniquely related to the ratio (H/T). the initial field and ·temperature from which 
the salt is cooled). Values obtained by both methodl are shown. They. join ·satisfactorily·. · 

Confirmation of the new temperature scale is demonstrated in Fig. D.8-4, in which the 
Lu 177 data are shown to fit a theoretical curve based on the new scale. 
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9. CRYSTAL STRUCTURE AND LATTICE PARAMETERS 
OF CURIUM TRICHLORIDEt 

J. C. Wallmann, t J. Fuger,_"~ J. R .. Peterson, and J. L. Green 

100 

The lattice parameters of curium trichloride reported by Asprey, Keenan, and Kruse 1 

disagr.ee substantially with the lattice parameters for curium trichloride calculated from data ob
tained in this laboratory. We describe in some detail below the derivation of our experimental 
data, and the methods of calculation used to arrive at the lattice parameters. 

X-ray diffraction data were obtained on two samples of curium trichloride, derived from 
separate curium stock solutions which had been subjected to different purification procedures. 

Diffraction lines from these preparations were recorded on Films 1500 A and 2069 A, re
spectively. 

The diffraction equipment consisted of a Model 80-000 Jarrel-Ash Microfocus x-ray 
source and a 114-mm-d!ameter Norel~o Precision Powder Camera, manufactured by the Philips 
Electronics Instrument Company. 

Line positions on F.ilm 1500 A were read twice and averaged; those on 2069 A were read 
once. 

Following indexing, the data were transferred to cards for 7094 computer determination 
of the most probable lattice parameter values, according to a least-squares fit of the differences 
between experimental sin2e values and those calculated from the assigned indices. .Two com
putational programs were used: the LCR-2 program developed by Williams2 and the MET-124 
program of Mueller and Heaton. 3 

Lattice parameters calculated from the same set of data by the two programs were the 
same to within less than 0.001 A. 



UCRL-16580 -164- D.9, 10 

Line intensities were calculated theoretically, on the basis of the assumed UCl3-type 
hexagonal structure, by using the POWD program developed by Smith. 4 

Lines were indexed on the basis of the hexagonal UCl3 structure type up to sin2e = 0. 97 
for both samples. With the exception of two extremely faint lines at sin2e = 0. 5498 and 0. 5566, 
which could not be indexed, the greatest difference between an observed and a calculated sin2e 
was 0.0012. 

There were no significant discrepancies between observed and calculated intensities. 

From film 2069A the lattice parameters were calculated to be a= 7.3803 ± 0.0002 A. and 
c = 4.1862 ± 0.0002 A.. From film 1500A the calculated parameters were: a= 7.3793 ± 0.0003 A, 
c = 4.1847 ± 0. 0002 A.. The above error limits are standard deviations for the individual patterns 
computed by use of the LCR-2 program. 

tA brief version of UCRL-16476. 

tDeceased .. 
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10 .. THE HEAT OF SOLUTION OF CURIUM METAL AND 
THE HEATS OF }\ORMATION OF Cm+3(aq) AND CmCl3(c) t 

J. C. Wallman, t J. Fuger, '~Hermann Haug, tt Sayed A. Marei, '~'~and Brij M. Bansa1ttt 

A number of samples of curium metal were prepared essentially according to the method 
of Cunningham and Wallmaml.. 1 The heat of solution in 1 M HCl was· determined in a microcalo-
rimeter, described pi'eviously.2, 3 -

All the samples of curium metal exhibited the double hexagonal structure, 
a=3.496±0.003 A, c= 11.331±0.005 A, as reported previously.1 This structure is believed to be 
the stable crystalline form at room temperature, and hence to represent the standard state for 
the metal at the temperature of the calorimeter. runs. 

Pieces of metal weighing from 100 to 600 micrograms were used for the heat measure
ments; these were dissolved in about 8 ml of standardized 1 M HCl. 

The results of the calorimetric measurements are given in Table D.12-I. The observed 
heat corresponds to the reaction 

Cm(c) + (3000 to 16000) [HCl· 54.2 H20]-

{CmC13 in (3000-3 to 16000-3) [HCl· 54.2 H 20]} + 3/2 H 2(g) 

We neglect the slight change in composition of the HCl solution resulting from reaction 
with the metal, take the relative heat content of HCl in HCl· 54.2 H 20 to be -39.6 kcal mol-1, 
and calculate.~.-259.0± 1 kcal mol- 1 fo:r; the heat of formation of CmCl3 dissolved in (3000 to 
16000) HCl· 54;2 H 20. . 

. Westrum ':nd R.obinson: :neasured the heat of solution of PuCl3( c in various conc.entra-
hons of hydrochlonc ac1d, obtammg -22.15±0.1, -29.5±0.1, and -31.76 ~ 0.1 kcal mol-1m 6 M, 
1. 5 ~, and 0.1 M acid, respectively. - ...,, 
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Fuger and Cunningham2 found -31.60 ± 0.35 kcal mol- 1 for the heat of solution of PuCl3(c) 
in 0.001 ~ HC104 , 0.099 ~NH4Cl04. They also reported -30.60±0.2 and -33.36±0.25 kcal 
mol-1 for the heat of solution of AmCl3( c) in 1. 5 and 0. 001 ~ HCl, respectively. 

We may use the data given above to arrive at an estimate for the heat of formation of 
CmCl3(c) and Cm+3(aq)' 

The heat of solution of AmCl3 1 r) in 1. 5 ~ HCl is more negative than that of PuCl3( c) in 
acid of the same concentration by 1.1 ±'Cf.3 kcal. For (HCl),; 0.1 M to 0. 001 M, the corresponding 
difference is 1.4±0.3 kcal. - -

By extrapolating the above heat of solution data to CmCl31 c) we predict the heat of solu
tion of CmCl31 cl in dilute HCl of a specified concentration to be more negative by 1. 2 ± 0.4 kcal 
than that of AttfC13( c) ill acid of the same concentration. 

Thus our predicted heat of solution of CmCl3( c) in 1. 5 M HCl is -31.8 ± 0. 5 kcal ~ol- 1 . 

From a plot of the PuCl3 heat-of-solution data of Westrum and Robinson4 against HCl 
concentration, the interpolated difference between 1.5 ~and 1 ~ HCl is -0.8 kcal mol-1. 

Applying this same correction to_ CmCl3lc)• one can pred_ict the heat of solution in 1.0 M 
HCl to be -32.6±0.5 kcal mol-1. Accordmgly, tlie heat of formatwn of CmCl3(c) = 
(-259.0±1)- (-32.6±0.5) -226.4±1.2 kcal mol-1. · 

whence 
The estimated heat of solution of CmCl3(c) in infinitely dilute HCl is -34.6 ± 0.4 kcal rnol-1, 

H 0 1 
D. fcm+3(aq) = -226.4+3(40.02) -34.6 -140.9±1.3 kcal mol-

Although americium and curium metals have similar crystal structures and similar lat-
tice ~arameters, 1 the heat of formation of Cm+3 is some 20 kcalless negative than that of 
Am~ (aq)' 2 A contributing factor to this differeJt~)may be the larger heat of vaporization of 
cur1um. 

tA brief version of UCRL-16468. 
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Table D.10-I. Heat of solution of curium metal in 1M HCl at 298.4±0.2"K. 

Sample 
no. 

1 

2 

3 

4 

D. 10, 11 

'~Corrected for: (a) the heat of vaporization of the water required to saturate the dry 
nitrogen in the sample bulb, (.b) the heat of vaporization of water required to saturate 
the hydrogen evolved, and (c) the heat of bulb breakage ( [6±3] X 10-4 cal bulb-1). 

11. THE ABSORPTION SPECTRUM OF Cf+3 AND 
CRYSTALLOGRAPHY OF CALIFORNIUM SESQUIOXIDE AND 

CALIFORNIUM TRICHLORIDE 

J. L. Green and B. B. Cunningham 

Californium has recently become available in quantities sufficient to allow initiation of 
studies on its bulk chemical and physical properties. The material available for this study was 
6 fJ.g of Cf24 9, which was derived from the decay of Bk249. This amount of material was adequate 
for the proposed studies; however, several major problems are associated with procedures ap
plicable to purifications on this scale. Even when microtechniques are used, wet chemical op
erations involve rather dilute solutions, e. g., 10-5 to 10-4 M in californium. This results in 
marked sensitivity to recontamination during processing, particularly with respect to cations with 
low atomic weight. Such "background" contamination was avoided as much as possible by first 
minimizing the availability of contaminants--i.e., operating in very clean systems and using very 
pure reagents--and second by maximizing the concentration of the californium by volumetrically 
scaling down the operations. Except for changes necessitated by these problems, the purification 
operations were essentially those which have become standard in actinide chemistry. 

Because of the considerable difficulties involved in the purification techniques, it was 
considered essential that analytical procedures be developed to evaluate the purity of the prep
arations prior to their use. By use of mass analysis techniques, the Nd content was determined 
to be 0. 32 atom o/o, and total rar;r

4
Jiarths were estimated at approximately 1. 5 atom o/o. By use of 

alpha pulse-height analysis, Cm was estimated at< 1 atom o/o and Am< 1 atom o/o, and although 
it is not possible to set a quantitative limit for Pu, it is felt that chemical and spectroscopic evi
dence indicated its absence. The single-bead assay technique indicated that other materials are 
potentially present as contaminants. Chemical and relative -abundance arguments lead to the ten
tative identification of the most probable contaminants as Al and Ca. 

Absorption spectrum data were recorded for Cf+3 absorbed on single beads of cation
exchange resin (Table D.13-I) and as hydrated californium chloride. It is suggested that these data 
should closely approximate the solution spectrum of Cf+3. By comparison of the Cf+ 3 bead 
spectra with the spectrum of Pr+3 taken under identical conditions, the molar extinction coeffi
cients of Cf+3 in solution were estimated to be between 1 and 10 for the transitions observed. 
Room-temperature absorption data were also recorded by use of a crystal of CfC13 containing 
""150 to 200 mg of Cf (Table D.13-II). Preliminary calculations were carried out by Dr. K. 
Rajnak, fitting these data to a theoretical energy level scheme. The least-squares fits obtained 
appear to be satisfactory; however, it will not be possible to be certain about J-level assignments 
until low-temperature data are available. This should clearly be an early objective for future 
studies. 
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Samples of Cf203 we.re prepared and characterized crystallographically by use of x-ray 
powder techniques. This compound was found to exhibit the monoclinic Sm203 structure with 
a=14.124±0.020 A, b = 3.591.±0.003 A, c = 8.809±.0.013 A, and 13=100.31±0.02 deg. Itis sug
gested that this structure crystalized during the final stages of the air ignition of the bead. This 
implies that the air-ignited oxide of californium approximates the sesquioxide stoichiometry. 
This is in direct contrast to the behavior of the lighter actinides, which form higher oxides under 
similar treatment. Samples of CfCl3 were also prepared and characterized. This compound was 
found to exhibit the hexagonal UCl3 structure with a = 7 ~ 393 ± 0. 040 A and c = 4. 090 ± 0. 060 A. The 
ionic radius for cf+3 computed f3om the chloride data is 0. 98 A. This indicates an actinide con
traction of o.o1 A between em+ and cf+3. 

Table D.H-1. The 

Peak position 
(mfl.) 

473±2 

491 ± 2 

591 ±2} 
595 ± 2 

605±2 

620±3 

645±3 

675±3 

no- 760 

absorption spectrum of Cf+3 observed on Dowex-50 cation-exchange resin. 

Estimated molar 
extraction coefficients 

5-10 

1-2 

2-4 

2-4 

1-2 

2-4 

5-10 

Qualitative description 

Strong 

Weak and relatively sharp 

Visual observation indicated two lines; 
however, photographically often only 
one moderately strong line at 593 f).m 
was apparent 

Weak to moderate 

Very weak-existence uncertain 

Weak 

Moderate 

Strong 
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Table D.11-II. 

Peak Error 
position limits 

(A) (A) 

4304 5 

4383 5 

4505 5 

4579 5 

4828 5 

5005 5 

5837a 5 

6148 5 

6237 10 

6295 10 

6678 5 

6872 5 

7539 5 

7764 5 

8043a 5 

8546b 5 

8734b 10 

8907b 10 

-168- D.10,11 

Absorption spectrum of a single crystal of anhydrous CfCl3 
photographed by use of a grating spectrograph. 

Description of Relative intensity 
components of band 

major peak 

} small shoulder 
moderate-broad 

small shoulder 

small shoulder 

major peak strong-moderately_broad 

major peak weak-sharp 

trace trace-very sharp 

major peak 

mi=" •hould'" } moderate-broad 

medium shoulder 

large shoulder } weak-broad 
major peak 

major peak strong-moderately broad 

major peak strong-broad 

trace trace-very sharp 

major peak 

} minor shoulder weak-broad 

minor shoulder 

a. Lines ascribed to Nd impurity. 
b. Only one useful exposure available; therefore, the measurements of peak positions were not 

done in duplicate. 

t_, 
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12. HYPERFINE FIELDS IN GOLD-MANGANESE COMPOUNDS 

M. 0. Faltens and D. A, Shirley 

Much interest has been shown in the gold-manganese system because of its magnetic and 
structural characteristics. Several ordered crystallographic phases have been discovered which 
represent the intermetallic compounds of gold and manganese: AuMn, Au2Mn, Au3Mn, Au4Mn 
and AuMn3. The structures of the ordered phases have been studied by many investigators and 
some have been reported as follows: 
. AuMn has the distorted CsCl structure with tetragonal symmetry, 1 

Au2Mn has a tetragonal sublattice.2 , 
Au3Mn resembles Cu3Pd, being face-centered orthorhombic3 or tetragonal with antiphase 

structure, 4 
· Au4Mn is isomorphous to Ni4Mo, 5 having a face-centered tetragonal unit cell, 

AuMn3 appears to have a face-centered or body-centered sublattice. 2 
These compounds are found to be magnetically ordered as well, with AuMn, 1 Au3Mn, 6 and AuMn3 
being antiferromagnetic, Au2Mn metamagnetic 7 with helicoidal magnetic arrangementS (Meyer ini
tially reported Au3Mn as being metamagnetic also), and Au4Mn ferromagnetic. ·s, 9 

We have done Mossbauer experiments on the compounds in the gold-rich region of the 
system to determine the magnetic hyperfine fields, H, at the gold nuclei and elucidate the correlation 
between such fields and the corresponding magnetic and structural properties. All experiments 
were performed at 4.2°K. They-ray source was the 77-keV isomeric state of Au197, whic~ is 
populated in the decay of Pt197. The latter is produced in the reaction (65o/o enriched) Pt19 (n,y). 

Care is required in the preparation of the compounds due to the high volatility and re
activity of manganese and the complexity of the gold-manganese phase diagram. To help reduce 
the high vapor pressure of manganese, a large ingot of approximately 50 atomic% each of elec
trolytic manganese and gold foil was first made from which the stoichiometric compounds were in 
turn prepared. Since manganese reacts with both quartz and alumina, a high-purity graphite cru
cible served as the refractory vessel. Evaporation and oxidation of manganese were prevented by 
melting and annealing each sample in the graphite crucible, which was enclosed in a quartz-tube 
housing. The tube was evacuated to less than 10-5 mm Hg, then filled with spectroscopically pure 
argon to just under 1 atmosphere at room temperature. The samples were melted by heating to a-
bout 1360° C in an induction furnace for about 15 minutes. , 

This initial melting was followed by annealing in a resistance furnace for 2 to 3 weeks 
each. In view of the long annealing periods, the above precautions were taken to eliminate oxygen 
from the annealing system. AuMn was annealed at 950° C and the others at 700° C. A surface of 
each ingot was prepared for microscopic inspection by the usual metallurgical techniques; then 
they were either chemically etched with a (!2 -C2H50H: KI-H20l solution or electropolished in HCL 
The specimens were then carefully inspected for homogeneity and given further heat treatment 
where indicated. See micrographs, Fig. D.12-1. 

The microscopically homogeneous specimens were prepared for Mossbauer experiments 
by filing: the iron from the filing treatment was removed by a magnet. Chemical analysis showed 
that this effectively removed the iron to within less than 0.01%. The little detected is probably in 
the form of free iron chips and not incorporated in the gold-manganese lattice sites. This filing 
treatment was followed by further annealing for 2 to 4 days to remove cold-work deformations. 

Hyperfine structure was observed for the three gold-rich compounds. The Mossbauer 
spectra were least-square fitted with six Lorentz curves by incorporating the known magnetic 
moments f.L of the ground state [0.14485(1) nm] 10 and of the 77-keV isomeric state 
(0.402±.025nm)11 and the relative transition intensities (1: 2:3:3:2: 1). 

The hyperfine fields were calculated from the energy separation of the levels given by 

.6. EH = g m 1H . 

.6.EH is the Doppler velocity separation observed, g is the nuclear g factor (= f.L/I), and mi = 0, ±1 
from transition selection rules. The details of the hyperfine level scheme are given in Fig. 
D.12-2. The results are shown in Table D.12-I. 

From the difference between the results of the annealed and unannealed samples, it is 
evident that the magnetic ordering is highly sensitive to the heat treatment of the specimens. The 
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absence of a magnetic hyperfine field for AuMn can be explained from the symmetry properties of 
the CsCl structure and the antiferromagnetic ordering of the ferromagnetic planes. I The effec
tive field at each gold nucleus would be expected to exactly cancel. 

Pending completion of additional work, interpretation of the results of the remaining 
compounds will not be made at this time. Recently, L. D. Roberts12 has done experiments. on an 
Au2Mn sample and has obtained a larger hyperfine field. His sampies were not filed but were 
sliced instead. We are currently preparing thin plates of samples at more ne.arly stoichiometric 
composition for further investigations. · 
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Table I. Parentheses indicate estimation of the next place. Brackets indicate best estimate . 
The calculations are based on the recent value of 1. 066 em/ sec for the splitting of the outer 
lines of Fe 57 . This value was obtained by Ronald Zane from laser calibrations done (at room 
temperature) at the L awrence Radiation Laboratory (unpublished work). 

Compound 

Unannealed filings 

A u1. 000Mn1. 00( ot 
Au2.ooo Mn0.98(1) 

Au2. OOOMnO. 9( 5) 

A u3 . OOOMnO. 9 5( 8) 

Au3. OOOMnO. 99(9) 

Au4. 000Mn1. 00(7) 

Au4. 000Mn1. 02( 2) 

Annealed filings 

Au1Mn[0 . 96] 

a 
A u1. OOMnO. 99( 4) 

a 
Au2. oooMno. 90(2 ) 

Au2Mn[O. 91] 

a 
Au3.000Mn0.96(0) 

a 
Au4.000Mn0.99(6) 

Absorber 
thickness 
(mg/cm2) 

< 200 

188 

164 

132 

543 

166 

190 

185 

125 

145 

154 

< 200 

< 200 

Line width, r 
(mm/sec ) 
±- (.08) 

3 .40 

5.61 

4.37 

3.57 

4 .72 

3 . 82 

3.73 

4.09 

2 . 66 

3.05 

3.34 

3.26 

3 . 68 

Isomer shift 
(mm/sec ) 

± -(.08) 

3 .41 

1.13 

0. 91 

0.48 

0.53 

0.32 

0.14 

2.90 

3.32 

0.68 

0.56 

0. 58 

0 . 26 

H 
(k Oe) 

462±12 

452 ± 6 

480 ± 5 

515 ± 8 

442 ± 6 

425 ± 16 

747 ± 18 

597 ± 6 

614 ± 6 

573 ± 6 

a. Analysis d one at Anamet Laboratories , Berkeley, Calif.; all others anal yzed at Lawrence 
Radiation Laboratory. 
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Fig. D.12 - 1. Micrographs of AuzMn 
annealing process . 
a. AuzMn as cast . The dendritic 
(tree-like) structure is formed during 
solidification. 
b . AuzMn ingot anneal e d at 7QQ• C . 
Residual dendrites indicate inadequate 
annealing. 
c . A second sample of AuzMn homog 
enized after three weeks of annealing 
at 7QQ • C. 

- 172 -

I =+t lJ =0;402+0.025 
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Fig. D.12-2. Hyperfine level scheme for 
Au-197 . 

,. 



• 

., 

D.13 -173 - UCRL-16580 

1 3 . ATOMIC - BE AM METHOD FOR THE STUDY OF ISOTOPE SHIFTS':' 

Richard Marrus and Douglas McColm 

A new method for the study of isotope shifts is based on the atomic beam technique; it has 
the considerable advantage over optical techniques that it can be applied to radioactive nuclei in 
the presence of large amounts of stable carrier . Therefore, it will make possible an extens ion of 
our knowledge of isotope shifts to the large class of radioactive nuclei which cannot be practicably 
studied by any currently existing techniques . As a demonstration we report here the application 
of this method t o a measurement of the Cs133_ cs134m(2.9 h) isotope shift in the 6 2P 1; 2 - 62s1 / 2 
transition (D1 line) . 

The basic apparatus employed is a conventional atomic beam apparatus with flop-in mag
net geometry. 1 However, the C region cons ists of a pair of electri c field plates capabl e of sus
taining very large electri c fields. The region between the plates is illuminated with D1 radiation 
from a filtered l amp of stable cs133 . The lamp empl oyed is a Varian X49 - 609 spectr a l lamp. 
The output of this l amp is a resolved doublet separated by approximatel y the ground-state hyper 
f i ne structure (hfs ). The excit ed -state hfs is about 10o/o of the ground-state hfs. 2 (It makes no 
essential difference in the following discussion and is ignored.) The energy levels giving rise to 
the doublet are shown schematically in Fig . D . 13 -1. 

Consider now the action of a Cs133 atom in the atomic beam irradiated by the r easonance 
radiation at zero e l ectri c field. Under this condition, the abso rption line s of the beam atom coin
cide w ith the cente rs of the emi ssion lines of the l amp. Consequently, resonance absorption of 
photons takes p l ace. In the subsequent decay, the spin -flip of half the cesium atoms occurs ahd a 
l arge flop-in signal is observed at the detector. As the electric field is turned on, the Stark effec t 
shifts the center of the absorption l ines to lowe r frequencies until resonant absorption no longer 
occurs, and the flop-in signal goes to zero. Howeve r, when the shift is equal to the ground-state 
hyperfine s tructure a new overlap of the absorption line with the emiss ion line of the l amp occurs 
(see Fig . D . 13 - 1), and another flop -in signal is observed. In this way the Stark effect can be 
measured for the D1 line; if the v2 depend ence characteristic of the Stark effect is assumed, a 
calibration of frequency shift vs applied voltage is obtained. 

These same principles can be directly applied to the measurement of isotope shifts. Con
sider now a beam atom of some other cesium isotope. Because of the different ground-state hy
perfine structure and the isotop e shift there is, in general, no signal at zero field. However, if 
the energy of the absorption lines is displaced to the high - energy side of either of the emission 
lines of the l amp, then the application of a suitable voltage brings the abso rption lines into coin 
cidence with the emission lines and a signal is observed at the d etector. If the hyperfine splitting 
is large compared with the emission width of the lamp("" 1 500 Me), 3 then the hyperfine structure 
can be determined . The use of radioactive detection, which has been e mplo yed so successfully in 
the study of spins and moments, makes it possibl e to study rare radioactive isotopes. 4 

The spacing of the e l ectric field plates used in our apparatus i s sufficientl y narrow 
(plate separation= 0.10 em) that only the transition for which mJ = - 1/2 in the A magnet and 
mJ = + 1/2 in the B magnet i s refocused. This precludes si~nals from the upper hyperfine leve l. 
Only signals resulting from atoms in the F = 3 state of cs13 and F = 15/2 state of Cs134m(I=8) 
can be observed. 

The flop -i n s igna l for a Cs 133 beam as a function of applied voltage squared (V 2 ) i s shown 
in Fig. D.13-2. The signals at zero e l ectric field and at 25 000 volts correspond to the absorption 
of the F = 3 and F = 4 hyperfine lines in the l amp by atoms in the F = 3 state in the beam. The sep 
aration between the peaks cor r esponds to the known hyperfine structure 9192 Me . The half width 
of the peaks is about 1500 Me, whi ch agrees well with an independent measurement of the half 
width of the lamp emission line . 3 

Figure D. 13-3 is a graph of signal vs y2 for a beam of Cs134m atoms. The p re sence of 
a single peak at 24.1 kilovolts es tablishes the zero - field positions of the cs134m hyperfine levels 
to be as shown in Fig. D .13-1 relative to the cs133 hfs. The energy of the D 1 t ransition in cs134m 
i s smaller than that in cs133 by 900(350) Me or 0.030 (.012) cm - 1, where the difference is taken 
between the centers of gravity of the hyperfi ne levels. 

In this expe riment we have chosen to use an e l ectric fie l d to "tune" the absorp tion lines 
of beam atoms. Similar optical resonance experiments have been performed which utilize 
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magnetic fields for line tuning. 5 Electric fields have the advantage that to second order all the 
hyperfine components of a J = 1/ 2 level a re shifted together; i.e., there is a displacement of only 
the center of gravity . Relativ e shifts of the hyperfine leve ls 6 and of their Zeeman components 7 
a r e much smaller, and for the purpose of this experiment are entirely negligibl e. This makes 
for easil y interpretable signals which are much larger in intensity than those which would be ob
tained with magnetic tuning. However, the Stark effect shifts the energy in one direction only, 
whereas magnetic tuning increases the energy of some t ransitions and d ec reases the energy of 
others. For some isotopes, therefore, only magnetic tuning will make possible isotope-shift 
measurements. 
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14. MEASUREMENTS OF THE FANO FACTOR AND THE 
ENERGY PER HOLE-ELECTRON PAIR IN GERMANIUM':' 

Sven 0 . W. Antman, Donald A. Landis, and Richard H. Pehl 

For a rough estimate of the statistical fluctuation /::,.n in the number of hole - electron 
pairs created in a detector by an incident particle with energy E, the equation 

/::,.n = (E /E ) 1/
2 

( 1) 

can be used, wfiere E is the average energy per hole - electron pair . Experimentally, however, 
the statistical fluctuation is less than that calculated from Eq. (1). The magnitude of this discrep
ancy is given by the Fano factor F, defined by 

(!::,.n);xp = F (!::,.n)2, (2) 

where (!::,.n)exp is the experime ntal statistical fluctuation. 

Fano 1 treated the statistical fluctuation in the number of ions produced by rad~tion in 
gases and predicted a factor of approximately 1/3 to 1/ 2, and r ec ently Van Roosbroeck did a de
tailed calculation of y i e ld and Fano factor for hole - e l ectron pairs generated in semiconductors . 
From Eq. (2) it can b e seen that a Fano factor of 1 would correspond to the Poisson distribution 
that applies when the events in the ionization process are independe nt. But the energy -lo ss mech
anisms in the semiconductor are not independent, and therefore a Fano factor between 0 and 1 
would be expected. 

Energetic particles incident on a semiconductor can lose ene r gy in two fundamentally 
different ways : 

(a) Creation of a hole-electron pair. The available e nergy (prima ry elect ron energy minus 
band - gap energy loss ) is randomly shared by the degra d e d primary e l ectr on and the pair. The 
e l ectron and the hole a re assumed to sha r e equally the energy g iven to the pair. 

(b) Phonon losses to the crystal lattice. The se phonon s arise from electrons having energies 
both abov e a nd below the band - gap energy. 

For a mathematical description of the creation of hole-electron pairs in semi conductors, 
the following para meters are introduced. The relative y ield Y i s defined by the ionization thresh
old energy Eth divided by the average energy per hole-electron pair E: 

(3) 

The s tatistical behavio r of the energy - lo ss process is determined mainly at the end of the branch
ing process, where most of the secondaries hav ing an e n e rgy of just a few ionization-threshold 
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units are generated. The yield and Fano factor, and therefore the average ene r gy per ho l e 
electron pair, are essentially independent of the type of incident pa r ticle. 

D . 14 

Figure D. 14 - 1 illustrates the dependence of yield and F ano factor on the ratio of energy 
l osses to phonons and to ionization. 2 For the application of thi s theo r y to a germanium d etecto r , 
an estimate of t he relative yield is necessa r y. This estimate r equires knowl e d ge o f the th r esh o ld 
energy and the ave r age energy per hole - e l ectron pair. The ave r age energy pe r hol e - e l ect r on 
pair has been determined to be 2.98 ± 0.01 eV . Although the threshol d ene r gy for ge r mani um at 
77° K is not accu r ately known, Eth"' Eg (where E g is the ene r gy gap) is a good app r oximation. 2 
Since Eg = 0 . 74 eV, the relative yield can then be calculated by means of Eq. (3): 

y = 0. 74/ 2.98 = 0.25. 

From Fig. D.14 - 1 a corresponding theoretical Fano factor of 0.32 i s dete r mined. 

A lithium-drifted germanium detector with a 0. 5 - cm depl e tion r egi o n and a r ectangula r 
1 X 1. 5-cm area was used in these expe r iments. In the measur ements , an a ddition i n q uadratur e 
of the e l ectronic noise and the statistical fluctuation in the detector will cor r espond to the ob 
served F WHM of the peak: 

2 2 2 
(FWHM)obse r ved = (FWHM)e l ect r oni c + 2 · 35 FEE' ( 4) 

where the las t te r m represents the stati sti cal fluctu ation obtained f rom Eq . (2), conve r ted to e n
ergy units by multiplication byE, and to F WHM of a Gaussian d i stributi on by the facto r 2.35. 

The obse r ved resolutions are p lotted in Fig . D.1 4-2, whe r e lines cal culated f r om E q. (4) 
a r e drawn. The linearity of the plot indicat es that very littl e cha r ge trappi ng occurs i n thi s de 
tector. On the basis of the lines d r awn i n , we estimate a Fano fa cto r of F = 0 . 30 ± 0.03, which is 
i n excellent ag r eement with the value pred icted . It i s notewo rthy that t his fac t o r r emai ned con
stant th r oughout t he energy reg ion investi gated . Us ing F ig . D .14 -1 a nd t he exp e rimenta l val ue of 
the F ano fact o r , one can dete r m i ne that t h e value of the threshold ene r gy i s E t h = 0. 8 0 e V, a v alue 
o nly 6o/o h i gh er than the energy gap and t hus cons i stent wi th the assum p tion E th"' Eg. 

Kn owl e d ge of the Fano fac t o r and E enabl es o ne to de t e r m ine the theo r eti cal limita tio n 
of the ene r gy resol ution. Figures D .14 - 3 and D .14 - 4 s h ow these lim i t i ng val ues as a functi on o f 
the energy loss i n the detector fo r diffe r ent e l ec tronic (pul se r) r esolutions. 

Footnotes and References 

':'short version of Nuc l. lnstr . Methods (to be publ ished). 

t P r esent add r ess : Institute of Phys i cs, Univers i ty of Uppsal a , Uppsal a , Sweden. 
1. U. F ano, P hys. Rev. 72, 26 (1 947 ) . 
2. W . Van R oosb r oeck, Phys . Rev . .!lJ, A1702 (1965). 
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THE PRODUCTION AND CHARACTERIZATION 
OF Am+2 IN CaF2 CRYSTALS 

N. Edelstein, W. Easley, and R. McLaughlin 

D.15, 16 

One of the properti es that the lanthanide series of the periodic table has exhibited is the 
ability of a large number of the elements to form a stable +2 oxidation state in v arious cry stal 
matrices. In the actinide series there has been until now no clear evidence of a stabl e +2 oxida
tion state. We report herein the production, stabilization, and identification of Am+2 in crystals 
of CaF2. 

Single crystals of CaF2 containing 0 . 1 to 0.2 weight o/o of Am243 were grown by the 
Bridgman- Stockbarger technique. When first removed from the furnace these crystals had the 
characteristic light pink color of Am+3, and the optical spectrum showed the characteristic ab 
sorption bands around 500 mfJ.. The crystals showed considerable darkening to a brownish color 
in 3 to 4 weeks. Absorption spectra indicated the growt h of some new broad bands, the most in
tense of which was at 430 mfJ.. The afpearance of these bands is similar to f-d transitions ob -
se r ved from +2 lanthanides in CaF2 . The doped CaF2 crystal s were electrolytically reduced2 
at approximately 600° C, and a deep reddish brown color developed which formed first at the cath
ode and then spread towards the anode . These crystals showed the same absorption spectrum as 
the aged CaF2 crystals described earlier except that the spectrum was much more intense. 

Paramagnetic resonance was performed on electrolytically reduced c rystals and on aged 
c r ystals, and six resonance lines were seen at 4o K and 1° K which could be fitte d to the param 
e ter s of the spin Hamiltonian 

;/ =gBH ·S+Al - S 

(for Am243, I=6/ 2i- Wefindg=4.490±0.002andAAm243=86.9 ± 0.2gauss, (1.823±0.003)X10 - 2 

cm - 1. Am+3, f , Fo has no paramagnetic resonance spectrum, so we assign the spectrum to 
the cubi c r6 crystal field state of Am+2, f7, 8s7 / 2 · A cal culation with the wave function of Lea, 
L eask, and Wol£3 g ives g for this state as 4. 511. The small difference between the cal cul ated 
and experimental value may be ascribed to the effect of covalent bonding. 4 

We conclude from the above observations that initially Am+3 is present in the CaF2 lat
tice but that because of the r adiation from the Am decay, free electr ons are formed in the lattice 
and some of the Am+3 ions are reduced to Am+2. We can also do the reduc tion electrolytically 
and more efficientl y . When the radiation-damaged crystal s are heated to about 500° C a green 
g low i s emitte d , the spectrum of which shows it to consist mainly of four sharp bands around 
500 mfL characteristic of Am+3. Fluorescence of the +3 ion is also observed when CaF2 contain
ing +2 lanthanides is heated. 1 After app rox imately 1 hour of heating at 500° C the absorption spec
trum shows only bands characteristic of Am+3. 

Further experiments are being planned to study in detail the phenomena described above. 
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16. OPTICAL PUMPING TRANSIENTS IN Rb
87 

AN D APPLICATION TO DISORIE NTATION CROSS SEC TIO NS':' 

Richard Marrus and Joseph Yellin 

Detailed studies have been made of the light transmitted through Rb87 vapor during the 
optical pumping process, both with and without buffer gas present. The observed transients are 
sin gle exponential s w ith no buffer gas present, and double exponentials with buffer gas p r esent 
over a wide range of pumping intensities and relaxation times. These results are i n excellent 

.., 
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agreement with the predictions based on phenomenological equati ons in which nuclear s pin i s in
cluded and a single relaxation time is assumed. From a study of the amplitudes of the t wo expo
nential components of the optical-pumping transient, an effe c tive cross secti on a eff is d e duced 
for the disorientation of R b87 within the 52P1/2 state as a result of its collis i on with a buffer-gas 
atom. It is shown that a eff = a 1/2 + a 3 / 2, where a 1/2 is the cross section for disorientation 
within the 52P1j2 level, and a3 j?.. i s the cross section for transfer from the 52P 1/2 l eve l to the 
52P3/2 l evel by means of collisions with the buffer gas. On the basis of recently measured values 
for a 3/2, values are deduced for a 1/ 2 · The c ross secti ons are a1j2(Rb-He ) = 1. 5( 0 . 8) X 1o- 17 

cm2 , 
a 1; 2(Rb - Ne) 4.4(2. 2)X 10 - 17 2 em, 

and a 
1

;
2

(Rb -Ar) = 3 . 5(1.8) X 10- 16 cm2. 

These cross sections are d educed from a model i n which the probabilities for Rb87 to relax from 
any hyperfine leve l to any other are all equal. This mod e l gives a better fit w ith the observed 
trans ients than the assumption that the e l ectron spin onl y is randomi zed i n the P 1/2 s tate with the 
nuclear spin unaffec t e d. 

We show that accurat e relaxation -time measurements can be made by measuring the 
time constants associ ated with the double exponentials as a function of light inte nsity , and extrap 
o lating them to zero light intensity. Moreover , since no s hutter i s required, relaxation times 
< 10-3 sec can be eas ily observed. From a s tudy of the relaxation times as a function of buffer
gas pressure, disorientation cross sections (a G . s. ) have been obtained in the ground state 
(5 2S1 j 2l· The measured cross sections are 

a G. S. (Rb-Ar) 3.3(1.0) X 1o-22 cm2 , 

a G. S. (Rb - Ne) 1.0(0.3)X10-22 2 
em , 

a G. S . (Rb-Xe ) 1.8(0.3) X 10-19 2 
em, 

a G. S. (Rb-Kr) 3.0(0.5) X 10-20 2 
em. 

The c ros s secti ons for k r ypton and xenon we r e measu r ed direc tly . These cross sections are 
compared with those obtain ed by other methods . 

F ootn o t e 

.,.Abstract of Phys . Rev. (to be published) . 

17. CRYSTAL AND MOLECULAR STRUCTURE OF A 
DO UBLE COMPLEX OF MANGANESE WITH 

PHTHALOCYANATO AND PYRIDINE LIGA N DS ':' 

Le s ter H. Vogt, Jr., t A llan Zalkin, and D avid H. T empleton 

One approach to unde r standing the chemistry involved in complicated b i o log ica l proc 
esses has been to study the physical and chemical properties of co1npounds which a r e r e l ated to, 
but l ess complex and more stabl e than, those which occur i n nature. The chemistry of phthalo
cyanatomanganese (II )1, 2 is of i nterest because of (a ) the s imilarities between t he st ructures of 
phthal ocyani ne and porphyrin rings, (b) the i mpli cati on of manganese (possibly as a porphyrin 
complex) in biol ogical oxidative p r ocesses, and (c ) the r epo rt by Elvidge and Lever1 that in 
pyridine solution t h e compl ex may reversibly combi ne with oxygen. Englesma, Yamam oto , 
Markham, and Calvin2 did not detect oxygen evol ution accompanying the reverse reaction. The 
abso rption of oxygen takes p lace in t wo steps, 2 ending in the formati on of a compl ex w hich can be 
isolated as s hort op<ylue purpl e crystals w ith a metallic luste r. Elvidge and L ever formulate d 
this compl ex as Mnl PcPyO (P c = phthalo cyanat o , Py = pyridine) . Becaus e of the low solubility 
of the compl ex neither the molecular we ight nor the magnetic suscepti bility i n solution was meas
u red. 2 Magnetic susceptibility measurements2 on the solid indicated 0.71 B. M . instead of the 
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expected 3.87 B. M. for Mn(IV). This fact sugges t ed a differ ent oxidation state or electronic 
interactions between Mn atoms in the solid. 

By x -ray diffraction methods we have determined the structure of these crystals and 

D. 17 

have shown the molecules to be a novel double comple x of manganese(Ill): (MnlllpcPy)20. This 
compl ex (Fig. D .17 - 1) consists of two approximately flat and parallel phthal ocyanine ring systems, 
each w ith manganese at its center. These rings are bridged by the oxygen atom, which i s midway 
between the manganese atoms . Each manganese also has a pyridi ne molecule coo rdinated oppo
site its oxygen atom. The crys tals consist of these compl ex mol ecules together w ith other mol 
ecules of pyridine of crystallization, which are not bonded in any direct way to the compl ex mol
ecules . 

We failed to get good diffraction patterns with c r ystals dried in a ir. To prevent loss of 
pyridine we grew crystal s from pyridine solution and kept them in an atmosphe re saturated w ith 
pyridine. We sealed a crystal of dimens ions 0.15 X 0.15X0.30 mm in a thin - walled glass capillary 
with a drop of pyridine in the other end. We measured lattice dimensions and d iffraction inte n
sities w ith a General Electric XRD-5 diffractomete r e quipped with a goniostat and scintillation 
counter, w ith copper r adiation , >-.(Ku 1 ) = 1.54051 A . We measured intensities of 3156 independent 
r eflections by the stationary-crystal stationary-counter technique. Absorption was neglected 
(fl.Rz 1 ) . 

a 
b 
c 

The crystals are orthorhombic w ith cell dimensions 

22.635 ± 0 . 005, 
23.850 ± 0 . 005, 
1 2 . 808 ± 0.003 _A.. 

The space group is P21212 1 with each cell containing four asymmetric units consisting of 
(MnPcPy)20 · 2Py or C34H52Mn2N2oO (molecul a r we ight 1467.3, 107 atoms excluding hydrogen). 
T he mol ecular we i ght from the volume of the asymmetric unit and density measured by flotation 
(1.41 g/ml at 25°) is 1470. 

The structure dete rmination was surprisingly straightforward and present e d no spe cial 
difficulty except excessive a rithmetic. We guessed the two Mn pos i tions correctly from the 
P a tte rson func tion. A sequence of least-squares and three-dimens ional Fouri er cal culations, 
coupl ed w ith the assumption that the phthalocya nine rings would have essentially the same shape 
as determined by Robertson3 in other crystal s , led to the structure. To refine the 107 a toms re 
quired 439 parameters including a scal e factor, coordinates, a nisotropic thermal paramete r s for 
each manganese atom, and indi vidua l isotropic thermal parameters for the oth er atoms. The 
l east - squares prog r am on our IBM-7044 (3 2K memory ) computer can handle 160 pa r ameters in a 
full - matrix calc u l a tion. We sta rted the r efinement procedure with thi s program, r efining about 
a thi rd of the str uct u r e at a time. At 2 hours pe r run, this procedure requir ed 6 hours to shift 
each parame ter at l east once . We modified the program to neglect off - diagonal e l ements of the 
matrix. This change permitted all parameters to be shifted in 1 hour, and more refinement per 
hour of computer time was realized. The function R = ~ I I Fo 1- 1 F c II /~ I Fo I, whi ch was 0.48 
for the two Mn atoms , was reduc ed to 0. 084 fo r 107 atoms . The anomalous disper s ion effect of 
Mn was i ncluded i n the calcul ations and was sufficient to establish the absolute configurati on of 
the structure. 4 

Most atoms shifted les s than 0.002 A in the last cycle . We es timate the standard d e via
tions of individual bond distances to be about 0. 04 A on the basis of the diffe r ences between bonds 
that are chemically equivalent and a comparison with the known dimensions of benzene rings. 
These estimates do no t app l y to the pyridine of c r ystallization, which appears to have very large 
and anisotropic thermal motion (B z 15 to 20 A2) and which may have some kind of disorder. 
Ave rage values of the l engths and angl es of some chemically equivalent bonds are given in Fi,g. 
D.17- 2 . We expec t these average distances to have standard deviations of the order of 0.01 A. 
They are i n agreement w ith previou s r esults on other phthalocyanines . 3 

Each t e rminal pyridine (Figs. D.17-1 and D .17 - 2) is oriented so that i ts plane bisects 
two of the N - Mn - N angl es of the adjacent phthalocyanato compl ex. One phthalocyani ne ring i s 
r otated 41 d eg w ith respect to the other about the Mn- 0 - Mn axis, so that its benzene rings a r e 
app r oxi mately between the benzene rings of the other. Except for the benzene rings the a toms of 
each r ing system li e in a plane w ith the respective manganese atom. The benzene r ings bend in
ward toward the empty spaces of the opposite half of th e molecule by from 0.1 to 0.6 A. We con
sider this bendi ng to be the r esult of mo l ecular packing forces in the crystal, and assume it to 
have no chemical significance except as a reflection of the fle x ibility of such a large molecule. 
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The Mn-0 distance of 1. 71 ± 0.01 A i s sho rte r than we would h ave pre dicte d for a single 
coval e nt bond. We expect tha t an expl anation of the magnetic properties will involve electronic 
coupling between manganese atoms through t h i s bond sys tem. 

The mechani sms proposed fo r the formation of this complex 1, 2 need to be reexamined in 
the light of this new formulation. 

Footnotes a nd R e f e rences 

':'Scienc e (to be p ublished). 
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s tance to our attention. This work was done in part unde r the auspices of the U. S. Atomic 
Ene r gy Commission . 

Fig. D. 17 - 1. Photog raph of a cork-ba ll 
model of the (MnPcPy)20 molecul e. 
Hydrogen atoms are omitt ed. 

Fig. D.17-2. Ave rage bond distances a nd 
angles. 
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18 . THE CRYSTAL AND MOLECULAR STRUCTURE OF C 5 H 5 FeB
9

c 2 H
11 

Allan Zalkin, David H . Templeton, and Ted E. Hopkins t 

A compound designated 1T-cyclopentadienyl 1T-(1) - 2, 3-dicarbollyl iron (III) was s y nthe
sized by Hawthorne and Pilling.1 We determined its cry stal structure by x-ray diffraction and 
found a "sandwich" type of molecular structure, as predicte d b y Haw thorne. This work is the 
first x - ray crystallographic confirmation of the structure of the B 9C2H11-2 ion, and it giv es sup 
port for the structures suggested previously for several other derivatives. 2, 3 

Crystals of C5H5FeB9C2H11 were receiv ed from Hawthorne and Pilling1 as tiny flat 
plates. Th~y are monoclinic, space group _!:' 2 1/~ , with unit cell dimensions ~ = 11.47 0, _£ = 6 . 6 29, 
c = 16.808 A, j3 = 99.86 deg . With four molecules in the unit cell the density is calculated as 
T.34 g/ ml. We measured the intensities of 1639 independent reflections by the stationary-crystal 
technique, using MoKa radiation(>-. = 0. 71069 A) and a scintillation detecto r. The Patterson func
tion reveale d the iron atom location, ·and a Fourier calculation phased b y the iron atom showed 
all the boron and carbon atoms. Carbon and boron atoms in the carborane were distinguished by 
the behavior of their thermal parameters when scattering factors were interchanged in least
squares calculations. The assignment was confirmed by the bond distances which resulted , which 
correspond to smaller bond radius for carbon than for boron. After some refinement by least 
squares, a difference function showed e vidence for all the h ydrogen a toms. In the final refine 
ment, isotropic thermal parame ters were used for hy drogen, a nd anisotropic parameters for all 
other atoms. The functionR =I; II Fobs 1-IFcalii / I;IFobs I was reduced to 0.074. In Table 
D.18 - I are listed the final coordinatesC5Tthe 1ieavy atoms .--"The standard deviations of these co 
ordinates correspond to about 0 . 001 A for Fe and 0.01 A for the other atoms. These e stimates 
of precision make no provision for systematic errors. 

The therma l motion is large and anisotropic. In the c yclopentadieny l ring the largest 
amplitudes are tangential to the ring, and the atoms are very poorly resolved in Fourier sections. 
Thi s evidence for torsional motion or internal rotation is very similar to that reported in ferro
cene. 4 In the carborane part of the molecule the amplitudes are less, the bond distances are 
g r eater, and the atomic resolution is very much better . We have found no simple way of describ
ing the thermal anisotropy of this part of the molecule . 

Average bond distances are listed in Table D .18-Il, without any correction for thermal 
motion. This correction may be as much as 0.05 A for some of the bonds, but we cannot esti
mate it with confidence. In each case the correction will increase the bond distance. Each dis 
tance in a group {except bonds to H ) is withi n 0.03 A of the average value . Because of the large 
and uncertain thermal corrections, we give no significance to the deviations within each group. 

The skeleton of the molecule is shown in Fig. D.18-1. The atoms of the carborane part 
are at 11 of the 12 corners of an icosahedron which is approximately regular. The iron atom is 
at the twelfth corner, but somewhat further away. Within the experimental accuracy of about 
0 . 2 A, each hydrogen atom is on the line passing through its neighbor and the opposite atom of the 
icosahedron. The hydrogen atom positions on the cyclopentadienyl ring are more poorly deter 
mined, but within the large experimental uncertainty they are in the expected locations in the 
p l ane of the ring. 

The iron atom is almost equidistant from the carbon atoms in the ring and the five neigh
bors in the icosahedron. The configuration is almost exactly e clipsed, rather than staggered as 
in the ferrocene crystal. 4 We tested the staggered structure in the least-squares calculations, 
but got significantly worse agreement. Because of the large twisting motion, the c onfiguration in 
the crystal may have little chemical significance. 

Footnote and Referenc e s 

tJ. Am. Chem. S o c. 87, 3988 (1965). 
1. M . F. Hawthorne and R. L. Pilling, J. Am. Chem. Soc. 
2 . M. F. Hawthorne, D. C. Young, and P . A. Wegner, ibid. ~· 181 8 (1965). 
3. M. F. Hawthorne and T . D. Andrews, ibid., in press. 
4 . J . D . Dunitz, L. E. Orgel, and A . Rich, Acta Cryst. 1_, 373 (1956). 
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Table D.18-I. Atomic coordinates and rms amplitudes. 

')' 

Atom X y z 

Fe 0.2244 -0.0331 0.1897 

(tfi'\ C(1R)a 0.0917 -0.0331 0.0909 

C(2R) 0.1817 0.0862 0.0767 

C(3R) 0.2779 -0.0361 0.0780 

C(4R) 0.2433 -0.2285 0.0942 

C(5R) 0.1278 -0.2228 0.1026 

C(2) 0.3345 -0.1476 0.2871 

C(3) 0.2008 -0.1537 0.2978 

B(4) 0.1354 0.0749 0.2794 

B(5) . 0.2502 0.2337 0.2580 

B(6) 0.3764 0.0795 0.2621 

B(7) 0.3035 -0.1630. 0.3822 

B(8) 0.1786 -0.0172 0.3790 

B(9) 0.2127 0.2301 0.3555 

B(10) 0.3607 0.2328 0.3447 

B(11) 0.4159 -0.0112 0.3609 

B(12) 0.3173 0.0825 0.4194 

a. R indicates an atom in the- cyclopentadienyl ring. 

Table D.18 ... II. Average bond distances. 

Atoms Distance 

'I" 
(A) 

Fe-B (3)a 2.09 

Fe-C (2) 2.04 

Fe-C (5) b 2.07 

B-B (18) 1. 7 5 

B-C (6) 1.68 

C-C (1) 1.58 

C-C (5)b 1.36 

B-H (9) 0.9 

C-H (2) 0.8 

C-H (5)b 0.7 

a. Number of bonds in molecule. 
b. Cyclopentadienyl distances. 

;--
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MUB-6096 

Fig. D.18-1. Skeleton of the CsHsFeB9C2H11 
molecule. 

D.18 
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1 9 . -CRY S TAL S T R U C T U R E 0 F T H 0 R I U M N I T RATE P E NT A HYDRA T E 
BY X-RAY DIFFRACTION'~ 

Tatzuo Ueki, Allan Zalkin, and David H. Templeton 

Thorium nitrate crystallizes readily from aqueous nitric acid solutions as the penta
hydrate, Th(N03)4 • 5H20. The earlier literature is confused and contradictory concerning its 
composition, and it is often found in chemical storerooms labeled as Th(N03)4 · 4H20. Ferraro, 
Katzin, and Gibson made a definitive study of the phase diagram and showed that the tetrahydrate 
crystallizes only when the nitric acid concentration is very high. 1 

An earlier x-ray study of the pentahydrate, then referred to as the hexahydrate, revealed 
the unit cell, space group, and thorium atom positions. 2 No attempt was made at that time to de
termine the rest of the structure. With the advantage of electronic computers and better methods 
for x-ray intensity measurement, we recently solved the structure as reported here. An inde
pendent analysis by neutron diffraction, ;with results in good agreement with ours, is described by 
Taylor, Mueller, and Bitterman. 3 These studies confirm the composition, show an interesting : 
coordination geometry for the thorium ions, and reveal an intricate structure of hydrogen bonds. 

A bottle from Allied Chemical, General Chemical Division, New York, and labeled 
Th(N03)4 · 4H20, contained large clear colorless crystals and white powder. Our x-ray diffrac
tion data were obtained from a fragment with dimensions 0.22X0.08X0.08 mm, cut from one of the 
clear crystals. It was sealed in a silica-glass capillary (wall thickness 0.01 mm) to prevent deli
quescence. Cell dimensions and intensities were measured by means of molybdenum radiation. 
Intensities were measured of 1036 independent reflections (121 recorded as zero). 

Th(N03)4 · 5H20 crystals are orthorhombic, space group Fdd2, with eight formula units 
in the cell: 

a= 11.182±o.oo3 A(tL191±o.oo5 A), 

b = 22.873±o.oo5 A(22.889±0.o1o A), 

c = 10.573±o.oo3 A(10.579±o.oo5 A). 

The dimensions found by Taylor, _Mueller, and Hittei-man3 are given inparentheses. The dis-· 
crepancy of 6 to 8 parts in 10,000 is only slightly more than one would expect from ·the estimated 
accuracies. The density calculated from our data, 2.800 ± 0. 002 gj cm3, is betweert the density · 
measured by flotation in this Laboratory, 2. 84, and that reported by Staritzky, 4 2. 7 87. Our 
measurements were made at about 21• C. -

Crystal data for the isomorphous cerium and plutonium compounds are given by 
Staritzky. 4 These crystals are expected to have very nearly the same atomic arrangement. 
R =~II Fo 1-1 F c II/~ I Fol, and refinement with anisotropic thermal parameters for all atoms 
(hydrogen excluded) 'reduced R to 0.034. . 

We had proceeded with the assumption that the water content was in do1,1bt. To check for 
additional water molecules, we calculated a Fourier synthesis of (F 0-F cJ, deleti~g reflections 
with zero intensity. The largest peaks in this function were about 0.28 electron A-3, in the 
neighborhood of the thorium atom. No evidence was found of further water molecules. Five peaks 
were selected as hydrogen atoms, but were not refined. 

The calculations to this point had neglected the out-of-phase component l::.. f" of thorium. 
Because of the polar nature of the space group Fdd2, two orientations of the structure must be 
considered, one of which is the reflection of the other in (001). Further calculations with l::..f" in
cluded and the correct orientation reduced R -to 0.033. With the reverse structure R could not be 
reduced below 0.035, and the weighted sum of squares was .15o/o larger. The final coordinates are 
given in Table D.19-I. The anisotropic thermal parameters, Table D.19-II, are listed in the 
units of the isotropic Debye B, Zalkin, Forrester, and Templeton, 5 and Cruickshank. 6 

Inclusion- of the thorium phase shift in the calculations gives enough change in some of 
the structure-factor magnitudes to establish the polarity of the structure; though the change in R 
is hardly dramatic, it causes a significant change in the structure. With the origin defined by
the thorium atom, all other atoms. were shifted about 0.05. A in the positive z direction when .the 
correction was included. A similar shift of the reverse structure causes the two structures, 
after refinement, to differ by about 0.10 A. This behavior is explained by the fact that all the 
calculations were made with reflections with positive values of 1. The effect of the phase shift 
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(which is an advance of phase) is to make the thorium atom appear to be. closer to the x-ray 
source and detector than it really is. The symmetry of the space group gives a cancellation of 
the effect on x and y coordinates, but there is a systematic biasing of the z components of inter
atomic vectors between thorium and the rest of the structure. 

This kind of shift will be a general feature of polar structures that are refined with such 
incomplete data, unless one of several'obvious steps is taken to prevent it. 

The two structures of opposite polarity are not different in the sense of right and left 
handedness, but only with respect to their orientation in a specimen. We have not made a corre
lation of the polarity with respect to morphology or other physical property. 

The neutron diffraction study by Taylor, Mueller, and Hitterman3 gives us a chance to 
check the accuracy of the x-ray method in a case in which the heavy atom dominates the data. 
The agreement of the coordinates is excellent, and it confirms that the estimated standard devia
tions are the correct magnitude. Of 31 independent coordinates, 17 are within 1 standard devia
tion, and none is as much as 3 standard deviations from the corresponding neutron result. The 
atomic positions in the two structures differ by 0.026 A on the average, and by 0.045 A in. the 
most extreme case. 

The structure obtained before correction for the thorium phase shift is in significantly 
poore·r agreement with the neutron results; the average distance between atomic location is 
o.o65 A. · 

Each hydrogen location determined by x rays is in the correct neighborhood, but indicates 
errors of 0.2 to 0.5 A from the correct position determined by neutrons. Some interatomic dis
tances are listed in Table D.19-III. The thorium atom has its 11 oxygen neighbors arranged in a 
highly unsymmetrical way with respect to the polar direction (Fig. D.19-1). These oxygen atoms 
are two each from four nitrate groups and three from water molecules, with all the water on one 
side. This polar arrangement is probably related to the large pyroelectric effect observed when 
the crystals are dipped in liquid nitrogen. One expects about eight oxygen neighbors for thorium 
if the oxygen atoms are not bonded to each other. Two oxygen atoms in nitrate are closer than 
normal for atoms from separate molecules, and thus the coordination can be as high as 12 if the 
atoms are from six nitrate groups as in MgTh(N03)6 · 8H,20. 7 Thus to have. 11 neighbors is rea
sonable if 8 of them are from nitrate ions. 

In each nitrate ion the noncoordinated oxygen atom is significantly closer to nitrogen than 
are the other two. A similar effect is observed in several other nitrate crystals as listed by 
Taylor, Mueller, and Bitterman, 3 as well as in Ce(N03)3 · 6H20 and Ce(NH4)2(N03)6. 8 The ter
minal oxygen atom, in each case we have studied, has higher thermal parameters than the other 
two. Thus a correction of bond distance for thermal motion removes some of the difference, but 
this correction seems to be inadequate to explain as much as half of the effect. In the present 
case, the thermal effect is estimated to account for about 0.01 A of the difference. 

We thank J. C. Taylor, M. H. Mueller, and R. L. Bitterman for sending us their manu
script prior to submission for publication. 

Footnote and References 

~:== 
Condensed from Acta Crystallographica (to be published). 

1. J. R. Ferraro, L. I. Katzin, and G. Gibson, J. Am. Chern. Soc. 76, 909 (1954). 
2. D. H. Templeton and C. H. Dauben, unpublished report abstracted inStruct. Reps. ~. 278 

(1950). 
3. J. C. Taylor, M.' H. Mueller, and R. L. Bitterman, Acta Cryst. (to be published). 
4. E. Staritzky, Annal. Chem.28, 2021, 2022 (1956). 
5. A. Zalkin, J. D. Forresterand D. H. Templeton, Acta Cryst . .!2_, 1408 (1964). 
6. D. W. J. Cruickshank, Acta Cryst. 19, 153 (1965). 
7. S. Scavnicar and B. Prodic, Acta Cryst. 18, 698 (1965). 
8. Tatzuo Ueki, Allan Zalkin, and David H. Templeton, unpublished data. 

... 
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Table C.19 -I. Atomic coordinates and estimated standard 
deviations. All values have been multipliedby 104. ,.,. 

Atom X y z 

Th 0 0 0 
I 

·~ 0(1) 0 0 ZZ77(17) 

O(Z) -004Z(11) 1041(4) 0656(11) 

0(3) 4543(11) -089Z(5) -1066(1Z) 

N(1) Z651(10) . 0046(6) 0508(1Z) 

0(11) Z094(9) -0381(4) OOZ5(15) 

0(1Z) 1970(10) 0453(5) 0915(13) 

0(13) 3733(8) 0093(5) 0538(13) 

N(Z) 04 71( 1Z) 0772(5) -ZZ59(17) 

O(Z1) 1318(9) 0551(5) -1619(1Z) 

O(ZZ) 0579(9) -0631(4) -19Z4(1Z) 

O(Z3) 0677(1Z) 1066(6) -3Z13(1Z) 

Table C.19-II. Anisotropic thermal parameters. T. F. = exp( -!311hz -Zf31zhk - · • · ); 4f31z=Biza*b*, 
etc. Standard deviations estimated by least squares are less than 0.05 forTh and from 0.3 to 0.8 

for the other atoms. 

Atom B11 Bzz B33 Biz B13 Bz3 

Th LZ 1.4 Z.1 0.0 ., 0(1) 4.5 z.o 3.7 0.9 

O(Z) Z.1 z.o 4.3 -0.3 0.0 -0.5 

0(3) Z.4 Z.6 3.3 0.1 -0.6 -O.Z 

)- N(1) 1.5 z.o Z.9 0.5 -0.5 -0.5 

0(11) z.z 1.4 3.8 0.8 -0.6 -0.7 

0(1Z) Z.3 Z.5 3.7 0.3 -O.Z -0.5 

0(13) 1.0 Z.8 5.Z. -0.1 -0.5 0.0 

N(Z) Z.1 z.o 4.4 -0.9 0.3 o.z 

O(Z1) 1.3 Z.9 3.9 o.z -0.3 0.9 

O(Z2) 1.7 1.7 3.8 -0.2 0.4 -0.1 

0(23) 3.5 3.6 3.0 -0.2 1.1 1.5 
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Table n: 19-III. Bond lengths in A;· uncorrected for thermal motion. 
Values found· by Taylor, Mueller·, and Hittertnan are given in parentheses. 

Th-O (nitrate) 

Th-0(11) 2;50±0.01 (2.528) 

Th-0(12) 2.62±0.01 (2.618) 

Th-0(21) 2.59 ± 0. 01 (2.<573) 

Th-0(22) 2.58±0.01 (2.554) 

Th-O (water) 

Th-0(1) 2.41±0.02 (2.438) 

Th-0(2) 2.48±0.01 (2.473) 

Nitrate groups 

N(1)-0(11) 1.27±0.02 (1.270) 

N(1)-0(12) 1.28±0.02 (1.250) 

N(1)-0(13) 1.21±0.01 (1.202) 

N(2)-0(21) 1.27 ± 0.02 (1.264) 

N(2) -0(22) 1.27±0.02 (1.275) 

N(2)-0(23) 1.24± 0.02 (1.206) 

Hydrogen bonds 

0(1).:.0(3) 2;74±0.02 (2.698) 

0(2)-0(3) 2.71±0.02 (2.697) 

O(Z)-0(22) 2.90±0.02 (2.953) 

0(3) -0(23) 2.86±0.02 (2.901) 

0(3)-0( 13) 2.96±o:o2 (2. 946) 

Fig. D.19-1. Neighbors of the thorium atom in 
Th(N03 )4 · 5H20. 

D.19 
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20. THE STRUCTURE OF 
CYCLOALLIIN HYDROCHLORIDE MONOHYDRATE* 

K. J. Palmert and Kay Sue Leet 

There is considerable interest in the stereochemistry of sulfur, since it can function as an 
asymmetric center; some isomeric forms have been shown to exhibit different biological activity . 
The first determination of the absolute configuration of a sulfur atom was made by Hine, 1 who de
termined the crystal structure of(+) -S-methyl-L-cysteine sulfoxide. The absolute configuration 
of (-)-menthyl-p-iodobenzenesulfinate has also been established2 by determining its crystal struc
ture and ·utilizing the known configuration of the (-)menthyl group. Recently the absolute configu
ration of a sulfoxide mustard oil was established by a determination of the crystal structure of a 
crystalline product formed with thiourea. 3 

To our knowledge the absolute configuration of a cyclic sulfoxide has not previously been 
determined. For this reason and because cyclic sulfoxide L-5-methyl 1, 4-thiazane-3-carboxylic 
acid-1-oxide (cycloalliin) is obtained from and is related to-the aroma of onions, 4 we decided to 
determine the crystal structure of cycloalliin hydrochloride monohydrate (C6H11N03S· HCl· H20). 
The structure of cycloalliin and the numbering system used in this investigation are shown in 
Fig. D.20-1. 

The isolation and identification of cycloalliin was first reported in 1959. 4 Crystals of this 
material in the form of the hydrochloride monohydrate were grown from an acetone-water mix
ture acidified with hydrochloric acid. The crystals belong to the monoclinic sphenoidal class, 
and usually occur as trapezoidal plates or tablets. The optical and crystallographic properties 
have been described elsewhere. 5 

Weissenber!§ photographs established that the crystals are monoclinic with the probable 
space group P21 -C"'z. The cell dimensions are: 

a= 5.292±o.oo4A., b = 12.375±o.oo8 A, c = 8.447±o.oo6 A., 13 = 107.45±0.02°; z = 2, 
p = 1.456 g/ cm3, peale. = 1.447 g/ cm3, 

Intensities were obtained by means of a Picker scintillation counter and solid-state detec
tor coupled withaGeneralElectric XRD-5 diffractometer equipped withgoniostat. A total of 1219 
intensities was measured, of which 38 were assigned a zero intensity. 

Complete intensity data were obtained on two crystals because it was thought that the first 
crystal might have undergone radiation damage. The intensity data for the second crystal were 
obtained after installation of a magnetic shutter on the x-ray collimater which cut off the incident 
x-ray beam except when aligning the crystal and for the 10 second interval used to record an in
tensity. The second crystal thus received much less total irradiation than the first crystal. No 
obvious trends in the two sets of intensity data could be established, however; consequently for 
the final stages of least-squares refinement the two sets of intensities were summed in order to 
decrease the effect of random errors. 

Calculations were made with an IBM 7044 computer using a full matrix least-squares re
finement program written by Gantzell, Sparks, and Trueblood6 with modifications by Zalkin. The 
electron density and distance programs were written by Zalkin. 

A three-dimensional Patterson function was calculated by using all the data from which the 
positions of three atoms were readily deduced. The parameters for these three atoms, assumed 
to be chlorine, sulfur, and oxy!?ien, were refined by least-squares. The conventional unreliability 
factor R, defined as !: IFo 1- 1 Fell/!: I Fol. decreased from 0.71 to 0.35 after four cycles, 
and after three additional cycles, to 0.337. 

The values obtained for the parameters of these three atoms were then used to calculate a 
three-dimensional electron-density map. With the aid of a model of the molecule it was possible 
to locate two additional oxygen and five carbon atoms. 

Additional refinement and further Fourier maps permitted the rest of the carbon, nitrogen, 
and oxygen atoms to be found. Further refinement was undertaken by giving sulfur, chlorine, 
four oxy~ens, and one ~arbon atom anisotropic temperature factors of the form 
exp((3Hh -(322k2 -(333 1 - 2f312 hk-2j3f3h1-2(323k1). After four cycles of least-squares refinement 



UCRL-16580 -190- D.20 

R became 0.0577. At this stage all 13 atoms were giveri anisotropic temperature factors and the 
parameters refined by two cycles of' least squares. This reduced R to 0.0554. 

A three-dimensional electron-density difference function with all atoms subtracted out 
except hydrogen was calculated with use of the results of the last anisotropic refinement. This 
a.llowed the positions of all .14 ~ydrog~n·s to be readily located. Four cycles ·of leas~-'s~uares re
flnement were calculated w1th 1sotrop1c ·temperature factors of the form exp(-BA. -2sm- 8) for the 
hydrogens and anisotropic temperature factors for the 13 heavy atoms. ·This· reduced R to 0.0461. 
As a final step the intensity data for the two crystals were summed and these data used-for four 
additional cycles of least-squares refinement. This resulted in the final value for R of 0. 0390. 

The molecular configuration of cycloalliin is shown in Fig. D.20-1. The absolute config
uration of the molecule was derived with the knowledge that the configuration about C(3) is L, 
since this amino acid is from a natural source. 

The six-membered ring has the chair conformation. The ring conformation, bond angles, 
and distances are in-good agreement with those found by Shearer? for the a. modification of 
1 :4-dithian-1 :4-dioxide. 

A point of particular interest is the configuration of the methyl group, sulfoxide oxygen, 
and carboxyl group with respect to the ring. The oxygen atom occupies the axial position, oin 
agreement with that found for many other sulfoxides 7-10. The S-0 bond distance of 1.492 A is 
also in good agreement with the value found for those sulfoxides where sulfur is bonded to two 
carbons and one oxygen. 7,11 The two C-S-0 angles are both slightly less than tetrahedral, as 
was found to be the case in both diethyl·and dibenzyl sulfoxides11 and in dithian disulfoxide. 7 

The molecules in the crystal are held together by a network of hydrogen bonds as shown 
in Fig. D.20-2. The water molecule is hydrogen-bonded to one carboxyl group and two chloride 
ions. The N - 0(7) distance of 2.692 A and the N - 0( 10) distance of 2.687 A are nearly the 
same, but apparently only 0(7) forms a hydrogen bond with N. ·. This is evident from the fact that 
H(5) is 2.0A from 0(7), but is 2.6 A from 0(10). Any attraction that exists between Nand 0(10) 
must result from the formal positive charge on Nand the negative charge on 0( 10) which results 
from resonance in the carboxyl group. 

The 0(9)-H---O(aq.) distance of 2.541 A is indicative of a strong hydrogen bond. The 
O(aq. )-H---Cl distances (3.156 and 3.140 A) and the N-H---Cl distance (3.108 A) are those to be 
expected for hydrogen bonding between chloride ion and oxygen and nitrogen, respectively. 

Although the accuracy of th"e hydrogen parameters is considerably less than for the heav
ier atoms the C-H distances cluster around the values reported for this bond. The N-H(4) dis
tance of 0. 93 A indicates unequivocally that H( 4) is covalently bonded to nitrogen and that chlorine 
occurs in the structure as the negative ion. 
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Fig. D.20-1. Molecular configuration of 
cycloalliin HCl· HzO and the number
ing system used in this investigation. 

MU B-9250 

Fig. D.20-2. The hydrogen bond network 
in crystalline cycloalliin hydro
chloride monohydrate. 
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21. MASS SPECTROSCOPY. 
THE DETERMINATION OF FIRST IONIZATION POTENTIALS 

BY SURFACE IONIZATION METHODS 

F. L. Reynolds 

D.21 

The determination of the first ionization potentials of the actinide elements by optical 
spectroscopic means is a difficult experiment because of the complexity of the spectra. A value 
of americium has so far been the only published determination in the series. 1 The possible deter
mination of these data by mass spectroscopic surface ionization (SI) techniques is the subject of 
this report. 

In order to study the possibilities for the accurate determination of first ionization poten
tials by this method a series of experiments has been conducted, using elements whose first ion
ization values are well known. In a recent publication, 2 the elements Sr and Ca were studied on 
single-crystal tungsten surfaces and present data concern similar studies of La and Sr on single
crystal tungsten, specifically on the (110) and (100) crystal planes of the metal. 

, Other authors have studied the SI technique, and found certain results inconsistent with 
predicted values. Werning3 looked at Nd using SI, and found a value of 5.10 eV for the ionization 
potential of this element. In comparison Hassen4 found 5.62 or 5.46 eV; the ambiguity having to 
do with the identification- of the series limit in the Nd optical spectra, while Ionov and Mittsev5 by 
SI methods obtained 5.51 ± 0.02 eV. 

Dresser6 studied the SI of Gd, Er, and Yb on polycrystalline tungsten. Upon heating, 
his filaments recrystallized, mostly with a (113) surface orientation having (112) plateaus as 
facets to the surface plane. His results indicate values for the first ionization potential of these 
elements to be Gd 6.70, Er 6.20, and Yb 6.66 eV. Moore's summary7 gives 6.16 eV for Gd, and 
6.22 eV for Yb, Er at 6.08 eV is tentative, and is a SI value. Gd and Yb are optical values. 

Previous experimental attempts8 to find agreement with the optical spectroscopic value of 
La (5.61 eV)-.resulted in a SI value some 0.46 eV low. There was some speculation that an excited 
level of La was impinging on the surface. In the above experiment a single polycrystalline tung
sten: filament was used, and also a single effusion oven supplying a La neutral beam to this sur
face. Subsequent design has evolved an ion source employing two effusion ovens and a triple fila
ment arrangement so that comparisons can be made with other elements or with other than one 
single surface. 

The data so far presented fail to make this comparison in a single experiment. We have 
not succeeded in getting the two ovens to track or to emit simultaneously in one given sample load
ing. However, data are available for La and for Sr using the summation of values obtained from 
the various surfaces independently. Since La and Sr have very nearly the same ionization poten
tial--La = 5.61 eV and Sr'= 5.69 eV--their slopes, when the ion currept is plotted against there-
ciprocal temperature for each filament surface should be similar. -

Table D.21-I lumps the entire data from several separate oven charges, but from the 
same set of filaments, having crystal planes (100).(110) and (113 or 112) surfaces. Delta (in eV) 
is the average slope obtained from Saha-Langmuir equation plots of the indicated numbe-r of deter
minations. The delta deviation is an index of the spread of these slope values. The average q, 
(surface work function) is obtained from the known ionization potential c;>f the impinging beam and 
the average delta. 

If one assumed that the value of q, for the (100) and the (110) surface obtained from the 
Sr data alone is correct, namely 4;59 eV for (100) and 5.56 eV for (110), this would give an ion
ization potential for La of 5.62 and 5. 56 eV respectively on the two different planes. Unfortun
ately there were no data available for La on the polycrystalline (113-112) surface. The agree
ment with the spectroscopic value seems to be quite reasonable. Further attempts to get both the 
La and Sr atomic beams working on a single run will be made. 

In-discussing the experimental method briefly, one can only conclude that one of the main 
reasons for a lack of agreement between the results of the SI method with the optical methods lies 
with the extreme surface sensitivity to foreign impurities, coming mostly from the hot metal fila
ment. The surface does not seem to be very sensitive to residual gases present within the ultra
high-vacuum system of the mass spectrometer. Several techniques in taking the data indicate 
that the most reliable procedure is to flash the filament at high temperature with the beam shutter 
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closed, then quickly adjust to the desired temperature range before opening the shutter. Pretreat
ment of the filament for long periods at elevated temperatures is apparently necessary.· 

Initially there is also a vast difference between the type of plot obtained from a (100) 
oriented surface and a ( 110) oriented surface. While almost all surfaces give consistently 
straight-line Saha-Langmuir plots at temperatures between 2300 and 2800 o K, the range between 
1700 and 2300 o K may for many days give a distinct plateau to the curve with the ( 10"0) oriented 
filament while the (110) orientation is a straight-line semilog plot. After many hours of heating 
this plateau slowly diminishes. Both filaments were cut from the same single crystaL This 
seems to point out that perhaps the rate of impurity migration is considerably different for the two 
orientations. It must, however, be pointed out that in the ·case of the ( 110) tungsten surface,· the 
high work function of this surface also makes it less sensitive to slope changes with metals such 
as La or Sr. · 

It also may be quite important for long outgassing or aging of filaments to heat them during 
this period with ac supplies. The de-heated filaments do show some surface structure change 
which can be detected optically, and to some extent by a slight fuzziness of the Laue x-ray spots 
from back-reflected exposures. The basic (100) or (110) structure has not changed after many 
hours of heating at high temperatures. 

On the matter of surface structure we have looked at a (100) oriented filamentusing low
energy electron diffraction techniques. The conclusion was that the surface was a true (100) sur
face with essentially no faceting from other crystal planes. This was ascertained on a new fila
ment, whose heat treatment consisted of flashing and heating for a period of 24 hours in the LEED 
equipment to temperatures of 2500 to 2800° K. 

1. 
2. 
3. 

4. 
5. 
6. 
7. 
8 . 
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Table D.21-I. Data from several oven charges but same set of filaments. 

Number of Filament Atomic I. P. Average D. cj> I. P. 
determina- surface beam values D. Dev. (eV) La 
tions plane (optical) (eV) (eV) (I. P.-D..) (eV) 

(cJ>sr+D..La) 

25 ( 100) Sr 5.69 1.10 +.12 
4.59 -.08 

13 (110) Sr 5.69 .13 +.05 5.56 
-.04 

close to +.05 18 (113)-(112) Sr 5.69 1.09 -.04 
. 4.60 

11 (100) La 5.61 1.03 +.01 4.58 5.62 

5 ( 110) La 5.61 o.oa 5.61 5.56 

a. Within the limits of the determination the slope was essentially zero. 
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22. METASTABLE PEAKS IN THE MASS SPECTRA O.F N 2 0 AND N0 2 '~ 

AmosS. Newton and A. F. Sciamanna 

Begun and Landau 1• 2 reported the existence of a :metastable peak at M/q = 20.45 in the 
mass spectrum of nitrous oxide, which they ascribed to the metastable dissociation 

N
2
o+ ~)... NO+ + N. ( 1) 

Friedman and Irsa3 questioned this conclusion and showed data indicating that the peak observed 
by Begun and Landau was due to a collision-induced dissociation. Friedman and Irsa further stat
ed that evidence for metastable electronically excited states of small molecules has been extreme
ly rare. It has recently been shown that a metastable state of C02+2 exists, 4, 5 and Dibeler and 
Rosenstock have studied three metastable ions in the mass spectrum of H2S. 6 To clarify this 
point, NzO and other small molecules have been studied further. The work presented here shows 
not only that the metastable peak in NzO is the result of a unimolecular dissociation, but also that 
there are two metastable states in NOz+, each with its own half life for dissociation and each lead
ing to different kinetic energies of the fragments NO+ and 0. 

The peaks resulting from metastable dissociations in N20 and N02 are shown in Fig. D. 
22-1. The peaks appear at apparent masses of 20.45 and 19.57 respectively, but are quite broad 
owing to kinetic energy given the fragments in the dissociation process. 

N2 0 Studies 

The half life of the metastable state dissociating to yield the M/q = 20.45 peak when in
vestigated by the method of Hipple 7 and Coggeshall8 was found to be ~ 0.2X 10-6 second. In 
Fig. D.22-2, the peak heights of M/q = 20.45, 30, and 44 are plotted against inlet system pres
sure. The metastable peak height increases at a rate greater than linear, but ·certainly not as the 
square of the pressure, as would be demanded by a purely collision-induced process. The ratio 
of M/q = 20.45 peak height to the height of either mass 30 or 44 peak increases with pressure, 
but extrapolates to a real value at zero pressure. (The exact extrapolated values are arbitrary, 
as they are dependent on experimental parameters: V A• VR, and collector slit width, )There is no 
doubt that the nonzero ratio at zero pressure represents a unimolecular dissociation, and the in
crease with pressure the collision-induced contribution to the dissociation. 

The total kinetic energy, T, given the fragments NO+ and N in the dissoCiation has been 
estimated in three ways. 

(a) The width, d, of the peak in mass units for the dissociation 

M+~ 
0 

which is related to the kinetic energy, T, and the accelerating voltage, VA, by the equation7 

(2) 

(3) 

The problem is to decide where to measure the peak width. Beynon 7 used the width of the top of 
the peak, while Fuchs and Taubert5 measured both the top width and 50% peak height widths and 
compared these results with those found by the deflection method, the top giving too low an energy 
and the 50% width too high an energy. In Table D.22-I, the width measurements at top and 70% 
peak height are compared with the results by methods 2 and 3 below, and the 70% peak height 
values are found to agree with the other. 

(b) The difference in peak width at high and low accelerating voltages. As a first approximation 
these differences should be independent of the method of measurement if the peak shapes are con
stant. 

(c) The voltage spread of the metastable suppressor voltage (ll. Vmssl required to suppress the 
peak, which is related to T by the relation7 

ll.V mss (4) 

,.! 
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The metastable cutoff curve for M/q = 20.45 peak in N20 is shown in Fig. D.22-3. The kinetic 
energies found are summarized in Table D.22-l, and a best value. of T in the metastable dissoci
ation of N20 was 1.05:!:0 .. 05 eV. 

N02 Studies 

Fro·m the shape of the M/q = 19.57 peak from N02 (Fig. D.22-1) it is apparent there are 
two components with different kinetic energies. A half-life study on these components shows the 
metastable N02+ ions dissociating to give NO+ ions, comprising the base peak, to have a half life 
of 0. 7:1:0.1 X 10-6 sec, while those digsociating to the narrower peak superimposed on the base 
peak have a half life of 2.5:!:0.5X10- sec. · 

At a given accelerating voltage, the peak pattern--i.e.,· the relative peak heights at the 
shoulders, tops, and midd-le--are constant, independent of pressure.· The behavior with pressure 
is shown in Fig. D.22.,.4. It is seen that the metastable peak rises essentially linearly with pres
sure, and the ratio of the metastable peak height to either the NO+ on N02+ peak height is almost 
independent of pressure. Therefore this is a unimolecular. dissociation process. 

The kinetic energies of the fragments from the two dissociation processes are given in 
Table D.22-ll, as evaluated by the same three methods as given for N20. The metastable sup
pressorcutoff curve.for this peak, shown in Fig. D.22-5, shows the two components fairly well on 
the low-voltage side, but less distinctly on the high-voltage. side. It was ·possible .to get ·.a value 
for T of the high-energy component, but only a limit can be set on the energy of the low-energy 
component. The results show the two components to have dissociation energies of 1.12:1:0.10 eV 
for the base peak and 0. 51:1:0.1 eV for the center peak. 

Both N20+ and N02 + have been shown to possess excited states which are metastable, and 
which on dissociation give fragments of high kinetic energy. The No2+ has been shown to possess 
two such excited states, each with its own half life and its own kinetic energy release to the dis
sociation fragments. 
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Table D.22-I. Kinetic energy of fragments in the metastable dissociation of N 2o+. 

1010 

3850 

d (top) 

1.67 

0.81 

bod -
0.86 

Metastable suppressor cutoff 

Ta d (70% peak height) 
(eV) 

[ 0. 90) 1.80 

[0.86) 0.94 

bod -
1.03 0.86 

T (average) 

a. Figures in brackets not included in the average. 

[ 1. 05) 

[ 1. 09] 

1.03 

1.09 

1.05±0.05 

Table D.22-ll. Kinetic energy given to fragments in the metastable dissociation of N02+. 

Ta 
. d (7 O% peak height) (eV) 

Main Peak d (top) 
VA 

581 v 1.61 [0.46] 1.69 

2328 v 0. 77 [ 0.42] 0.85 

bod bod 

boV A(581-2328) 0.84 0.51 0.84 

Metastable suppressor cutoff 

T (average) 

Base Peak 

581 2.44 [ 1. 06] 2.56 

2328 1.22 [1.05] 1.20 

bod bod 

boV A(581-2328) 1.22. 1.07 1.26 

Metastable suppressor cutoff 

T (average) 

a. Figures in brackets not included in the average. 

Ta 
(eV) 

[0. 51] 

[0.51] 

0.51 

[..,;::: 0.65] 

0.51±0.10 

[1.17] 

[ 1.19] 

1.14 

1.16 

1.12±0.10 
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Fig. D.22-1. Metastable peaks in the mass 
spectrum of NzO and NOz. NzO peak
Magnetic scan: VA=3838 V, average 
repellers=75 V, Vr=95 V , inlet . 
pres sure=400f.L. 
NOz peak - Voltage scan: MV A =11 336, 
repellers=1o/o VA, Vr=70 V, inlet 
pressure=300 f.L· 
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Fig. D.22-3. Metastable suppressor cutoff 
curve of M/q=20.45 in NzO. MVA =69 700, 
VR= 1.8% V A• inlet pressure = 400 f.L· 
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Fig. D,22-2. Variation with inlet system 
pressur·e of peak heights and ratios of 
M/q=20.45 to M/q=30 and M/q=44 in 
NzO. MV~=45100, VR=1.2o/oVA· 
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23.' METASTABLE ION PEAK SHAPES 
IN DEMPSTER-TYPE MASS SPECTROMETERS'~ 

Amos S. Newton 

· Hipple1 has shown. why metastable ions should appear in a Dempster-type .mass spectrom
eter., but when Coggeshall2 investigated the question of peak shape, he predicted a sharp cutoff on 
the low-mass side of such peaks with tai1ing toward the high-mass side. Experimentally-most 
such peaks are broad fairly symmetrical peaks which appear in the mass spectrum at an apparent 
mass, M~~. 

The peak shape of the M':<jq = 3L88 peak inn-butane arising from the metastable transi-
tion 

( 1) 

h;{s been studied with a CEC-Model21-103B mass spectrometer. The profiles of M'~/q=31.88 in 
butane at three accelerating voltages are shown in Fig. D.23-1, and a comparison profile of a nor
mal zero-kinetic-energy peak, 02+, is shown in Fig. D. 23-2. The estimated error in the mass 
scale is ± 0.01 mass unit. 

(a) 
(b) 
(c) 

and 
(d) 

Some features of metastable peaks as exemplified by the peak in Fig. D.23-1 are: 
the half width is abnormai and increases as the accelerating .voltage is decreased, 
the peaks have rounded tops whereas the 02+ peak has a flat top, 
the center of the peak is displaced-about 0.08 mass unit.from the calculated value of 31.88, 

-· '- . .• 

the peak height varies as ·the square root of the accelerating voltage. 

It is reasonable to assume that the increased widths of the metastable peak over normal 
peaks is caused by velocity components added from the dissociation process. Beynon, Saunders, 
-and Williams3 have derived the relation of peak width, d, with accelerating voltage, V A• and 
kinetic energy, T, released in .the. fragmentation, 

d = 4 

M 2 
0 

M1 

1/2 
T \ •. 

eVA) ' 
(2) 
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If the widths of the peaks in Fig. D.23 -1 at various fractions of the peak height are plotted against 
VA -.1/2, Fig. D.23-3, a series of straight lines results, the slope of which is a measure of the 
kinetic energy release. In Fig. D.23-4 the apparent kinetic energy release for the dissociation is 
plotted as a functi.on of fraction of peak height measured, and it is seen that the apparent kinetic 
energy must lie between 0.001 and 0.04 eV. 

Coggeshall2 has analyzed the ion optics of metastable dissociations in a Dempster-type 
mass spectrometer, and shown that there is an increase of apparent mass with distance beyond 
the ion source at which dissociation occurs. Three contributing half lives to M/q = 31.88 from 
n-C4H10 were also found by Coggeshall. · 

Because of added velocity from dissociation, the beam width of ions resulting from a meta
stable dissociation is increased over that for a normal peak such as oxygen. The peak shape for 
those butane ior).s decomposing just at the exit slit of the ion source can then be represented by a 
trapezoid with a top width of beam width minus the slit width, and a bottom width of beam width 
plus slit width. The beam width assumed is the normal 02 + beam width plus the width calculated 
from Eq. (2). The observed peak will be the sum of a manifold of such trapezoids, with increas
ing mass centers as the butane ion travels further from the exit slit before dissociation. At the 
same time, the height of these trapezoids must decrease according to the time of travel to the 
dissociation point and the half life of the metastable butane ion. Cutoff occurs after 17 deg of 
travel, when the trajectories of the fragment ions strike the analyzer tube. 

To .obtain an integrated peak shape, the time of travel of the butane ion from the exit slit 
to the cutoff point was divided into 10 equal time intervals. A trapezoid of width determined by 
the assumed energy was constructed for each interval, and on the mass center corresponding to 
the center of the interval, as shown i.n Fig. D.23-5. Summing the contribution from each trapezoid 
at each mass point yields the final peak shape. 

Calculations of peak shape have been made usin~ only one adjustable parameter, the kinetic 
energy, T, of the dissociation. Half lives of 0.61X1o- and 2.7X10-6 sec were assumed for the 
metastable C4H1o+ ion as reported by Coggeshall, 2 and it was assumed that the same kinetic en
ergy was associated with each half life. The results, shown in Fig. D.23 -6, show that T = 0. 015 eV 
yields a fair representation of th~ observed metastable peak shapes at VA= 1550 V and 582 V re
spectively. At 582 V the top of the calculated peak is skewed to the high-mass 'side, indicating 
there is some·parameter still· not included in the peak representation. 
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Fig. D.23-1. Profiles ofM/q = 31.88 peak 
from the metastable dissociation 
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curve B, VA= 1550 V; and curve C, 
VA,= 582 V. Mass scale assumes 
Mjq = 28 (C2H4+) = 28.00. 

Fig. D.23-3. Peak widths in mass units of 
the M/q = 31.88 peak in n-C4H10 at 
various percentages of the total peak 
height plotted against the inverse square 
root of accelerating voltage. 
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Fig. D.23-6 .. Comparison of the calcula
ted against the observed peak shape 
for M/q = 31.88 peak in n-C4H10· 

(a) VA 1550 V. 
(b) VA= 582 V. 
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Fig. D.23-5. Schema for integrating mass 
peak M':' = 31.88 in mass spectrum of 
n-C4H10 · VA = 1550 V. The zero 
point is counted at 1/2 value because 
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24. APPLICATION OF HIGH-RESOLUTION SEMICONDUCTOR 
DETECTORS IN x-RAY EMISSION SPECTROGRAPHY'~ 

H. R. Bowman, E. K. Hyde, S. G. Thompson, and R. C. Jared 

D.24 

A new system for the chemical analysis of materials by x-ray emission spectrography has 
been conceived and tested. The new system makes use of semiconductor diode detectors to ana
lyze the energy spectrum of characteristic x rays excited in a specimen by y rays from a radio
active isotope. Figure D.24-1 is a schematic outline of the system. 

A y-ray source of moderate strength (e. g., 109 dpm) is placed near the analytical speci
men. For analysis of lighter elements Am241 is a suitable source because the neptunium L 
x rays and the 60-keV y ray emitted by Am24 1 are effective in exciting the K x rays of elements 
up to erbium. For the heavier elements Co57, which emits 122-keV and 137-keV y rays, is a 
suitable choice. They-ray source is shielded from the semiconductor counter. The character
istic x rays excited in the specimen impinge on the semiconductor diode ·detector and produce 
electrical pulses which are linearly amplified and fed to a multichannel analyzer. After a period 
of data collection the contents of the memory of the pulse-height analyzer are printed or plotted 
out. The result is an energy spectrum of the characteristic x rays. The energy of the x rays 
identifies the elements, and the integrated counts are proportional to the amount of each element 
present in the sample. 

Such a system is possible only because of numerous improvements in the manufacture of 
semiconductor detectors and associated electronic circuitry. 1 In particular the work reported 
here was stimulated by the advances made by Nakamura and Elad.2, 3 These workers used a field 
effect transistor (FET) as the first stage of a charge-sensitive preamplifier, and found that by 
mounting this part immediately behind the semiconductor diode and cooling it to liquid nitrogen 
temperature they could achieve a great overall improvement in energy resolution. For y-ray 
photons of 20 to 100 keV impinging on the detector, the resolution, expressed as full width at half 
maximum, was L1 keV. Subsequent changes reduced the figure below 1 keV. This number is to 
be compared with 2.5 keV for the best systems previously in use. 

The implication of this resolution improvement for x-ray analysis is that x rays of neigh
boring elements can be distinguished. 

The performance of the new system of x-ray emission spet:trography is demonstrated here 
in a series of figures. 

Figures D.24-2 through D.24-4 show results obtained with metallic foil samples irradiated 
with photons emitted by Am241 ("' 108 dpm). The semiconductor detector was a lithium-drifted 
silicon diode with a sensitive depth of 2. 5 mm and overall diameter of L4 em. It was placed 
in a vacuum chamber covered by a Be window. 

Figure D.24-2 represents data collection for 2 minutes. In the region of Ti-Cu an unre
solved K peak is obtained with slight separation of peaks of neighboring elements. In the Zr-Mo 
group there is a separation of Ka. and K13 groups and the clearer separation of neighboring ele
ments. L x rays of heavy elements can also be excited by Am241 radiations, as shown in the in
sert. 

Analysis of silver ions in solution and of common materials like phosphor bronze and 
solder is shown in Figs. D.24-3 and D.24-4. 

For heavier elements it is necessary to use more energetic exciting radiation. co57 is a 
good choice. Also it is preferable to use a lithium-drifted germanium diode. In these experi
ments a 1X3. em diode with a 3-mm-deep sensitive layer was used. Figures D.24-5 
through D.24-7 show the performance of the system in 2-min analyses of characteristic y rays 
emitted by metallic foils struck by the Co57 primary radiations. A characteristic pattern of 
Ka.z, Ka. 1 , Kf31• and Kf32 is observed for each element, and there is little difficulty in resolving 
the x-ray peaks of neighboring elements. 

It is believed that this new system has many advantages over the conventional x-ray spec
trograph based on Bragg reflection of x rays from crystal lattices. The overall simplicity and 
the capability of rapid simultaneous analysis of all constituent elements are outstanding advan
tages. The efficiency of measurement when all intrinsic and geometrical factors are considered 
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is orders of magnitude greater. No x-ray tube and no complex power supply is necessary, nor is 
a goniometer required. The K x rays of the heavy elements can be excited and measured as 
easily as the x rays of the lighter elements. 

The simplicity of the system, particularly the fact that the essential "head end" of the 
system can be made quite small, also opens up the possibility of attractive applications in anal
ysis of chemical plant process streams, in analysis of minerals in test holes in mines, in anal
ysis of materials on ion-exchange columns, etc. 

A further discussion of this x-ray emission :spectrogr~ph is given in the report (UCRL-
16485, Nov, 1965) of which this is a condensation. 

Footnote .and References 

,., 
'Short version of paper submitted to Science. 
1. Fred S. Goulding, Semiconductor Detectors for Nuclear Spectrometry, UCRL:-16231, July 

1965, lectures given at Herceg-Novi, Summer School for Physicists, August 1965. 
2. Emanuel Elad, A Preamplifier with 0. 7 keY Resolution for Semiconductor Radiation Detectors 

(UCRL-16390, Sept. 1965), Nucl. Instr. Methods 37 327 (1965), E. Elad and M. Nakamura, 
High-Resolution x-Ray and Electron SpectrometerruC;RL-16515, Nov. 1965), to be submitted 
to Nucl. lnstr. Methods. 
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Fig. D.24-1, Schematic arrangement of 
apparatus for excitation and measure
ment of characteristic x radiation of 
an ana1ytical sample. That part of the 
apparatus outlined in dashed lines is 
maintained at low temperature. 
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Fig. D.24-2. K x-ray spectra of several 
elements taken with lithium-drifted 
silicon detector. Americium-241 
source used to excite characteristic 
x rays. Each spectrum represents a 
separate experiment with a metallic 
or oxide sample of the element. Count
ing period was 2 min. Vertical scale 
is linear in the number of counts but the 
zero of the scale lies at a different 
level for each element. The insert 
shows L x radiation excited in heavy 
elements by Am241 radiation, data 
collection for 2 min; vertical scale 
identical to main figure. 
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Fig. D.24-3. Characteristic K x rays of 
silver excited in dilute solutions of 
AgN03 by 60-keV y ray of Am241. 
Arnericium-241 source strength--108. 
dpm. · Lower curve 0.5 g silver in 5 ml 
water held in cellulose nitrate tube. 
Data-collection time 2 min. Upper 
curve 10 mg silver in 1 ml water. 
Data"'-collection time 7 min plus 7 min 
background subtraction with sample 
replaced with 1 ml pure water. Lithium
drifted silicon detector. 
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Fig. D.24-4. Analysis of samples of solder 
and phosphor bronze. Figures show 
x rays excited in sample by Am241 
source and analyzed by lithium-drifted 
silicon detector. Counting time 2 min. 

Fig. D.24-5. K x-ray spectra of tantalum, 
platinum, gold, lead, thorium, and 
uranium recorded by lithium-drifted 
germanium semiconductor. The x 
radiation was excited in metallic foils 
of these elements by y radiation of 
Co57 Counting times were 2 min. 
Data across range of figures taken with 
400-channel analyzer. 
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Fig. D.24-7. Analysis of x radiation 
emitted by aqueous solutions containing 
tungsten (element 74) and gold (element 
7 9). Bottom curve- -1 ml solution of 
silicotungstic acid containing 350 mg W. 
Center curve--1 ml solution of silico
tungstic acid containing 35 mg W. Top 
curve--2 ml solution of silicotungstic 
acid containing 17 mg W and 220 mg Au. 
Characteristic x radiation excited by 
Co 57. Counting times 2 min plus 2 min 
background subtraction with pure water 
solutions in sample position. Lithium
drifted germanium detector used in all 
cases. 
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Fig. D.24-6. K x-rays of platinum and gold 
(upper spectrum) and gold and lead 
(lower spectrum) as recorded by lithium
drifted germanium detector. Counting 
time 2 min. x Rays excited in metallic 
foils by y radiation of Co 57. Central 
peak of Ka. group in upper spectrum 
shows superposition of platinum Ka.z· on 
gold Ka.1. In lower spectrum Ka. group 
of lead falls between K a. and K j3 groups 
of gold. 
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E. RADIATION CHEMISTRY 

1. REACTIVITY OF THE HYDRATED ELECTRON 
WITH ORGANO-NITROGEN COMPOUNDS t 

Rodney L. S. Willix and Warren M. Garrison 

Radiolysis of water leads to formation of reducing and oxidizing species, 

- + H 20 -- H 2 0 2 , H 2, OH, H, eaq' H , 

where e~ represent~ the hyd~ated electron. _Withy ray~ the 100-e_:r yields of th_ese decomposition 
products ~orrespond to GH - 0.45, GH 0 - 0, 7, GOH - 2. 9, GH - 0, 55, G e _ - 2.8. 

2 2 2 aq 
Recent studies of the radiation chemistry of the simpler a.-amino acids, viz., alanine and 

glycine, in oxygen-free solution have shown that the hydrated electron reacts with both the 
zwitterion and cation forms of these amino acids via reductive deamination. 2 In this work we 
measure the velocity constants for reaction of e- with a nurr1ber of a.-amino acids, f3-amino acids, 
N -acylamino acids and certain simple peptides <fiq pH 7 and at pH 3, The experimental approach 
is based on a study of competition kinetics involving the organo-nitrogen compound at a fixed con
centration (0,3 M ), 

R
3

N + e- --+- products, 
aq (1) 

and a second solute, chloroacetic acid, in increasing concentration over the range :::: 0,001 M to 
:::: 0.1 M. The latter reacts with e~q' according to the stoichiometry3 

RCl+ e- ..... R + Cl-, (2) 
aq 

to give chloride ion, which product is followed analytically. 

Chemicals were of research grade. The organo-nitrogen compounds were recrystallized 
from distilled water, .The chloroacetic acid was redistilled in vacuo. Chloride ion was deter
mined by the method of Luce et al. 4 following Hayon and Allen. 3 Methods used in water purifica
tion, in solutipn preparation, and in irradiation all have been described, 5 The irradiations were 
made with CobO y rays at a dose rate of 1.6x1o18 eV/g/min for a total dose of 1X1019 eV/g. 

All the compounds studied have pK Values such that at pH 7 each solute existS almost 
exclusively as a single species, i.e,, the zwitterion form of the a.-amino acids, f3-amino acids, 
and dipeptides, the cation form of the simple amines, and the anion for:rns of the acetylamino 
acids and the chloroacetic acid, For simplicity we distinguish these proton-deficient species in 
terms of R3N and RCl as defined by the equilibria 

(Rp)(H+)/(R 3N) = KR N 
3 

(Rei) (H + )/ (RCl) = KRCl 

The reactions in neutral solution then are written 

R
3
N + e- ..... products, 

aq 

R'Cl + e- ..... R + CC, 
aq 

to distinguish from the corresponding reaction of the acid forms given by Eqs. 1 and 2. 
simple competition in these two solute systems at pH 7 we may derive the expression · 

1 

G(CC) 

1 

+ G:- ( :: )(~) ' 
aq 

(1) 

(2) 

For 

(3) 



UCRL-16580 -208- E.1 

where G(CC) represents the experimentally observed chloride yield, (R3N) and (RCl) the concen
tration of the two solutes spe_s:ies in neutral solution, and £.1 and £2 the respective velocity 
constants for reaction with e • A plot of the reciprocal orthe chloride 

1
yield as a function of 

(R
3
N)/(RC1) gives a straighfqline as shown in Fig. E. 1-1 with slope __ (1</1<2 ). 

G -
eaq 

The intercept value 1/G(Cl-) = 0.36 gives G _ ""2.8, in good agreement with published values 
e 

9 -1 -1 aq 6 
Taking 1<2 = 1.2 X 10 }v1 sec as determined by Anbar and Hart in pulse radiolysis studies, we 
obtain tlie values of k 1 given in Table E.1-I. 

A parallel series of experiments was run at pH 3 to obtain rate constants for reactions of 
e~ with these organo-nitrogen compounds in the protonated form. Results are obtained in 
teilms of the rate constant for reaction of e- with the undissociated chloroacetic acid molecule. 
Corrections must be included for removal Jfl e~q by 

H + + e- -+ H, (4) 
aq 

with k = 2X10 10 M- 1s-1 and for the competition by R 3N and RCl at the concentrations deter
mined\y the equilibrium constants KR N' KRcl• It can be shown that Eq. 3 then takes the more 
complicated form 3 

1 

G(Cl-) 

1 + (5) 

Here again a plot of the reciprocal chloride i?n yield versus (R
3
N)/ (RCl) should give a straight 

line with intercept equal to 1/G _ • From the slopes given by 
eaq 

_1_ [k1(H+)+1<1:R3N+k4(H+)2/(R3N) l 
Ge_ k2(H ) + 1<2KRC1 

aq . 

6 9 -1 -1 we may calculate the respect~ve values of k 1, assuming k 2 = .6 X 10 M sec as derived from 
the work of Hayon and Allen. Values of k 1 so obtained are listed in Table E. 1-I. 

We n~te that all the plots of 1/G(Cl-) in Fig. E. 1-1 show a linear dependence on 
chloroacetate concentration over the range 1o-3M to 1o-1M. Although kinetic salt effects are 
observed in the reactions of e- with ionic specie.s, 7 • 8 the magnitude of this effect over the 
indicated chloroacetate conceJ{f.ation range is within the experimental error of the present work, 
10±0.1. Effects of ionic strength and also of dielectric constant on the reactivity of e;;:q towards 
organo-nitrogen compounds have been observed. 9 

Footnotes and References 

t Condensed version of paper to be submitted to Radiation Research. 
1. A. O. Allen, Radiation Res. Suppl. 4 54 (1964); J. T. Allan, J. Phys. Chern. 68,2697 (1964). 
2. B. M. Weeks, S. A. Cole, and W. Nr. Garrison, J. Phys. Chern., in press. 
3. E. Hayon and A. 0. Allen, J. Phys. Chern.· 65,2181 (1961). 
4. E. N. Luce, E. C. Denice, and F. E. Akerlund, Ind. Eng. Chern. 15, 365 (1943). 
5. R. L. S. Willix and W. M. Garrison, J. Phys. Chem. 69, 1579 (19tl5). 
6. M. Anbar and E. J. Hart, J. Phys. Chem. 69, 271 (1965}". 
7. G. Czapski and H. Schwarz, J. Phys. Chem~66, 471 (1962). 
8. P. J. Coyle, F. S. Dainton, and S. R. Logan,Proc. Chem. Soc., 219 (1964). 
9. R. L. S. Willix and W. M. Garrison, to be published. 
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Table E. 1-I. Rate constants for.reaction of organa-nitrogen 
compounds with the hydrated electron. 

Compound 

a-alanine 

f3-alanine 

2-methyl alanine 

N -acetyl alanine 

glycine 

glycl glycine 

glycyl glycyl glycine 

proline 

N -ethyl acetamide 

ethylamine 

3.0 

2.5 

2.0 

-1~ 1.5 

1.0 

0 50 100 
(R 3 N) (R 3 N) 

(RCI) or(RCI) 

-1 -1 
k 1{M sec ) 

3.1X109 

3.3X108 

< 0.5x 108 

2.3 X 108 

4.5X108 

8.9 X108 

5. 7 X 106 

::: 1 X 106 

150 

MUB·8988 

- -1 -1 
k 1{M sec ) 

2.0X10
7 

1.3X107 

5.2 X 106 

5.7X106 

1.3X107 

1.9X108 

7.2X108 

2.4x1o7 

Fig. E. 1-1. Typical plots of the 
reciprocal chloride yield as a 
f~tion..2£ {R3N)j{RCl) or 
{R 3N)/{RC1): a-alanine 
{Y cation, '\1 zwitterion), 
glycine {& cation, t:,. zwitterion), 
glycyl glycine (zwitterion D ), 
N -ethylacetamide (0), 
ethylamine cation (0). 
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2. FORMATION OF UNSATURATED PRODUCTS IN TtHE RADIOLYSIS 
. OE PEPTIDES IN THE SOLID STATE 

Mathilde Kland-English a·nd Warren M. Garrison 

Among the chemical changes observed on radiolysis of peptides, pol)'peptides, and 
proteins 1-3 are those associated with the producti.on of unsaturated derivatives through dehydro
genation, 

-CO-NH-CH-

1 
RCH2 

-co-NH-c-
..... II +Hz, 

RCH 
(1) 

and in the case of the serine and threonine residues through dehydration, 

-CO-NH-CH- -CO-NH-C-

1 11 ( 2) 
RCHOH RCH 

where Reactions 1 and 2 express only the formal stoichiometric requirements. Compounds con
taining the :-CONH-G( =CHR)- function have been designated dehydropeptides by G.reenstein. 4 
These unsaturated peptide derivatives are stable in neutral solution at room temperature but are 
readily hydrolyzed to yield ammonia and keto acid on mild hydrolysis in dilute mineral acid, 
-CONH-C( =CHR)- t H20-+ -COOH + NH3 t RCO-. The chemical evidence for dehydropeptide 

2 3 production in peptide radiolysis has been based· largely on studies of these hydrolysis products. ' 

The a-amino acid anhydrides (2, 5 -diketopiperazines) are of particular interest from 
the radiation chemical standpoint in that the dehydropeptide derivatives of these cyclic dipeptides 
(I) are isomeric with the 

CHR 
II 

/c"'-
H-N C=O 

I I 
O=C. N-H 

""'/ c 
. I\ 
H CH

2
R 

(I) 

CH
2

R 
I 

~c"-
N C-OH 
I II 

HO-C N 

'\'- / . c 
' ! 

CH
2

R 

(II). 

c orre spending 2, 5 -dihydroxypyrazine structure (II). The dihydroxypyrazine nucleus exhibits 
strong optical absorption in the visible and near-ultraviolet region (300 to 400 mfJ.), 5 and is 
readily determined spectrophotometrically at concentrations down to 10-5M. 

Preliminary experimental evidence has been given6 for the production of the 2, 5-
dihydroxypyrazine nucleus through rearrangement in alkaline solution of dehydropeptides formed 
in the Co60 '{ irradiation of amino acid anhydrides derived from glycine and alanine. We report 
here spectrophotometric evidence for formation of unsaturated product species in the '{ 
radiolysis of a series of cyclic dipeptides containing glycine, alanine, serine, and phenylalanine 
residues in various combinations. 

Glycyl alanine (gly-ala) 7 and glycyl serine (gly-ser) anhydrides were synthesized. 8• 9 

The symmetrical anhydrides of glycine and alanine, (gly-gly), (ala-ala), were obtained from 
Nutritional Biochemical Corp. The other cyclic dipeptides--viz., (ala-ser), (phen-ser), 
(phen-ala), and (phen-gly)--were obtained from Calbiochem; those which were not 
chromatographically pure, were fractionally recrystallized three times from water. The micro
crystalline powders were evacuated on the vacuum line in Pyrex ampoules for a minimum period 
of 48 hours. After irradiation with Co60 y rays ( 1.6X 1018 eV/g/min) the ampoules were 
opened to the atmosphere and the contents were dissolved in neutral water under nitrogen 
aeration. At this point the solutions show no appreciable absorption at wavelengths above 

r 
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:=:: 300 mf.l. when read differentially against corresponding solutions of the unirradiated anhydride. 
Addition of sodium hydroxide ( 0.02 M} then leads in each case to a rapid increase in optical 
density in the 300- to 400-mfJ. range-:-

With the irradiated dipeptides of the aliphatic series, (gly-gly}, (gly-ala}, (ala-ala}, 
(gly-ser}, and (ala-ser}, a characteristic absorption maximum is observed at :=:: 3 70 mfJ.. The 
authentic cyclic dehydropeptide, 3 -methylene -2, 5 -diketopiperazine prepared after Bergmann and 
Miekely, 9 develops identical spectrophotometric properties on standing in oxygen-free 0.02 N 
sodium hydroxide. Typical examples of the fully developed spectra are compared in Fig. D.15 -1 
with the spectrum of authentic 2,5-dihydroxypyrazine (3,6-dimethyl} prepared after the method of 
Karmas and Spoerri. 10 All these chromophores are rapidly destroyed on exposure of the solu
tions to the atmosphere: the dihydroxypyrazine nucleus in alkaline solution is extremely labile 
towards molecular oxygen. 10 

The aromatic dipeptides {phen-gly} and {phen-ala} give somewhat different results on 
dissolution of the irradiated samples in 0.02 N sodium hydroxide. The rapid increase in optical 
density is observed but the wavelength of maximum absorption appears at 325 mf.l. {Fig. E.2-2} 
rather than at the 370-mf.l. value obtained with the aliphatic series. The unsaturated derivative 
3 -benzylidine -2,5 -diketopiperazine, which is one of the expected irradiation products from 
{phen-gly}, was prepared5, 11 and found to rearrange in dilute base to give the 325 -mf.l. absorption 
band. Apparently, resonance between the benzylidene double bond and the benzene ring is suffi
cient to prevent a shift of the double bond into the heterocyclic ring, and as a result full isomer
ization to the 2, 5 -dihydroxypyrozine nucleus is not observed. Growth of the 325 -mf.l. band would 
then be related in terms of simple enolization, e. g. 

<j>CH 
li 

/c""' 
H-N C=O 

I I 
O=C N-H 

""-/ c 
/\ 

H R 

OH -

<j>CH 
il 

/G""' -
H-N C-0 

i \i 
O=C N 

""-/ c 
/\ 

H R 

We note also that the presence of the phe·nylalanine residue in a cyclic dipeptide does not invari
ably result in the formation of the benzylidene derivative. For example, irradiated (phen-ser} 
on base treatment yields a 3 73 -mf.l. absorption maximum with negligible absorption at 325 mfJ. . 
The evidence is that in {phen-ser} the unsaturation arises almost exclusively through dehydration 
of the serine resiliue to give the methylene derivative, which then undergoes the normal pyrazine 
rearrangement in alkaline solution; 

From these studies we conclude that the cyclic dipeptides represent a unique class of 
compounds for studies of mechanism in peptide radiolysis. The identification of irradiation prod
ucts which on dissolution in basic solution develop characteristic absorption maxima in the visible 
and near ultraviolet makes possible the direct spectrophotometric study of specific radiation 
chemical change. · 

Footnotes and References 

tBrief version of paper to be submitted to Radiation Research. 
1. M. E. Jayko and W. M. Garrison, J. Chern. Phys. 25, 1084 ( 1956}. 
2. A. Caputo and K. Dose, Z. Naturforschung 12b, 172\1957}. 
3. W. M. Garrison and B. M. Weeks, Radiation Res. 17, 341 { 1962}. 
4. J. P. Greenstein and M. Wihitz, Chemistry of the AminOAcids {John Wiley and Sons, Inc., 

New York, 1961}. 
5. H. Sorkin, Isomerization of Methylene Diketopiperazines (Ph. D. Dissertation}, Cornell 

University, 1960. 
6. M. Kland-Engli_sh and W. M. Garrison, Nature 197, 895 { 1963}. 
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Fig. E.Z-2. Absorption spectra of 
irradiated (phen-gly), (0); 
(phen-ala), (D); and authentic 

MU 8·8985 

Fig. E.2-1. Absorption spectra of 
irradiated (gly-gly), (e); (gly-ser), 
(~); (ala-ser), (D); and the authentic 
compounds: 3-methylene-2,5-
diketopiperazine (0) and 2.5-
dihydroxy -3,6 -dimethylpyrazine, 

3 -benzylidene -2, 5 -diketopiperazine 
(~); all in 0.02 ~sodium hydrozide. 

all in 0.02 ~ sodium hydroxide. 
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F. INORGANIC CHEMISTRY 

THE EXTRACTION OF PERCHLORIC ACID BY TRILAURYLAMINE. 
I. AROMATIC DILUENTSt 

J. J. Bucher and R. M. Diamond 

Among the prominent organic extractants, the trialkylamines are the most basic and, 
hence, the best extractants for acids. In such systems, consisting of an acid in an aqueous phase 
and an organic extractant in a solvent medium, the extraction or distribution can be considered a 
competition among the organic extractant, water, diluent, and anion for coordinating or solvating 
the proton. The basic amine can take the proton away from the water to form an ammonium ion, 

+ - + H 30 + R 3N(o} ,._ R 3NH(O} + H 20, 

and it might be expected that such a system would be relatively simple in its behavior. However, 
the possibility of electrostatic ion aggregation in the low-dielectric-constant organic phase, and 
the effect of the co-extracted anion and of the organic diluent must also be considered, as well as 
the possibility of extracting excess acid. 

In this paper we are interested in discussing the role the organic diluent plays in the ·ex
traction, and how its chemical (basic} and its dielectric (Coulombic} properties influence the ex
traction. Only aromatic diluents and a related 1T-electron-containing solvent, tetrachloroethylene, 
were employed. To minimize the effect of the anion, the large anions, Cl04- and Re04-, were 
used, and to prevent extraction of excess acid, aqueous acid concentrations less than 0.2 M were 
employed. 

Figures F.1-1, F.1-2, and F.1-3 show the results obtained for the extraction (actually 
the back-extraction} of HRe04 tracer in HCl04 by trilaurylamine, TLA, in anisole, benzene, 
1, 3, 5-trimethylbenzene, 1, 3, 5-triethylbenzene, a-dichlorobenzene, chlorobenzene, tetrachloro
ethylene, and nitrobenzene. For Figs. F.1-1 and F. 1-2 the logarithmic plots are of the organic 
alkylammonium salt concentration vs the product of the conc~ntrations of the organic amine, 
aqueous hydrogen ion, and aqueous perchlorate ion. Concentrations of TLA· HCl04 in the organic 
and aqueous phases were determined by counting the Re04- tracer in an aliquot and comparing 
with a standard sample. The dotted lines for each of the curves in Figs. F. 1-1 and F. 1-2 are the 
results of determining the aqueous-phase acid concentrations by titration. This direct determina
tion, instead of using the Re04 - tracer data, is necessary in the more concentrated ammonium 
salt region where the difference in extraction between HRe04 and HCl04 becomes greatly exag
gerated because of organic-phase aggregation. Figure F. 1...:3 has a log-log plot of the mean alkyl
ammonium salt activity, as well as of the organic-phase ammonium ion concentration, vs the 
product [H+][Cl04-][R3N](o)• 

The organic diluent influences the extraction in two main ways. It can interact with the 
extracted salt through the effect of its dielectric properties on the .charged ions, and it can inter
act directly with the amine and the ammonium salt by short-range chemical forces. The first ef
fect is easy to understand. As can be seen by applying the Born charging expression to the trans
fer of a pair of ions from water to the organic phase, there is a relatively large, positive elec
trostatic free energy which opposes the transfer. But the higher the dielectric constant of the or
ganic phase, the better the extraction of a particular acid to form an amine salt. Thus, in this 
study, it has been found that the extraction of HC104 and HRe04 is greater into nitrobenzene 
(E = 34.8) solutions of TLA than into any other solvent system observed (all e: < 35}. Further
more, it is shown that in nitrobenzene the extracted ammonium salt occurs as dissociated ions, 
and this is confirmed by cryoscopic measurements. 

All the rest of the diluents extract the ammonium salt as an ion pair at low concentra
tions in the organic phase, 

Aggregation beyona the ion pair occurs with most diluents at higher concentrations. Table F.1-I 
shows that the order of increasing K 1; the overall constant for the extraction of TLA· HCl04 
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as an ion pair, parallels roughly the order of increasing dielectric constant. 

On the other hand, the parallelism in the order is not exact. For example, anisole with 
a dielectric constant of 4.33 has a larger K1 than chlorobenzene with a dielectric constant of 
5.62. Thus, at least one other factor is involved. Besides "electrostatic" solvation of the ions-
that is, the effects of the long-range Coulomb field of the ions--there is also a "chemical" 
solvation, a short-range interaction. By this is meant the direct coordination of the ions with the 
solvent molecules. The perchlorate anion is a very weak base and as such is not expected to take 
much part in interactions with the weakly basic solvent molecules used in this study, but the 
acidic R3NH+ cation can do so via its hydrogen. This hydrogen, which is most likely the site of 
the cationic charge, would like to surround itself with negative charge (i.e., the anion), with the 
negative end of solvent dipoles, or with any unbonded electron pairs that are available. The 1T 

electrons of the aromatic molecules used as diluents in this study come under this classification, 
as do the basic electron-donating oxygen atoms of the ether, ester, keto, and nitro groups. The 
stronger the interaction of the ammonium cation with the 1T electrons or the basic groups, the 
greater is the reduction in free energy of the species in the organic phase, and the greater its 
extraction. 

A similar argument holds for the order of the organic-phase TLA· HC104 concentrations 
at which the salt aggregates beyond the ion pair in the different solvents.. The order goes roughly 
as the dielectric constant, but with the same abnormalities. Again these can be explained by the 
same hypothesis that the stronger the complexing of the ammonium cation by the basic solvent 
molecules (either through rr electrons or more strongly through basic oxygen-containing groups), 
the less need the ions have to lower their free energy by ion aggregation.: Another way of looking 
at this is that the stronger the complexing of the ammonium cation by the solvent molecules, the 
larger the dynamic size of that (solvated) cation, and hence the smaller the degree of aggregation. 

Finally, the appearance of steric hindrance in the cation complexing by trimethyl and 
triethylbenzene supports the suggested ammonium-cation solvent interaction, and the particular 
hypothesis of the 'IT-electron, ammonium-cation interaction would explain the observed fact that 
the ion aggregation in aromatic solvents is less than that in aliphatic or saturated cyclic solvents. 

Footnote 

fBrief form of J. Phys~ Chern. 69, 1565 (1965) (UCRL-11616 Rev.). 

Table F. 1-I. Comparison of order of extraction constants and dielectric constants. 

K1 
Dielectric 

Solvent constants 

T riethylbenzene 2.4 X 104 2.26 

Tetrachloroethylene 3.3 X 104 2.30 

Trimethylbenzene 1.8 X 105 2.28 

Benzene 3. 7 X 106 2.28 

Chloro benzene 4.2x1o7 5.62 

Anisole 1.2 X 108 4.33 

o -dichlorobenzene 1.5X108 9.93 

;,.. 

·~ .. 
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Fig. F. 1-1. Plot of organic-phase 
alkylammonium salt molarity vs 
the product of free amine and 
aqueous hydrogen and perchlorate 
ions concentrations, for the 
organic diluents (1) anisole, 
(2) benzene, (3) mesitylene, and 
(4) triethylbenzene. 0, data 
from Reo4 - tracer; t:., data 
from acid titration; '\!, data from 
acid and amine dependencies in 
benzene. 
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Fig. F. 1-2. Plot of organic-phase 
alkylammonium salt molarity vs 
the product [R3N] 1 ,[H+)[clo4 -], 
for the organic dihtgflts (1) o
dichlorobenzene, (2) chloro'benzene, 
and (3) tetrachloroethylene. 0 and 8, 
data from Re04 - tracer; t:., data 
from acid titration. 
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Fig. F. 1-3. Plot of organic-phase 
alkylammonium salt molarity 
0, and mean ion activity 0 , 
in nitrobenzene vs the product 
[ R 3N] (o)[ H+][ ClO 4 -]. 

2. SPECTROPHOTOMETRIC DETERMINATION OF GOLD WITH AZIDEt 

Ray G. Clem and E. H. Huffman 

A spectrophotometric method for the determination of gold has been based on measuring 
the absorbance of the complex formed when gold(III) reacts with azide. Gold alone, in the opti
mum range from 38 to 127 f.Lg, may be determined by measuring the absorbance at 325 mf.L in 
aqueous solution buffered at pH 6.00. Gold in the presence of the tolerated platinum metals is 
determined by extraction of the complex into n-butyl alcohol and measuring the absorbance in the 
organic phase at 330 mf.L. From 1.5 to 5.3 ppm of gold give absorbances in the optimum range, 
although Beer's law is followed well beyond these limits. Figure F. 2-1 shows the spectral scans 
in the near ultraviolet region of the gold azide complex in water and inn-butyl alcohol, taken 
against appropriate blanks. 
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Gold is easily separated, by reduction to the metal, from gross amounts of most metal 
impurities. Because of the ease of this separation, an extensive list of diverse ions was not 
studied. The metal ions which might be used for the separation, or which follow gold, are tel
lurium, mercury, silver, palladium,- platinum, and rhodium. None of these elements, in 1-mg 
quantities, causes an error in excess of 2.8o/o in the determination of 39.4 flg of gold by the rec
ommended procedure. 

F.2-2. 

or 

Mole ratio plots show sharp breaks at a ratio of 4 N 3 - to 1 Au- 3, as shown in Fig. 
These results could be interpreted to indicate either of the reactions 

AuC1
4

- + 4 N
3

- = Au(N
3

)
4

- + 4 Cl-

AuC14- + 4 N
3

- = Au(N
3

)
2

- + 4 Cl- + 3 N
2 

-, 

although no nitrogen evolution was noted. The addition 'of azide to gold(III) has be
1
en reported to 

form expl~sive orange-colored crystals upon careful evaporation of the solution. -No analysis 
was reported for the product, .but is has been referred to as AUN 3• 2 A similar product, prepared 
for this study, was analyzed for azide. The results indicated negligible oxidation of azide, hence, 
negligible reduction of the gold(III). The product, when redissolved in water, again had an ab
sorption maximum at· 325 IDf1, indiCating no change on evaporation.- It appears that the earlier 
preparation$ gave sodium and potassi'um tetraazidogold(III) salts rather than gold(!) azide, and 
that the Au(N 3)4 - species is the absorbing ion used here_in. 

Footnote and References 

tBrief version of Anal. Chern. 37, 1155 (1965). 
1. T. Curtius and J. Rissom, Prakt. Chern. 58, 304 (1898). 
2. J. W. Laist, in Comprehensive Inorganic Chemistry, M. C. Sneed, J. L. Maynard, and 

R. C. Brasted, Eds. (Van Nostrand, New York, 1954), Vol. 2, p. 237. 
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Fig. F. 2-1. Absorption spectra of 
analytical species and blanks 
(A) 2 X 1o-5 M Au+3 in water; 

-- . -3 0.10M N 3 ; 0.50~ P04 ; 
pH 6;!)0; readings vs (D); . 

(B) n-butyl alcohol extract of 
solution as for (A) except 
0.20 M N 3 -; readings vs (C); 

(C) n-butyl alcohol extract as 
for (B) without Au+3; readings 
vs solvent; 

(D) solution as for (A) without 
Au+3; readings vs water. 

All with 1.00-cm cell. 
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G. INSTRUMENTATION 

1. 88-INCH CYCLOTRON RESEARCH AND DEVELOPMENT 

David J. Clark, Elon Close, and Hogil Kim 

This report briefly summarizes the research and development work completed in the past 
year. The following people have been responsible for this work. H. Conzett is head of operations. 
The mechanical design group is under D. Elo. P. Pellissier is the electrical project engineer. 
General coordination is under A. Hartwig. Development and general machine improvement studies 
have been done by D. Clark, H. Kim, E. Close, and R. Burger. The crew supervisor is John 
Bowen and the accelerator technician supervisor is John Meneghetti. 

Operation 

The machine runs three 8 -hour shifts per day, 7 days a week. The distribution of time 
among various users is as follows: Nuclear reactions and scattering, 54o/o; isotope production, 
22%; biomedical research, 4o/o; beam development, 10%; maintenance, 10%. 

Improvements in Internal Beam Region 

A remote gas-feed system was put into operation. This will allow the ion source ·gas· to 
be changed remotely from the control room. Gases can also be mixed for best ion source opera
tion. The dummy-dee test was completed. It showed that the center region will have to be read
justed when the dummy dee is used. It was removed to improve the contact design, and will be 
reinstalled when axial injection is ready for testing. Tests were made on deflector power. handling. 
The most difficult problem with this type of deflector is the construction of the thin septum which· 
divides the internal and external beams. About 1/3 of the internal beam is dumped on the leading 
portion during deflection. It was found that 0.010-in. -thick tungsten, radiation cooled, with a 
carefully shaped slot gave better power handling than water-cooled copper. External beams of up 
to 3 kW are available at most energies. The use of TV viewing of the septum and a jack for re
motely raising and lowering it have helped greatly in this work. The new deflection system is dis
cussed separately. 

The electrical improvements in.this region include new trim-coil supplies, now being 
installed. This increases the number from 11 to 17, so that each of the 17 trim coils will have 
its own supply, allowing more flexibility in trimming the magnetic field. The dee voltage ripple 
was reduced with the installation of a filter in the oscillator power supply. A new dee voltage
pickup plate was installed at the dee edge. This gives a frequency-independent signal and displays 
the accelerating voltage waveform. 

Improvements in External Beam Region 

The beam line which brings the defleCted beam to the switching magnet has been greatly 
improved. An exit probe has been installed where the beam leaves the tank. This monitors beam 
which formerly hit the tank walls. A new box placed outside the tank contains a new steering mag
net for aligning all beams to the beam pipe, 1 a new x collimator which reads beam current, a new 
blank plate for measuring the total extracted beam current, a new slotted plate for increased pre
cision in measuring horizontal beam emittance, and a remote quartz plate which can be viewed 
with TV. The first quadrupole magnet on this line has a new elliptical beam pipe 6 in. horizontally 
by 3 in. vertically to match the beam shape better than the previous 4-in. -diameter beam pipe. An 
improved support frame was made for this quadrupole. An unequal ~istribution of current to its 
poles is being provided to steer the beam vertically, when required. 

A large box with many ports has replaced the "staging" beam line from the first quadrupole 
to the switching magnet. Most of the old probes have been transferred into this new box, with 
some improvements. A new analyzing slit has been built for installation in this box. This can be 
used to align the beam with the beam pipe, or to define the radial source for the switching magnet 
when it is used for energy analysis in Cave 1 or 2. A new slotted plate has been made to be in
stalled in this box •. It will be used for vertical emittance measurements. 
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Tests are being made on an NMR probe for stabilizing the magnetic field of the switching 
magnet. This will improve the energy stability ofbeams in Caves 1 and 2. A beam sweeper has 
been built. It consists of vertical and horizontal sweeping magnets, which will spread the beam 
over an area 8 by 8 in. for biomedical irradiations. 

Beam Development 

Development of new beams has continued during the past year. Energies now available 
are: protons from 10 to 55 MeV, a particles from 15 to 130 MeV (D at half these energies), and 
He 3 from 10 to 145 MeV. To develop a new beam we calculate trim-coil settings from the desired 
isochronous magnetic field, and estimate center -region and deflector settings. We then optimize 
the external beam with trim coils, center region, deflector, dee frequency, dee voltage, and 
possibly harmonic coils. Third harmonic acceleration must be used on a particles at less than 24 
MeV and on He3 at less than 18 MeV. In this mode the dee frequency is three times the particle 
frequency, making acceleration less ,efficient in the first few particle revolutions. Beam intensi
ties are about half those for normal first-harmonic operation. Some time was spent improving 
older beams. Future work will include developing He3 energies up to about 160 MeV, as required. 

Studies have been made of the external beam quality and extraction efficiency. Measure
ments were made on the best operation of the old deflection system before it was removed from 
the machine, as a reference for comparison with the new system. The best deflector transmission 
obtained was 60% on a 65-MeV a beam, and 70% on a 120-MeV a beam. In overall transmission 
from internal to external beam, up to 10% loss occurs at a coupling resonance just before extrac
tion, and a 10 to 30% loss occurs near the tank exit because the beam is more than 4 in. wide 
horizontally. Emittance measurements gave a value of about 50 mm-mr horizontally, the same 
as measured previously. 

Line 4 in the cyclotron vault was used for studies of energy spread and phase width of 
the external beam. This line is the continuation of the staging line straight through the switching 
magnet, and is useful to study the "raw" beam from the machine. On this line a phase probe and 
a scattering foil with a solid-state counter have been installed. An x collimator has also been put 
in this line to study the energy dispersion of the deflection system. 

Studies have been continued from last year on the effects of machine parameters on the 
energy and phase of the external beam. The beam is sensitive·to dee voltage and frequency varia
tions. This is because the present precession method of extraction is very sensitive to the number 
of particle revolutions in the machine. The dee voltage should be regulated to 0.1% and the fre
quency to 0.002% for stable operation with this type of extraction system. It is believed that the 
new deflector will be less sensitive to these parameters. With careful tuning the energy spread 
of the extracted beam could be as small as 0.2% FWHM with normal extraction efficiency, for a 
65-MeV a beam. This percentage is rather independent of particle energy. The phase width is 
about 45 degrees FWHM. 

Computer studies have been continuing on beam dynamics. The tabulation of the equilib
rium properties of various internal beams is in progress, using the equilibrium orbit code. These 
help to understand various problems of injection, acceleration, and extraction of beams. One 
interesting result is that the cyclotron could accelerate protons to 75 MeV if the dee frequency 
went higher. At present this limit is 60 MeV. A center-region code is being debugged." This will 
serve as a guide in improving internal beam quality and designing the axial injection system. 
Studies have also been made with the general orbit and extraction codes in designing the new de
flection system. Some studies have also been done by computer and hand calculation on the gap
crossing resonance near the center of the cyclotron. This resonance moves the beam centers 
about 0.4 in. in this region. This must be compensated either by ion source offset or by the first 
harmonic coil. Studies indicate that it is preferable to use the harmonic coil for best beam qual
ity, and this will be tested in the cyclotron. 

Special Projects 

The largest project during the past year has been the design and construction of a new 
deflection system. The principal change in the system has been the addition of an electrostatic 
regenerator to give controlled turn separation at the entrance to the deflector, as described in 
last year's report. The regenerator is an electrode, 24 in. long, with positive voltage up to 60 
kV. The deflector itself is similar to the old design, but with three sections instead of two, for 
more flexibility (see Fig. G. 1-1). The mechanical and electrical design of the new system includes 

,. 
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support and face plates, e l ectrodes w ith two additional power supplies , e l ec trode pos ition drives , 
and readouts. A n ew 10-in. diffusion p ump was added to the dee tank to improve the v acuum for 
regenerator voltage stability. The d eflection channe l shape was d es i gned from computer studies 
for a 130-MeV u beam, th e most difficult case . The b es t settings we r e a l so predicted from com 
puter runs for a 65-MeV u beam. The expec t e d improvements are b e tte r extra c tion effi ciency, 
b eam quality, and stability . The new sys t em was in stalled during November 1965. After 3 days 
of t es ting with b e am, ther e were six ene r g ies of u b eams deve loped, from 23 MeV to 130 MeV. The 
d e fl ec tor transparency va ried from 25% to 60%. The energy spread could b e tune d cons i stently to 
0.3% FWHM. The stabi Lity of the exte rnal beam qua li ty i s b ette r than w ith the old system. It i s 
expec ted that the operation can b e improved considerabl y with more beam d evelopme nt. 

Work on the d es i gn of a n axi a l inj ect ion system started this year. A full-scale mode l 
bench tes t was set up, including an ion sour ce , 5-ft pipe w ith focusing lenses, a nd p rob es for 
studying the b eam characteristics. This mode l will guide the final des ig n of a system f o r injecting 
i o ns from an external sour ce down a hole through th e cente r of the magnet pole . The r e i t w ill be 
inflec ted into the normal first r evoluti on of the acceleration cycle . This system w ill b e useful for 
accelerating polarized protons and d e ute r ons. 

An automatwn system is b e m g designed to provide greater speed and reliability for the 
setting and monitoring of mach1ne parameters . 3 The inp ut w ill b e on IBM cards , punched w ith the 
machine parameters of standard b eams . 

R eferences 

1. J. Burnside , Radial Beam Steering Magnet , LRL Engineering Note EET-1080, Nov . 1965 . 
2. Designed by R. Cox; to be described i n a late r report. 
3. David R. Struthers, Automatic-Control-Sys tem D es ig n f o r the Berkel ey 88 -Inch Cyclotron. 

UCRL-16210, June 1965 . 

Fig. G. 1-1. - New deflection system , showing the 
e l ec trostati c regenerator and the three-section 

· electrostatic deflector. It was installe d in 
November 1965. 
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2 . ENERGY LEVELS OF Pu+
3 

ON LaCl
3

. t 

John G. Conway and K. Rajnak 

Recent studies of configuration interaction effects in the rare earth ions have prompted 
our interest in this problem to determine values of the confie;uration interaction parameters for 
the actinides. At present Pu+3 is the only trivalent actinide on which there are sufficient data for 
such a calculation. Previous calculations using hydrogenic assumptions give a rms deviation of 
500 cm-1. The addition of two configuration interaction parameters, a and j3, reduces this rms 
deviation to 103 cm- 1. These calculations used 12 levels below 20 000 cm-1. The good fits 
prompted an extention of the measurements, using the original plates of Lammermann, to the 
limit of the observations at about 32 000 cm-1. A strong absorption sets in at this point. An 
additional 13 levels were obtained, and these together with the original 12 were fitted to a rms 
deviation of 100 cm-1. 

The values of the parameter-s for the 25-level fit are Eo 
E 2 = 14.99, E3 = 350.18, !;, = 2260.2, a.= 36.50, j3 = -1171. 

Footnote 

14 930.5, E 1 

t Short form of J. Chern. Phys., Jan. 1966 (UCRL-16292, July 1965). 

3. A PREAMPLIFIER WITH 0.5 keV RESOLUTION 
FOR SEMICONDUCTOR RADIATION DETECTORS. t 

E. Elad and M. Nakamura 

3726.0, 

The high resolution of semiconductor radiation detectors put stringent demands on the 
performance of the preamplifier unit. In order to exploit fully the capabilities of these detectors 
further development in preamplifiers was needed. The inherent low noise of the field-effect 
transistor (FET) made it an attractive candidate for the input stage of high-resolution preampli
fiers. The FET preamplifier described has pulse generator resolution of 0.5 keV FWHM, and it 
allowed measurement of -y-ray and electron spectra with 1.1 keV and 1.5 keV resolution, respec
tively. Low-energy x rays were measured with resolution as good as 0.95 keV. 

The approach followed in the design of the preamplifier was based on the optimization of 
the signal-to-noise ratio. The main effort made was to minimize the input capacitance and to find 
the best device for the input stage and the configuration in which it will be employed. The actions 
taken were as follows: The input stage of the unit, which uses the FET as its active device, was 
inserted into the chamber containing the detector, thus minimizing the stray input capacitance and 
simplifying the cooling of the FET. The best performance of the FET was obtained at -1 80oC, 
and this temperature was achieved by mounting the FET directly on the cold finger . SevE\ral types 
of transistors were checked, and the best units were found among the Texas Instrument 2N3823 
type. The semiconductor detector was electrically insulated from ground by a good heat con
ductor such as sapphire. This feature allowed direct coupling between the detector and the FET 
stage, eliminating the strays of the coupling capacitance. 

The block diagram of the preamplifier described is given in Fig. G. 3-1. The charge 
delivered by the detector is applied to a charge -sensitive amplifier composed of a common-source 
FET stage, an integrator and amplifier 1. In addition to optimi zation of the input stage, further 
improvement of the signal-to-noise ratio was achieved by filtering the output of the FET stage, 
with low-pass filters. The output signal of the charge-sensitive section is amplified by feedback 
amplifier 2 in order to diminish the influence of low -frequency pickup by the cables between the 
preamplifier and the main amplifier. 

A large variety of lithium-drifted germanium and silicon detectors was operated in con
junction with the preamplifier. The best resolution was obtained with low-capacitance detectors, 
LRL-Berkeley ~nd Livermore type. For a 2-pF germanium detector, 1.1 keV resolution was 
obtained for Co 7 -y rays. With a smaller silicon detector (5 mm diameter and 3 mm thick}, 0.95 

• 
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keY resolJJtion was obtained for the 14.36-keY x rays of Co57 and 1.5 keY for u237 conversion 
electrons. 

The potential capabilities of the. described .low -noise preamplifier can be deduced from the 
spectrum of platinum x rays given in Fig. G. 3-2,· where the K and K13 groups are clearly sepa
rated. The preamplifier was used successfully by many exper~menters in our Laboratory, and 
among their achievements one has to mention the development of a novel technique for chemical 
ailalysis of material samples. 1 · 

Footnote and Reference 

t Short version of reports UCRL-16390, Sept. 1965and UCRL-16515, Dec. 1965, submitted to 
Nucl. Instr: Methods. . 
1. H. R. Bowman, E.· K. Hyde, and S. G. Thompson, UCRL~16485, to be published. 
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Fig. G. 3-1. Block diagram of the 
preamplifier. 
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Fig. G. 3-2. Ka. and Ki3 groups of 
platinum x rays. 

4. NUCLEAR INSTRUMENTS 

William Goldsworthy 

Two separate programs have been undertaken in the design of new instruments. One of 
these has been associated with the design of a high-pulse-rate single-channel aniilyzer. The other 
has to do with the design of a pulse area sensitive device that allows pulses to be compared and 
analyzed on a strictly pulse area basis. · 

In the further studies into linear amplifier circuitry, a new method of pulse shaping has 
also been developed which displays certain advantages over presently employed methods. 

Single-Channel Pulse-Height Analyzer 

This analyzer has been developed to handle extreme pulse rates with a minimum of reso
lution degradation and to provide either timed, trailing-edge, or crossover readout programming. 

In order to reduce the spread in resolution resulting from high counting r.ates, this ana
lyzer can provide a completely d. c. logic system following the input. Readout from the analyzer 
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can be programmed to occur at the trailing edge of the input pulse, at. any time from 0.4 fJ.Sec to 
10 fJ.Sec after the arrival of the input pulse, or at a time determined by an externally connected 
device such as a crossover detector. Particular care was taken in the design so that the opera
tion would not be sporadic even under the most· extreme conditions. This instrument is· being 
evaluated ·by the Chemistry Electronics group. 

Integrating Window Amplifier 

Evaluations are presently being made to determine the feasibility of employing measure
ments of pulse area rather than of pulse amplitude in the energy analysis of nuclear -produced re
actions. Improvements in resolution and linearity are anticipated by the employment of this 
technique. 

An instrument with the capability of converting pulse -area information into pulse -ampli
tude information is now being evaluated, and a second improved version of this type of instrument 
is presently being fabricated. 

If this technique of pulse-area analysis proves successful, the whole concept of analyzing 
nuclear-energy-produced pulses may have to be modified. 

Symmetrical Pulse Shaping 

A new technique has been developed to symmetrically shape pulses in amplifier .systems. 
This technique, which employs one rather than two delay lines, is described in detail in the 
December 1965 Review of Scientific Instruments, as well as in UCRL-16006, March 1965. Ad
vantages gained by the use of this smgle line symmetrical shaper are more accurate control at 
the crossover time, reduced loss in amplifier gain, and considerable circuit simplification. 

5. A 4096-CHANNEL ANALOG-TO-DIGITAL CONVE.RTER 

F. S. Goulding, L. B. Robinson, and F. Gin 

The advent of computers used on-line for nuclear spectroscopy and the high-resolution 
performance of germanium x-ray detector systems have resulted in·a demand for improved and 
more adaptable analog-to-digital converters. In particular, larger numbers of channels, high 
speed, and the ability to connect to a computer are requirements. We have developed a 4096-
channel ADC meeting these needs. It employs a binary approximation technique and uses the 
scheme proposed by Gatti1 to improve differential linearity. The conversion time is 24 fJ.Sec 
(later to be changed to 12 fJ.Sec). Integrated circuits are used for all logic circuits. 

A number of these ADC's will be multiplexed to a PDP-7 computer system for '{-ray 
spectroscopy. In order to accomplish this a multiplexer unit is being developed which will service 
the ADC' s in either a priority or random order as counts occur in the ADC' s. 

One version of the ADC is to be used for multiparameter analysis. Eight pulse inputs 
drive stretcher circuits and the ADC encodes each of the stretcher inputs and presents the digital 
codes to the computer for immediate analysis and storage. This unit is presently being used as 
a part of the particle identificator system for rare events in the 88 -inch cyclotron installation, 
but its design is suitable for ,other multiparameter applications. 

Reference 

1. E. Gatti, in Karlsruhe Conference on Automatic Acquisition of Nuclear Data, EANDC, July 
1964, p. 261. 
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6. INSTRUMENTS DEVELOPED FOR THE NEW AEC MODULAR SYSTEM 

F. S. Goulding, s: Wright, D. Schurr, and D. Landis 

A brief description of several instruments developed during the past year and packaged 
in the new AEC 8-3/4~inch modular bin is given below. 

Standard Amplitude Negative Pulse Generator 

11X3281P-1: Size 3 Module 

This generator provides negative pulses with a decay time of 120 fJ.Sec. The amplitude 
of the output is stable with time and temperature. The amplitude variation- with temperature is 
less than 0.005%/oC. 

The generator is well suited to check the resolution of preamplifiers and pulse amplifier 
systems. The output is adjustable by helipot (100 mV to 1.1 V), to correspond to a given energy 
range-this makes possible direct energy calibration of preamplifiers. 

The generator can either free -run with adjustable periods from 10 sec to 2 msec, or be 
triggered externally up to a rate of 500 cps. A synchronizing output is provided for oscilloscope 
triggering, 

Pulse Generator 

11X3341: Size 3 Module 

This is a general-purpose pulse generator. The free-running oscillation period is ad
justable from 0.2 fJ.Sec to 100 msec. It may be triggered externally by a positive. or negative input 
or manually pulsed. 

The output can be delayed from 100 nsec to 10 msec, and its width is adjustable ·frorri 100 
nsec to 10 msec. Positive or negative output is available with an amplitude a-djustable from 1 to 
10 volts, using a helipot. Attenuators of 10 and 100 are also provided. The output can be inte
grated with time constants of 0.1, 0.2, or 0.5 fJ.Sec. The nonintegrated rise time is .10 nsec. A 
synchronizing pulse is available for oscilloscope triggering. 

Count Ratemeter 

11X3871P-1: Size 3 Module 

6 
The diode-pump scheme is used to achieve a ratem~ter providing six linear ranges (1 to 

10 cps) and three three-decade logarithmic ranges (1 to 10~ cps) with an accuracy within 2%. 
Switches provide for the handling of positive and negative input pulses, meter-range changing, and 
meter time-constant shortening for low count rates. An input discriminator is provided. A 
simplified block diagram is gi\Ten in Fig. G. 6-1. 

Scale-Down Unit 

11X3580P-1: Size 2 Module 

The scale-down unit has two different input modes. One is coupled directly into the scale
down unit and the other goes through a special anticoincidence circuit. The input level must be at 
least 2 V positive and at a rate no greater than 2 me. 

The second input can be used when a spectrum is desired from the singles count in a 
coincidence system. The anticoincidence circuit rejects the counts that have a coincidence pulse 
and allows the scale -down to reduce the singles count to a rate equal to or below the coincidence 
rate. The output of the scale -down can be used to open a linear gate to allow the spectrum to be 
analyzed in a pulse-height analyzer. 

The scale-down ratio is switched from 1 to 100 in steps of 1, 2, 5, 10, 20, 50, and 100. 
The timing is not affected by different ratios of scale-down. The output signal is a positive 5-V 
pulse equal in width to the input pulse. A block diagram of the unit is shown in Fig. G. 6-2. 
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Fig. G. 6-1. Count Ratemeter 11X3871P-1. Fig. G. 6-2. Scale-Down 11X3580P-1. 

7. GERMANIUM GAMMA RAY DETECTOR DEVELOPMENT 

W. L. Hansen and· B. V. Jarrett 

Progress in the development of germanium detectors has been greatly retarded in the 
past six months due to the-inability to obtain good quality germanium crystals. Most germanium 
used for detectors has come from a single source whose crystal quality deteriorated in the middle 
of 1965. At this time, detectors with sensitive depths greater than 6 mm can rarely be tnade, and 
even less thari 6 .mm only with considerable difficulty. 

Aside from the germanium problem, significant progress has been made in producing 
thin entrance windows and in energy resolution. Given reasonable quality germanium, detectors 
with window thickness comparable to silicon surface barriers can be made routinely. These 
detectors have a cross-sectional geometry as shown in the figure. 

region 

barrier 

Director of radiation 

Coupled with the newly developed FET preamplifier these detectors give about 1 keV energy reso
lution and almost 100o/o efficiency in the range 5 to 100 keV. These detectors also have the prospect 
of giving very good energy resolution for charged particles with more penetration than can be 
used with silicon detectors. The present limit on stopping power for particles entering normal to -
the gold surface is 5 g/cm2. . 
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8. NITRIDE AND OXIDE BANDS OF MOLYBDENUM 

John C. Howard'~ arid John G. Conway 

The only electronic band spectrum of molybdenum recorded in the literature has been 
assigned to MoO .. The most complete listing is for som~ 16 bands in the atlas of oxide bands by 
Gatterer, Jenkins and Salpeter for the region 5760-8880 A. Of the many sources tried the mo'St 
satisfactory was a commercially available plasma jet. 

A Pyrex glass envelope was placed around the plasma jet to permit operation with a con
trolled atnosphere. A study was made of the appearance of the bands with different gases, in
cluding o1 , o18, N14, Ni5, Hz, and water vapor. Isotope shift using Ni4_N15 shows that ii of 
the 16 bands are due to nitride. A 50-50o/o mixture shows that only one nitrogen is involved in the 
bands. 

Some very weak bands not previously reported ale due to the oxide as a result of the 
oxygen isotope experiments.· The red band around 6500 A could not be excited in the plasma jet 
but appears in the d. c. arc spectrum. These are most likely due to a higher oxide such as MoOz. 

Footnote 

~~ Livermore - LRL 

9. BEAM CURRENT INTEGRATOR SYSTEM WITH BUILT-IN 
PRESET DUMP SCALER AND CONTROL CIRCUITRY 

D. A. Landis and F. S. Goulding 

Development has been completed on the beam integrator (Drawing No. iiX4140P-1) de
scribed in last year's annual report. The unit is contained in a bin with its own power supply and 
occupies 7 inches of panel space. The system consists of a feedback integrator reset by a diode 
pump that removes an accurate amount of charge from the feedback capacitor, and a count rate 
meter circuit that measures the resetting or dump rate of the integrator, thereby indicating the 
current. The dumps are recorded in a seven-decade integrated-circuit scaler with Nixie display. 
A preset dump circuit operates control functions in the integrator system and external equipment. 

The charge measurement by the integrator (even down to currents of 5X 1o- 10 A) is within 
1% of the true value over lo'ng periods. Ranges from i ·flC per dump to 10-4 flC per dump are 
available, Each range is accurately adjustable with preset controls. The current-measuring 
(dump rate) circuit operates a meter calibrated to read the amount of current fed to the integrator. 
This circuit can also drive an external 100-f!A meter for current indication at a remote location. 
The current-indicating meter ranges from 10-9 to 5X 10-4 A full scale, the indication being within 
±3% of the true value. A test current can be connected to the input of the integrator and is adjust
able from 2Xio-9 to 1o-4 A in steps of 1, 2, 5, and 10. 

The integrated circuit scaler and preset dump circuitry are interrelated in such a way 
that only the required number of decades is used. If the number of preset dumps is less than 10 
only one decade is needed, but if the number is greater t~an 1000 more than three are needed. 
The preset dump total can be from one dump to 9.999X 10 · dumps, and is fixed by setting the four 
most significant digits and then setting the power of ten. The scaler has Nixie display on only the 
last four decades, which correspond to the four most significant digits set in the preset circuit 
(providing a reading error less than 0.1%). The seven-decade scaler provides for almost 6. hours 
of running time at the highest dump rate (500 per second). 

When the final dump occurs, the scaler is gated off, and both visual and audible alarms 
are operated. Six outputs are also provided to control scalers and pulse -height analyzers. The 
control circuitry can be operated with push buttons on the front panel or by external signals. 
Outputs are provided to read out the total charge from the integrator to a computer. 
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10. IMPLEMENTING AUTOMATIC DATA HANDLING 

Richard Leres 

Spectrum stripping of data that have been accumulated on two or more gated pulse -height 
analyzers must usually be accomplished by hand. By use of a new approach, spectrum stripping 
is being routinely performed automatically on data accumulated by four analyzers. 

The term spectrum stripping, as used here, refers to automatic data handling techniques 
such as subtracting background data from spectra and adding or subtracting, in discrete amounts 
or percentages, short-lived activity spectra from long-lived ones. When two analog-to~digital 
converters (ADC) are used in obtain~ng data, the inherent differential and integral linearity in
equalities between the two prevent absolute correlation of energy to channel number. Since the 
analyzers mentioned are sequentially gated on between beam bursts, only one time-shared ADC is 
required to furnish digital information to the memory-storage sections of the four analyzers. 

A unit has been designed and constructed which, when connected to the analyzers, allows 
an experimenter to use any one of the four ADC' s to accumulate data in all four memories. This 
unit provides the switching and buffering needed to connect all the reset, store, and count train 
lines to one chosen ADC. Because only one ADC with its input gating intact is used, the other 
analyzers must be gated in the memory cycle of data storage. Since the ommission of the "add 
one" pulse logically prevents storage, and inhibit "add one" gate for each memory is employed. 

Existing analyzer connectors are used with this setup and no modifications were required 
other than an ADC disconnect switch on the rear apron of each analyzer. 

11. SILICON RADIATION DETECTORS 

R. P. Lothrop, M. D. Roach, H. E. Smith, and B. V. Jarrett 

A. Diffused Detectors 

1. Avalanche diodes 

Huth has shown1 that very high voltage diodes may be prepared by surface contouring. 
This device will give very large pulses on all events including minimum-ionizing, and may have 
application in very fast timing experiments. 

Preliminary experiments with quartz passivated structures on 57 ohm-em, p-type mate
rial show promise. Figure G.11-1 shows the reverse voltage vs leakage current for such a 
device. The field at breakdown is approximately 80 kV /em, and charge multiplication with a. 
particles is obvious at voltage just below breakdown. It should be noted that conventional planar 
structures on silicon of this type and resitivity typically exhibit breakdown voltages below about 
100 volts. -

2. dE/dx detectors 

Techniques have been adopted which permit the fabrication of dE/dx detectors having 
thicknesses down to approximately 10 f.L• Previously, dE/dx detectors were limited to a few mils 
by mechanical breakage during etching. The addition of planar etching2 to the process now makes 
it possible to produce these devices in thicknesses well below 1 mil. 

These detectors are used in particle identification systems. The availability of thinner 
detectors has significantly increased the range of usefulness of these systems. 

B. Lithium-Drifted Detector~ 

1. Double Drifting 

A number of contoured, grooved, and double -drifted structures wer-e fabricated in an 
effort to improve the high-voltage characteristics of lithium-drifted silicon radiation detectors. 
Of the structures tested, the double-drifted one has shown the best characteristics. 
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The double-drifted structure is fabricated as follows: A wafer is lithium-diffused over 
one entire face. A large-area intrinsic region is drifted to a depth of about 0.5 mm. ·A 5-mm
diameter mesa is etched on the lithium-diffused face and the device is drifted through. A thin 
gold entrance window and surface protection complete the device. 

The finished device has the advantages of a long surface leakage path (about twice the 
device thickness), as well as a region of high electric field perpendicular to then-type surface 
channels. 

Figure G. 11-2 shows the curve for reverse voltage vs leakage current for such a device. 
Resolution at 300 V bias and about -150°C .was better than 1 keV FWHM on low-energy x rays and 
1.5 keV FWHM on 90-keV electrons. ' 

References 

1. Gerald C. Huth, Study of the Noise Characteristks and Energy Resolution of Contoured Semi~ 
conductor Radiation Detectors, USAEC Report NY0-3246-1. 

2. T. C. Madden and W. M. Gibson, Uniform and Stable dE/dx P-N Juntion Particle DeteCtors, 
Bell Telephone Labs., Inc., Murray Hill, N. J . 
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Fig. G. 11-1. Leakage current of avalanche 
diode. 

Fig. G. 11-2. Leakage current for improved 
lithium-drifted silicon detector. 

1 2 . D E T E C T I 0 N 0 F 3 0 - AND 4 0 - MeV P R 0 T 0 N S B Y A T)ci I N - W I N D 0 W 
LITHIUM-DRIFTED GERMANIUM COUNTER··· 

Richard H. Pehl, Donald A. Landis, Fred S. Goulding, 
and Blair V. Jarrett 

Since the use of Li-drifted silicon counters for the detection of charged particles having 
a range greater than "'3 mm is severely hampered by the inability to collect all the charge within 
a reasonable period of time, it is of considerable interest to evaluate the ability of Li-drifted 
germanium counters to detect long-range charged particles. Recent developments in producing 
thin-window Li-drifted germanium counters 1 have enabled us to investigate the response of such 
counters to 30- and 40-meV protons. Although the effective window thickness has not been accu
rately measured, the window is certainly less than 5 f.J., and is probably about 0.5 f.J.• 

The depletion region of the detector is about 1 X 1 X 0. 5 em. This small size was chosen 
to reduce they-ray background. To further reduce the background the beam was stopped about 
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4.5 m behind the target, and 'the· counter was shielded by lead from the Faraday Cup and beam 
pipe. The Berkeley 88-inch variable -energy cyclotron was used for these experiments; the pro
tons were scattered from either a gold or carbon ·foil-both of which were about 200 flg/cm2 thick. 
All measurements were made at a fixed scattering angle of 19.7 deg, and with the detector, pre
ceded by a 2.5 X 5 -mm collimator, approximately 65 em from the target. To protect the germa
nium detector from the relatively dirty scattering-chamber 'vacuum system, a 2.5 -fl Havar win
dow separated the counter holder from the system •. The counter was operated at 77• K in·a vac
uum of 10-5 mm Hg. 

Resolutions of 41 and 52 keV (FWHM).were obtained when 30- and 40-MeV protons, re
spectively, were scattered off gold. To determine the contribution from the germanium counter 
itself one must correct for the energy spread introduced by {a) the spread of the beam energy, 
assumed to be 0.08o/o, and thus 24 and 32 keV for the two energies used; {b) the thin window, cal
culated2 to cause a FWHM of 12.3 and 9.5 keV for 30- and 40-MeV protons, respectively; {c) 
electronic noise, determined by observation of many pulser peaks to be 23 and 26 keV for the 
system adjusted for 30 and 40 MeV, respectively. {No correction for the angular resolution con
tribution is necessary because with the geometry used such a correction is less than 1 keV.) 
After these contributions have been subtracted the remaining spread is 21 keV for 30-MeV pro
tons and 30 keV for 40-MeV protons. 

Knowledge of the Fano factor F and the average energy-per-hole -electron pair, €, 

enables one to determine the theoretical limitation of the energy resolution. Figure G.12-1 pre
sents this limitation as a function of the energy deposited in a germanium crystal for different 
nondetector contributions. This calculation was based on F.= 0.30 and E = 2.98 eV. 3 For 30 and 
40 MeV the theoretical limit is 12.2 and 14.0 keV, respectively. Thus our results are somewhat 
worse than the theoretical limit. However, the detector used was rather poor-it would not oper
ate at more than 400 V bias, and exhibited a relatively broad satellite peak of slightly lower en
ergy than the main peak. Nevertheless, ·the use of Li-drifted germanium counters for the detec
tion of long-range charged particles appears very promising. 

Footnote and References 

* . Condensed from Phys. Letters 19, 495 ( 1965). 
1. F. S. Goulding and B. V. jarrett, A Method of Making Thin-Window Germanium Detectors, 

UCRL-1.6480, Nov. 1965. 
2. B. Rossi, High-Energy Particles (Prentice-Hall, Inc., Englewood Cliffs, New Jersey, 1952), 

chap. 2. · 
3. S. 0. W. Antman, D. -A. Landis, and R. H. Pehl, Measurements of the Fano Factor and the 

Energy per Hole-Electron Pair in Germanium, Nucl. Instr. Methods (to be published). 
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13. COMPUTER SYSTEM FOR NUCLEAR SPECTROSCOPY PROGRAM 

L. Robinson, M. Myers, J. Meng, and H. Ci:hgolani 

A PDP-7 computer has recently been delivered for use in nuclear spectroscopy studies. 
The machine's circuitry is being augmented and special programs are being prepared to allow 
simultane-ous on-line use by several independent ·experimenters. A number of analog-to-digital 
converters will use parts of the 8f92'-word memory as storage for pulse-height analysis, while 
other parts of the memory will be used for computation and preliminary data analysis, and for 
CRT display, graph plotting on a digital plotter, and permanent storage of data on magnetic tape. 

Hardware has been developed that will allow protection of each experimenter's data from 
programs operated by other users. A monitor program will aid in the assignment of memory to 
various users and automatically load specific analysis programs to the required area in memory 
when needed. Only a single memory-cycle time of 1. 7 5 f.LSec is required to add a count to a word 
or "channel" during pulse-height analysis, so that eight connected pulse-height converters, each 
with a count rate of 104 counts per second, would still leave more than 80o/o of the computer's 
time for computation. 

Since· most experiments using this system will last for many hours, it is expected that 
the more expensive items of hardware such as the magnetic tape units, the typewriter, ·and the 
digital graph plotter will be shared by all users. A CRT display and a simple control console will 
be provided at the location of each connected experimental setup. 

14. COMPUTER SYSTEM AT THE 88-INCH CYCLOTRON 

L. Robinson, T. Schaeffer, and J. Mahoney 

A PDP~5 computer is now used routinely for CRT display, graph plotting, storage, and 
preliminary analysis of data taken by the 4096 -channel nuclear data pulse -height analyzer at the 
88-inch cyclotron. The PDP-5 has an 8192-word magnetic core memory with 12 bits per word. 
The pulse-height analyzer is electrically connected to the PDP-5, allowing the computer to con
trol the operation of the analyzer and to transfer data back and forth between the magnetic core 
memories of the two machines. (Two 12-bit computer words are used to store each channel of 
data from the analyzer.) 

Data are automatically transferred from the analyzer to the computer at the end of each 
run, and stored on magnetic tape together with special information such as run number, reaction 
name, integrated beam current, etc. The analyzer is free to start the next run after a delay that 
can be made as short _as a few seconds. · 

Several data handling programs are used. A typical program can recall data from the 
magnetic tape when the run number is typed, and allows simultaneous CRT display, graph plotting 
on a Cal Comp digital plotter·, data typeout, and punching of data on paper tape. The speed of the 
system is such that the computer can generate a flicker-free 1000-channel display and operate all 
these output devices simultaneously. A "light pen" is used to select particular groups of channels 
for typeout, and to determine the typeout format, which may be channel by channel or the sum of 
selected channels with and without background subtraction. (A light pen is a photodiode which sends 
a pulse to the computer when it detects a bright spot on the CRT. ) 

The ability to do this preliminary data analysis during the course of an experiment is 
very advantageous because it enables the experimenter to choose the optimum conditions for the 
experiment and to compensate for unexpected effects. When more detailed analysis is required, 
data are stored on IBM compatible magnetic tape and dealt with at the LRL Computer Center. 

A unique feature developed for the computer system at the 88-inch cyclotron allows the 
experimenter to load one of a number of selected programs by merely setting a 12-position rotary 
switch and pushing a button. The loader uses special electronic circuits to load an initial "boot
strap" program, so that the program loader will work even after the computer memory has been 
completely erased. This feature is particularly valuable when the machine is being used by 
people who are unfamiliar with the computer. 
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Although most programs for this computer are written in symbolic ·machine language, a 
PDP-5 Fortran system is also available. -The normal PDP-5 Fortran has been modified to use 
fast multiply-divide hardware and also to allow calculations to proceed while data are being read 
in or out on the typewriter. The Fortran compiler has also been modified to use the PDP-5 mag
netic "micro-tape" system without recourse to punched paper tape. 

A typical Fortran program used by experimenters on this system calculates relativistic· 
kinematics to a first approximation and types out a table of values giving the particle's center-of
mass angle, its energy in the laboratory system, and the Jacobian, for specified lab angles. 

1 5. AN AD V.A N C ED MULTI S C A L E R 

A. A. Wydler 

Commonly multichannel pulse-height analyzers are employed for use as scalers, hence 
the term "multiscaler mode." Although this is a convenient function, it suffers from a serious 
limitation, notably, the necessity of timed serial storage and lack of any indication of status of 
stored data. · 

MARVA, memory access. random Victoreen accessory, is the resultof an attempt to .im
prove this situation. It allows semirandom access to the analyzer's memory and also provides 
visual indication of the state of all data both current and past. Although it is intended for use with 
a Victoreen "M" series analyzer, there is no fundamental reason why it cannot be adapted to other 
analyzers. 

The pulse-h.eight analyzer, in readout-display mode, is systematically presenting to its 
oscilloscope the data contained in each memory channel. These. data are returned to the memory 
unaltered, therefore the constant visual presentation. MARVA causes the pulse-height analyzer 
to scale while in this mode by adding to the data before their return to the memory. As shown in 
the block diagram (Fig. G.15-1) the rate generator continuously advances the address or channel 
number of the analyzer. This add.ress is displayed on the !'X" axis of the oscilloscope while its 
scaler value is ·being displayed vertically. The· address is coded in the BCD to 100-line converter 
and, simultaneously with ·its display, developes a "reset" pulse for the corresponding count stor
age flip-flop. Had an input acceptable to the threshold discriminator previously "set" this same 
flip-flop, then a" carry" would be produced. Therefore, the act of resetting this flip-flop gen
erates an add-1 pulse to increase the value of the displayed data and make the circuit available to 
accept another input. These data, whe.n returned to the memory, would have now been increased 
by one. One hundred inputs are available and a like number of flip-flops provide temporary stor
age for the random data. At present there is a 65-fJ.sec-_per-channel time resolution, limited by 
the address rate gene·rator frequency of 15 kilocycles. The ultimate limit is 12 fJ.Sec per channel, 
the memory cycle time of the analyzer. This represents the design rate and is usable; however, 
visual presentation is lost at this rate, as the oscilloscope unblanking circuit will not.operate be..: 
yond about 18 kilocycles. There is no. adjacent channel time resolution loss, since all inputs 
ma'y be loaded simultaneously at the 15-kilocycle rate. An external gate is provided for co11trol 
use, such as blocking flip-flop storage during accelerator beam pulses. 

Fig. G.15-1. Advanced multiscaler. 

MUB-9089 
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16. IMPROVED ACCURACY IN MEASUREMENT OF 
LOW GAS FLOW RATES WITH A. BUBBLE METER* 

Amos S. Newton and G. W. Kilian 

One of the major factors determining the sensitivity of a gas chromatographic apparatus 
utilizing thermal conductivity detectors is the flow rate of the carrier gas. As the sensitivity is 
inversely proportional to carrier-gas flow rate, a 1o/o change in flow rate is .reflected in a 1o/o 
change in sensitivity in the opposite direction. If control of sensitivity of a gas chromatograph to 
± 0.1 o/o is to be achieved, the gas -flow rate must be measured to within less than 0.1 o/o. 

Recently Noble, Abel, and Cook have described an electromechanical device for absolute 
measurement of low flow rates, 1 but the usual method ()f determining low_ flow rates is by use of a 
bubble flowmeter and a stopwatch. Levy has discussed the experimental parameters of the bubble 
method and analyzed the errors inherent in each parameter. 2 

The experimental variables in the bubble meter are (a) the time of rise of the bubble be
tween two fixed marks, (b) the volume between the marks, (c) ·the temperature of the gas, (d) the 
pressure of the gas, and (e) the degree of saturation of the gas with water vapor. As analyzed by 
Levy, by careful design of the apparatus, close control of temperature; accurate measurement of 
the pressure, and pre saturation of the gas, each of ,these variables except time can be reduced to 
an uncertainty of less than 0.02o/o to 0.04o/o. 

The measurement of time is the most difficult to control. By use of a stopwatch, repro
ducibility to ± 0.2 sec with one observer is good, and with different observers it varies as much as 
± 0.4 sec. These errors were cut in half when an electric tirner3 having a 1-sec sweep hand and 
controlled by an external rnicroswitch was substituted for the stopwatch. The basic problem ap
pears to be in making reproducible decisions as to when the bubble crosses the index mark and in 
achieving reproducible reaction times. 

For gas chromatographic use, the time interval of interest is usually between 10 and 120 · 
sec for displacement of a volume of SO rnl. Thus the error in time varies from 1 to 2o/ofor the 
short interval to 0.1 to 0.2o/o for the longer interval. Most of the work we have encountered in-
volves flow rates of 40 to 120 rnl/rnin, where the timing errors are 0.3o/o to O.So/o. . 

In order to reduce timing errors to less than 0.02o/o, an electronic timer has been devised 
which operates on the principle that the fixed marks on the gas burette are replaced by two light 
beams 0.25 mrn ( 10 mil) in diameter across the burette. Interruption of the lower light beam by a 
bubble turns on a scaler which counts pulses from a 100-kc generator, and interruption of the top 
beam turns off the scaling circuit. Thus times can be measured to± 0.00001 sec (or± 1 count of 
the 100-kc frequency). Operator bias is also removed, since the decision as to when the bubble 
crosses the index mark is determined by scattering of the light beam by the bubble, and is hence 
made in a reproducible manner at both the top and bottom index marks. 

A block diagram of the apparatus is shown in Fig. G.16-1. The gas entered the thermo
stated flowmeter (±0.01°) through a thermostated presaturator. A bubble is formed in the usual 
way by means of a rubber bulb, containing a bubble-forming liquid. "Snoop" was used as the bub
ble forming liquid, 4 as it gave very uniform bubbles which retained the same degree of flatness as 
they progressed up the tube. At the lower detector, the bubble interrupted the light beam, reduc
ing the output of the 2N 2175 photocell. This change in photocell output was amplified and fed to a 
trigger -forming circuit which generated a start pulse. This start pulse activated the electronic 
switch and gated on the decade scaling circuit. The scaling circuit then counted the pulses corning 
from a crystal-controlled 100 -kc pulse generator. 

The bubble traveled up the tube and passed the upper light beam. This generated a stop 
pulse in the same manner as the start pulse was generated. The electronic switch gated the scaler 
off. The time for the bubble to travel between the two light beams was then read directly off the 
scaler. 

The volume between the light beams was calibrated by (a) filling with water and weighing 
the water collected between the interruption of the upper light beam and interruption of the lower 
light beam, and (b) filling with mercury and weighing the mercury collected in the same manner. 
The water collection was run as a function of drainage time. For a volume of 44.50 rnl, the dif
ference between water and mercury calibrations was 0.10 rnl ( 1 min water drainage), and the 
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water volume increased with increase in drainage time. Thus for ultimate accuracy, the volume 
must be calibrated to take account of the liquid film thickness on the gas burette at various rise 
times of the bubble, this amounting to approximately a 0.05 -ml difference between the volume 
collected in drainage times of respectively 1 minute and 3 minutes, i.e., about 0.01o/o difference. 

Typical results for a very fast flow, a··medium flow, and·a·low flow are shown in Table 
G.16 -I. The fast flow was regulated by the flow from a helium tank fitted with a two ~stage pres
sure regulator at 40 psig, a ballast tank, and a temperature -insulated Nupro double pattern me
tering valve. 4 The m.edium and low flow rates were through a Moore flow regulatorS (tempera
ture insulated) with the pressure drop controlled by the same type of Nupro valve as above. The 
room was thermostatically controlled to 25 ± 0.5 •. 

The results in Table G.16-I show that over most of the range from 20 to 500 ml/min the 
reproducibility is better than 0.01o/o. The break_to greater deviations !=:0.1o/o)comes at about 30 
ml/min, and this may be a failure in operation of the flow regulator rather than in the bubble · 
flowmeter. 

This flowmeter ha"s been used, not as a working measurer of the flow rate, but rather as 
a primary· standard to calibrate the working meters, Hastings Flowmeters Model LF-100. 6 With 
suitable precautions regarding bias and zero settings, the output of these latter flowmeters, when 
measured on a sensitive .potentiometer, was found to be reproducible to ± 0.10o/o between flow 
rates of 30 and 250 ml/min, and the calibration has held for a period of 6 months. 

Footnote and References 
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4. Nuclear Products Co~ , Cleveland, Ohio. 
5. Moore Products Co., Philadelphia, Pennsylvania. 
6. Hastings-Raydist, Inc., Hampton, Virginia. 
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Table G.16 -I. Reproducibility of bubble meter measurements using electronic timing. 

Nominal flow-520 ml/min a Nominal flow-62 ml/min a Nominal flow-22 ml/mina 

D. from D. from D. from 
sec/44,50 ml average sec/44.50 ml .. average sec/44.50 ml average 

5.12399 0.00077 42.9710 0,0028 118.8041 0.2269 

5.12340 0;00018 42.9652 0,0030' 119.0687 0.0023 

5.12372 0.00050 42.9693 0.0011 119.2625 0.1915 

5.12381 0.00059 42.9610 0.0072 119.2847 0.2138 

5.12344 0.00022 42.9650 0.0032 119.1149 0,0439 

5.12296 0.00036 42.9664 0.0018 118.9133 0.15 77 

·5.12305 0.00017 42.9732 0,0050 118.8973 0.1737 

5.12240 0.00082 42.9729 0,0047 119.0092 0.0618 

5.12260. 0.00062 42.9705 0,0023 119.1758 0,1048 

5.12283 0.00039 42.9677 0.0005 119.1793 0.1083 

Average 5.12322 0,00045 42.9682 0,0032 119.0710 0.1324 

"/o Average deviation 0.0088 0.0074 0.110 

% Maximum deviation 0.016 0.017 0.224 

Flow calculated 521.15 7 ± 0.046 62.139 ± 0,005 22.444 ± 0.025 

Flow STP (dry) 450.131 ± 0.040 53.670 ± 0.004 19.368±0.022 

a. Ten consecutive measurements at nominal flow. 
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Fig. G.16-1. Schematic diagram of 
apparatus for electronically 
measuring displacement time in 
a bubble flowmeter. 
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1 7. ELECTRON-GAMMA ANGULAR CORRELATION APPARATUS 
USING SEMICONDUCTOR DETECTORS 

T. Yamazaki, D. A. Landis, R. S. Stone and J. M. Hollander 

G. 17 

An apparatus, consisting of a fixed Ge(Li) y-ray spectrometer, a fixed Si(Li) electron 
spectrometer, and a movable Nai(Tl) y -r.ay spectrometer, has been deveioped for angular corre
lation experiments involving conversion electrons. A schematic view is shown in Fig. G. 17-1. 
With this system:, y-y and y-e angular correlations can be measured simultaneously. Both semi
conductor detectors have sufficient resolution to discriminate from any others those gamma and 
electron lines of interest. In particular, the 5X3-mm thick Si(Li) crystal coupled to a FET pre
amplifier exhibits resolution (FWHM) as good as 1.4 keY for electrons below 100 keY, and 1. 0, 
1.2, and 1.3 keY for 14-, 59-, and 101-keY y rays, respectively. A spectrum of u237 obtained 
with this detector is shown in Fig. G. 17-2. The Lui-59 line is completely separated from the 
LI, Ln - 59 doublet. -This resolution is comparable to that of a lens -type magnetic spectrometer 
even in the 50-keY region, and to tha't of sector-type magnetic spectrometers in the 200-keY 
region. When higher resolution is required, for example, in order to resolve each L subshell 
line, the Si(Li) d-etector can be replaced by the Berkeley 50-em-radius iron-free spectrometer. 

The electronic system consists of eight units: three linear amplifier systems 
(11X1981P-1), two 10-input single-channel analyzer units (11X3520P-1), a coincidence control 
unit (11X3670P-1), a motor control unit (15X5662P-1), and a 400-channel Packard pulse-height 
analyze-r capable of random-access addressing. A block diagram of the system is shown in 
Fig. G. 17-3. 

The linear amplifier systems amplify and shape the detector output signals, as well as 
provide timing signals from the three detectors. Fast coincidence circuits incorporated in two 
of the linear amplifier systems are used. The resolving times are set at about 50 nsec. The 
output of the movable counter (Nai) is taken in coincidence with both the fixed gamma counter 
(Ge)· and the electron counter (Si). The ungated linear, timing, and coincidence pulses from the 
amplifier systems are connected to the coincidence control unit. Scale -down circuits select 
every tenth or hundredth singles count from the timing pulses provided by the three detectors. 
Matrix boards inside the control unit connect the appropriate signal to the two 10 -input single
channel analyzer units, which select peaks from the spectra of the three detectors. The output 
of any one of the single -channel circuits can be selected by switches on the control unit arid used 
to gate the correct linear amplifier system in order to facilitate the accurate adjustment of the 
discriminator windows of the analyzers. 

The outputs of the single -channel analyzer units are gated by the coincidence or scaled
down pulses, and the resulting signal addresses a single channel in one of four 100-address sub
groups in the pulse-height analyzer. The correct subgroup is determined by the position of the 
movable (Nai) counter. The number in the correct address is then incremented by one. Time 
signals are also recorded in each subgroup to allow normalization of the data for each position. 
Inhibit circuits prevent the analyzer from storing any signal when more than one address is 
selected should multiple coincidences occur at the same time. A typical format for the stored 
data is shown in Fig. G. 17-4. The format can be changed by changing connections on the matrix 
boards which supply the signals to the single-channel analyzer units. 

The motor control unit automatically causes the Nai counter to move to a new position 
after one prescribed timeinterval; also the analyzer can be programed to read out the stored 
information on paper tape· after another set time interval. 

It is planned to replace the movable Nai detector by a set of four fixed Ge detectors. 
Circuits in the coincidence control unit will then be used to combine the signals froin these four 
detectors and provide timing pulses, which will indicate the counter in which they ray was 
recorded. 

Figure G. 17-5 illustrates some preliminary results obtained from electron-gamma 
angular correlation measurements with Au196. Fi~ure G.17-6 shows more recent results ob
tained for the e -y correlations with a source of Bi 07. The energy levels involved in the 
correlation experiments are shown in the figures. Although at this time the preliminary results 
are too rough to allow quantitative interpretation, they do illustrate clearly the versatility and 
convenience of this apparatus for e-y angular correlation studies. 

-~ 
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Fig. G. 17-1. Schematic drawing of angular 
correlation apparatus showing Si(Lil con
version electron detector with FET. 
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correlation system. 
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Fig. G. 17-4. A typical format of data stored 
in the 400-channel analyzer. 
T 1 through 1:4 are for time signals. 
Y1 through Y4 are the four positions of the 

movable Nal detector. 
Y5 is the fixed Ge detector. 
e is the fixed Si detector. 
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18. A THREE-COUNTER PARTICLE IDENTIFIER FOR STUDIES 
OF LOW-YIELD NUCLEAR REACTIONS 

F. S. Goulding, D. A. Landis, J. Cerny, and R .. H. Pehl 

Studies of low -yield nuclear reactions such as (He3, He6) or (He4, He8) require the identi
fication of very small numbers ("'10 to 100) of the interesting. reaction product particles in the 
presence of very large numbers ("'107 to 108) of other types of other reaction products. Con
ventional LI.E, E identifier systems are of limited value in these experiments, as a small fraction 
of the abundant reaction particles produces LI.E signals which deviate considerably from their 
normal value. The resulting false identification signals cause a general background in the 
identifier output spectrum which interferes with the peak due to the interesting particles. In the 
improved identifier two LI.E detectors are employed and, each time a particle passes through the 
counter telescope, two identifications are made, each using one of the LI.E signals. If they do 
not agree with each other within prescribed limits (due to deviation from normal of one of the 
LI.E signals) the event is completely rejected. Fast coincidence techniques are used to reduce 
the effects of chance coincidences between unrelated detector signais, and a fourth counter is 
used to reject high-energy particles, which pass completely through the telescope. 
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The performance of the system is illustrated in Fizs. G. 18-1, G. 18-2, and G. 18-3. 
Figure G. 18·-1 shows the energy spectrum obtained in a c1 (He3, He6)c9 experiment with the older 
dual-counter identifier system, with the analyzer gated by a single.-'channel analyzer set to the 
region of the He6 peak in the identifier. The fround-state peak is seen to be superimposed on a 
general background due to leak-through of He and He 4 particles into the He6 region. In Fig. 
G. 18-2 the same energy spectrum is shown taken with the triple-counter identifier. The back
ground is seen to be much improved. Figure G. 18-3 shows the typical- performance of the three
counter particle identifier in separating He and Li isotopes produced in a reaction experiment. 
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19. APPLICATION OF LITHIUM-DRIFTED GERMANIUM 
y-RA Y DETECTORS TO l'TEUTRON ACTIVATION ANALYSIS: 

. NON DES T R U C T I V E AN A L Y SIS 0 F A S U L FIDE .0 R E 

J .. Lamb, S. G. Prussin, :J. A. Harris, and J. M .. Hollander 

G. 19 

The applicability of lithium 7 drifted germanium y-ray detectors to nondestructive activa
tion analysis has been de.monstrated by Prussin, Harris, and Hollander1 and by Girardi, Guzzi, 
and Pauly, 2 for samples in which the activation of major constituents is small and does 
not interfere with the determination of trace and minor components. However, when the major 
constituents of a sample contribute appreciably to the gamma activity, the sensitivity of analysis 
for a given component may be severely limited by the complexity of the y~·ray spectrum and by the 
masking effect of the radiations from the major constituents. The latter problem is of particular 
concern in the application of available Ge(Li) detectors, since the ratio of Cornpton-to-photopeak 
efficiencies is considerably larger than for the commonly used 3X3-in. (diam ) sodium iodide 
scintillators. 

To explore the applicability of Ge(Li) detectors for analysis of samples containing major 
constituents with appreciable activation cross· sections, we have analyzed samples of a 
sulfide ore by neutron activation. Samples of ore were irradiated for periods of 2 to 72 hours in 
a neutron flux of approximately 5X 1o1Z n/cm2-sec. They-ray spectra of the activated samples 
were obtained with two Ge(Li) detectors of dimensions 2 cm2X 7 mm (active thickness) and· · 
6 cm2X 10 mm (active thickness), respectively, and with a very good 3X3-in. (diam) Nai(Tl) 
scintillator. Qualitative analysis was performed by measurements of the energies and half-lives 
of photopeaks and by comparison of the experimental y -ray relative intensities with literature 
values for isotopes yielding more than one photon in their spectra. These data are given in . 
Table G. 19-I. Quantitative analyses were performe·d by comp'arison of the photopea:k intensities 
in sample spectra with corresponding intensities in standard samples irradiated simultaneously 
w~th the test·samplE'!s. The quantitative data for In, Mn, Zn, Sb, Na, Au, Ga, and Fe are given 
in Table G. 19-II, ·and cover a concentration range of 1.8X 105 ppm (Fe) to 2.0 ppm (Au). 
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Table G. 19-1. Isotope assignments for nondestructive activation analysis of a sulfide ore with use 
of lithium-drifted germanium detector. 

Experimental 

Isotope T1/2 E Relative 
(ke~) Intensity 

In 116m 54 m 137 1\2 
416 100 
819 39.1 

1100 233 
1300 320 

Mrr56 2.65 h 845 
cu64 12.5 h 1345 

zn69m 
511 (annihilation) 

14 h 438 
Ga72 14.4 h 835 
Na24 15.5 h 1369 

100b As76 26 h 559 
657 14.6 

1216 
sb122 , 60 h 563 

686 
Au198 , 60 h 411 
Fe 59 1095 

1292 

a. Nuclear data sheets. 
b. Relative intensities normalized to this value. 

54 m 

2.58 h 
12.8 h 

13.8 h 
14.3 h 
15 h 
26.3 h 

67.2 h 

64.8 h 
45 d 

Literaturea 

135 
406 
820 

1085 
1270 

845 
1340 

439 
835 

1368 
559 
657 

1216 
566 
686 
411 

1100 
1290 

Relative 
Intensity 

12 
100 

216 
300 

100b 
14.6 

9.7 

Table G. 19-11. Nondestructive analysis of a sulfide ore by neutron activation with use of lithium
drifted germanium detector. 

Amount Irradiation 
E 

Element present Sample wt time y ppm a 
(fig) (mg) (hours) (keY) 

Mn 6.0 62.9 2 845 (Mn56) 95:1:7 

In 7.6 62.9 2 1300 (In 116m) 120:1:5 

Ga 3.8 62.0 2 835 (Ga72) 61:1: 16 

Zn 3020 24.5 24 438 (Zn69m) (1.2 :1: 0.009)X 105 

As 60 19.0 72 559 (As 76) (3.1±0.04)X103 

Sb 8.2 19.0 72 563 (Sb 122) 430:1:6 

Cu 1240 19.0 72 511 (cu64)b (6.5 :1: 0.01) X 104 

Na 16 19.0 72 1369 (Na24) 840:1: 25 

Fe 3370 19.0 72 1095 (Fe 59) (1.78 :1: 0.01)X 105 

Au 0.038 19.0 72 411 (Au198) 2.0:1:0.2 

a. Error shown represents statistical counting error only. 
b. Co~~er concentration corrected for contribution to 511-keV photopeak from decay of zn69 and 

Na . ' 
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20. A MICA TRACK SCANNER 

R. LaPierre, M. Nakamura, and K. Ward 

An instrument for displaying and counting the number of tracks on a mica slide is being 
developed. The apparatus is to be used in fission-fragment angular correlation studies and 
fission-fragment scattering cross -section studies. 

The system includes a microscope, a Vidicon scanning and display system, and associ
ated digital and analog circuitry for detecting tracks. 

The microscope has a trinocular body with a prism beam splitter. Eighty percent of 
the light source is directed to the Vidicon camera lens and the remaining light goes to the visual 
lenses. 

The resultant video signals ·from the Vidicon camera tube are amplified and applied to 
the cathode input of a standard laboratory oscilloscope which is used as a monitor camera. 

The detection of actual tracks from background tracks and scratches l.s enhanced by 
imposing minimum and maximum criteria on the associated video signals. The operator selects 
the proper criteria by observing the average height and width of the tracks on the monitor camera. 
The video signals associated with a particular track are sorted by use of standard analog and 
digital circuitry, and if the established conditions are met a counter is advanced by one to indi
cate the presence of a track. 

21. MODIFICATION OF 
INTERNAL CONVERSION COEFFICIENT SPECTROMETER 

A. J. Haverfield and J. M. Hollander 

Recently, the application of semiconductor detectors to the measurement cif absolute 
internal conversion coefficients has been reported, 1, 2 with the use of a device that permitted the 
simultaneous measurement of conversion electron and-y-ray spectra with lithium-drifted silicon 
and germanium detectors, respectively. Figure G. 21-1 is a photograph of the original design of 
the conversion-coefficient spectrometer, and Fig. G. 21-2 presents a scale drawing of the com
ponent parts. The device was essentially a small vacuum chamber in which the silicon and ger
manium detectors were mounted at 180 deg fixed geometry, and into which active sources could 
be inserted through a conventional spectrometer air lock. 

In this apparatus, however, the unprotected surface layer of germanium was susceptible 
to damage from the intrusion of water vapor or oil into the system. The design has now been 
changed so that the germanium crystal is enclosed in a separate conventional vacuum chamber. 
This germanium detector assembly fits reproducibly into a "well," machined into the vacuum 
chamber of the silicon detector system. The modified design is shown in Figs. G. 21-3 a:nd 
G. 21-4. 

A field-effect transistor (FET) preamplifier of the type described by Elad3 has recently 
been incorporated i.nto· the silicon detector system. The first stage of this preamplifier is con
tained within the vacuum chamber and the FET is cooled to liquid-nitrogen temperature. Examples 
of the resolution obtained with the silicon detector are shown in Figs. G. 21-5 and G. 21-6. Here 
the resolution of the silver Ka xray is 1.4 keV and that of the K-conversion line of the 87.5-keV 
transition in Ag109 is 2.5 keV. The latter figure seems to be limited? source thickness. The 
resolution of the K-conversion line of the 569.7 -keV transition in Pb20 is shown to be 3.3 keV. 

The modified spectrometer is presently being calibrated for internal conversion coeffi
cient measurements, by th·e procedure described earlier. 1 The isotopes having sufficiently well
known conversion coefficients to be used as standards for this calibration are listed in Table 
G. 21-I. 
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Table G. 21. I. "Standard" internal-conversion coefficients used for calibration 
of the e -y spectrometer. 

Transition Electron 
Isotope energy energy EK References 

(keY) (keY) 

Cd109 87.9 ± 0.2 62.4 11.0 ± 0.3 4 

Ce 
141 

145. 5 ± 0.3 103.5 0 . 379 ± 0.004 4 

Ce 139 165.84±0.03 126.9 0.2148 ± 0.0012 4 
Hg203 279.16 ± 0.02 193.6 0.163 ± 0.002 4 

Sn 
113 

393.0 ± 1.0 365.1 0.440 ± 0.008 4 
Au198 411.80±0.01 328.7 0.0302 ± 0.0003 4 

Cs 
137 

661.60±0.08 624 . 2 0.0894 ± 0.001 4 
Co 58 810.5 ± 0.1 803.4 0 . 0295 ± 0.001 4 
Mn54 835.0 ± 0.3 829.0 0. 000224 ± 0. 00001 5 
y88 898.2 ± 0.3 882.1 0.000301 ± 0.00002 5 

Zn 
65 

1115.4 ± 0.4 1106.4 0.000166 ± 0.000007 5 
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Fig. G. 21-1. The first conversion 
coefficient spectrometer . 

Fig . G. 21 - 3. Modified vers ion of con 
ver sian - coefficient spectrometer . 
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Fig. G. 21-2. The spectrometer of Fig. 
G . 21-1. 

reservoir 

Fig. G . 21 -4. The modified spectrometer of 
Fig. G . 21 - 3. 

' 
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Fig. G. 21-6. Portion of Bi
207 

conversion 
electron spectrum taken with Si(Li) detector 
with FET preamplifier. 

22 . PHENOMENOLOGICAL CORRECTION OF THE FIELD SHAPE 
OF THE BERKELEY IRON - FREE 1T .f2 i3 SPECTROMETERt 

Karl-Erik Bergkvist'~ and J . M. Hollander 

A magnetic field-correction system has been introduced in the Berkeley iron-free 1T ..Jz_ 
i3 spectrometer in o r der to bring its performance closer to that theoretically inherent in the 1T .J2 
type of design . In the practical execution of such a design one is always left with imperfections 
of more -or -less significant magnitudes in the magnetic field shape. An up - down asymmetry of 
unknown origin in the field of the Berkeley iron - free spectrometer has been known to be present 
and has limited its performance, especially at high resolution. Such an asymmetry i n general 
r e quires for its accurate description quite a number of field parameters and, correspondingly, 
for its complete removal makes necessary a rather involved system of correction coils. In the 
type of field correction d esc ribed here we have been content with a field symmetry which is not 
complete, but which, with respect to the radia l aberrations and hence the resolution, is essentially 
equivalent to that of the theoretically assumed field. It has been possible to achieve this limited 
symmetry with a fairly simpl e system of correction coils . 

In order to understand the kind of symmetry achieved, consider first Fig. G. 22-1 (a), 
which repr esents the perfectly symmetric, ideal case. The ordinate represents the radial aberra 
tion p in the detector plane for different values of the radial and axial aperture angles <Pr and <l>z 
respectively: The aberration pattern shown is that described by the second-order aberration terms; 
higher orders modify the pattern towards larger ma~nitudes of <Pr and <l>z · In th e so - called tall
aperture case, which corresponds to a value a 2 = 3/8 in the field expans i on 

Bz = Bo [1 - (1 /2 ) r - ro + a2 ( r - ro )2 + · · ·], the aberration parabolas coincide for all values 
ro ro 

of the axial aperture parameter <l>z· The favorable performance of this case at high resolution 
relies on the possibility of working - -over an appreciable range of <Pr and <Pz- - on the flat and 
coinciding vertex regions of the aberration parabolas. 

When an asymmetry is present in the magnetic field, the aberration parabolas become 
distorted and displaced relative to each other in a way exemplified in Fig . G. 22-1 (b ). To combine 
an appreciabl e range in <Pr with a small radial aberration, i.e . , a small interval in p, one must 
necessarily use interval s of <P r around a vertex point. Since the vertices for different <l>z are now 
spread out along the p axis, it is now impossible to satisfy this requirement within a small range 
in p (i.e., small radial aberration) for any reasonable range in <l>z· Hence th e solid angle suffers 
at high resolution. 
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The complete remedy for the s ituati on of Fig. G . 22 - 1(b) would be to move, by means of 
a correction field, the ve rtices of the aberration parabola s for <l>z f. 0 along both the p axis and 
the <P r axis until the conditions of Fig. G . 22 - 1(a) are obtained. In this work, howeve r, only the 
l ess demanding condition of moving the vertices to the same position in the p dir ection has been 
attempted (dotted curves of Fig . G. 22- 1b). The <Pr position fo r the vertices then still varies w ith 
<l>z and the field retains a certain asymmetry. However, by shaping the e ntrance aperture sui tably 
one can sti ll ar r ange that , for each <l>z • the midpoint of the <P r inte rval s elec ted by the aperture 
coincides w ith the <Pr value f or the corresponding vertex. The basic requir e ments for efficient 
high-r esolution performance then become fulfilled . 

For the experimental study of the abe rration pattern of the spectromete r an electron gun 
was mounted at the normal source positi on and the detector repl aced by a fluorescent screen that 
could be observed through a telescope w ith an eye -piece scale . The gun provided a narrow beam 
of e l ectrons of about 2 . 5 keV for any des ir ed pair of apertur e parameters <l> r• <l>z w ithin the 
aperture . Five identica l coils C1, Cz, C3, C4 , and C5 were firs t wound around the oute r tank 
wall, symmetr i cally around the midp lane of the spectrometer at 8 .5-cm interval s . The spectrom
eter cur r e nt was adjus ted in such a way that th e ve rtex position for <l>z = 0 fell at p = 0 when the 
currents If , I 2, · · · , Is through the extr a coi ls we re zero . In this cas e the r e lative positions of 
the vertices for different values of <l>z are thos e shown in Fig. G. 22 - 2(a). The asymmetry in the 
pattern clearly appears . Let PN b e the radial vertex position fo r the ~th <l>z val ue. The d e riva
tives 8pN/8 Ij-L were experime n tally determined and us ed to sol ve the currents C.Ij-L from the linea r 
equation system 

- pN = L ~iN MI-L (for N = 1, 2 , · · ·, 5 ). 
j-L j-L 

It turn ed out tha t the initial five -coil set led to unrea sonable magnitudes of the c u rrents C.Ij-L, and 
a s ix th coil was added for that reason and the procedure r epeate d. The solutions C.Ij-L were used 
as s tarting points for a trial-and - error final adjustment of th e currents. Figure G. 22 - 2(b) shows 
the relative radial vertex positions w ith the adj u stment currents on. Compar i son with Fig. 
G. 22 -2(a ) gives an indi cation of the improvement . Finally, the adjustment coil s were replaced 
by coil s of different numbers of turns in such a way that the proper numb er of ampe r e - turns was 
obtained w i th the same magnitude of curr ent through each adjustment coil. The adjustment coils 
are powered b y a separate current supply automatically controlled from the main curr ent supply. 
Table G. 22-I g i ves some data for th e a djustment coi l s . 

F igure G. 22-3 s hows some entrance ape r ture shapes for two different maximum radial 
aberrations (expressed in mome ntum resolution) within the r es pective apertures. W ithin the 
ax1a l aperture l<l>z I.,; 0.15 th e pe r formance of the instrument is now essentially equal to that 
theoretically poss i b l e with the TT ,[2 d es ign. At 0. 05 % re solution the adjustment has involve d an 
improvement by a fa c tor of about two in solid ang l e . 

A minor dis a dvantage of the residual asymmetry present w ith the k ind of correction 
described here i s that the axial aberrations a r e larger than i s inherently the case in the proper 
TT ,[2 field. 

Footnotes 

tTo b e submitted to Nucl. Instr. Me thods. 
':'on l eav e from the Research Ins titute for Physics, Stockhol m, Sweden. 



• 

• 

G. 22 -247- UCRL-16580 

Table G . 22-I. Some data for the correcting coils (wound around the outermost 
spectrometer tank). The correcting-coil current amounts to 0 .022 of th e main 
spectrometer current. A negative sign at the number of turns means that the 
coil so designated g i ves a fi e ld opposite that of the spectrometer field. 
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Fig. G. 22-1. (a) Qualitative pattern for 
radial aberrations in ideal rr>JZ field with 
a2 = 3/8. (b) Example of pattern of radial 
aberrations in the same rr'!Z field with 
certain asymmetrie s present. Solid line s 
indicate situation in the Berkeley spectrom
eter before cor r ection, dotted lines after 
correction as described in this work . 
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Fig . G. 22-2. Relative radial positions of 
aberration P.arabola vertices in the 
Berkeley rr;,JZ iron-free spectrometer: 
(a) before correction, (b) after correction. 



UCRL-16580 - 248 -

cpr 

MUB-9310 

G. 22, 23 

Fig . G. 22 - 3 . Entrance aperture s hapes 
a fter field corr ection for 0.03 % {dotte d 
line ) and 0 . 12 % (solid line) maximum radial 
a berra tion. The <Pr and <Pz scales are ap 
proximate . 

23 . AZIMUTHAL L Y VARYING MAGNE TI C FIELD WITH SMALL 
APERTURE DEFECT FOR (3 -S PECTROMETER APPLICATION 

Kar l-E rik B e rgkv ist t a nd Andrew M. Sessler 

I n the so - called flat magneti c (3 spectrometers po ssessing a symmetr y plane and hav ing 
rotational symmetr y , it i s impossible to obtain s imultaneous l y second-order rad ial focusing in 
both the radial and axial ape rture parameters <Pr and <Pz · In order to get rid o f the limitation in 
t r ansmission (for a given r esolution) set by thi s fact it is n e cessary to distu rb, in one way or the 
other, the rotational symmetry of the system. Sessler1 s u ggeste d that an az i muthally varying 
magnetic fiel d (A VF fie ld) could be used, and demonstrate d a n alytically for a special and s ome 
what idealized case that simultaneous second-order r a dial focus ing in <P r and <Pz coul d be obtained. 
This case involved an abr upt change of the field coeffic i ents a t a ce rtain azimuthal ang l e . A 
computer program2 was late r develope d here by Sess l e r and Owens for an AVF field varying 
smoothl y and everywhe re fulfilling curllB = 0 a nd div lB = 0 . This program, which a llows orbit 
c a lculations through s i xth order, has be;;;;;_ used to establi sh a fie ld which provides r a dia l focusing 
to ve ry roughly that order. Duri ng the cou r se of the present work , a Heidelberg group3 demon
strated that second - order ape r ture d efect could be made to vanish in a field of type similar to that 
used here . 

The magnetic field Bz in the symme try p l ane is exp r essed by 
Bz = Bo {1 + a 1 x + a2x2 + · · · ) , where x is the radial departure fr o m the central circle ro = 1, 
and the field coefficients an a r e assumed to vary w ith the az imuthal ang l e B as 
an = An+ Bn sin B + Cn cos B + Dn sin 2B +En cos 2B + Fn sin 313 + Gn cos 3B (where An, Bn, · · · 
Gn are constants). 

r 

• 
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The main data fo r the AVF spectrometer fi e ld a rrived at are g iven in Table G. 23 -I. The 
r a dia l a b erration patte rn as well as the shape of the e n trance aperture giving an i mage of a point 
source w ith a radial width not exceeding 1o - 3 is shown in Fig . G. 23 -1. The solid ang l e of the 
entrance aperture is close to 1 o/o of 4TT. Sinc e the dispe rsion i s 1 0 un i ts, the w i dth corresponds 
to a resolution in momentum of 10-4 . A lthoug h onl y first-order axial focusing was conditioned 
in the choice of the field coefficients, the axia l aberration w ithin th e aperture indi cated never ex 
ceeds ±0.02 . 

The achi evement of second-o rder radial focusing in both <Pr and <Pz r equi res that the first 
order r a dial and axi a l orbit solutions b e made u nequa l {whil e still r etaining simultaneous axial 
and r a dia l focusing). Some earli er attempts h ad indi cated that when th e first-ord e r orbit solutions 
we r e made unequal by fairl y stron g az imutha l d ependence of the first - ord er fi e ld coefficient a 1 , 
the az imuthally va rying terms in the higher f i e ld coefficients tended to grow rapidl y when higher
order aberration coeffi cients were s u ccessive ly made equal to zero. The starting point in this 
case was the rotationally symmetric field with r adi a l and axia l focusi n g angles e qua l to TT .JS. 
In this case the first-order radial a nd axial orb it solutions are already unequ a l without any AVF 
t erms, since t h ere i s one intermediate axi a l fo c u s between the source and the first radial focus. 
The simultaneous radia l and axial foc i we r e t h e n brought to the value fl = 6 (i .e., fl < 2 TT) by fairly 
moderate AVF terms in first or der. As can b e seen from T ab l e G. 23 - I, the coefficients for the 
AVF terms in the field coeffi c i ents do not tend to grow with order in this case. 

The a b er r ation coeffi c i ents were success i vely made clo se to ze ro by utilizing the fact 
that the aberration coefficients of order n depend linearly on the field coeffi c i ents of order n 
a nd are independe nt of field coeffi cients of orders l a r ge r than n . The linear dependence was ob
tained by m eans of the compute r program by observing the change in aberration pattern when the 
field coefficients were vari ed, using a set of orb i ts in the center of the aperture for the lowest 
orders and procee ding o utwards w ith increas ing order. There may sti ll be room for i mprovement 
in the fifth- a nd s i xth - order coeffic ients in Tab l e G . 23 -I. However, seventh - and high e r - order 
terms , inaccess ible for adjustment by the present program, ar e already becomi ng dominating. 

The focusing of the field is very sens itive to departur es from the proper fi e l d coeffi c ients 
an, and h e nc e an iron-fre e system should be used to produce th e field. Las l e tt has shown re
cently4 that the problem of realizing a g i ven magnetic field i n a r egion where div IB = curl IB = 0 
can always, in principle, be sol ve d b y means of curr ent s outside this region. 

The e ffo rt so far has been concent r ated u pon the achievement of small aperture defect 
in combination with s uch magnitudes of the radial di spe r s i on and radial magnification that sources 
of relatively favorable w i dth can be employed. There exist methods5 whi ch, in principle, allow 
complete elimination of the influence of th e sourc e area on the resolution for a small aperture. 
When the aperture is incr ease d , c ross t e r ms between sour ce s i ze parameters xo, YO and aperture 
size pa r a m ete r s ente r and ultimately limit the resolution . T h e lowest-orde r t e rm of th i s type is 
y 0q, 2 . In the AVF case dealt w ith h ere the magnitude of the coefficient for this term turn s ou t to 
b e fair l y l a r ge, a r o und0 .8 - which would r ather severely limit the source height at high r esolution. 
In the case studied so far the choice of the second-order fi e ld coeffi cient had a certain arbitrari
ness, aiming only at e liminati n g the second-order ape rtur e defect. It i s to be expect ed that by 
using further d eg r ees of freedom w ithin the p r esent computer scheme i n the second - order field 
coefficients, it should b e possible to re duce the magnitude of the y 0q, 2 term. A fuller report of 
this w ork is ·being prepared for p ub lica tion in Nuclear Instruments and Methods. 

The autho rs are indebted to Herman Owens for g e nerous assistanc e with the computations. 
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Table G. 23 -I. Some data for an azimuthally varying magnetic field 
with simultaneous radial· and axial focusing for 13- spectrometer 
purposes. 

Focusing angle: 6 radians 
Solid angle at 0 .01 % point source resolution: 0 .9% 
Dispersion (C.r / r:C.p/p): 10.0 
Radial magnification: -0.81 
Axial magnification: 0. 90 
Field coefficients: 

a1 -1.1147 3 0 .659 cosO 
a2 1.223 t 1.1837 cosO 
a3 - 1.1335 1.355 cosO 
a 4 0.8865 t 1.277 cosO - 0.0066 sin 20 
a 5 0.09 + 0.04 cosO + 0.548 cos 20 
a6 -0.22 
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Fig. G. 23-1. {a) Radial aberrations as functions of 
<l>r for three values of <l>z· {b) Entrance aperture 
for radial image width of 0 . 001 (0.0001 resolution). 
--- <l>z = 0; · · · · · <l>z = 0.15; ----- <l>z = 0.3. 
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H. CHEMICAL ENGINEERING 

1. KINETICS OF BACTERIAL SULFATE REDUCTION 

V. H. Edwards and C. R. Wilke 

Bacteria of the genus De sulfovibrio use sulfate instead of oxygen as the terminal hydrogen 
acceptor in their metabolism, producing s ulfide . The sulfate-reducing bacteria have many activ
ities of economic importance, including the creation of reducing environments for deposit of ions 
of uranium and other heavy metals. Information on kinetics of growth of these orgf:n~sms is lim -
ited. Isolation, prope rties, a nd batch kinetic data have been reported previous ly. • Some addi-
tional batch culture studies and continuous cultur e results have recently been completed3, 4 and 
are summarized h e re . 

Batch experiments were used to determine the effects of the components normally added 
to the environme nt of the cells, including ferrous sulfate, sodium sulfate, potassium phosphate, 
lactic acid, ammonium chloride, calcium chloride, magnesium sulfate, yeast extr act , and sodi
um hydroxide (pH-controlling agent); the concentrations of all were adjusted to give optimum 
growth and sulfate r e duction. A sodium chloride concentration of 10o/o (w/v) was used in all ex
periments on the basis of earlie r findings. 1• 2 

Results of typical batch culture expe riments. designed to determine how the initial pH of 
the culture affected growth and sulfate reduction, are presented in Figs. H.1-1 and H.1-2 . The 
composition and inocula of the cultures were identical except for pH. The cultur e s, incubated at 
30. o•c , w e re analyz e d for soluble sulfides, ce ll concentration (by optical count), and pH. The pH 
values of the cultures at the time that growth had effectively stopped (12 d ays after inoculation) 
were 6. 72, 6.88, and 6. 99, r es pectively, in agre ement with other experiments in which no growth 
could be obtained when the initial pH was below 7. Also, the highest yield of sulfide was obtained 
with the culture with the highest pH, suggesting that the higher pH permitte d a longer period of 
growth and m e tabolism. 

Specific rates of growth and sulfide production wer e calculated from these data. Figures 
H.1-3 and H.1-4 show that the r es ults could be correlated as a function of specific growth rate, 
when the method of Lue deking and Piret5 was used. The correlations do not apply to cultures in 
the lag phase of growth. Correlations of this type are commonly used to size continuous-flow re
actors from batch culture data , but the method does not apply in all cases. To test the correla
tion in continqous c ultur e , the continuous- flow reactor system diagrammed in Fig. H.1- 5 was 
built. Continuous culture data were obtained by holding all control variables constant until biolog
ical variables stabilized. The sulfide concentration was k e pt approximately constant by continu
ous introduction of mixtures of nitrogen a nd hydrogen sulfide through a sintered-glass sparger . 
Three steady-state growth rates have been studied so far. The cell concentr a tions and specific 
rates of sulfide production are shown by the filled circles in Figs . H.1-3 and H.1-4 for the three 
growth rates studied. Thes e v alues agree well with the batch data, but final confirmation of the 
correlation will d e p e nd on additional continuous culture experiments at higher growth rates. 

A comparison of the limiting value of the specific rate of sulfide production extrapolated 
in Fig. H. 1-4 with the limiting value from a similar correlation obtained by L e ban and Wilke with 
the san:_i.z>rganism in a different ~nvir_onment sh?ws excelle nt agreement. A limiting value of 
7.0X10 mM/cell-day was obtamed m the e arher work, 1• 2 wh1le a value of 6.9x1o-12 mM/c e ll-
day was obtained in this work. 3, 4 The limiting value of the specific rate of sulfide production 
should be directly related to the energy required by the cell for the exec ution of all nongrowth 
processes , i. e . , the maintenance energy of the cell. 
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Fig. H. 1-5. Flow sheet of ear ly continuous 
reactor system. 

2 . I NT E R PH AS E MASS AN D HEAT T R AN S FER I N LAMINAR F L 0 W 

Charles H. Byers and C. Judson King 

A rectangular channel has been built to study laminar interphase trans fer processes in 
the presence of a moving interface. The overall program will encompass studies of pure mass 
transfer, and heat transfer, simultaneous heat "Lnd mass transfer at low fluxes, and, finally, 
problems of high flux. The present investigation is concerned with the construction of the basic 
apparatus and with the pure mass transfer aspects of the work. 

The main section of the apparatus consists of a horizontal 1 X 3 -in. polycarbonate plastic 
channel, which is shown in Fig. H.2-1 . Two immiscible fluids pass through the channel in strat
ified flow. For the first 2. 5 feet of travel in the channel the two fluids are kept separate by a thin 
metal divider plate. This allows an adequate calming section. The fluids are then exposed to 
each other in a 1 . 5-ft-long test section, after which they are once again separated in a similar 
2. 5-ft downstream calming section. The upper phase is gas which is taken from cylinders, 
brought into contact with the liquid phase in the test section, and then vented to the atmosphere. 
The exit gas is analyzed for the transferring component with a gas -liquid chromatograph. A 
closed r ecirculating system was found to be best for maintaining satisfactory leve l control upon 
the liquid phase . The concentration of the transferring component in the liquid is determined with 
either a differential interferometer or the chromatograph, depending upon which liquid system is 
used. 

Before an interphase study was undertaken, experiments with control of the mass transfer 
completely residing in one or the other phase were considered. Since Tang and Himmelblau 1 have 
shown in a similar experiment that in the case of control in the liquid phase the penetration model 
is followed to within ?o/o, it was decided that a study of the liquid phase was unnecessary. Evap
oration of a pure liquid (e thyl alcohol in this experiment) into a pur e gas (oxygen) provided gas
phase mass transfer control. Mass transfer to a gas flowing in a channel ove r a stationary liquid 
is one of the classical Graetz mathematical solutions. The solution by Butler and Plewes2 o f this 
problem with an unsymmetric flux boundary condition correlated the experimental data with less 
5o/a error for the series of 10 runs at differ ent gas flows. Each point of a concentration profile 
taken for one flow rate agreed with the corresponding theoretical point to within 10%. The cup 
mixing concentration calculated from the points of the profile agreed almost perfectly with the 
theoretically predicted value. 

Gas-phase-controlled mass-transfer studies with a movin.gliquid were carried out with 
pure ethanol used as the liquid and oxygen as the gas phase. A theoretical solution for mass 
transfer to a phase with a moving interface and a:fositive linear slope in ve locity away from the 
inte rface has been presented by Beek and Bakker and has been modified in this work . A computer 
solution has been carried out for mass transfer to a laminar flow in a confined channel with a wall 
moving in the direction of the flow, where the transfer occurs at the moving wall. The values for 
the mass-transfer coefficient by computer methods agree quite well with those obtained by the ap
proximate analytical solution, except at conc e ntrations close to saturation. Experiments made 
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w ith th e physical system described abov e showed very good ag r eement with theory (less than 10o/o 
e rr or }, while concentr ation profiles taken on thr ee of the runs agree within the same er ror with 
the profiles gene rated by the compute r soluti on. 

Since the case of count e r c urrent flow is of great industrial importance , a series of runs 
was made with t h e dir ection of flow of the liquid r eve rsed but still operating with a pure liquid. 
Although a detailed analysis of the d a ta has not ye t been made, it may be stated that the rat e s of 
mass t r ansfe r are gene r a lly l owe r than thos e which would be found for no liquid flow. 

It is inter es ting to note that thes e theo r e tical and expe riment al dete rminations of the ef
fec t of a moving interface give corrections in the opposite direction from the classical procedure 
of referring the gas ve locity to the moving liquid surface ve locity . 

Studies have be e n car ried out with the mass -transfer control divided betwe e n the phases. 
In conjunction w ith an experimental program, an analytical solution has been derived for co
cur rent flow of a gas over a li quid. The solution is for a linear profile of ve locity in the liquid 
phase a nd linear s lope of ve locity in the gas phase. When this hydrodynamic model is used, rates 
of mass transfer can be predicted for situations in which the r esis tance to transfe r is distributed 
between the t wo phas es . The model has be e n tested e xperime ntally with use as a liquid phase of 
0. 5 mo l e o/o diethyl ethe r in a l cohol transferring to two differ ent gases, helium and carbon dioxide. 
Figure H.2-2 shows the exp e rimental data for eth e r transferring to carbon dioxide, along with the 
theoretically pr e dict e d line fo r this system. 

It was found that when ethe r is transferr ed from dilute solutions in water to a gas phase 
the inte r fac e almos t immediately becomes stagnant. This phenomenon is discussed by Merson 
and Quinn. 4 It may be att ri but ed to the rapid accumulation of trace surfac e-active agents at the 
interface. 
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Fig. H . 2 - 1. Ove rall view of two - phase 
laminar flow channel. 

Fig. H . 2 - 2. Overall mass - transfer data. 
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I. THESIS ABSTRACTS 

On the following pages the abstracts of theses issued in 1965 are given as they appeared 
in the original documents. 

1. DEVELOPMENT OF SOME HIGH-SPEED CHROMATOGRAPHIC METHODS 

Sergio Ajuria-Garza 
(M. s. Thesis) 

(From UCRL-16015) 

A thin-layer chromatography method has been developed using as stationary phase a fine 
mesh ion exchange resin without any admixture, thus eliminating the effects due to binding mate
rials. The plates can be developed by the ascending, descending, horizontal or centrifugal tech
nique. The spots obtained can be removed mechanically by several methods. An apparatus and 
a method of operation were 'developed for the centrifugal acceleration of thin-layer chromatography 
on 5 X 30 em glass 'plates with a substantial reduction in the time of development. 

A universal chromatographic chamber equally suitable for horizontal, centrifugal, as
cending or descending chromatography either of paper ·strips or thin-layer plates is described in 
detail. A comparison was made of the rate of progress of the solvent front in the different chro
matographic metho.ds. The speed of the front decreases sharply as the distance from the origin 
increases except in the centrifugal case 1n which the speed remains constant. 

A method of tandem horizontal or centrifugal chromatography is described which permits 
to increase the length of a chromatogram in orde·r tci separate two substances with very similar 
Rf values. The length of the chromatogram is only limited by the diffusion of the spots. . 

. . 95 181 95 95 
241 The above methods ar.e apphed to the separatwn of Zr -Hf , Zr -Nb and 

Am -Cm244. The radiochromatograms were evaluated by direct scanning and autoradiography. 
These methods are also discussed. 

2 . NUCLEAR SPEC T R 0 S C 0 PIC S T U DIES 0 F P 0 L 0 N I U M- 2 0 4 

Jiann-min An 
(M. S. Thesis) 

(From UCRL-16324) 

Sources of Polonium-204 were derived from the electron capture decay of Astatine-204 
made by bombarding Aul97 with cl2 in the Heavy Ion Linear Accelerator at Berkeley. Physical 
and chemical· methods were adjusted to make the sources as pure as possible for the measure
ments. 

Using scintillation crystals coupled to a 400 channelpulse-height analyzer, an bnvestiga
tion of some of the nuclear radiations of Po204.has been made. Gamma rays from Po2 4 were 
identified by their half life; their energies and relative intensities were carefully determined and 
the alpha branching ratio was measured. · 
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3. QUADRUPOLE COUPLING IN RARE EARTH CRYSTALS 

Johan Blok 
(Ph. D. Thesis) 

(From UCRL-16279) 

The electric field fradient at the nucleus was obtained for the rare earth ethylsulfates 
and double nitrates of La+ , Eu+3, Gd+3, and Lu+3 by measuring the quadrupole coupling 
constants via nuclear orientation. From a comparison with the calculated antishielding factor and 
the measured crystal field gradients we arrive at the ionic shielding factors for the rare earths. 
These shielding factors are observed to vary considerably throu~h the rare earths. These 
experiments also yielded the nuclear quadrupole moment of Lal 0. We obtained Q = +0.121(12) 
barns. 

These measurements required a precise knowledge of the temperature susceptibility 
relationship for cerium magnesium nitrate and for neodymium ethylsulfate. The temperature 
scale for cerium magnesium nitrate has recently been determined quite accurately; thus it was 
used without reservations. For neodymium ethylsulfate, however, we determined the tempera
ture scale at low temperatures using gamma-ray heating and nuclear orientation. We found 
considerable discrepancy with the previously published work. 

We also made an exhaustive study of the decay of 155-day Lu177 We determined the 
relative intensities and precise energies of many -o{ the gamma rays in this complex decay. From 
nuclear orientation of the 7-day and the 155-day Lul77 isomers we determined the ratio of the 
nuclear quadrupole moments of the 155-day metastable state and the 7-day ground state. We found 
Om/Og = +2. 33(25). For gamma rays following the !-second intermediate state in Hfl77 we found 
the unattenuated value of the anisotropy. We conclude that no reorientation takes place in this 
!-second state. 

4. COLLECTIVE EXCITATION OF NEUTRON-DEFICIENT BARIUM, 
XENON, AND CERIUM ISOTOPES: CENTRIFUGAL STRETCHING 

T R EAT MEN T 0 F N U C L E I 

Jack E. Clarkson 
(Ph. D. Thesis) 

(From ·UCRL-16040) 

The collective excitation of various neutron-deficient barium, xenon, and cerium 
isotopes by the "in-beam" method using lithium-drifted germanium counters has been obtained. 
The (heavy ion, xn) reaction has been used to produce Bal26, Bal24, Xel2 2 Xel20 ,- and Cel34 . 
The decay of Prl34 to Cel34 was- also observed, with a half life of 17± 2 minutes. Partial level 
schemes for the ground-state rotational bands to spin 8+ or .10+ are proposed for the nuclides 
investigated. The lifetime of the first-excited state in Bal26 has been determined as an "in-beam" 
experiment to be 2. 7±0. 5 'f.. 10-10 seconds and, hence, gives the deformation of Bal26 as 
~ = o. 24±0. 02. 

The implications of the rotational energies and spacings as related to deformation in 
this region are discussed. 

A classical centrifugal stretching treatment employing realistic nuclear potentials is 
developed and the results of this and other works are compared to the calculated energy levels 
from this treatment. 

._, 
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5. NUCLEAR STUDIES USING SEMICONDUCTOR DETECTORS 

Richard Barry Frankel 
(Ph. D. Thesis) 

(From UCRL-ll871) 

Germanium surface barrier detectors were used to measure the angular distribution of 
conversion electrons from the 255 keV isomeric transition in Cel37m for Cel37m nuclei aligned 
in the neodymium ethylsulfate lattice. Direct comparison with the y-ray angular distributions 
gave the particle parameters (b2 )k = 1. 061(18), (b2lL = 1. 059(20). From the variation of they-ray 
anisotropy with temperature, the hyperfine coupling constant for Cel37m was determined to be 
A = 0. 0147(7) cm-1 using the 1957 temperature scale for this salt. 

C l3?m 1 1· d · · · · d h · · f h 255 k V e was a so a 1gne 1n cer1um magnes1um n1trate an t e var1at1on o t e e 
y-ray anisotropy was studied as a function of temperature. Anomalies were shown to exist in the 
cerium magnesium nitrate temperature scale derived by Daniels and Robinson. A new tempera
ture scale is proposed which goes down to 0. 0019°K. To test the new scale, Pml44 was aligned 
in cerium magnesium nitrate. The anisotropies of the 615 and 695 keV y rays were found to 
be attenuated, but confirmed the Cel37m results. 

The decay of Cel3?m+g to La137 was investigated with Ge(Li) y-ray detectors, Si(Li) 
electron detectors, and nuclear alignment. Levels were found at 10, 446, 492, 708, 762, 781, 
835, 925, 1004, and 1170 keV. Definite spin and parity assignments were 762 keV (ll/2+), 
835 keV (9/2+), and 1004 keV (ll/2-). A spin of 5/2+ was tentatively assigned to the 446 keV 
level. The 11/2- state corresponds to a quasiparticle state predicted by Rho. 

The distribution of alpha particles from E
253 

oriented in neodymium ethylsulfate was 
measured using germanium surface barrier detectors. The L=4 wave in the ground-state transi
tion was found to be out of phase with the L=O and L=2 waves. The L=4 wave was found to have 
a larger amplitude and the L=2 wave a smaller amplitude than predictions based on the Bohr, 
Froman and Mottelson coupling relations. The relative amplitudes for the ground-state transi
tions are ao = 1, a 2 = 0.11, and a4 = 0. 016. 

6. OXYGEN INITIATED PYROLYSIS OF ETHYLBENZENE 

Edwin D. Hausmann 
(M. S. Thesis) 

(From UCRL-16021) 

The effect of small quantities of oxygen (0 to 10%) on the thermal decomposition of ethyl
benzene in the temperature range of 570-650°C was investigated utilizing a flow reactor with 
residence times of from 0. 06 to 0.18 seconds and ethylbenzene concentrations of less than 10%. 
Twenty-one runs were made with .oxygen excluded, and the data fitted, using a multiple regression 
analysis, to the following form of the law of mass action: 

rate of conversion to styrene = 

4.04 Xl012 exp(-68,600/RT) (EB) 0 · 41 g.mole/cm3 sec. 

The liquid product yield pattern of 74 mole % styrene, 23% benzene, and 3% toluene was found 
to be independent of temperature and reactant concentration. A mechanism is postulated which 
is in accord with the reaction order, apparent activation energy and yield pattern. 

Small quantities of oxygen increase the rate of thermal decomposition but this effect 
tapers off as the oxygen concentration is increased. With an oxygen concentration of 2. 5% the 
same level of conv.ersion is achieved at a temperature lOOC lower than that required when oxygen 
is excluded. The styrene yield selectivity increases from 74 mole % without oxygen to 81 mole% 
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with 10% oxygen. When the data are fitted to a law of mass action expression, oxygen is found 
to lower the apparent activation energy to 60, 000 cal/ gm-mole and to lower the order with 
respect to ethylbenzene slightly. Possible initiation and termination reaction steps involving 
oxygen are suggested to explain the results, but it is not possible to test any definite reaction 
mechanism for the oxygen initiated pyrolysis of ethylbenzene reliably. 

7. ISOMERIC CHEMICAL SHIFTS AND ELECTRONEGATIVITY 

David A. Keller 
(M. S. Thesis) 

(From UCRL-16436) 

M u b . . . d. 4 ZoK·. . A 197 . ll9 1 . uss auer exper1ments wer~ carr1e out a( . using u · and Sn a·s so utes 1n 
dilute binary alloys to study the relationship, if any, between the isomeric chemical shift and the 
difference in electronegativity between the .solvent metal and the MBssbauer element.· 

Au
197 

was embedded into nineteen host lattices and the resulting isomeric .chemical 
shifts of the MBssbauer resonance did show a positive correlation between the chemical shift and 
electronegativity. 

However, similar experiments using Snll9 as the MBssbauer solute in six metallic 
lattices failed to show any correlation at all between chemical shift and electronegativity. 

8. REACTIONS OF He 3 WITH LIGHT ELEMENTS: APPLICATIONS TO 
ACTIVATION ANALYSIS 

John D. Mahony 
(Ph. D. Thesis) 

(From UCRL-ll780) 

A simple, rapid technique of analyzing for carbon, oxygen, and fluorine, individually 
and simultaneously by He3 activation is presented. This method, which can easily be extended 
to other elements, is capable of analyses at the ppb level or even less in some cases and an 
ultimate accuracy of 5% . Milligram amounts of .total sample are sufficient and are not destroyed 
in the analysis. The advantages of this technique with especial reference to energetics, versatility 
and the elimination of interferences are discussed and compared to those of other charged
particle and neutron-activation analysis procedures. 

18 The excitation functions for the production of F 18 from o 16, Cll and Nl3 from c 12 , 
and F from Fl9 by He 3 reactions for the energy range, 0 to 31 MeV have been determined 
and are discussed with particular application to activation analysis. 

An absolute analysis for oxygen in thorium was performed; simultaneous absolute 
analyses of gold, silicon, Mylar, and polyethylene for carbon and oxygen, and Teflon for carbon 
and fluorine are described. Results of analyses by the relative method for oxygen in thorium, 
beryllium, niobium, and lead are also reported. 

Although the Berkeley Hilac was used for the work described, a small cyclotron is shown 
to be quite adequate for extensive He3 activation analysis. The specifications of such an 
accelerator are given. 
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MAG N E T I C P R 0 PER T IE S 0 F C URI U M ME T A L AND IT S C 0 M P 0 UN D S 

Sayed A. Marei 
(Ph. D. Thesis) 

(From UCRL-11984) 

The magnetic susceptibility of curium· metal has been measured from -253 to 250°C. 
The metal followed Curie-Weiss law above liquid nitrogen temperature. up to the temperature 
studied. The effective magnetic moment for the metal was found to be 7. 99± 0. 15 indicating the 
presence of 5f7 configuration in the metal. No magnetic transition was observed in the tempera
ture range studied. 

The magnetic susceptibility of Cm+ 3 in curium trifluoride, curium oxychloride, and 
5. 6 mole percent curium trifluoride diluted with lanthanum trifluoride has been measured. The 
effective moment for Cm+3 was found to be 7.65±0.1 Bohr magnetron, giving a Lande g factor 
of 1. 93± 0. 03, pointing toward an appreciable departure from Russell-Saunders coupling. The 
molecular field constant t:, was found to be small and decreasing with increasing magnetic dilu
tion. The following t:, values were found for curium compounds. 

10. 

Compound 

CmOCl 

CmF 3 · 1/2 H 20 

5. &fa CmF 3 

60 

23±3 

5±3 

5±3 

DECAY SCHEMES OF ODD-ODD EINSTEINIUM ISOTOPES 

William Charles McHarris 
(Ph. D. Thesis) 

(From UCRL-11784) 

The radiations from the heavy odd-odd, alpha-emitting isotopes, 99Es1~~ and 99Es'i~~ • 
were studied and interpreted in light of the Bohr -Mottelson unified theory of deformed nuclei and 
the accompanying Nilsson wave functions. The study was based on their alpha-particle spectra, 
which were obtained both with Si alpha detectors and with a high-resolution, double-focussing 
magnetic spectrograph. Complementing these were gamma-ray spectra obtained with Nai 
scintillators and Ge gamma detectors, conversion-electron spectra obtained with Si electron 
detectors and precision permanent-magnet spectrographs, and various time-to-height and 
delayed-coincidence spectra. 

Levels in the daughter nuclei were grouped into rotational bands, and the experimental 
properties of these were compared with predictions based on couplings of the odd-nucleon states 
found in neighboring odd-mass nuclei. Agreement was found to be excellent, indicating that the 
odd proton and odd neutron in these odd-odd states move with considerable independence of each 
other. 

The decay scheme of Es 254 was worked out in detail, indicating' that the .6. 437 MeV, 
favored alpha group populates a K7ri = 7+7 level at 85.5 keY above the ground state of Bk250. 
A cascade of three electromagnetic transitions is required to de -excite this level to the 2-2 
ground state: (1) a 7-keV E2, with a half life of 213 }.!Sec, that leads to a 4+5 level at 78.1 keY 
above ground, (2) a fast 42. 6-keV Ml-E2 rotational transition to the 4+4 level at 35. 5 keY, and 
(3) branching transitions, mostly a 35. 5-keV M2, that give the 4+4 level a 29 }lSec half life and 
connect it with the ground state. Many subsidiary bands and levels were also studied and assigned. 
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11. AXIAL DISPERSION IN LIQUID FLOW THROUGH PACKED BEDS 

Steven Frank Miller 
(M. S. Thesis) 

(From UCRL-11951) 

Step-function injection and purging of a dilute salt tracer in water was used to measure 
axial dispersion for low Reynolds number liquid "flow through beds of uniform sized, random 
packed glass spheres. The resultant data and those o{ several previous studies are coordinated 
and interpreted in terms of Reynolds number, Schmidt number, and Peclet numbe.I< 

12. THE PRODUCTION OF TRITIUM LABELED METHANE AND ETHANE 
IN THE CH

4
-T

2 
SYSTEM 

John B. Nash 
(Ph.D. Thesis). 

(From UCRL-16009) 

The rates of incorporation of tritium into labeled methane and ethane in the methane
tritium system has been investigated. The production of the tritiated products can be expressed 
by a sum of two terms. The first term of this expression is independent of time, and is the decay
induced labeling; the other, inversely proportional to time, is the radiation-induced labeling. The 
rate of incorporation of tritium into product as a result of the radiation field is shown to have a 
dependence on the absolute molecular concentration of tritium as well as its concentration as a 
source of radiation. The yields of labeled methane and ethane from the decay labeling is directly 
proportional to the rate of decay of the tritium. The rate of incorporation of tritium into-labeled 
ethane is larger than that for incorporation into tritiated methane. A mechanism for both series 
consistent with the results is proposed. The effect of .additives was also determined. Addition of 
hydrogen elucidated the rate of labeling from the decay-induced series. Xenon was shown to 
enhance the product yield by 15 percent in concentrations up to 30 mole percent. Addition of 
ethylene in amounts less than 2 mole percent suppressed the labeling rate until the ethylene had 
disappeared by reaction with the radiolytic products. The effect on product formation of varying 
the pressure and the surface to volume ratio is also di.scussed. 

13. THEORETICAL ALPHA DECAY RATES OF DEFORMED NUCLEI 

John Kenneth Pog-genburg,· Jr. 
(Ph. D. Thesis) · 

(From UCRL-16187) 

The shell-model theory of alpha decay developed by Mang is summarized. The calcula
tion of the alpha formation entails use of the pairing-force wave functions of superconductivity 
theory, and we briefly describe their calculation with a delta-force approximation. The penetra
tion of the alpha particle through the anisotropic potential barrier is considered in detail. We 
study the approximate treatment of Fr{jman.and the results clearly justify the method. 

The particular features of the potential barrier are examined in terms of the WKB ex
pression for barrier trans~ission. The Woods-Saxon potential 
V = -74/(1 + exp((r-1.17Al;3_1.6)/(a))} is chosen after a survey of recent optical model analyses 
of alpha scattering experiments. The Woods -Saxon potential results in penetrability factors that 
are =45% · lower than those calculated with the Igo potential. Modification of the Coulomb poten
tial has little effect on the penetrability. 
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Extensive numerical calculations are given in an appendix. The theory gives reasonable 
agreement with experiment, and has provided a ·clear example of its value in the analysis of the 
alpha decay of Am24l, The calculations predict relative amplitudes and phases of importance in 
interpretation of angular correlation experiments. They also predict the £-wave mixing in the 
transition to final states of odd-mass nuclei. Comparisons of theoretical and experimental transi
tion rates indicate the nature of the errors in the calculations. Suggestions are given for future 
improvement. 

14. EFFECTS OF COLLECTIVE EXCITED STATES ON ALPHA PARTICLE 
BARRIER,. PENETRABILITY 

Elizabeth A. Rauscher 
(M. S. Thesis) 

(From UCRL-11875) 

For the alpha decay of Po
212 

to the ground state and various excited stat~s of the Pb
208 

daughter, there are collective surface vibrational modes, which couple these low-lying excited 
states to the ground state of Pb208. In the present description of the transitions between these 
excited states of Pb208 and the ground state of Pb208 only single phonon excitations will be con
sidered. 

Interaction of the electric multipole nature occurs between the excited state levels and 
the ground state of the recoil lead daughter induced by its interaction with the emitted alpha 
particle, affecting the latter's penetration of the nuclear barrier. 

The formation of the excitation in the lead nucleus can either be produced by Po
212 

alpha· 
decay or by (a., a.') inelastic scattering on Pb208, but in either case we consider that an alpha 
cluster exists in the nuclear surface region. 

It is the purpose of the present paper to investigate the manner in which the multipole 
interaction affects the alpha particle penetration of the nuclear barrier. 

15. THE ELECTROMAGNETIC LEVITATION OF METALS; THE DESIGN, 
CONSTRUCTION, AND OPERATION OF A DIFFERENTIAL MICRO
MANOMETER; STUDIES OF ATOMIC HYDROGEN AT LOW PRESSURES 

Peter Roland Rony 
(Ph. D. Thesis) 

(From UCRL-16073) 

This dissertation is divided into three parts for convenience of presentation. One abstract 
of each part is given below. 

Part I 

A complete theoretical description of the electromagnetic levitation of metals is given, 
leading to the basic equations for the lifting force and power input for a metal sphere levitated in 
an inhomogeneous sinusoidally alternating magnetic field. The suspended metal is suitably con
trolled either by operation at lower frequencies and addition of heat with an electron beam, plasma
arc torch, high-frequency induction heater, or reflection furnace, or by operation at high frequen
cies and employment of high-thermal-conductivity gases such as hydrogen and helium to cool the 
metal. 

Values indicating the ease of levitation of 1-cm-radius spheres of more than 50 different 
metals at. ooc and at their respective melting points are given. When frequencies in the 10 to 
100 kc/ sec are used, the density of the metal chiefly determines the ease of levitation. Refractory, 
semiconducting, or dielectric materials can be levitated either by the heating of them to high 
temperatures to decrease their electrical resistivity orby the coating of a light and inert metal of 
high melting point "with the material to be studied. 
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Liquid sodium surrounded by a mineral oil of almost identical density can be used in the 
study of the magnetic-field distribution of levitation coils. Liquid mercury can be used to deter
mine the ability of levitation coils to suspend high-temperature liquid metals. 

Part II 

A differential micromanometer capable of measuring 100 ptorr to an accuracy of ± 2"/o 
has been designed, constructed, and tested. The pressure difference is sensed by a membrane 
manometer constructed as a differential capacitor that forms two legs of a resonant-bridge 
network excited by a radio-frequency source. 

The most favorable system found to date consists of a pressure transducer (Decker 
Corporation Model 306 -2A) operated open loop with the bridge and electronics. Differential pres
sures as low as 50 ptorr can be measured with a zero drift of 1 ptorr per min or 30 ptorr per 
hour. Differential pressures of 0. 5 utorr are detectable. 

The micromanometer is calibrated electrostatically. The diaphragm constant K in the 
formula, L'IP = K y2, is determined to ± 2!{o by the comparison of a known voltage and a calibrated 
McLeod gauge. 

Part III 

The theoretical description of diffusion and flow tubes is extended to the following situa
tions: (a) the discharge zone is of finite length, (b) the discharge-zone walls are inactive cata
lytically, (c) the end-plate sink is composed of two or more catalytic materials, and (d) the atom
recombination coefficients on the discharge- and reactor-zone walls differ in magnitude. The 
dimensionless groups characterizing the rate processes within the system are systematized. 

A Wrede-Harteck gauge, which is capable of detecting atom concentrations of less than 
0. 06"/o at 75 mtorr, indicates that the presence of small amounts of water does not influence the 
yield of atomic hydrogen from a microwave or 50-MHz discharge. This result is independent of 
the measurement technique, the source of hydrogen, the source of water, and the discharge power. 

Small amounts of oxygen stoichiometrically increase the yield of atomic hydrogen from 
the low-pressure discharge by a ratio of at least two atoms of hydrogen per molecule of oxygen. 
Molecular nitrogen has a similar but smaller effect. 

The location of an active catalytic probe affects the atom concentration level throughout 
a diffusion tube. A cyclotron-resonant microwave discharge operates in the low-pressure system 
with powers as low as 250 mW. The intensity of the Balmer lines or color of low-pressure hydro
gen discharges is not a reliable qualitative indication of the atomic-hydrogen yield. Requisite 
conditions for the proper use of an isothermal calorimeter are also discussed. 

16. DECAY OF THE zn 64 ':'
3 

COMPOUND NUCLEUS F0
6
RMED

6
BY NUCLEAR 

REACTIONS OF p, He , He4, AND c 1 2 WITH Cu 3, Ni 1, Ni60, AND 
Cr52 RESPECTIVELY 

Charles F. Smith, Jr. 
(Ph. D. Thesis) 

(From UCRL-ll862) 

An experimental, radio-chemical determination of the excitation functions for reactions 
involving the [zn64]'~ compound nucleus has been performed. The reactant pairs are: p + Cu63, 
He3 + Ni61, He4 + Ni60, and cl2 + Cr52, while the observed products for each such pair are: 
zn63, zn62, and cu62. Total reaction cross sections are calculated from the optical model. The 
ratio of the cross section for a given reaction to the total reaction cross section is compared on 
an excitation energy absissa for each product. The shape and magnitude of these ratio curves is 
essentially constant in each such comparison, suggesting a compound nuclear reaction mechanism. 
Range measurements for zn62 recoils are made and compared to calculated ranges based on the 
theory of Lindhard, Scharff and Schi~tt for a compound nuclear reaction. Good agreement is 
found. The shapes of these curves are compared to a theoretical estimate obtained from evapora
tion theory, and are shown to be similar to the calculated shapes. A displacement of the 
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experimental curves relative to one another along the excitation energy axis is noted, and 
ascribed to angular momentum effects. Using the position of the Zn 4 photoexcitation curves of 
Sagane as reference points, and spin averaged angular momenta of the compound system, the 
reduced moment of inertia is calculated for the four systems. At least two distinct values are 
found, indicating a difference between orbital- and spin-angular momenta, the latter causing the 
greater energy shift in the excitation functions. This observation is shown to be of value in 
understanding similar energy discrepancies in excitation function comparisons. Because of the 
observed relationship between the mode of formation and the mode of decay of the compound 
nucleus, it is concluded that the independence postulate is not strictly applicable to this system as 
a whole. 

17. SCATTERING OF 50.9 MeV ALPHA PARTICLES FROM Ne
20 

AND Ca
40 

Arthur Springer 
(Ph. D. Thesis) 

(From UCRL-11681) 

More than a dozen inelastic levels of both Ne
20 

and Ca 
40 

were excited by inelastic 
scattering of 50.9 MeV alpha particles. Differential cross sections for these excitations were 
measured, and by analysis with the Austern and Blair model, one-step and two-step excitation 
processes were distinguished from each other. Spins, parities, and reduced transition proba
bilities were also extracted with the aid of this model. This information was then used to discuss 
the collective nuclear structure of Ca40, which is vibrational, and Ne20 which has rotational 
bands based on both the ground state and octupole vibrations . 
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I. THESIS ABSTRACTS 

On the following pages the abstracts of theses issued in 1965 are given as they appeared 
in the original documents. 

l. DEVELOPMENT OF SOME HIGH-SPEED CHROMATOGRAPHIC METHODS 

Sergio Ajuria-Garza 
(M. s. Thesis) 

(From UCRL-16015) 

A thin-layer chromatography method has been developed using as stationary phase a fine 
mesh ion exchange resin without any admixture, thus eliminating the effects due to binding mate
rials. The plates can be developed by the ascending, descending, horizontal or centrifugal tech
nique. The· spots obtained can be removed mechanically by several methods. An apparatus and 
a method of operation were 'developed for the centrifugal acceleration of thin-layer chromatography 
on 5 X 30 em glass 'plates with a substantial reduction in the time of development. . . 

A universal chromatographic chamber equally suitable for horizontal, centrifugal, as
cending or descending chromatography either of paper ·strips or thin-layer plates is described in 
detail. A comparison was made of the rate of progress of the solvent front in the different chro
matographic metho.ds. The speed of the front decreases sharply as the distance from the origin 
increases except in the centrifugal case in which the speed remains constant. 

A ~ethod of tandem horizontal or centrifugal chromatography is described which permits 
to increase the length of a chromatogram in order to separate two substances with very similar 
Rf values. The length of the chromatogram is only limited by the diffusion of the spots. 

. . . 95 181 95 95 
241 The above methods are apphed to the separatwn of Zr -Hf , Zr -Nb and 

Am -Cm244. The radiochromatograms were evaluated by direct scanning and autoradiography. 
These methods are also discussed. · 

2. NUCLEAR SPECTROSCOPIC STUDIES OF POLONIUM-204 

Jiann-min An 
(M. S. Thesis) 

(From UCRL-16324) 

Sources of Polonium-204 were derived from the electron capture decay of Astatine-204 
made by bombarding Aul97 with cl2 in the Heavy Ion Linear Accelerator at Berkeley. Physical 
and chemical methods were adjusted to make the sources as pure as possible for the measure
ments. 

Using scintillation crystals coupled to a 400 channelpulse-height analyzer, an hnvestiga
tion of some of the nuclear radiations of Po204 has been made. Gamma rays from Po2 4 were 
identified by their half life; their energies and relative intensities were carefully determined and 
the alpha branching ratio was measured. 
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3. QUADRUPOLE COUPLING IN RARE EARTH CRYSTALS 

Johan Blok 
(Ph. D. Thesis} 

(From UCRL-16279} 

The electric field fradient at the nucleus was obtained for the rare earth ethylsulfates 
and double nitrates of La+ , Eu+3, Gd+3, and Lu+ 3 by measuring the quadrupole coupling 
constants via nuclear orientation. From a comparison with the calculated antishielding factor and 
the measured crystal field gradients we arrive at the ionic shielding factors for the rare earths. 
These shielding factors are observed to vary considerably throu~h the rare earths. These 
experiments also yielded the nuclear quadrupole moment of Lal 0. We obtained Q = +0.121(12} 
barns. 

These measurements required a precise knowledge of the temperature susceptibility 
relationship for cerium magnesium nitrate and for neodymium.ethylsulfate. The temperature 
scale for cerium magnesium nitrate has recently been determined quite accurately; thus it was 
used without reservations. For neodymium ethylsulfate, however, we determined the tempera
ture scale at low temperatures using gamma-ray heating and nuclear orientation. We found 
considerable discrepancy with the previously published work. 

We also made a.n exhaustive study of the decay of 155-day Lu177 . We determined the 
relative intensities and precise energies of many ·o( the gamma rays in this complex decay. From 
nuclear orientation of the 7 -day and the 155 -day Lul77 isomers we determined the ratio of the 
nuclear quadrupole moments of the 155-day metastable state and the 7-day ground state. We found 
Om/Og = +2. 33(25}. For gamma rays following the 1-second intermediate state in Hfl77 we found 
the unattenuated value of the anisotropy. We conclude that no reorientation takes place in this 
1-second state. 

4. COLLECTIVE EXCITATION OF NEUTRON-DEFICIENT BARIUM, 
XENON, AND CERIUM ISOTOPES: CENTRIFUGAL STRETCHING 

T R EAT ME N T 0 F N U C L E I 

JackE. Clarkson 
(Ph. D. Thesis} 

(From UCRL-16040} 

The collective excitation of various neutron-deficient barium, xenon, and cerium 
isotopes by the "in-beam" method using lithium-drifted germanium counters has been obtained. 
The (heavy ion, xn} reaction has been used to produce Bal26, Bal24, Xe 22, Xel20, and Cel34. 
The decay of Prl34 to Cel34 was also observed, with a half life of 17± 2 minutes. Partial level 
schemes for the ground-state rotational bands to spin 8+ or 10+ are proposed for the nuclides 
investigated. The lifetime of the first-excited state in Bal26 has been determined as an "in-beam" 
experiment to be 2. 7±0. 5 '/.. 10-10 seconds and, hence, gives the deformation of Bal26 as 
[3 = 0. 24±0. 02. 

The implications of the rotational energies and spacings as related to deformation in 
this region are discussed. 

A classical centrifugal stretching treatment employing realistic nuclear potentials is 
developed and the results of this and other works are compared to the calculated energy levels 
from this treatment. 

f-. 

'-·· 
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NUCLEAR STUDIES USING SEMICONDUCTOR DETECTORS 

Richard Barry Frankel 
(Ph. D. Thesis) 

(From UCRL-ll871) 

Germanium surface barrier detectors were used to measure the angular distribution of 
conversion electrons from the 255 keY isomeric transition in Cel37m for Cel37m nuclei aligned 
in the neodymium ethylsulfate lattice. Direct comparison with the y-ray angular distributions 
gave the particle parameters (b2)k = 1. 061(18), (b2)L = 1. 059(20). From the variation of they-ray 
anisotropy with temperature, the hyperfine coupling constant for Cel37m was determined to be 
A = 0. 0147(7) cm-1 using the 1957 temperature scale for this salt. 

C l3?m 1 1' d · · · · d h · · f h 255 k Y e was a so a 1gne 1n cer1um magnes1um n1trate an t e var1at1on o t e e 
y-ray anisotropy was studied as a function of temperature. Anomalies were shown to exist in the 
cerium magnesium nitrate temperature scale .derived by Daniels and Robinson. A new tempera
ture scale is proposed which goes down to 0. 0019°K. To test the new scale, Pml44 was aligned 
in cerium magnesium nitrate. The anisotropies of the 615 and 695 keY y rays were found to 
be attenuated, but confirmed the Cel37m results. 

The decay of Cel3?m+g to La137 was investigated with Ge(Li) y-ray detectors, Si(Li) 
electron detectors, and nuclear alignment. Levels were found at 10, 446, 492, 708, 762, 781, 
835, 925, 1004, and ll70 keY. Definite spin and parity assignments were 762 keY (ll/2+), 
835 keY (9/2+), and 1004 keY (ll/2-). A spin of 5/2+ was tentatively assigned to the 446 keY 
level. The 11/2- state corresponds to a quasiparticle state predicted by Rho. 

The distribution of alpha particles from E
253 

oriented in neodymium ethylsulfate was 
measured using germanium surface barrier detectors. The L=4 wave in the ground-state transi
tion was found to be out of phase with the L=O and L=2 waves. The L=4 wave was found to have 
a larger amplitude and the L=2 wave a smaller amplitude than predictions based on the Bohr, 
Froman and Mottelson coupling relations. The ·relative amplitudes for the ground-state transi
tions are ao = 1, a2 = O.ll, and a4 = o. 016. 

6. OXYGEN INIT.IATE.D PYROLYSI.S OF E.THYLBENZENE 

Edwin D. Hausmann 
(M. S. Thesis) 

(From UCRL-16021) 

The effect of small quantities of oxygen (0 to 10%) on the thermal decomposition of ethyl
benzene in the temperature range of 570-650°C was investigated utilizing a flow reactor with 
residence times of from 0. 06 to 0.18 seconds and ethylbenzene concentrations of less than 10%. 
Twenty-one runs were made with .oxygen excluded, and the data fitted, using a multiple regression 
analysis, to the following form of the law of mass action: 

rate of conversion to styrene = 

4. 04 ><1012 exp(-68, 600/RT) (EB) 0 ' 41 g. m~le/cm3 sec. 

The liquid product yield pattern of 74 mole "/o styrene, 23"/o benzene, and 3% toluene was found 
to be independent of temperature and reactant concentration. A mechanism is postulated which 
is in accord with the reaction order, apparent activation energy and yield pattern. 

Small quantities of oxygen increase the rate of thermal decomposition but this effect 
tapers off as the oxygen concentration is increased. With an oxygen concentration of 2. 5"fo the 
same level of conv.ersion is achieved at a temperature lOOC lower than that required when oxygen 
is excluded. The styrene yield selectivity increases from 74 mole % without oxygen to 81 mole% 
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with 10<)1, oxygen. When the data are fitted to a law of mass action expression, oxygen is found 
to lower the apparent activation energy to 60, 000 cal/ gm-mole and to lower the order with 
respect to ethylbenzene slightly. Possible initiation and termination reaction steps involving 
oxygen are suggested to explain the results, but it is riot possible to test any definite reaction 
mechanism for the oxygen initiated pyrolysis of ethylbenzene reliably. 

7. ISOMERIC CHEMICAL SHIFTS AND ELECTRONEGATIVITY 

David A. Keller 
(M. S. Thesis) 

(From UCRL-16436) 

MHssbauer experiments wer~ carried out at. 4. 2°K using Au197 and Sn119 as solutes in 
dilute binary alloys to study the relationship, if any, between the isomeric chemical shift and the 
difference in electronegativity. between the solvent metal and the MHssbauer element. 

Au197 was embedded .into nineteen host lattices and the resulting isomeric .ch~mical 
shifts of the MHssbauer resonance did show a positive correlation between the chemical shift and 
electronegativity. 

However, similar experiments using Sn119 as the MHssbauer solute in six metallic 
lattices failed to show any correlation at all between chemical shift and electronegativity. 

8. REACTIONS OF He
3 

WITH LIGHT ELEMENTS: APPLICATIONS TO 
ACTIVATION ANALYSIS 

John D. Mahony 
(Ph. D. Thesis) 

(From UCRL-ll780) 

A simple, rapid technique of analyzing for carbon, oxygen, a:O.d fluorine, individually 
and simultaneously by He3 activation is presented. This method, which can easily be extended 
to other elements, is capable of analyses at the ppb level or even less in some cases and an 
ultimate accuracy of 5"/o : Milligram amounts of .total sample are sufficient and are not destroyed 
in the analysis. The advantages of this technique with especial reference to energetics, versatility 
and the elimination of interferences are discus sed and compared to those of other charged-
particle and neutron-activation analysis procedures. 

18 The excitation functions for the production of F 18 from o 16 , Cll and Nl3 from c 12
, 

and F from Fl9 by He3 reactions for the energy range, 0 to 31 MeV have been determined 
and are discus sed with·.particular application to activation analysis. 

An absolute analysis for oxygen in thorium was performed; simultaneous absolute 
analyses of gold, silicon, Mylar, and polyethylene for carbon and oxygen, and Teflon for carbon 
and fluorine are described. Results of analyses by the relative method for oxygen in thorium, 
beryllium, niobium, and lead are also reported. 

Although the Berkeley Hilac was used for the work described, a small cyclotron is shown 
to be quite adequate for extensive He3 activation analysis. The specifications of such an 
accelerator are given. 

~·· 

~I 
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MAGNETIC PROFERT IES OF CURIUM METAL AND ITS COMPOUNDS 

Sayed A. Marei 
(Ph. D. Thesis} 

(From UCRL-ll984) 

The magnetic susceptibility of curium metal has been measured from -253 to 250°C. 
The metal followed Curie-Weiss law above liquid nitrogen temperature up to the temperature 
studied. The effeCtive magnetic moment for the metal was found to be 7. 99± 0.15 indicating the 
presence of 5f7 configuration in the metal. No magnetic transition was observed in the tempera
ture range studied. 

The magnetic susceptibility of Cm+3 in curium trifluoride, curium oxychloride, and 
5. 6 mole percent curium trifluoride diluted with lanthanum trifluoride has been measured. The 
effective moment for Cm+3 was found to be 7. 65± 0.1 Bohr magnetron, giving a Lande g factor 
of 1. 93±0. 03, pointing toward an appreciable departure from Russell-Saunders coupling. The 
molecular field constant /::, was found to be small and decreasing with increasing magnetic dilu
tion. The following /::, values were found for curium compounds. 

10. 

Compound 

CmOCl 

CmF3 ·1/2 H 20 

5. f1o CmF 3 

60 

23±3 

5±3 

5±3 

DECAY SCHEMES OF .ODD-ODD EINSTEINIUM ISOTOPES 

William Charles McHarris 
(Ph. D. Thesis} 

(From UCRL-ll784) 

The radiations from the heavy odd-odd, alpha-emitting isotopes, 99Es~~t and 99Es1_~~. 
were studied and interpreted in light of the Bohr-Mottelson unified theory of deformed nuclei and 
the accompanying Nilsson wave functions. The study was based on their alpha-particle spectra, 
which were obtained both with Si alpha detectors and with a high-resolution, double-focussing 
magnetic spectrograph. Complementing these were gamma-ray spectra obtained with Nai 
scintillators and Ge gamma detectors, conversion-electron spectra obtained with Si electron 
detectors and precision permanent-magnet spectrographs, and various time-to-height and 
delayed-coincidence spectra. 

Levels in the daughter nuclei were grouped into rotational bands, and the experimental 
properties of these were compared with predictions based on couplings of the odd-nucleon states 
found in neighboring odd-mass nuclei. Agreement was found to be excellent, indicating that the 
odd proton and odd neutron in these odd-odd states move with considerable independence of each 
other. 

The decay scheme of Es
254 

was worked out in detail, indicating that the 6. 437 MeV, 
favored alpha group populates a Kni = 7+7 level at 85.5 keV above the ground state of Bk250, 
A cascade of three electromagnetic transitions is required to de-excite this level to the 2-2 
ground state: (1) a 7 -keV E2, with a half life of 213 usee, that leads to a 4+5 level at 78. 1 keV 
above ground, (2) a fast 42. 6-keV Ml-E2 rotational transition to the 4+4 level at 35. 5 keV, and 
(3} branching transitions, mostly a 35. 5-keV M2, that give the 4+4 level a 29 JlSec half life and 
connect it with the ground state. Many subsidiary bands and levels were also studied and assigned. 
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11. AXIAL DISPERSION IN LIQUID FLOW THROUGH PACKED BEDS 

Steven Frank Miller 
(M. S. Thesis) 

(From UCRL-11951) 

Step-function injection and purging of a dilute salt tracer in water was used to measure 
axial dispersion for low Reynolds number liquid ·now through beds of uniform sized, random 
packed glass spheres. The resultant data and those of several previous studies are coordinated 
and interpreted tn terms of Reynolds· number, Schmidt number, and Peclet numbe·r.· 

12. THE PRODUCTION OF TRITIUM LABELED METHANE AND ETHANE 
. . . IN THE CH

4 
-T 

2 
SYSTEM 

John B. Nash 
(Ph. D. Thesis). 

(From UCRL-16009) 

The rates of incorporation of tritium into labeled methane and ethane in the methane
tritium system has been investigated. The production of the tritiated products can be expressed 
by a sum of two terms. The first term of this expression is independent of time, and is the decay
induced labeling; the other, inversely proportional to time, is the radiation-induced labeling. The 
rate of incorporation of tritium into product as a result of the radiation field is shown to have a 
dependence on the absolute molecular concentration of tritium as well as its concentration as a 
source of radiation. The yields of labeled methane and ethane from the decay labeling is directly 
proportional to the rate of decay of the tritium. The rate of incorporation of tritium into-labeled 
ethane is larger than that for incorporation into tritiated methane. A mechanism for both series 
consistent with the results is proposed. The effect of additives was also determined. Addition of 
hydrogen elucidated the rate of labeling from the decay-induced series. Xenon was shown to 
enhance the product yield by 15 percent in concentrations up to 30 mole percent. Addition of 
ethylene in amounts less than 2 mole percent suppressed the labeling rate until the ethylene had 
disappeared by reaction with the radiolytic products. The effect on product formation of varying 
the pressure and the surface to v-olume ratio is also discussed. 

13. THEORETICAL ALPHA DECAY RATES OF DEFORMED NUCLEI 

John Kenneth Poggenburg,. Jr. 
(Ph. D. Thesis) 

(From UCRL-16187) 

The shell-model theory of alpha decay developed by Mang is summarized- The calcula
tion of the alpha formation entails use of the pairing-force wave functions of superconductivity 
theory, and we briefly describe their calculation with a delta-force approximation. The penetra
tion of the alpha particle through the anisotropic potential barrier is considered in detail. We 
study the approximate treatment of Frl:iman.and the results clearly justify the method. 

The particular features of the potential barrier are examined in terms of the WKB ex-
pression for barrier translfl}ission. The Woods-Saxon potential . 
V = -74/(1 + exp((r-Ll7Al;3_1.6)/(a)}) is chosen after a survey of recent optical model analyses 
of alpha scattering experiments. The Woods-Saxon potential results in penetrability factors that 
are ~5% lower than those calculated with.the Igo potential. Modification of the. Coulomb poten
tial has little effect on the penetrability. 
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Extensive numerical calculations are given in an appendix. The theory gives reasonable 
agreement with experiment, and has provided a clear example of its value in the 'analysis of the 
alpha decay of Am241. The calculations predict relative amplitudes and phases of importance in 
interpretation of angular correlation experiments. They also predict the i.-wave mixing in the 
transition to final states of odd-mass nuclei. Comparisons of theoretical and experimental transi
tion rates indicate the nature of the errors in the calculations. Suggestions are given for future 
improvement. 

14 . E F FE C T S 0 F C 0 L L E C T IV E EX C I T E D ·s T AT E S 0 N A L PH A PAR T I C L E 
BARRIER PENETRABILITY 

Elizabeth A. Rauscher 
. (M. S. Thesis) 

(From UCRL-ll875) 

For the alpha decay of Po
212 

to the ground state and various excited states of the Pb
208 

daughter, there are collective surface vibrational modes, which couple these low-lying excited 
states to the ground state of Pb2 08. In the present description of the transitions between these 
excited states of Pb208 and the ground state of Pb208 only single phonon excitations will be con
sidered. 

Interaction of the electric multipole nature occurs between the excited state levels and 
the ground state of the recoil lead daughter induced by its interaction with the emitted alpha 
particle, affecting the latter's penetration of the nuclear barrier. 

212 
The formation of the excitation in the lead nucleus can either be produced by Po alpha 

decay or by (u, u') inelastic scattering on Pb208, but in either case we consider that an alpha 
cluster exists in the nuclear surface region. 

It is the purpose of the present paper to investigate the manner in which the multipole 
interaction affects the alpha particle penetration of the nuclear barrier. 

15. THE ELECTROMAGNETIC LEVITATION OF METALS; THE DESIGN, 
CONSTRUCTION, AND OPERATION OF A DIFFERENTIAL MICRO
MANOMETER; STUDIES OF ATOMIC HYDROGEN AT LOW PRESSURES 

Peter Roland Rony 
(Ph. D. Thesis) 

(From UCRL-16073) 

This dissertation is divided into three parts for convenience of presentation. One abstract 
of each part is given below. 

Part I 

A complete theoretical description of the electromagnetic levitation of metals is given, 
leading to the basic equations for the lifting force and power input for a metal sphere levitated in 
an inhomogeneous sinusoidally alternating magnetic field. The suspended metal is suitably con
trolled either by operation at lower frequencies and addition of heat with an electron beam, plasma
arc torch, high-frequency induction heater, or reflection furnace, or by operation at high frequen
cies and employment of high-thermal-conductivity gases such as hydrogen and helium to cool the 
metal. · 

Values indicating the ease of levitation of 1-cm-radius spheres of more than 50 different 
metals at. ooc and at their respective melting points are given. When frequencies in the 10 to 
100 kc/sec are used, the density of the metal chiefly determines the ease of levitation. Refractory, 
semiconducting, or dielectric materials can be levitated either by the heating of them to high 
temperatures to decrease their electrical resistivity or by the coating of a light and inert metal of 
high melting point 'with the material to be studied. 
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Liquid sodium surrounded by a mineral oil of almost identical density can be used in the 
study of the magnetic-field distribution of levitation coils. Liquid mercury can be used to deter-:
mine the ability of levitation coils to suspend high-temperature liquid metals. 

Part II 

A differential micromanometer capable of measuring 100 ptorr to an accuracy of ± 2"/o 
has been designed, constructed, and tested. The pressure difference is sensed by a membrane 
manometer constructed as a differential capacitor that forms two legs of a resonant-bridge 
network excited by a radio-frequency source. 

The most favorable system found to date consists of a pressure transducer (Decker 
Corporation Model 306 -2A) operated open loop with the bridge and electronics. Differential pres
sures as low as 50 }ltorr can be measured with a zero drift of 1 }ltorr per min or 30 }ltorr per 
hour. Differential pressures of 0. 5 :utorr are detectable. 

The micromanometer is calibrated electrostatically. The diaphragm constant K in the 
formula, 6P = K V 2, is determined to ± 4{o by the comparison of a known voltage and a calibrated 
McLeod gauge. 

Part III 

The theoretical description of diffusion and flow tubes is extended to the following situa
tions: (a) the discharge zone is of finite length, (b) the discharge-zone walls are inactive cata
lytically, (c) the end-plate sink is composed of two or more catalytic materials, and (d) the atom
recombination coefficients on the discharge- and reactor-zone walls differ in magnitude. The 
dimensionless groups characterizing the rate processes within the system are systematized. 

A Wrede-Harteck gauge, which is capable of detecting atom concentrations of less than 
0. 06"/o at 75 mtorr, indicates that the presence of small amounts of water does not influence the 
yield of atomic hydrogen from a microwave or 50-MHz discharge. This result is independent of 
the measurement technique, the source of hydrogen, the source of water, and the discharge power. 

Small amounts of oxygen· stoichiometrically increase the yield of atomic hydrogen from 
the low-pressure discharge by a ratio of at least two atoms of hydrogen per molecule of oxygen. 
Molecular nitrogen has a similar but smaller effect. 

The location of an active catalytic probe affects the atom concentration level throughout 
a diffusion tube. A cyclotron-resonant microwave discharge operates in the low-pressure system 
with powers as low as 250 roW. The intensity of the Balmer lines or color of low-pressure hydro
gen discharges is not a reliable qualitative indication of the atomic-hydrogen yield. Requisite 
conditions for the proper use of an isothermal calorimeter are also discussed. 

16. DECAY OF THE zn 64 '~3 COMPOUND NUCLEUS F0
6
RMED

6
BY NUCLEAR 

REACTIONS OF p, He, He4, AND c 1 2 WITH Cu 3, Ni 1, Ni60, AND 
Cr52, RESPECTIVELY 

Charles F. Smith, Jr. 
(Ph. D. Thesis) 

(From UCRL-11862) 

An experimental, radio-chemical determination of the excitation functions for reactions 
involving the [zn64]* compound nucleus has been performed. The reactant pairs are: p + cu63, 
He3 + Ni61, He4 + Ni60, and cl2 + Cr5 2, while the observed products for each such pair are: 
zn63, zn62, and cu62. Total reaction cross sections are calculated from the optical model. The 
ratio of the cross section for a given reaction to the total reaction cross section is compared on 
an excitation energy absissa for each product. The shape and magnitude of these ratio curves is 
essentially constant in each such comparison, suggesting a compound nuclear reaction mechanism. 
Range measurements for zn62 recoils are made and compared to calculated ranges based on the 
theory of Lindhard, Scharff and Schi¢tt for a compound nuclear reaction. Good agreement is 
found. The shapes of these curves are compared to a theoretical estimate obtained from evapora
tion theory, and are shown to be similar to the calculated shapes. A displacement of the 

'-I 
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experimental curves relative to one another along the excitation ener~y axis is noted, and 
ascribed to angular momentum effects. Using the position of the Zn 4 photoexcitation curves of 
Sagane as reference points, and spin averaged angular momenta of the compound system, the 
reduced moment of inertia is calculated for the four systems. At least two distinct values are 
found, indicating a difference between orbital- and spin-angular momenta, the latter causing the 
greater energy shift in the excitation functions. This observation is shown to be of value in 
understanding similar energy discrepancies in excitation function comparisons. Because of the 
observed relationship between the mode of formation and the mode of decay of the compound 
nucleus, it is concluded that the independence postulate is not strictly applicable to this system as 
a whole. 

17. SCATTERING OF 50.9 MeV ALPHA PARTICLES FROM Ne
20 

AND Ca
40 

Arthur Springer 
(Ph. D. Thesis} 

(From UCRL-11681) 

More than a dozen inelastic levels of both Ne
20 

and Ca 40 were excited by inelastic 
scattering of SO. 9 MeV alpha particles. Differential cross sections for these excitations were 
measured, and by analysis with the Austern and Blair model, one-step and two-step excitation 
processes were distinguished from each other. Spins, parities, and reduced transition proba
bilities were also extracted with the aid of this model. This information was then used to discuss 
the collective nuclear structure of ca40, which is vibrational, and Ne20 which has rotational 
bands based on both the ground state and octupole vibrations. 
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