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E4 MOMENTS IN 1525m AND 154gmt

F. S. Stephens, R. M. Diamond, and J. de Boer*

We have previously1 reported results on
the E4 transition moment of 152Sm deter-
mined by comparing the experimental and
calculated yields of the 41 rotational state
following Coulomb excitation with 4He pro-
jectiles. This moment is of particular inter-
est since it is likely to result from the in-
trinsic shape of 152Sm; and, if so, can give
rather detailed information about that shape.
Although data were taken on 1545m during the
original experiments, these could not be in-
terpreted due to the lack of a sufficiently ac-
curate value for B(E2; 4 - 2). This B(E2)
value now has been measured with sufficient
accuracy and, in addition, the best value for
the B(E2; 2 - 0) of 1525 has been reviewed
and adjusted slightly from the previously used
value. Finally, the quantum-mechanical cor-
rections to the cross sections have recentl
been calculated by Alder et al. for both 1525m
and 154Sm. Thus, the intent here is to pre-
sent and discuss the current best values for
the E4 moments of these two Sm nuclei.

The experiments consisted of an accurate
comparison of the cross sections of the 4 - 2
transitions in 152Sm and 154Sm with those of
the 2 — 0 transitions in 1505Sm and Sm
using both the same (natural samarium) tar-
get and different (enriched Sm) targets fol-

lowing Coulomb excitation with *He projectiles.

The cross sections of the 2 — 0 transitions
could be calculated from the known B(E2;2—0)
values, and these transitions thus served as
two independent internal standards, against
which the cross sections for production of the
4% states in 152Sm and 154Sm could be evalu-
ated. Separate results were obtained from
the singles gamma-ray spectra and from those
in coincidence with backscattered *He pro-
jectiles. Figure 1 shows the measured 4t
total (differential) cross sections for 1545rn,
0 (do ), divided by those calculated using the
semiclassical Coulomb-excitation program,
0o (d0o ), versus the bombarding energy. The
cross sections include the feeding from
higher-lying levels. The data do not vary
significantly with type of target, type of mea-
surement, or bombarding energy in the range
from 10-12.5 MeV. If we ignore the very
small variation with bombarding energy which
is expected in the ratio /0o (do/doqg ), then
we can form average results which are given
in Table I. The error limits quoted for these
ratios are the rms deviation of the results
from the mean value, and therefore do not
contain any of the systematic uncertainties.

For the interpretation of these results in
terms of an E4 moment, the semiclassical
calculated cross sections must be corrected
for quantal effects. These have recently been
calculated, ® and amount to a reduction of the
calculated 41 cross sections by about 7% in
both 152Sm and 154Sm. The quantal correc-
tions to the calculated 2t cross sections,
which serve as the normalization, are less
than 1% . Thus the ratios of the measured
cross sections to the quantal cross sections
are about 6% larger than the values in
Table I. The quantum-mechanical calcula-
tions show that the fractional change of the

1.6 T T T T
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4+ a B
bg°
© 131 _ 1
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Fig. 1. Ratio of experimental to calculated
(semiclassical) cross sections for 1545m
versus the bombarding energy. The triangles
are backscatter coincidence measurements
and the circles are singles measurements.
The open and closed points correspond to
natural and enriched Sm targets, respectively.
The solid and dashed lines are the average of
the singles and coincidence points, respec-
tively, for energies below 12.5 MeV. The
error bars indicate the rms deviation of the
points from the lines. (XBL 714-3332)



Table I. Averaged results and extracted values.

152an 154-Sm
Tota1+cross-sect1on ratio 1.11£0.02 1.2140.03
for 4 state,O’/O'o
Diff. +cross section ratio 1.11+£0.04 1.20%0.09
for 4" state, do/doo
O 1M E4) 14T [eb?]  40.4540.09 +0.67£0.08
[32 +0.248 +0.261
By +0.09£0.03  +0.13%0.03

cross section due to E4 moments is ade-
quately represented by the semiclassical cal-
culation. For the analysis of the present
data, the ratios of cross sections given in
Table I were therefore increased by 6% and
then evaluated in terms of (0% M (E4)1 4t )
by the semiclassical calculations as was done

R=Rg(1+0.26| Yoot Q.13 Y40)

R=Rg (1+0.298 Y,g)

Fig. 2. The shape of 154_Sm indicated by the
present measurements (heavy line) together
with the shape having no Y40 term but the
same B(E2; 0~ 2), and a sphere with the
same Ry. (XBL 714-3333)

aareviously. 1 The results for 1525m and
54Sm are given in Table I. The error limits
correspond to about 5% uncertainty in the
combined ratios ¢/0¢ and do/doo, which

is our best estimate of the experimental un-
certainties and those coming from the param-
eters entering the analysis. The 1525m value
is about 30% higher than our previous number,
due almost entirely to the quantal corrections.
A more detailed account of the important
sources of uncertainty was given in Ref. 1.

If, as previously, the nucleus is assumed
to be a rigid uniformly charged rotor with a
sharp surface defined by

R =Ry (1+BZY20 + B4Y4O)’

then By and B4 can be evaluated from the mea-
sured E2 and E4 transition moments. Using
R, = 1.2 A1/3 F, we find the values for B2 and
ﬁé given in Table I. In Fig. 2 this shape for
1545m is shown together with (a)the shape that
has B4 =0 and the same E2 moment and (b) the
sphere having the same Ry. These B4 values
for the nuclear charge distribution are about
twice those obtained for the nuclear field from
{2, @') measurements above the Coulomb bar-
rier. °~ ' They are also somewhat larger than
expected on the bagjs of present calculations
of nuclear shapes.” This conclusion differs
from that in our previous paper,? since (a) the

value for Sm is considerably larger than
that for Sm and (b) the quantal corrections
for Sm cause a 50%increase in 34 for that
nucleus.

It is possible that the difference in the 84
values given by the two methods is due to an
error in one of them. The analysis of the
Coulomb-excitation data is rather unambiguous,
but the experiment is difficult since a differ-
ence of only 5—10% in the ratio o /0o (do/do)
could remove the discrepancy. In this re-



gard, some independent experimental results
would be valuable, both on the 4t cross
sections and on the input B(E2) values. The
(o, a' ) experimental results are known with
sufficient accuracy, but the analysis of these
data is much more complex than that for pure
Coulomb excitation. However, the most
straightforward explanation is that the differ-
ent 4 values represent a slightly different
shape for the charge distribution and the nu--
clear field in these nuclei. Figure 2 shows
the difference between 4 = 0 and B4 = + 0.13;
and the difference between B4 from (o, a') data
and ours is only about half this large (varia-
tions of about £0.2 F in the nuclear surface)
if Ro and B, are similar to those in Fig. 2.
It does not seem implausible to us that such
differences could exist. Thus, the exact
meaning of these B4 values seems to us to be
an open and very interesting problem.

Footnotes and References

TCondensed from Phys. Rev. Letters 217,
1151 (1971).

“Present address: University of Munich,
Munich, Germany.

1. F. S. Stephens, R. M. Diamond, N. K.
Glendenning, and J. de Boer, Phys. Rev.
Letters 24, 1137 (1970).

2. R. M. Diamond, G. D. Symons, J.
Quebert, K. Nakai, H. Maier, J. Leigh, and
F. S. Stephens, to be published.

3. K. Alder, R. Morf, and F. Roesel, Phys.
Letters 32B, 645 (1970); and private commun-
ication (1970-71).

4, A, Winther and J. de Boer, California
Institute of Technology Technical Report,

1965 (unpublished), and in Coulomb Excitation,
edited by K. Alder and A. Winther (Academic
Press, New York, 1966), p. 303; A. Halm

et al., private communication.

5. D. L. Hendrie, N. K. Glendenning, B. G.
Harvey, O. N. Jarvis, H. H. Duhm, J.
Saudinos, and J. Mahoney, Phys. Letters
26B, 127 (1968).

6. N. K. Glendenning and R. S. Mackintosh,
Phys. Letters 29B, 626 (1969).

7. A. A, Aponick, Jr., C. M. Chesterfield,
D. A. Bromley, and N. K. Glendenning, Nucl.
Phys. A159, 367 (1970).

8. S. G Nilsson, C. F. Tsang, A.
Sobiczewski, Z. Szymanski, S. Wycech, C.
Gustafson, I. -L. Lamm, P. Mdéller, and B.
Nilsson, Nucl. Phys. A131, 1 (1969).

MEASUREMENT OF THE MAGNETIC MOMENT AND LIFETIME
OF THE 13/2* LEVEL IN 205p,t

/

K. H. Maier,” J. R. Leigh,¥ and R. M. Diamond

Magnetic moments in the region around
208py are of great interest since they show
large deviations from the shell-model predic-
tions even though this model is otherwise par-
ticularly successful for these nuclei. So far
only the g factors for protons in h /2 éRef. 1)
and i,3/, (Ref. 2) orbits around tlze 08pp
core and the p1{2 (Ref. 1) and f5/2 (Ref. 3)
neutron hole in this core have been measured.

The present work, and a following study,
aims to determine the magnetic moment of the
iy3/p neutron hole. Clearly the most desirable
me_a_iurement won d be the moment of the
13/27 level in b which is just an i
net/xtron hole in 2081:1)3b. However the haff?’-/lgfe
of this level (T 1{2 = 0.743%0.022 sec)? makes
this very difficult in general, and impossible
for us.

The decay scheme of the 13/2% isomer in
205py is shown in Fig. 1. Its qualitative fea-

tures, energies, spins, and multipolarities
had been established already, and are taken
from Ref. 4, while the half-life and intensities
given are the results of this work. 2'826 isomer
was produced through the reaction Hg (e, 3n)
205P£) Xri’ch 41-MeV o particles on a thick lig-
uid 40 Hg target (enriched to 80%). The vy
rays were detected with a 35 em>~ coaxial
Ge(Li) detector. Electronics that recover
rapidly from heavy overloading during the
beam pulses were necessary to make the ex-
periments possible.

The g factor was measured by the method of
differential perturbed angular distributions
following reactions (DPAD). In this, the isomer
is produced and aligned by means of a nuclear
reaction induced by a pulsed beam. A mag-
netic field H is applied to the target perpendic-
ular to the beam axis, and causes a Larmor
precession of the nuclei (wy = -g-H- pN/ﬁ ).
The angular distribution of the de-exciting vy
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Fig. 1. Decay scheme of the 13/2+ isomer in
205pp,. Spins, multipolarities, and energies
are from Ref. 1. (XBL 712-218)

rays rotates likewise. Therefore a detector
positioned in the plane perpendicular to the
magnetic field direction shows a sinusoidal
modulation of the count rate superimposed on
the exponential decay:

I(t,0) = exp(-\t) {'1+eXp(—pt)AZPZ[cos(G-th)]}. {1)

Here t is the time elapsed from the centroid of
the beam pulse, 0 is the angle between the de-
tector and the beam direction, \ is the decay
constant, and Aj is the angular distribution
coefficient of the observed transition. Higher
terms than P, in the angular distribution are
neglected since they are small. The following
conditions have to be fulfilled for the present
measurement: At (width of beam pulse)

<< T = n/wyi, (period of rotation of the angular
distribution) << Ty (relaxation time), and T..
(repetition time of the beam) >T, /2. For an
estimated g factor of -0.1 and a field of 50 G,
the time for one revolution of the angular dis-
tribution would be T =130 psec, so beam pulses
of width At = 20 psec were used. The beam
repetition time was Trep = 1/36 sec.

The time distribution of the 988-keV line as
accumulated in 8 hours of running is shown in
Fig. 2. The measuring interval started about
50 psec after the beam pulse and was 1.1 msec
wide. The 50-psec delay was necessarymainly
beca%se of the strong excitation of the 7~ isomer
in 206py (Ty/, = 120 psec) through the 204

T T T T T T T T T T T T T T T T T

- 205pp |3/2% .
g-factor measurement

Counts/channel
n
Q
o)

150 E
100] -
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T SRS SN YA (RSN SN URN TS TN SRS (AU SN SUN NN SN NN SH NN SN N T
[¢] 250 500 750 1000

T (ps) '

Fig. 2. -SFactor measurement of the 13/2
level in Pb. Time distribution of the 988-
keV line. The interval shown starts about 50

psec after the beam pulse.
(XBL 742-2879)

(@, 2n)-reaction in the thick target. The initial
rise seen in the time distribution is due to the
dead time introduced in the pile-up rejector by
this isomer. The background under the 988-
keV line was less than 5%. Though the oscil-
lations due to the Larmor precession are clearly
visible in Fig. 2, an evaluation according to
Eq. (1) is difficult due to the dead time distor-
tion of the spectrum. Therefore the standard
procedure of positioning the detector at 45°and
measuring with the field both.up and down while
everything else is kept constant was used. One
then can evaluate the ratio:

T T ¥ T T T T
2%pp 3/2 4 i
0,2}- -[ g-factor |
M
D o -
|
[z of ]
Iz
38 -ouf .
-0.2} i
| I - PR 1 ] 1 ]
0 100 200 300 400 500 600
T (ps)
Fig. 3. The ratio [I(H1) - I(H V)]/[I(HN)+I1(H})]

together with the least-square fit.
(XBL 713-3035)



3A2 exp(- pt) sin(Zth)
4 + A2 exp (- pt)

I(HY) - I(H )

(Hy) FUEY) (2)

Actually at 8 = 45°only the sign of the product
of Ay and g is determined. However, we
checked in a separate experiment that the sign
of Ap is positive, as expected for a stretched
E2 transition. The results are: g =-0.150
+0.004, Ap=+40.3, TR =0.4+£0.2 msec. The
apparent g factor has to be corrected for a
diamagnetic and Knight shift of the field at the
nucleus. The Knight shift for lead in liquid
mercury can only be estimated from the known
shifts for mercury in mercury (2.4%)° and
lead in lead (1.5%)7 It turns out that it just
cancels the diamagnetic shift (- 1.7%). © How-
ever, an additional error of 1% has been al-
lowed for these corrections. Thus the final
result is:
g(13/2% 29°pp) = (-0.150 £0.006) (corrected),
which corresponds to a magnetic moment,

p. = (-0.975 £0.040) nm.
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STROBOSCOPIC MEASUREMENT OF THE g FACTORS OF THE 21/2% Isomer in 207Bi"

K. H. Maier,” K. Nakai,* J. R. Leigh,8 R. M. Diamond, and F. S. Stephens

This is one of three related papers on mag-
netic moments near 208pp, Although in gen-
eral the shell model works especially well in
this region, its predictions of magnetic mo-
ments even for very pure single-particle
states deviate appreciably from the experi-
mental results. A study of these deviations
was the main interest of this series; the
present paper reports on the g-factor mea-
surement of the 21/2‘+ level (T4 /2=182psec)
in 207Bi. This level is proposed by Bergstrém
et al. 1 to result from coupling an hg /2 proton
to the 206Pb 7- level, whose dominant con-
figuration is |pi > iy 3/2 >7- Since the mo-
ment of the hg /> proton is known from the
209Bi ground ‘étate, we can find out how com-
patible these moments are, and check on the
purity of the wave functions or on the validity
of calculating the moment of a complex state
from those of its constituents.

The SOPAD method (stroboscopic observa-
tion of perturbed angular distributions) fol-
lowing nuclear reactions was used. It can be
summarized as follows. (i) A pulsed beam

produces an aligned isomeric level through a
nuclear reaction. (ii) The conditions for the
production are such that the isomer is left in
an environment in which the alignment is pre-
served for a time comparable to the lifetime
of the level or longer. (iii) An applied mag-
netic field causes a Larmor precession of the
nuclei which is observed through the corre-
sponding rotation of the angular distribution
of the de-exciting y rays. At a particular
angle this shows up as a modulation of the time
distribution of the y-ray transitions.

The (HI, xny) reactions, such as
2O4Hg(7Li, 4n)207Bi used here, preferentially
populate low-lying high-spin levels due to the
large amount of angular momentum brought
into the compound nucleus. Since this angular
momentum comes almost exclusively from the
orbital angular momentum in the entrance chan-
nel and so is perpendicular to the beam direc-
tion, the isomer will be well aligned.

To achieve a relaxation time of the order
of 100psec, liquid metal targets seem to be



the best choice. Disturbances of the electron
shell of the recoiling nucleus and of the sur-
roundings heal very quickly, and the short
correlation time of the fluctuating environment
tends to average out to zero the fields from
neighboring atoms.

The count rate I(6,t) of a y ray de-exciting
the isomer at an angle 6 with respect to the
beam and at a time t after the centroid of the
last beam pulse and with a magnetic field H
applied perpendicular to the plane containing
the beam and detector is:

I(6,1t) = z exp[—)\(t +nT)]

n=0
(1)

X g1 +A2 exp [—p(t+nT)] Pz[cos(ﬂ-wL(t-Fn’Iﬂg .

Here A = 1/7 is the decay constant; T the
repetition time of the beam pulses; A, the
usual coefficient of the angular distrigution;
1/p = T,, the relaxation time; and :
wy, = - g H-|~LN/’ﬁ, the Larmor frequency.

If T <<, the stroboscopic method may be
used. This has been developed by the group
at the Hahn-Meitner-Institut, Berlin, “ and
has been discussed in detail in Ref. 3 and by
Nagamiya and Sugimoto. 4 In this method one
counts at an appropriate angle and time win-
dow, for instance, 8 = 45° and t = 1/4T, and
varies the magnetic field; the count rate will
then show a resonance for TT/wL = T, with the
area under the resonance determined by A
and the width about proportional to (1/’r+1/2TR)
To fit the measured data, the sum in Eq. (1)
has been performed in closed form and so
have the integrations over the rectangular
beam pulse, the width of the counting window,
and the angle covered by the detector. A
considerable improvement in the experiment
is achieved with a two-detector, two-time-
window setup. The double ratio of count
rates

1(45°, 1/4T)/1(45°, 3/4T) 2)
I(-45°, 1/4T)/1(-45°, 3/4T)

shows the resonance about 4 times stronger,
and nearly all errors due to misalignment
cancel to first order.

The decay scheme of the isomer, as in-
vestigated by Bergstrém et al., 1 is shown in
Fig. 1. The energy spectrum as seen in the
stroboscopic experiment is shown in Fig. 2.
Unlabeled lines exhibit different half-lives;
no attempt was made to assign them. Figure
3 shows the resonance for the 669-keV trans-
ition. The five strongest lines have been

17 keV

+ T|/2 =]82l.l.5
2172 2101.5
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Fi% 1. Decay scheme of the 21/2+ isomer
in 207Bi. (Derived from Ref. 1.)
(XBL 705-2808)
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Fig. 2. Energy distribution of the y rays
from the decay of the 21/2+ isomer in 207Bi
as recorded in the stroboscopic experiment.

(XBL 705-2874)
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Fig. 3. Stroboscopic resonance (double ratio
of count rates) for the 669-keV (M1-E2)-transi-
tion in the decay of the 21/2% isomer in

207Bi. The curve is a best fit for g and A,,
assuming a relaxation time of 400psec.

(XBL 705-2870)

evaluated, and the results are summarized in

Table I. The error in the g factor is deter-

mined by the accuracy of the field measure-

ment, yielding:

20785 24/2%) = (+0.32540.0003)nm
(uncorrected).

g(

The actual field at the nucleus can deviate
from the applied external magnetic field
because of the Knight shift and the diamagnetic
correction. These appear to have a magnitude
of the order of 2% , but to cancel each other.
Therefore:

20783 24/2%) = (+0.325 £0.006)nm (corrected).

The situation for the 21/27 level in 207Bi
is clear. Calculating its moment from those
measured for the 200Pb 7- level and the
(thg/2) 209Bi ground state gives p = 3.39nm,
in perfect agreement with the measured
B = (3.41£0.06)nm. So the proposed wave
function1) (206Pb 7, nh9/2)21/2+ is verified.
Simultaneously, this is a remarkable example
of the validity of combining the measured mo-
ments according to the rules for the single-
particle operator® even though the individual
moments deviate appreciably from the Schmidt
values. This, and similar examples con-
firming the additivity of magnetic moments
near 208Pb, are described in Ref. 6.

g

Table I. Results of the stroboscopic experi-
ment on the 207Bi 21/2F isomer. The values
given for Ap, TR, and g are the results of
best fits to the measured resonance as de-
scribed in the text.

E T
Y A R g

(keV) Multipolarity 2 (hsec) (nm)
262 M1+ E2 -0.34 220 0.3258
456 E3 0.43 410 0.3248
669 M1 + E2 -0.62 620 0.3256
713 M1 + E2 -0.44 660 0.3250
743 E3 0.54 390 0.3254
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EFFECTIVE SINGLE-PARTICLE MAGNETIC MOMENTS AROUND 208ppt

K. H. Maier,* K. Nakai,* J.R. Leigh,§ R. M. Diamond, and F. S. Stephens

The well-known failure of the shell model
to predict the experimental magnetic moments
around Pb, a region where it is particularly
successful otherwise, has stimulated much
theoretical work to explain the deviations. 1-8
The main point common to all this work is to
consider core excitations caused by the resid-
ual interaction in which a nucleon is excited
from a filled level in the core to its empty
spin-orbit partner orbital. Taking these core
excitations into account, and also the anom-
alous orbital g factor, 8g,, one can express the
magnetxc moment for a single particle in the
orbital j= £+ 1/2:

(g5, %8)-(gy * 5ggp)}

sz sp
protons: p=j|(g,* O8p,)* 2T+ 1
- (iZY s}, + X (1a)
gp ( 27040 a
[ (g, 68)-(gy, * 68 )'
neutrons: H:j,L(gﬁn+ é%n) 480 - +g111 N
2
+ gp (i YZS)1> + X, (1b)
2 1% (j+5)
with ((i°Y,8),) = ———— 2)
42w (j +1)

Here X stands for complicated contributions
from exchange intervals, while the other terms
constitute the direct part. The quantity g has
the usual value 5.58 or -3.82 for proton or
neutron, respectively, and the parameters Ggs
and gp represent the core-polarization terms.

Recently, a number of new experiments
have been performed. Yamazaki and co-
workers measured the moments of the 8 (Ref.
10) and 44 (Ref. 11) levels in 210Po, of the gt
1ev%¢ Po (Ref. 12) and of the 17/2” isomer

Po (Ref. 13) We determined the g fac-
tors of the 13/2 somer in OSPb Ref. 1%) 9f
the 77 level in Pb, the 21/2Jr level in Bi,
and the 87 level in 212Rn(Ref. 15). The 15"
state in 219At has been measured by ’
Bergstréom et al. 16 and verg recently the g
factor of the 12" level 1n Pb has been mea-
sured by Nakai et al. These are all quite
pure shell-model states. By combining the
new results with the earlier work, enoughdata

are now available so that we can try to check
the validity of this expression and the impor-
tance of the terms in it.

Table I (upper part) summarizes the mea-
sured magnetlg Igloments of good shell-model
levels around Pb. The dominant config-
urations are given in column 3, and for the
sake of definiteness we will consider onlythese
configurations, as any admixtures should be
small and are not known well enough to allow
reliable corrections. The lower part of the
table contains the other four measured mo-
ments that lend thenselves to this treatment
only with limitations, as serious doubts exist
as to the purity of their wave functions.

The four parameters 6g . g 5gg ,» and
bgp, in Egs. (1) and (2) have béen d Eermlned
from a least—square fit to the five single-
particle moments given first in Table I. The
result is: bgg= 3.43, g = 4.55, dg; =0.09 and
6gy, =0.06 (all in nm). " The momen@s calcu-
late%i with these parameters are given in col-
umn 7 of the table, and the contributions from
bgs, gp: bgy separately are listed in columns
8-10. The agreement with experiment is good,
particularly if one compares with the corre-
sponding values.

Thus, it is possible to account for all the
measured magnetic moments of good shell-
model levels around Pb, using a surpris-
ingly simple and effective operator with a few
reasonable parameters. This in turn means
that the assumptions involved are likely to be
valid. They are: (i) The wave functions of
the levels considered are quite pure, (ii) the
exchange terms are unimportant, (iii) the in-

teraction causing the polarization of the core

is predominantly of the type (o O'J)( T:} and
of long range. In addition, the measure g
factors around 208pp firmly establish the ad-
ditivity of the magnetic moments in this region.

It is also of interest to consider allowed M1
transitions. For a transition between single-
particle levels from j4=4+1/2 to jp=£-1/2
the B(M1) value calculated with _the effeftlve
operator becomes (in units of vic (fﬁ—)

C
B(M1, f +—~ f-—) = _(2—5/2;—1)
X [(gs+5gs)-(gz+5g£)+ g |2 (3

2w P

The sign in front of 8gg and gp has been chosen




Table I. Magnetic moments of shell-model states around 208Pb.T
£ Contributions from
X M K e K g g bg
Level (MeV) Dominant configuration experiment Schmidt added calculated s p_ e
- 209 . a
9/2 Bi g.s. h /> 4.08 2.62 3.98 1.40 -0.50 +0.44
1727 2%7py g 2. Py /2 0.59% 0.64 1 0.63 -0.57 +0.60 -0.04
5/27 297p,  0.579 vis /5 0.65(5)° 1.37 0.49 -0.23 +0.52 -0.17
+ 205 _ -1 -2 c
13/2 Pb  1.014 vz, 0 (vpy ;") -0.98 -1.91 -0.91 41.72 -0.36 -0.35
. d .
d ™32 7.9 8.79 _ +7.98 -1.72 +0.36 +0.54
- 210 - . e
11 Po ~2.80 1r113/2, 1rhg/2 12.0 10.66 11.96
gt 210p, ~4.50 nh9/22 7.30f 4.66 7.26 7.07
+ 206 . -9 g
12 Pb  4.027  vijy -1.82 3.53 -1.80 -1.67
17/27 299 ~1.50 (nh9/22)8+, vp1/2-1 7.48(43)" 4.9 7.89 .70
7 206py, 2200 vpi/z_i, v113/2'1 -0.15" -1.26 ' -0.39 -0.27
21727 207w 2.102 (vii3/2'1, vp1/2’1)7-,wh9/2 3.41} 1.15 3.39 3.18
gt 2085, 1532 (vp1/2_2)0+, (nh9/22)8+ 7.88) 4.66 7.26 7.07
1
ot 242, ~1.690 mhg /5 7.12 4.66 7.26 7.07
157 2104¢ 20549 (ﬂhg/zz, Tiy3/2)29/2% 15.7% 14.1 16.1 15.68
_1)
YPy/2 .
1/2+ 2051 g s. (vp1/2-2)0+, ﬂsi/z_i 1.63% 2.79 1.08
1” 210g; 4 6. Thy /20 B9z £0.04% 0.08 0.36
6 2060y, 2.385 ﬁp1/2'1, vi13/2-1 0,78(42)1 -2.44 -1.50 -1.44

7/2- 2" 0.405 (vgg/zz)onf7/22 4.41(65)% 5.79 4.65

|2



Table I (continued).

TAll moments are given in nuclear magnetons. Column 4 gives the experimental values and the errors exceeding 3%.
Column 5 shows the predictions of the shell model for the configuration of column 3, using the free nucleon moments. The
values of column 6 are obtained by using the formalism of the single-particle operator from the measured values of the con-
figurations constituting these levels. Column 7 shows the predictions for the effective operator [Eqs. (2-4)] with the contri-
butions from the terms in égs, gp, and 6gﬂp given in columns 8-10.

& Table of Nuclear Moments, compiled by V. Shirley, in Hyperfine Structure and Nuclear Radiations, edited by E. Matthias
and D. A. Shirley (North-Holland, Amsterdam, 1968).

b.H. J. K8rner, K. Auerbach, J. Braunsfurth, and E. Gerdau, Nucl. Phys. 86, 395 (1966).

“Ref. 14.

d . - 209, - 210 : . . .
Derived from the measured values of the 9/2 Bi g.s. and the 11 Po level, assuming a pure configuration.
®Ref. 11. bRet. 13, KRef. 16.

fRet. 10. Ref. 15. 1

Ref. 23.

BRef. 17. JRef. 12.

(A



for neutrons; for protons it has to be reversed.
Contrary to the static case in which 6gg and

g, give contributions of opposite sign, here
tl}l)ey both decrease B(M1), in agreement with
the calculations of Ref. 7. Using the param-
eters determined from the static moments, the
B(M1) values for the f7/,—> f5/2 and p;/, =
py /o transitions in TPb are reduced%f a
factor of more than 100 relative to the s. p.
values, while experimentally these factorsare
only 4 (Ref. 17) and 3 (Ref. 18), respectively.
Mottelson™ has pointed out already that the
measured lifetime 19 of the 4% ~ 57 M1 transi-
tion (s spin flip of the ws3 75, v config-
uratiorg i2n I208T 1pwhich sho%vs2 no %x%égrance ¢
at all, poses a severe problem to the core-
polarization picture.
to be more general and so in spite of the excel-
lent agreement for the static moments, the dif-
ficulties with M1 transition moments suggest
that additional features may be involved.
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A HIGH-SPIN ISOMER IN 211a¢

K. H. Maier,* J. R. Leigh,qt F. Pu‘hlhofer,§ and R. M. Diamond

In a recent study of several N = 126 iso-
tones' an isomer of half-life 4.2+0.4 psec was
observed in 211A¢; it has the following very
interesting properties: 1) the isomer lies at
an excitation energy of 4.816 MeV, 2) it has

very high angular momentum, I~ 39/2,

3) it decays e€ssentially by a single cascade
sequence of 9y rays, only one branching being
observed, and 4) the isomeric transition has
E3 multipolarity and shows considerable en-



211

Table I. Electron conversion and angular distribution coefficients for transitions in At.
. . a
EY I\( A ar aa A2 lg/g.;l;;: Iytotal/l\{lsomer ]
Exp Theory Exp Theory Exp Theory  Exp Theory ity 34-MeVa 41-MeV 7Li
109  0.004 E1 0.002 +0.22 E2 +0.44
1067.120.5 41/ 40.002 E2 0.005 ) +0.04 M1 -0.34 E2 7.6%0.6  7.5%0.8
b 0.08 E2 0.10 c - 0.026 E2 0.03 +0.24 E2 +0.42
253.5%0. 82° L0700 Mao7a  0:092° E20.002 T80 SO0 To e T2 jop) 6.5¢0.2  7.580.3
6.5 E2 6.8 1.5  E21.9
96.0%0.5 7+2 £2.0 M12.1 £0.5  M10.5 E2 5.0x1
105 0.412 M10.11  0.02  M10.02 : -0.20 M1 -0.28
511.2%0.5 145 10.03 E2 0.022 £0.005 EZ2 0.007 £0.03 E2 +0.40 M1 5.3%0.6  5.7%0.6
E1 0.005
689.4+0. izg ig'gf E2 0.012 . E1,E2  3.5%1 4.241
: £3 0.03
E3 0.03
713, 60. ig ig'gz M1 0.05 M1,E3  3.5%4 3.521.5
: M2 0.10
153624 97 1.2£0.2  1.60£0.15
+10
40 0.9  M11.35 0.3 M10.25  0.06 M10.06 +0.3
203.70. +4 0.3  E3 0.42 £0.06  E33.2  £0.02 E3 0.95 0.1 M1 1.1£0.3  1.50.3
89 0.09 E30.08 0.07 E30.08  0.02 E30.02 E3 0.7
435.420.5 440 10.02 M40.17 £0.02  M10.03  £0.006 M1 0.007 1?421-8"3} E3 ! 1

*Normalized to unity for 435-keV transition.

Normalized to total transition intensity of 100.

“Electron intensities have been normalized to yield the theoretical L conversion coefficient for the 253-keV transition.
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hancement over the single-particle estimate.

211At has been populated following (heavy
ion, xn) reactions using beams of 4He, 7Li,
and 11B from the Berkeley Hilac incident on
targets of 209Bi, 208Pb, and 204Hg, respec-
tively. The 5-msec Hilac beam pulse (re-
peated 36 times per sec) was chopped with an
electrostatic deflector system to give micro-
second beam pulses with variable repeat in-
tervals. Ge(Li) y-ray spectra have been re-
corded both in-beam and in the intervals be-
tween the microsecond pulses. Excitation
functions, both delayed and in-beam, were ob-
tained with the 4He and ‘Li beams. In both
cases the isomer yield peaked 8 to 10 MéV
higher than the prompt component, indicating
the high angular momentum of the state. A
solenoidal spectrometer with a cooled Si de-
tector was used to record conversion-electron
spectra both delayed and in-beam. The half-
life of the isomer has been determined by re-
cording Ge(Li) y-ray spectra obtained in four
successive time intervals of 4 psec each. In-
beam angular distributions were performed to
obtain Ap's for the transitions with a strong
prompt component. The g factor of the 4 psec
state was measured using a pulsed-beam time-
differential method, the nuclear alignment
being preserved by use of a liquid 204Hg tar-
get. The data are summarized in Table I.

A PDP-7 on-line computer system was
used to record all y-y coincidence events
associated with the isomeric decay. The co-
. incidences establish that the transitions form
essentially a single cascade, and reveal two
other isomeric states in the decay chain with
half-lives of the order of 50 nsec. These de-
lays, along with measurements of the prompt-
to-delayed intensity ratios of the y rays,
establish the time ordering of the transitions.
The level scheme shown in Fig. 1 is thus
established. Our data do not determine the
25-to 689-keV sequence, but a recently pub-
lished study on this same nucleus has done
so.

The spins of states up to the 23/27 level at
1928 keV can be assigned with confidence. In
making the spin assignments we have assumed
that the angular momenta of the observed
states incréase monotonically with energy.
This assumption is supported by the excitation
function data and the single-cascade decay
mode of the isomer. The delay associated
with the 713-keV transition favors the E3
rather than M1 assignment. The only transi-
tion whose multipolarity cannot be assigned
is the 1536-keV y ray. The y-y coincidence
work indicates that the half-life of the 4177-
keV state is =10 nsec. This implies a dipole
or quadrupole transition (magnetic or electric),
but an enhanced E3 transition cannot be ruled
out.
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Fig. 1. Experimental and calculated partial
level schemes for 211At. Only the lowest
level of each spin (I = 9/2) is shown in the
calculated scheme; the solid lines are the 3-
proton states, and the dashed lines are 4p-1h
states. The dominant configuration of each
state is indicated. (XBL 714-3252)

Results of a shell-model calculation de-
scribed in the following paper” are also shown
in Fig. 1 in comparison with the experimental
level scheme. Three-proton configurations
can be assigned to the experimental levels ob-
served up to the 29/27 state. For the three
highest levels, 4p-1h configurations are sug-
gested by the model, in particular a

(vh2 i ) - (vg VP_1 )e -
9/2 ""13/2'29/2+ 9/2 "P1/275

configuration with J = 39/2 for the isomeric
state at 4816 keV.

Bergstrém, et al. 2ha.ve observed the 29/2+
state as a 70-nsec isomer following the
209Bi (o, 2n)211A¢t reaction. The deduced level



schemes are identical below the 29/2% level
and the more accurate half-lives measured in
Ref. 2 are indicated in Fig. 1 for the 21/2-
and 29/2% states. , Our measured branching
ratio for the 29/2+ state gives the reduced
transition probability for the 713-kéV transi-
tion [T1/2(y) = 325 nsgc] , B(E3, 713 keV)

= 40000410000 e? fm®, which is in rough 6
agreement with the value 51 000 £ 7000 e? fm
found in Ref. 2. The order-of-magnitude en-
hancement over the expected single-particle
value has been described there in terms of
admixtures of the 37 octupole state of the
208Pb core to these three-particle states.

From the measured half-life of the 4816-
keV state we obtain B(E3, 435 keV) = 83 000
£9000 e2 fm®, and this is comparable to the
transition rate for the 3~ state of 208Pb
(Ref. 4). Admixtures of the 37 core-excited
state to the proposed configurations, gimilar
to those of the 29/2% and 23/2" levels? may
be expected, and it has been suggested that
the still larger B(E3) value observed in this
case is due to a small admixture of a higher-
lying configuration,

2 . 1
(mhg /2™ /2023 /2- + Wigs/2 VP /2) gt

which also has a large E3 moment to the 33/2~
configuration.

The g factor of the isomeric state was mea-
sured as 0.72+0.07. This is in reasonable
agreement with the value 0.77 obtained for the
suggested configuration, including the corec
coupling effects. Thus, the measured prop-
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erties of the states above 4 MeV may be de-
scribed by the assigned configurations in-
dicated in Fig. 1, with the inclusion of ad-
mixtures of the 3~ core excited state (and an
additional few % of another 39/2" configura-
tion).
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THREE-PARTICLE AND FOUR-PARTICLE ONE-HOLE STATES IN 211t

F. Pihihofer

The experimental results1 obtained for the
level scheme of 231At stimulated the interest
in a shell-model calculation for this nucleus.
The theory was intended to identify the struc-
ture of the states observed up to 4.8 MeV ex-
citation. Some of the results were shown in
the preceding paper. The calculations are
described here in more detail and compared
with all experimental data available.

The low-lying states of 211At are expected
to be described by the degrees of freedom of
three protons outside an inert 208pp core.

In the calculation, the hg/2, f7/2, and i13{2
orbitals were included, with single-particle
energies taken from the spectrum of 209Bi.
This yields a basis set of about 330 states
with spins from 1/2 to 33/2 and excitation
energies up to 4.8 MeV. For the proton-pro-

ton interaction a semiempirical force was
used, determined in the following way. A
central force, with paranéxeters obtained by
Glendenning and Harada, “ was used to calcu-
late the two-particle states of 240Po. This
relatively simple interaction gives an approxi-
mate description of the spectrum of 210po.
The deviations between experimental® and
calculated level energies are of the order of
50 keV at low excitation energy and about 100
keV at 3-MeV excitation energy. A few levels,
however, are badly predicted, e.g., the
(h9é2113/2)11_ state, which is about 450 keV
higher than calculated. Since, at least ac-
cording to the model, the states in 0po gen-
erally do not have large configuration admix-
tures —the dominant configuration usually con-

tributes 98% or more, except in 0% states—

such discrepancies can be blamed to a large



extent on the diagonal matrix elements. Ac-
cordingly, we modified the diagonal elements
of the Glendenning-Harada interaction, leaving
the non-diagonal ones unchanged. Most of the
matrix elements of the f7/2, f7/2'1'13/2, and
113/22, configuration could not be adjusted,
since practically no experimental data are
available for these levels.

In Fig. 1, the calculated three-particle
spectrum of 1At is compared with the levels
known experimentally (from Bergstrdm etal.4
and Maier et al. 1) Above 1.6 MéV, only levels
near the yrast line are given. These levels
are most likely to be observed when the nu-
cleus is produced in (o, xn) or (heavy ion, xn)
reactions. The agreement between theory and
experiment is very good. The maximum dis-
crepancy in excitation energy is about 60 keV.
The procedure of adjusting the two-particle
matrix elements according to the experimental
spectrum of 210Po had an essential influence

on the accuracy of the calculation.

The wave functions obtained for the three-
particle states of 1At show that the config-
uration mixing is in general small. (This
does not hold for the mixing between the sub-
states of a configuration.) The dominant con-
figuration usually accounts for more than 97%
of the wave function. Stronger configuration
mixing occurs only between states with
seniority 1; that means with configurations
like (j'2),4-j or j2 and J=j=9/27, 7/2-, or
13/2t, This'is a direct consequence of the
stronger mixing of the 0T states in 210Po
(pairing interaction). In 211A¢, the levels of
a certain configuration do not split up more
than 500 kéV, except for the states mentioned.

As discussed in Ref. 1, the isomeric state
observed at 4.816 MeV in 211At has a spin
which is certainly greater than 33/2, the maxi-
mum spin obtainable for a three-particle con-
figuration in the whole proton shell between
Z = 82 and 126. It can be shown that excita-
tions of a neutron in the 208Pb core are the
most likely explanation for this state as well
as for the yrast levels above it. We there-
fore calculated the energies of the yrast states
of the 4p-1h configuration, assuming that they
consist of

a) three protons with the dominant configura-
tion and energy of the lower yrast levels of
211 A¢;

b} one neutron in the four lowest single-
particle states of 209pp;

c) one neutron hole in the four lowest hole
states of 207Pb.

The proton-neutron, proton-neutron hole and
neutron-neutron hole interactions were taken
from the experimental level schemes of 21OBi,
208Bi, and gOSPb. Any mixing with the three-
particle states and between the 4p-1h states
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Fig. 1. Comparison between the experimen-

tall, 4 and calculated level scheme of 211A¢t.
Above 1.6 MéeV, only levels near the yrast
line are shown (except for a 3/2- state).
Solid lines in the theoretical spectrum are
for three-proton states, dashed lines for
4p-1h states. The dominant configurations
are indicated. (XBL 721-2071)

themselves was neglected. This implies that
we cannot expect the energies of states with
collective core excitations to be reproduced.
However, it can be easily shown by means of
a weak-coupling model that states built on the
3- excitation of the 208Pb core do not belong
to the yrast states.

As a consequence of the approximations
made here, the theory is expected to be less
accurate than for the three-proton states. Re-
sults are shown in Fig. 1. It is suggested that
the isomer at 4.816 MeV in 211At is a 4p-1h
state with J = 39/2- with three protons in the
configuration of the 29/2% state at 2.641 MeV
coupled to a (g9/2p1/2‘1)5_ neutron configura-
tion. The two levels at 4.381 and 4.177 MeV
are probably also 4p-1h states involving the
23/2- and 21/2- three-proton states coupled
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to the same neutron configuration. The only
other candidate for a 4p-1h state is a 1/2%
state observed? at Ey = 2.479 MeV, which is
strongly populated in the B decay of 211Rn.
The calculated excitation energy of the lowest
1/2% state is 2.40 MeV, its dominant config-
uration (ﬂh9/23)9/2_. (vg9/2 . Vp1{ ‘1). The
first three-particle state with J = }2"' is cal-
culated to be at 2.78 MéV.

Summarizing, one may say that the theory
accounts for all the states observed in 211A¢
and is therefore a valuable means to under-
stand their structure.
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ON-LINE STUDY OF a-EMITTING PRODUCTS OF INTERACTION OF
HEAVY NUCLEI WITH 5-GeV PROTONS

R. E. Eppley, J. D. Bowman, and E. K. Hyde

During the past several years a nuclear
chemical program has been conducted at the
Bevatron for the purpose of studying the na-
ture of the interaction of complex nuclei with
5-GeV protons. Major emphasis has been on
the investigation of light fragments (isotopes
of He, Li, Be, B, C, etc.) ejected from U
and Ag targets. 1,2 The identity, energy spec-
tra, and angular distributions of these frag-
ments were measured with telescopes of semi-
conductor detectors. In order to investigate
products of higher mass, different experi-
mental techniques are required. Traditionally,
radiochemical or mass-spectrometric methods
have been used to study products of medium or
heavy mass. In the past year we decided to
test the helium-jet transfer technique as a
means of investigating short-lived alpha
emitters produced in nuclear reactions in-
duced by GéV protons. In the design of this
test experiment we were guided by our ex-
perience at the Hilac in the investigation of
short-lived o emitters in the Po to Pa region
carried out by on-line experiments in the heavy-
ion beam. 3,4 i

The equipment used in the experiment is
discussed in another contribution to this annu-
al report. > A cylindrically shaped reaction
cell with 2.5-in. entrance and exit windows of

0.027-in. aluminum was placed in one of the
external beam lines of the Bevatron. The
target foil was affixed to the inside surface of
the entrance window. Reaction products re-
coiled out of the target into 2 atmospheres of
helium gas. This helium was pumped out of
the reaction cell through a controlled leak,
carrying with it the radioactive reaction prod-
ucts through 20 feet of small-diameter plastic
tubing to an evacuated counting chamber outside
the accelerator shielding. The products were
deposited on an aluminum foil and the alpha
radiations subsequently emitted by them were
measured with surface-barrier semiconductor
detectors.

Representative spectra of a particles
emitted by products from the interaction of
5-GéV protons with U, Th, Au, and Ta targets
are shown in Fig. 1. To obtain these spectra,
reaction products were deposited on a catcher
plate for 30 sec, then the plate was flipped to
a position in front of a semiconductor detector
for a 30-sec counting period, following which it
was moved back to its original position for col-
lection of more activity. This cycle was re-
peated over a several-hour period. The proton
pulses occurred at 6-sec intervals and con-
tained from 3 to 7X1011 protons. The elapsed
time from the moment of flipping of the sample
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Fig. 1. Alpha spectra associated with

products of interaction of 5-GéV protons with

U, Th, Au and Ta.

Sample collection for

3 min, followed by alpha counting for 3 min.

to its position in front of the detector was re-
corded together with the a pulse height for
each event. After the experiment it was pos-
sible to make time sortings of the data to de-
termine the decay profile of individual o

" peaks. A 30-sec time interval was suitable
for investigation of half-lives in the 1- to 10-
sec range. Cycle times of 2 and 10 min were
also used. Figure 2 is an example of the
changing nature of the spectra when the data

(XBL 721-2146)

were time-sorted. Figure 3 is an example of
a half-life determination by time-sorting the
data for an individual peak.

Comparison of the E, and Ty /, values with
literature values gave unambiguous identifica-
tion of all but a few of the peaks in Fig. 1.
Once identity was established, several peaks -
whose energy values were well known from
the literature were used as internal standards
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Fig. 2. Alpha spectra associated with pro-
ductsof interaction of 5-GeV protons with
U. Sample collection for 10 min, followed by
alpha counting for 10 min. The events re-
corded during three intervals in the 10-min
counting period are shown.
(XBL. 718-214T7)
to calibrate the energy scale precisely and to In the experiments with Au targets a number
determine the energy of many other peaks of higher-Z alpha emitters like 177p¢, 178py,
with an accuracy higher than were previously and 175Ir were observed. In the runs with
known. Th or U targets a large number of ¢ emitters

in the Bi to Ra region were identified.
Prominent among the products from all

four targets was a group of rare earth « The data are now being reduced and a re-
emitters from the known island of a radio- port is being written. The results are of in-
activity lying just above the 82-neutron shell. terest for the following four reasons.

The identity of these peaks is given in Table L. (1) They show that the He jet transfer



722x 2° |35
Iii
Iii
[
! EHI
II! I
Iii i
3
272 }I

Alpha counts in 4.379 MeV peak

o4

Time ( full scale = 10 minutes )

Fig. 3. Representative decay curve for time-
sorted data for alpha particles of 4.379 MeV
(152Ho). (XBL 717-3920)

method can be applied to reaction studies in
beams of GeV protons and that efficient trans-
port of products through many meters of small-
diameter capillary is feasible.

(2) They provide improved «-particle en-
ergies and half-lives for a large number of
the rare earth o emitters. The fact that so
many of these nuclides can be prepared as a
single sample is a distinct aid in obtaining
this spectrographic information.

(3) They provide relative (and ultimately)
absolute cross-section data on a selection
of products and these data will be of use in
describing the nature of the break-up of com-
plex nuclei under bombardment with GeV
particles. Perhaps the most important feature
will be the sampling of the charge distribution
curve far from stability in the rare earth
region. Such information may be important
for evaluation of the limitations of high-energy
nuclear reactions as a means of production of
exotic nuclei far from stability.

(4) They suggest other interesting experi-
ments to be performed with lower-Z targets
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Table I.
Peak No. Identified nuclide

1 2.3n  1P%py

2 16m 155Ho

2 44n  H7p

3 17.7m  Plpy
4 4.5m 1S4Er

4 7.2m by

5 1425 %o

6 52s 1521‘nHo
i 36s 151Ho
8 425 PPIMp,
9 36s 1531*:1'
10 10.7s  P%E;
11 56 %rm
12 3s 154me
13 1.6s  123Tm
14 165 1°%yb

than those used so far.

progress to investigate these.
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CALORIMETRIC DETERMINATION OF DECAY ENERGY OF URANIUM-235m,
AND THE IMPLICATIONS FOR COSMOLOGY ™

B. E. Culler

The isomeric state of uranium-235 decays
by internal conversion with a half-life of
26.5 min, emitting electrons of extremely
low energy. Hence, the transition energy is
very difficult to measure by the conventional
means of electron spectroscopy, although
several attempts have been made. 1-4 The
energies obtained in these measurements
ranged from 23 eV to 75 eV, the higher en-
ergy measurements having been obtained
from the more active sources.

As a totally new approach to the problem,
a Wheatstone bridge calorimeter capable of
measuring 10-9 thermal watt was designed
and constructed. Because the heat capacity
of the system must be kept as low as possible,
one of the two heat-sensitive devices (therm-
istors) used as arms of the bridge is also
used as the sample holder. When a sample of
uranium-235m is placed on one of the thermis-
tors, the self-absorption of the soft electrons
within the sample and thermistor changes its
temperature and therefore the resistance of
that arm of the bridge. The bridge is then re-
balanced by means of a variable precision re-
sistor. As the uranium-235m activity dies
away with its 26.5-min half-life, the resistance
of the sample-holding thermistor changes ac-
cordingly, and the resulting imbalance of the
bridge is measured as a function of time. The
circuit diagram for the calorimeter is shown
in Fig. 1. The calorimeter is calibrated by
rf heating. Any possibility of a systematic
error in either the measurement or calibration
was eliminated by measuring the o-decay en-
ergy of bismuth-212. Excellent agreement
with the known energy was obtained.

Uranium-235m is formed by the @ decay of

(XBL 7418-4077)
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plutonium-239, so the sample of uranium-
235m was obtained by a diethyl ether extrac-
tion from a plutonium-239 stock solution which
was maintained in the Pu(Ill) oxidation state
by ferrous sulfamate. Zinc nitrate was the
salting-out agent. The sample was reduced
in volume, taken up in 8N nitric acid and
placed on an anion exchange column. Elution
was done with 0.1N hydrochloric acid. The
sample, now free of inorganic mass and
approximately 2-3\ in volume, was placed on
the sample-holding thermistor.

The data obtained from the calorimeter was
in the form of a trace of power versus time,
recorded by a Speedomax recorder as the ex-
periment was in progress. Each set of
matched thermistors used as the heat-sensitive
arms of the bridge produced a characteristic
short-lived exponential curve of its own, which
had to be used along with the exponential decay
curve of the sample (half-life, 26.5 min) in
analyzing the data from the runs. The method
used is identical to that used in resolving com-
pound radioactive decay curves. Figure 2 is
the data curve from one run. The 4.0-min line
describes the exponential behavior of the
thermistor set. The 26.5-min line results

from the dissipation of the decay energy of

uranium-235m within the thermistor.

The total decay energy of uranium-235m
was found to be 572+ 33 €V.

The nuclear properties of the isomeric
state are of particular interest since the iso-
mer serves as a possible loss mechanism of
uranium-235 in space. If this occurs, it
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would affect the calculation of the age of the
galaxy by Fowler, Hoyle and others using the
ratio uranium-235/uranium-238. To esti-
mate the fraction of uranium-235 existing as
the isomer in interstellar space, the expres-
sion for the probability of Coulomb excitation
derived by Alder, et al. was used. In regions
of space typified by our solar system the
fraction of isomer is negligible.

To substantiate the conclusion that there is
no loss of uranium-235 through the isomer,
the half-life for o decay of the isomeric state
was calculated. The unhindered half-lives of
the uranium isotopes were used to obtain an
unhindered half-life for the isomer. This
value was then corrected by applying the
hindrance factors for the o decay of plutonium-
239, which has the same intrinsic spin state
as uranium-235m. The half-life for « decay
of the isomeric state was calculated to be
5.9X108 years, nearly equal to that of the
ground state.

It was therefore concluded that the existence

of the isomeric state poses no problem in the
determination of the age of the galaxy.
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PLUTONIUM-244: CONFIRMATION AS AN EXTINCT RADIOACTIVITY "

E. C. Alexander, Jr.,T R. S. Lewis,T J. H. Reynolds, and M. C. Michel

Kuroda's 1960 hypothesis1 that 82 m.vy.

Pu was extant in the early solar system
and contributed importantly to isotopic anom-
alies in xenon has received much support from
xenon studies in meteorites. Starting with the
observation? in Kuroda's laboratory that xenon
from the calcium-rich achondrite Pasamonte
is enriched in_the fissiogenic
isotopes 1,132,134,136x¢, an impressive
body of indirect evidence for the hypothesis
hasg been assembled by various meteoriticists:
(a) observation of a reproducible spectrum of
fission-like xenon in the achondrites3-7 where
low concentrations of other xenon components
and high concentrations of uranium and the
rare earths are favorable for the detection of
an extinct plutonium ratioactivity which fis-
sions; (b) observation of exceptionally pure
samples of xenon of this composition in the
uniquely uranium-rich achondrite Angra dos
Reis;8 (c) observation of exceptionally high
concentrations of this same xenon? in a
uranium-rich mineral (whitlockite) from the
chondrite St. Séverin, a mineral where an
excess of fission tracks had previously been
noted;10 (d) demonstration that the " achon-
dritic fission xenon'" in the chondrite St.
Séverin is released in correlation with a fis-
sion component implanted at uranium sites in
the meteorite by neutron irradiation. 11 The

implications of this extinct radioactivity for
chronologies of the solar system12 and of
galactic nucleosynthesis13-15 have been noted.
But throughout this history the identification
of the nuclide responsible for the fissiogenic
component as 244Pu has been inferential.
That is, any actinide with a long half-life and
a partial decay by spontaneous fission would
have met the specifications. It clearly was
important to measure the mass spectrum of
fission xenon from a laboratory sample of
244py,

Our sample was 13.0 mg of 244Pu. as
PuO;, which had been electromagnetically
separated at Oak Ridge from large quantities
of neutron-irradiated Pu. An assay, provided
with the sample, of the isotopic composition
of the plutonium is set out in Table I, together
with the @ and spontaneous-fission half-lives
needed for computing the expected accumula-
tions of fission xenon in such a sample. The
sample was precipitated in April 1969 and
outgassed for xenon ana1¥sis 23 months later.
The calculated yields of 36Xe from 23-month
decay of each isotope are included in the table,
assuming 6% fission yields in all cases. The
total contamination of the fission 136Xe from

Pu decay by fission of all the other nuclides
was thus found to be only 0.8%.
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Table I. Composition of Pu sample.
136 ffrom
Calculated Xe
Atom % b 23-month decay of 14.7 mg
Isotope of Sample & Decay constants of PuO, (cc STP)
244p, 199.06 tyjple) = B.18X 107 yr 1.44x107 12
) 10
ty /(5. F.) = 6.55x10"0 yr
2425, 0.904 t ol 3.76X10° yr 1.23x107 14
) 10
ty /(5. F.) = 7.0 x10'0 yr
C
241p, 0.002 t () =132y (~3.5%x10"21)
240, 0.007 6 /p(@) = 6580 yr 4.9x10° 17
£ (S F.)=1.4 x10'! yr
1/2 . . . Y
239py 0.180 £y jple)  =24300 yr 3.18x10°20
) 15
ty /(5. F.) = 5.5 X10"% yr
2385, <0.006 tjpl@) = 86.4 yr <1.2 10716
t, (5. F.) =4.9%x10%0
1./2 . . = . yr

aIsotope analysis supplied by Electromagnetic Isotope Separator Group at Oak Ridge National

Laboratory.

b
244Pu decay constants from Ref. 28.
Ref. 29.

c . 395...
Calculated with t1/2 (S.F.) for Pu; t1/2 (S.

All other constants are the average of the values listed in

F.) for 241Pu is unknown.

Xenon was outgassed from the sample in a
tungsten crucible heated by electromagnetic
induction to temperatures above 2000°C,
purified in a glass vacuum system with a ti-
tanium-zirconium getter, and collected on a
cooled charcoal trap. The krypton and xenon
fractions were analyzed separately in a mass
spectrometer in the static mode—i. e., with-
out pumping during the analysis. Calibration
and blank runs were performed by standardized
techniques.

No useful data were obtained for krypton

because of the small sample size relative to
the contaminant gases, but the xenon results
are given in Table II. No significant impurity
gases were observed, and a typical sweep of
the spectrum is shown in Fig. 1.
C . 244

The fissiogenic xenon spectrum from Pu
is interestingly different from the spectrum
for 244Cm (Ref. 16; see Fig. 2), but we focus
attention here upon the cosmological implica-
tions of the Pu spectrum. Rowe! has re-
cently compiled various measurements of the
meteoritic spectrum of fission xenon attributed
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Table II. Xenon extracted from 14.7 mg of 2 PuOZ.
a
Temp. [129Xe] [136Xef]
(°C) X 10 *2cc 128 129 130 131 132 134 136 x 107 12cc
350 0.73 0.072 = 1.000 0.163 0.802 1.003 0.397 0.338 < 0.003
+0.002 +0.005 +£0.012 +0.012 +0.006 +0.002
700 1.73 0.075 = 1.000 0.165 0.861 1.191 0.604 0.548
+0.002 +0.003 +0.009 +£0.013 +£0.011 +0.014
Fission yields:® 0.284 0.819 0.982 =1.000 0.37
+0.044 0.081 0.082
1550 1.72 0.076 = 1.000 0.155 0.933 1.513 0.910 0.900
+0.002 +0.003 +0.014 +0.017 +0.015 +0.008
Fission yields:a 0.234 0.878 0.913 =1.000 0.97
+0.025 +0.033 +£0.029
2150b 0.06 0.08 = 1.000 0.17 0.77 0.96 0.41 0.34 < 0.0006
+0.01 +0.01 +0.03 +0.03 +0.01 +0.01
Atmospheric xenon30 0.073 = 1.000 0.154 0.801 1.017 0.395 0.336
C . 244 -
Adopted fission yields for Pu 0.246 0.870 0.921 = 1.00
+0.022 +0.031 +0.027
a A i 4 129 i 129
The amounts of fission xenon were calculated from the formula & = (Xe/ Xe) sample - (‘Xe/ Xe) atmosphere. The rel-

ative yields shown are 61/8136,

b
the blanks.

The 2150° fraction is typical of the lower temperature blanks and provides a good measure of size and isotopic composition of

K4
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Table III. Comparison of meteoritic fission yields
244

with Pu fission yields.
Fission yield
Reference 131 132 134 136
Pasamonte 5 from data 33 93 91 =100
of 3 + 3 + 8 * 2.5
Pasamonte 6 25 88.5 94 =100
+ 3 +3 = 5
Whitlockite from ' 9 ' 31. 97 93 100
St. Séverin o+ 8 x8 = 1
Kapoeta 7 26 88 91 100
| + 3 + 4 + 5
244Pu This work 24.6 87.0 92.1 100
+2.2 +3.1 2.7
12— l T l 1 T
g ol . .

0.8 .
<«—Time 3 .
2
>
/ — —
.QZ, 0.6 -
)
]
v o
0.4}— m —
| ﬁs o Pasamonte (Hohenberg et al.)
o 0.2}~ O Kapoeta (Rowe) —
* QIJPu
10 || w0 LJ *10 ® Cm (Monvel et ol)
‘v-lO‘BASEUNE 136 134 , =3 BASELINE 0 | l l i L 1
: 32 731 130 29 128 13V 132 133 134 135 136
Fig. 1. Mass spectrum of xenon extracted . Mass number
at 1550°C from PuO, and sealed off in the Fig. 2. A comparison of the fissiogenic
mass spectrometer. The slanted line through xenon spectra from the achondritic meteorites
the peak at a mass of 129 shows the extent of Pasamonte® and Kapoeta? and the spontaneous
spectrometer pumping. The horizontal lines fission spectrum from a laboratory sample
show the amount of atmospheric xenon relative of 244Pu. The xenon Sfectrurn from the
to mass 129. Excesses at masses 136, 134, spontaneous fission of 44Cm16 is also shown.
132, and 131 represent the 244py spontaneous The pattern of xenon isotopes from the spon-
fission component. The magnetic sweep rate taneous fission of 244Pu agrees perfectly
was increased between peaks. with the achondritic spectra.

(XBL 722-338) (XBL 722-339)
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to 244py (so-called achondritic or

" Pasamonte type'' fission xenon); we repro-
duce a similar compilation in Table III. Agree-
ment between the meteoritic spectra and the
244py spectrum is excellent, especially for

the two meteoritic spectra based on Berkeley
data, which we have plotted in Fig. 2. In
particular the unusual '' signature' of the
achondritic fission xenon, with approximately
equal yields at masses 132, 134, and 136, is
faithfully reproduced in the laboratory fission
sample. There no longer can be any reasonable

doubt that achondritic fission xenon was cor-

reztly assigned to the spontaneous fission of
Pu.

The main effect of this observation is to
place on a firm footing a number of conclus-
ions which were previously stated in the litera-
ture. But it is useful to collect here briefly
what we consider to be the chief implications

* of confirmation of the 244Pu hypothesis:

(1) We now have observed in the solar sys-
tem two completely authenticated extinct
radioactivities, 1291 and 44py,

(2) Previous measurements of the ratio
244Pu/238U in meteorites are now on a firm
basis with respect to the extinct nuclide and
its decay constants. We attribute special im-
portance to Podosek's!l measurements of this
ratio, since his method infers it from reten-
tively sited xenon, and combines the plutonium

. and uranium measurements in a single experi-

e

" process nuclide;

ment on one sample. All four meteorites for
which he has thus far been able to make the
measurement (one chondrite and three
achondrites) §ave approximately the same re-
sult: 244Py/238U = 0.013 at the time of mete-
orite formation. These substantial plutonium
concentrations in the early solar system re-
quire that r-process nucleosynthesis was on-
going in the galaxy at the time of the birth of
the Sun.

(3) Three separate decay schems?s now point
to a compact interval of time (~ 10" years) for
meteorite formation: 87TRb - 87Sr (Ref. 17),
1291 » 129Xe (Ref. 18), and '
244py —» 131-136Xe (Ref. 19).

(4) Since late r-process nucleosynthesis has
to be invoked to produce 244Pu in the early

ssolar system it seems unnecessary to invoke

g

other sources for 1291, which is also an r-
: and no evidence for other
important sources of 1291 has as yet been
found. 19

(5) With 1291 so ascribed to galactic sources,
the time interval between cessation of nucleo-
synthesis for the solar system and meteorite
formation cannot exceed several hundred mil-
lion years. :

(6) Models for the chronology of nucleo-
synthesis now have to be consistent with known
ratios for early solar system abundances of
232Th, 235U, ¥38U, and 244Pu. Constraints

imposed by these nuclides have received atten-
tion in the literature, 13 but calculations
emphasize ratios of 244py /238U that are prob-
ably too high. We believe that the more rel-
evant calculations are those with Podosek's
plutonium -uranium ratio. .Calculations of
this typei4: 15,21 jndicate that the need for a
" late spike' of 244Pu synthesis just before
solar system formation is less clear.

(7) Attention can now be more clearly

focused on the question of the origin of the fis-

sion-like xenon in carbonaceous chondrites,
which has an isotopic composition different
from 244Puy fission. It is important in this
connection to have better knowledge, from
1291_129%e dating, of the formation times
for the carbonaceous chondrites. Existing
evidence is somewhat weak but indicates that
these meteorities formed at the same time as
the others. 18, If this is true and if the
anomalous xenon there is genuinely fissiogenic,
its unique occurrence in the carbonaceous
chondrites cannot be explained on the basis of
an exceptionally short half-life for the fis-
sioning nuclide. One must argue from its
absence in achondrites and its presence in
carbonaceous chondrites that the nuclide is
chemically different from the actinides and is
probably more volatile. As a result, serious
consideration must be giyven to the suggestion
by Anders and Heymann,24that a super-heavy
element, which could be both volatile and fis-

- sioning, may have been present in the car-
"‘bonaceous chondrites.

The possible existence
of super-heavy elements is now generally ac-
cepted. 25 244
(8) Searches for Pu in lunar rocks should
continue. The oldest lunar rocks encountered
to date are essentially threshold objects for the
observation of lunar plutonium. 2 Slightly
older rocks can be expected to give positive

results.

(9) Detailed predictions based on theories
of both r-process and s-process nucleosyn-
thesis have recently met rather stringent ex-
perimental tests. The presence of 244py in
the early solar system confirms the r-process
as ongoing in the galaxy, and predictions from
s-process theory of the relative values of
cross sections of certain fast neutrons in
samarium and tellurium have been strikingly
confirmed. 27 Scientists, at Oak Ridge played
a major role in both tests. The success of
the present work depended gre‘atly upon the
superb sample of 244Pu which‘wa's prepared
by the Electromagnetic Isotope Separator
Group at the Oak Ridge National Laboratory.
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DECAY OF 210a¢ TO LEVELS IN 210p,t
Present

L. J. Jardine, S. G. Prussin, and J. M. Hollander

The electron-capture decay of ZégAt has

been studied with Ge(Li) y-ray spectrometers

and a Si(Li) electron spectrometer.
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from recent reaction studies1-3 to assign
spins and parities to these levels. Figure 1
shows the decay scheme.

The lower-lying level structure is expected
to arise fro%gonfigurations of the two protons
beyond the Pb core. All levels arising
from the configuration w(hg/»)“ have been
identified and except for the lowest spin mem-
bers, all levels due to the configurations
Tr(hg/z f7/2) and ‘n'(hg/z i.13/2) have also been
identified. We show in Fig. 2 a comparison
of known states 173 in ¢10po with a two-proton
shell-model calculation™ and the experi-
mental4, 5 level spectrum of 208pp.

Evidence is pregented which locates the 3~
collective state in 210Po at 2400 keV above the
ground state. The 200-keV, dgpression in en-
ergy from that observed in 208p}, is believed
due in part to configuration mixing with the 3~
member of the m(hg/, 143/2) multiplet.

The EC decay of 21OA‘c to pure two-proton
configurations is highly hindered, whereas the
decays of the first-forbidden type to the two
57 levels at ~3 MeV are unhindered. The un-
hindered transitions to odd-parity states are
believed due to neutron Sgd proton excitations
of the 208pb core. In 298Pb the 57 member of
the v(g9/2 P 2) multiplet has been established
at the excitatioh energy of 3.2 MeV. The en-
ergy of this core state is close to the 5 mem-
ber from the m(hg /) 113/2) multiplet in 210p,,
and it is reasonable to assume that the same
configuration also contributes to the 5 two-
proton state in O0po. A first-forbidden
transition proceeding via this core admixed
component would be unhindered as the transi-
tion would be from a hg/p proton to a gg/fz
neutron. An analysis of the relative log ft
values of the two 5 states near 3 MeV allowed
the following experimental wave functions to be
constructed:

Pg- (2910.0) = 0.534 lTr(hg/Z iy3/2))s5"

-1

31

bg- (3026.2) = 0.846 |n(hy /5 iy3/5))5"

0.534 |v(gg/, p;}z ))g- -

+l

Thus, the lower 5  state at 2940.0 keV con-
tains approximately 70% of the strength of the
core excitation v(gQ{2 pi'z ). Electron-capture
transition rates to other t%d-parity states above
3 MeV are discussed in terms of additional neu-
tron angd groton-proton particle-hole excitations
of the 29%Pb core.

Transition probabilities for the gamma de-
cay of the w(hg 2)2 and w(h /2 f7/2) even par-
ity multiplets have been ca?culated by using
several sets of shell-model wave functions.®
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TABLE OF ISOTOPES

C. M. Lederer and J. M. Hollander

Compilation of the seventh edition began in
early 1971. Due to the size of the effort re-
quired, methods for compilation and produc-
tion of the seventh edition are different from
those used to produce previous editions in a
number of respects:

1. Compilation of the data is a group pro-
ject. Four full-time and two part-time chem-
ists are currently compiling the table: Egardo
Browne, Janis Dairiki, Ray Doebler, Leslie
Jardine, Adnan Shihab-Eldin, and Virginia
Shirley. (Dr. Jardine replaces Audrey Buyrn,



5.5m
75
3eKr

[EC]
Qpg =5.1 est
(MTw)

2m

7Se(d,p) 3Ga \ o AL son
1zF 32276 Q3.3 ;gB'

s, (3PJa 15 213) 3+,EC

Qg 3.01
(ZETF 41 1484,
4.66 PR 86 347)
452 2.72 (MTW)
430 48.95(7/2+) 0.140
82.8m 2 "
75 = s 120,40
is6e ‘B EC” 75g,
3.78 3/2- 34
........ , Q- ‘-2)0 —75 Qg 0.85 cale
MTW, -
3.50 5As(p,n), 33AS (PR 136 B1719, MTW)
7
0 .19 5As(p,ny)
3.02

NP Ald44 67

R ™Se(n,y) / 5Br

YadF 111129
I2F 33 1650,
! 2.297 PR 178 2019,
2.24 — 2. 266 ) g5
=0 3. NP A138 49
o 2.08 ,
189
______ _1lso
e WL X WYY 23720 189 S&e
T4y D .
=80 i = l NG &.‘sss\: 1.9% 5.7
- | VoY o8 ool Ooe 1328 S1.7% 5.8
[ 83052 S8 T8 199y 1% 6.0
[ = IW e S e P . 0.9% 6.3
V232 : Uror — 4 K q’.\FSF—:J’n?TéTL"m e 6.2
= ——— ] L2 I - e IANST T T T — ..
—08s52_g gaa——— -89 (/2.3 || o8 (172,32 | ]a®e QY e o8s9s,/ 57 5.8
I ¥l ] | TN 3.6% 6./
0.73 o 074 | VT T e AN O
=——0T—0610=0534c (/2.3/2) " 058 ERERERRES 3 .‘\";T—\'%L—/
HREN INOAERAS 21% 6.7
0,425 I\ | | | I M von oo 0.4279 )/ -
S~ .
0286 vy fon (1/2.3/2) | 4 1SS sozmes, % 5.3
1 S 0.2428,0
o118 1.2 ns i POl NILT I A
o 0 5/ 2+ ‘ 0 . 5/2+ i 1o
7 75 75 7
5Se Se Se 5Se

Fig. 1. Sample format for a level scheme
(7 Se) and a skeleton mass chain. (Material
not proofread.) - (XBL 716-3664)

(43



who left in August and is currently an NIRA
Compiling Fellow at MIT). The group is as-
sisted by a full-time secretary-librarian-
typist, Maureen Whalley.

2. A large effort at computerization is
under way, under the supervision of CarlQuong
(Math and Computing).

a. A multifont text input-editor, consisting
of a keyboard and scope display driven by a
small computer system is being programmed
for input of tabular data. (A prototype of this
device was described in UCRL-18530 and
UCRL-18667, p. 9 (1968) Annual Report). This
programming, nearing completion, is being
done by Manny Clinnick (Math and Computing),
and Ed Romascan (Physics, Group A). A sys-
tem is expected to be operative in February
1972.

b. Data file programs, which perform ex-
haustive checks on the input data, store them
in a random-accessible file, and produce proof
or final copy, are being developed by Ardith
Kenney and Leo Vardas. A program to handle
level-scheme data and produce proof and final
level diagrams is being written by M. Lederer.
These programs are expected to be working
early in 1972 and to be essentially complete by
the end of the year.

c. An index file of "keywords' for every
reference, ordered by isotope, is in routine
use as the compiler's index to the literature.
The file is updated three times a year with
""'recent references' issues of Nuclear Data B,
supplied to us on magnetic tape by the Nuclear
Group at ORNL. Our programs check andedit
the new tapes, merge them into a random-
accessible master file, and provide prints of
the new references or the entire file for use
by the compilers. The automatic checking by
the program and some spot-checking by the
compilers has provided useful feedback to the
Nuclear Data Group.

3. Content and Format of the Seventh Edi-
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tion. The content of the seventh edition will
be expanded from earlier editions to include
more data from nuclear reactions. Level
schemes will include one illustration for each
isotope, consisting of a decay scheme, with
feeding from all radioactive parents, along-
side a set of level diagrams, one for each re-
action populating that nucleus. The form of
the decay schemes will be similar to that of
the sixth edition. Reaction level schemes will
include levels and their properties (energies,
spins, and parities, f-transfer values, etc.).
Where gamma rays have been measured in a
reaction, the gamma-transitions will be indi-
cated, unless the gamma rays only define the
level (e.g., direct gamma rays from the cap-
ture state in thermal neutron capture will be
omitted).

There will not be an arbitrary energy cut-
off for levels; rather, where the levels are so
numerous that all cannot be included, the
schemes will be abridged [e.g., by indicating
127 more (d, p) levels between 4 and 5 MeV'].
This policy applies to levels from decay as
well as reaction experiments.

A sample level scheme for the nucleus
758e is given in the accompanying figure. In
addition to the drawing for each isotope, there
will be a ''skeleton'' A-chain drawing, showing
the decay relationships and Q values for each
mass chain (see Fig. 1).

Tabular data will include only ground-state,
radioactive decay, and level data. The scope
of data categories covered and policies on
selection of data will be similar to that of the
sixth edition. All information, including cat-
egories of data covered in ""Table I" of the
sixth edition, will be given in a single table,
similar in layout to '"Table II'' of the sixth
edition.

As of December 1974, 90 mass numbers
have been compiled. We are aiming to pro-
duce the seventh edition in about three years.

A STUDY OF 66-SEC ISOMERIC STATE OF 222act

K. A. Eskola*

Results of an extensive survey of a-active
isotopes between lead and uranium have been
reported by Vglli and Hyde et al., in a series
of articles. 17 The 66-sed a~-emitting iso-
meric state, ZrnAc, reported here, wag. 9
discovered as a byproduct of a study of 2oty

Earlier studiesio_12 of 222Ac havs2
carried out by producing the 1.8-min

e en
Pa

in bombardments of thorium with high-energy
deuterons d following its a¢~decay through
the chain 232%Pa— ZZZAE- 218y 2¥4A‘c— Z%OBL
By use of the recoil collection method, Meinke
et al. 12 \ggre able to separate “Ac from its
parent, 229p,, and obtained a value of
5.5%0.5 see for its half-life.

With similar techniques, but using Au-Si



9
107 [T 221, 219q, P+ 180

g 14p,
108 zzafc' 222mygy 256, [ 768 60sec./spectrum
S s 28, 42 uAh
10 760 /1 212mpg 97 MeV
10°r 213 [f2limpy 8
28 e, IR
105 g 8% ! 0 3}]5 ¢ | 2 212mp,
4 : §211p, g 11.65
10%F 6% % 44 213, 21lmp,
3L 838 887
10 ) 212mp,,
102 b 9.08
10'F ! SUMT
10°% ‘ rd
T 17
<
C b i)
2
o 2-
g | i
”
z 3
§ L K
/ ﬂ 6
I
uﬁ { ]
100 200 300
Channel number
Fig. 1. A series of a-particle spectra pro-

duced by bombardments of Pb with 180 jons.
The individual spectra show the total of counts
rerorded at each of the seven stations by the
two movable detectors when facing the wheel.
The sum of the seven spectra is plotted top-
most. The wheel-stepping interval, the inte-
grated beam reading and the bombardment
energy are indicated. (XBL 718-6367)

surface-barrier detectors, McCoy13 associ-
ated two a-particle groups, one at 6.998 MeV
(94%) and the other at 6.952 MeV (6%), with
the decay of the 5.5-sec 22Ac. We have as-
signed the 66-sec oz—activi%y with a complex
a-particle spectrum to 2emp o by showing
that the o particles are promptly followed by
7.87-MeV and 8.81-MeV « particles of short-
lived 218Fr ana 214at.

The experimental techniques and apparatus
used have been described in some detail in
References 14 and 15. The 66-sec « activity
was observed in bombardments, of =100 pg/cm
natural Pb targets with both 0 and 180 ions
and a Bi target with 15N and 180. (Recently
the actjvity has also been observed by Eppley
etal. 16 when bombarding Th and U targets by
5-GeV protons from the Bevatron.) The series
of a-particle spectra displayed in Fig. 1 re-
sulted from bombardment of the Pb target with
97-MeV 180 ions. Most of the activities belong
to members of a-decay chains originating from
Ac and Ra isotopes. However, it is readily
seen that the 7.87-MeV and 8.81-MeV peaks
assigned to 18%r and 2144, respectively,

-particle in the 6.5- to 7.1-MeV range.

“de cay with a half-life of about a minute in-

stead of the 5.5-sec half-life of 222p¢. A
half-life of 66+3 sec is derived for the 7.87-
MeV a-particle group by a least-squares anal-
ysis.

A search for a possible precursor to the
7.87-MeV a-particle activity naturally leads to
a closer study of the complex cluster of peaks
in the 6.5~ to 7.0-MeV energy region, where
one would expect to find an Ac @ emitter with
a half-life of a minute. As shown in Fig. 1 the
2.3-min Bi," 2.7 min Ra_and its electron-
cagture (EC) dau§hter 35-sec 213Fr, 30-sec
229Ra, 2.2-min 223Ac and 20-h 25°Fm also
contribute to the a-particle spectrum in this

energy region. The Fm also was produced
in unrelated bombardments preceding the one
resulting in the spectrum shown in Fig. 1. To
single out the contribution of the possible 222Ac
a activity from a host of interfering activities,
we looked for time-correlated w-decay events
where an « particle was followed within 50 msec
by an o particle in either the 7.87-MeV or 8.81-
MeV peak. The a-particle spectra resulting
from the search are plotted in Fig. 2. Acci-
dental correlations due to a high counting rate
have been accounted for by subtracting from
the above correlations the ones where a 7.87-
MeV or 8.81-MeV « particle preceded an «
On the
left side in Fig. 2 the correlations detected at
the first station, or within the first 60 sec
after the irradiation, are plotted in four 15-
sec time subgroups. To the right these same
counts are summed up in the first spectrum
and the three spectra undernearth arise from
correlated events found at the three succeeding
stations. The fast decaying component in the
prominent 7.01-MeV peak is associated with
the previously known 5.5-sec « activity of

Ac. The energies, intensities and hin-
drance factors for a-particle groups contrib-
uting to the composite spectrum are presented
in Table I. The shape of the 7.87-MeV 218Fy
peak was used as a standard when resolving
the spectrum into its components. The hin-
drance factors were calculated using the spin-
independent (£ =0) equations of Preston. 17 A
value of 9.29 fm was chosen for the radius
parameter R.

A study of the a-particle spectra recorded
by the movable detectors when in the off-wheel
position, combined with the spectra recorded
by the stationary detectors facing them, in-
dicated that the 66-sec metastable state also
decays by y-ray emission and feeds the 5.5-
sec state, which probably is the ground state.
The recoil energy imparted to the residual
atoms by the decay transfers a part of the
atoms onto the detectors facing the wheel and
their subsequent decay by a-particle emission
is observed in the off-wheel position.
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Fig. 2. The spectrum of ¢-decay events were

followed within 50 msec by another event re-
corded at either the 7.87-MeV or 8.81-MeV
peak. The events observed at the first detec-
tor station are displayed in four consecutive
15-sec subgroups on the left side. To the
right the correlated events from the first four
stations are plotted. (XBL 718-6366)

On the basis of the calculated and observed
intensity ratios in the various spectra we ob-
tain a lower limit of 3£ 1% and an upper limit
of 10% for the decay of the 66-sec metastable
state by isomeric transition.

222mp ¢ also seems to decay by EC to the
levels of 38-sec 222Ra. Approximate values
of 0.7%. and 2% of the lower and upper lirnits
for the EC branching were obtained by com-
paring the observed number of counts in the
7.13-MeV peak of 218Rn both in on- and off-
wheel positions with the observed number of
counts atrributable to 222map ..

Because the event times were measured
with an accuracy of only 50 msec, an accu-
rate half-life measurement for the daughter,

Fr, was not possible. However, a value
of 0.7+0.6 msec was deduced on the basis of
the observed ratio, 0.019+0.017, between
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Alpha-particle groups associated
22mpc,

Table I.
with the decay of the 66-sec

Alpha-particle Intensity  Hindrance factor
energy
(Me V) (%)
6.46+0.02 2+1 13
6.71+0.02 8+4 33,
6.75+0.02 155 25
6.84+0.01 27+10 24
6.84+0.02 10 £5 85
6.89+£0.02 155 85
6.97+0.02 8+3 310
7.00£0.02 15 %5 220

those pairs of events where 2227 ¢ and 218Fy
a decays followed each other within the same
50-msec interval and those where the two
events were recorded in two consecutive 50-
msec intervals.

There seems to be a discrepancy of some
10-40 keV between the w-particle-energy
values reported in this work and those given
by McCoy. 13 Thus we have found the ener-
gies 7.01, 7.87, and 8.81 MeV for the 5.5-sec

22Ac, 0.7-msec 218Fr and 2-pusec 1 At,
respectively, while the corresponding ener-
gies of McCoy are 6.998, 7.845, and 8.777
MeV. Owur values are based on the analysis
of the 1sgpec’cra by the SAMPO computer pro-

gram usin% the 7.136-MeV 214Ra and
8.675-MeV 215Rn as internal energy stan-
dards?

The relative cross sections for some of
the more prominent reaction products in
bombardments of the lead target by *“0 ions
are shown in Fig. 3. Because of the natural
isotopic composition of the lead target, sev-
eral reactions may substantially contribute to
the production of an isotope. The predom-
inant component in each case seeng to come
from the most abundant isotope, %%’8 in
the target, i.e., from the reactions Pb

18 302237y, 208py( 18y 121)223 A,
08Pb6180’ p3n)222m%2 208ph(180, on)221Ra,
and 208pp( 180, 14c)2lemp,.

The cross-section ratio of the 66-sec state
to the 5.5-sec state of Ac was measured
to be 3.920.5 for the 97-MeV 180 ions. The
isomeric ratio was found to be relatively con-
stant near the peak of the cross-section curve.
It was not studied more closely at lower bom-
barding energies because of the low yields.
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Fig. 3. Excitation curves for some of the
activities produced in the bombardments of
Pb by 180 ions. (XBL 718-6369)

Of the earlier studied isotopes of actinium,
only Ac has been found to have an a-emit-
ting metastable state. 6,19 The isomerism
is caused by the close proximity of 9~ and 1~
states, which are members of a multiplet
arising from the (2g 9/2)n (1h9/2)p single -
particle configuration. No evidence of the
existence of a similar high-spin isomer in

Ac was seen by Torgerson and Macfar-
lane 19 in their recent study of the odd proton,

=127 isotopes. Borggreen et.al., also did
not find any dlrect 1nd1cazté8n of the existence
of isomers in 218A¢ or Ac in connection
with their studies of protactinium isotopes
with mass numbers 222-225.° It thus seems
that this particular type of isomerism is con-
fined to N = 127 isotones.

A possible explanation for the presence of
a long-lived @-emitting isomer in Ac is
derived from the Nilsson model level scheme.

Borggreen and his co-workers8 observed that
the a-particle energies of N=133 isotones
were systematically lower than expected on
the basis of the regular behavior in neighboring
isotones. They suggested that this anomalous
trend might be caused by the occurrence of
some individual particle level of hEh spin.
Such a level could well be the 13/27% [606 ]
level predicted to be favored by the 131st and
132nd neutron in the recent leve%oscheme cal-
culation by S. G. Nilsson et al. However,
for the scheme to be applicable one has to pos-
tulate the onset of stable ground-state deforma-
tion for the nuclei in the region of A near 225
with deformation parameters € ~ 0 2 and

€4 = -0.04. The coupling of 13/27[651 1] level,
would provide a high-spin mult1p1et that could
be the source of the 66-sec metastable state.
An application of the Gallagher Moszkowski
coupling rule gives a spin of 5% for the lowest
state of the spin multiplet.

On the basis of the measured isomeric ratio
it seems likely that the 66-sec level has a
higher spin than the 5.5-sec level. Although
the cross sections for the production of the two
isomeric states are relatively small, a more
detailed study of their properties by use of
a -y and a-conversion electron coincidence
measurements is feasible and could provide
valuable information on the applicability of the
Nilsson model level scheme in this transition
region. A careful search might also result in
discovery of similar isomerism in nearby odd-
odd isotopes.

I would like to express my thanks to Dr.
Albert Ghiorso and Dr. Matti Nurmia for help
in the experiments. The skills and helpfulness
of the Hilac crew are also deeply appreciated.
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TWO NEW ALPHA-PARTICLE EMITTING ISOTOPES OF ELEMENT 105:
2614, AND 262H,t

A. Ghiorso, M. J. Nurmia, K. A. Eskola,* and P. L. Eskola

By bombardment of a 250Cf target with 1°N
ions and 249BK targets with both 160 and 180
ions we have produced two new a-particle
emitters, o%eéfm 8.93-MeV, 1.8-sec activity
assigned to Ha, the other an 8.45-MeV,
40-sec activity assigned to 26212, Genetic
relationships between the new activities and
the known nuclides 257Lr and 2°8Lr have been
established by both a-recoil milking and time-
correlation measurements.

Both the 25OCf and 249Bk targets were pre-
pared by the molecular plating method and de-
posited on an area of 0.18 cm%. _The isotopic
composition of the 350 ng/cm Oct target
was 6.17 229ct, 86.5% <50ct, 6.8% 251cCf,
and 0.6% “°“Cf. Several berkelium targets
of 300-400 f.f/cmz thickness were used; the
amount of 9Cf in them due to decay of 314-
day Bk after chemical separation did not
exceed 10%. The targets were bombarded by
15N, 16O, and 180 ions accelerated by the
Berkeley Hilac.

The experiments were carried out with
apparatus similar to that described in Refs.
1-3. The product atoms were swept out of
the target region through a 0.4-mm diameter

orifice into a rough vacuum where the He jet
deposited them onto the periphery of a verti-
cally mounted wheel. The wheel was period-
ically rotated to place the collected recoil
atoms next to a series of peripherally mounted
Si-Au surface-barrier detectors. There were
seven detector stations arranged equidistantly
at 45° intervals around the wheel. Two mov-
able and two stationary detectors were used
at each of the seven locations. While one set
of movable detectors was recording a-decay
events from atoms on the wheel, the other set
and its stationary complement were analyzing
the daughter a-particle activities which had
recoiled off the wheel into the crystals.

The a-particle spectra displayed in Fig. 1
resulted from bombardments of the Cf
target with 83-MeV 15N ions. The complex
group of peaks at about 8.9 MeV has been as-
signed to 261115 and its a-decay daughter,
8.87-MeV, 0.6-sec 2°7Lr.3 Excluding the
contribution of 257Lr produced directly in the
bombardment, the whole complex decays with
a half-life of 1.8+0.6 sec, or with the same
half-life as the 8.93-MeV group. The 6.54 ,
6.65 , and 6.77-MeV francium peaks are due
to a small lead impurity in the target. The
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Fig. 1. A series of w-particle spectra ro-

duced by bombardments of 250Cf with 1
ions. The wheel-cycle rate, the 1ntegrated
beam current reading, and the bombardment
energy are indicated in the figure. The in-
dividual spectra are composed of counts re-
corded at each of the seven stations by the two
movable detectors when facing the wheel. The
sum of the seven spectra is plotted topmost.
(XBL 714-6323)

activities left in the detecting crystals as
shown by the a-particle spectra recorded by
the detectors in the off-wheel position had 10
counts in the 8.75- to 8.90-MeV region for a
37-pAh experiment with a distribution of 5, 1,
1, and 3 counts recorded in the first four sta-
tions. Within the 2-sec shuttle period, the
quadrants had 4, 5, 0, and 1 of these counts,
respectively. The above distribution is com-

38

patible with the a-recoil da %hter activity
being 8.87-MeV, 0.6-sec & 2l[5"f and hence
its precursor being 1.8 sec Ha. The ratio
of detected mother atoms to detected daughter
atoms is 4.0 £ 1.4, which agrees with the value
5.0 £ 3 g calculated by taking into account geo-
metry and time factors. Calculation based on
spin-independent (£ =0) equations of Preston?
and a radius parameter of 9.45 fm give a hin-
drance factor of 2 for the 8.93-MeV « transi-
tion.

The 8.93-MeV, 1.8-sec act1v1t was also
produced by bombardments of 249BKk with 92-
MeV 160 ions. Ina 127-pAh bombardment,
25 counts were recorded in the 8.93-MeV peak
and 7 a-recoil events in the 8.75- to 8.9-MeV
range by the detectors in the off-wheel posi-
tion.

Additional evidence for the isotopic assign-
ment of the new a-particle activity was pro-
vided by mother-daughter time-correlation
measurements. The distribution of counts re-
corded in the energy interval of 8.7 to 9.1 MeV
for both the mother and the daughter, and fol-
lowing one another within 6 sec, is displayed
on the left-hand side of Fig. 2 in several ways.
The solid and open circle zf mark data obtained
from bombardments of 9Bk with 160 ions
and 250¢f with N ions, respectively. In
both bombardments the wheel-cycle rate was
1.5 sec. The a-particle energy for the mother
group is 8.93 MeV, while the daughter has a
more complex structure with groups at about
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Fig. 2. The distribution of time-correlated
events in té%mbardments of 249 Bk with 160
ions and Cf with 1°N ions (to the left), and
in the bombardments of Bk with 180 ions
(to the right). Energy spectra of mother and
daughter events are shown above, the distri-
bution of mother events by station number and
quadrant of the wheel cycle is given in the
middle, and the difference in time of occur-
rence between mother and daughter events is
displayed in the bottom. (XBL 714-6325)
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Fig. 3. A series of a-particle spectra result-

ing from bombarding a 249Bk target with 18¢
ions. The arrangement of the spectra and the
data pertinent to the bombardment correspond
to those in Fig. 4. (XBL 714-6321)

8.79 and 8.86 MeV. The half-life of the mother
activity is 2 +1 sec and that of the daughter
0.8+ '3 sec on the basis of the two lower dis-
The properties of the daughter ac-
tivity are consistent with those of 8.87-MeV,
0.6-sec 257Lr (Ref. 3) and, consequently, the
mother is assigned to 2611a. Thirteen cor-
related pairs were recorded in the 50¢f bom-
bardment; the expected number of random cor-
relations is-about 0.5 in the whole.energy in-
terval of 8.7 to 9.1 MeV.
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seven stations.

262Ha

The a-particle spectra displayed in Fig. 3

resulted from a 148-pAh bombardment of a

49 Bk target with 180 jons. The ngw (40+10)-
sec activity which is assigned to 2Ha has a
complex a-particle spectrum with most prom-
inent peaks at 8.45 and 8.66 MeV. The latter
peak is masked by the 8.6-MeV cluster of
Eeaks that belongs to the a-decay daughter,

581r. The intensity values for the 8.45- and
8.66-MeV « transitions are roughly 80% and
20%; a value of 9.50 frm for the radius param-
eter yields hindrance factors 2 and 40 for these
transitions. The amount of lead impurity in
this particular Bk target was very low and
therefore the interference from lead-induced
activities such as 214At and 211mpo is not
serious. The 9(%% present 1n the target is
the source of the 2°°No and 2% 'No activities

in the spectra. The lawrencium activities
either are a result of (*°N, axn)-type reactions
(260Lr and 259Lr partly, at least) or are genet-
ically related to the activities produced in the
bombaérdment (é5 Lr). The 8.03-MeV, 3.0-
mi OLr was first produced in this bombard-
ment.

The a-particle spectra shown in Fig. 4 re-
present the total of counts recorded by the de-
tectors in the off-wheel position at each of the
The half-life value for the
counts in 8.5 to 8.7-MeV range is 65 %25 sec.
An examination of the decay of the 8.5- to 8.7-
MeV activity within the 8-sec shuttle period
gives a half-life of 4.5+2 sec. The ratio of
observed mother atoms to recoil daughter
atoms is 5.0 £1.2 (100:20) for the 118-uAh
bombardment, while the calculated value is
3.1+£0.2. Altogether the data are consistent
Wéth the parent activity being (40 £ 10)-sec

®Ha and the daughter activity 8.6-MeV, 4.2-

sec 8Lr.

A two-dimensional array of time-correlated

events observedgin the 118-pAh bombardment
9Bk with 190 ions is shown in Fig. 5. A

maximum of 20 sec was allowed between the
occurrence of mother and daughter events.
The events in the region enclosed by the broken
line stand out from the background due to ran-
dom correlations. In the region including the
8.45-MeV peak for the mother and the complex
8.6-MeV peak for the daughter, less than two
random correlations are expectedon the av-
erage. The four distributions in the right half
of Fig. 2 provide further 1££ormat1on about the
time - %orrelated events in 237 Bk bombardment
with 180 ions. The open circles are the events
enclosed by the broken line in Fig. 5 and the
closed circles mark events recorded in exper-
iments where other 249Bk targets and 60-sec
wheel-cycle rate were used. The a-particle
spectrum of the parent activity is complex
with the most prominent peak at 8.45-MeV.
Both the time-correlated mother events and
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the spectra in Fig. 3 indicate that there is an
a-particle group at 8.66 MeV. However, as
can be seen in Fig. 5, some of the events in
this peak seem to be correlated with an 8.50-
MeV daughter. The half-life of the mother
activity is 43 £ 15 sec, which value is derived
from the stationwise distribution of parent
events. The daughter activity with a half-life
of 5+£2 sec and a cluster of a-particle groups
centered at 8.6 MeV_has the characteristics of
8.6-MeV, 4.2—se§ Lr. The mother is there-
fore assigned to 62Ha.

No evidence for an activity decaying by
spontaneous fission and having a half-life of 2
sec was observed in bombardments of 249 Bk
with 180 ions, and 250Cfwith 15Nions. How-
ever, because of a background of fissionevents
caused by decay of 2.6-h Fm, we can only
set an upper limit og 50% to branching by spon-
taneous fission of °1Ha. In bombardments of
2498k with 180 ions, a (25 +10)-sec spontane-
ous—fission activity was extracted from the
256Fm-induced background. If this activity is
associated with the 8.45-MeV, 40-sec a-particle
activity assigned to 262Ha, it could %xéise from
branching by spontaneous fission Of2622Ha or
from its electron-capture decay to Rf,
which is probably a very short-lived SF emitter.
We cannot rule out other alternatives such as
26312 and 263Rf as possible sources of the 25-
sec activity, but if the fissions are related to
262Ha, the branching by spontaneous fission or
electron capture is about 60%.

Early attempts to identify a-particle emit-
ting isotopes of elemen% 1_?5 were reported by
Flerov et al., in 1968. % ' Their preliminary
conclusion was that they observed the isotopes
261405 with £, =9.4£0.1 MeV, 0.1<T,/p <3
sec, and 260405 with Ey = 9.720.4 MeV,

T4/2 >0.01 sec. Inour paper1 on 260Ha we
have discussed these findings in some detail
and indicated that they were not compatible
with our results. More recently, new work on
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Fig. 5. A two-dimensional presentation of
time-correlated events observed in the bom-
bardment of 249Bk with 180 jons. The region
enclosed by the broken line was included in the
distribution shown in Fig. 2. The histograms
on the side are spectra composed of daughter
events (horizontal) or mother events (vertical)
only. (XBL 714-6324)
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both spontaneous-fission& 9 as well as a-
activities 'V assigned to element 405 have been
reported by the Dubna group.

In their study of a- %arhcle activities pro-
duced by bombarding 3Am with 2%Ne ions,
Druin et al. found evidence for an activity
with a half-life of 1.4+0.6 sec and with a-
particle groups at 8.9 and 9.4 MeV. The as-
signment of this activity to either 0105 or

1405 was based on 7 time-correlated pairs
of events with the mother in the region of 8.8
to 9.2 MeV and the daughter in the region of
8.3 to 8.6 MeV. It was assumed that both

561r and 257Lr have the same 2ecay proper-
ties. Our earlier studies 1 on Ha and per-
tinent Lr isotopes” show, however, that this
assumption is false and that such correlated
‘events could arise only from the sequence

1.6 sec 31 sec
Lésec s Y1 —
Ha 9.1 MevV 7 2561 . B3.8.6 MoV

but not from the sequence

260

261 1.8 sec 257 0.6 sec
Lgsee L L
Ha 593 Me v Lr = BT MeV

Because more detailed information of the energy
and time distributions of the correlated events
was not given in the paper by Druin et al. 10 ¢
is not possible to determine how many of the
pairs might actually belong to the former ge-
netic sequence. Moreover, a detailed eval-
uation of the presented «-particle spectrum is
difficult because only a few of the peaks have
been assigned to known activities and because
the contributions from lead-induced reac-
tions—those producing Th and Pa isotopes in
particular—are not discussed.

The upper limits obtained b)ééls for branch-
ing by spontaneous fission for
are so far compatible with the poss1b1l1ty that
the 1.8-sec spontaneous-fission activity re-
ported by Flerov et al. 8: 9 could be due to one
of these isotopes.

We wish to express our thanks to the per-
sonnel at the Hilac for their contributions in
the many phases of this work and to our col-
league, James Harris, who was instrumental
in the preparation of the targets.
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HEAVY-ELEMENT RESEARCH AT THE BERKELEY HILAC"

M. J. Nurmia

As an introduction I believe that I should
say a few words about our machine, the
Berkeley Hilac, that ended its glorious career
recently. Under the leadership of the veteran
element hunter, Albert Ghiorso, the Hilac has
made a substantial contribution to our knowledge
of the nuclear and chemical properties of the
heaviest elements. As a result of only one of
the lines of research pursued at the Hilac,
over a hundred new isotopes, mostly of ele-
ments ranging from iridium to hahnium, were
discovered by several research groups. Four
new elements, nobelium, lawrencium,
rutherfordium, and hahnium, were discovered
and some chemical properties of the first
three were established with the help of the
Hilac, although I should mention that these
new-element discoveries have been contested
to varying degrees by our dear competitors at
Dubna in the Soviet Union.

The basic method producing the heaviest
known elements is to take a relatively long-
lived isotope of a heavy element and bombard
it with suitable particles, such as carbon,
nitrogen or oxygen ions. At Berkeley we tend
to use the heaviest possible targets, such as
californium or einsteinium, whereas the
Dubna group prefers somewhat lighter and less
radioactive targets, such as plutonium and
americium, and correspondingly heavier pro-
jectiles, to attain the same atomic numbers.

A very serious problem is that heavy-metal
impurities, especially lead, in the targets
cause serious interference by giving rise to
short-lived a-decay chains that include mem-
bers with high o energies (8 to 9 MeV and be-
yond) right in the region where we look for «
emission from the new elements. Lead has
a tendency of finding its way to the targets
especially in the molecular plating process,
and it is quite difficult to reduce the lead con-
tent of these targets below a few nanograms.

In some cases it is possible to look for
other kinds of radiation beside « particles.
A seemingly attractive possibility is fission:
fission fragments can be recorded with mica,
glass, or plastic detectors, and the problem
of impurities in the target becomes less severe.
However, as Al Ghiorso put it at the Houston
conference a year and half ago, one « particle
is worth maybe 100, maybe 10 000 fissions.
When it is a question of identifying a new
activity, an a-decay event has two basic ad-
vantages: first, the a particle has a definite
energy that can be measured very accurately,
and second, it leaves a daughter nucleus that

will serve as a positive identification of the
parent. On the contrary, fission events all
look alike and destroy the nucleus without
leaving a daughter that could be used to identify
the mother. This is why we at Berkeley have
always been somewhat unhappy about fission
activities - we have cases where we have re-
corded thousands of fission counts from a
given activity but we have still been unable to
assign them with the same degree of con-
fidence as in the case of an a activity.

On the other hand, the Dubna group has
specialized in fission work and has performed
several very interesting experiments with fis-
sion activities.

An important refinement was introduced
over two years ago when each detector in our
vertical-wheel a-spectroscopy system was re-
placed by a shuttle carrying two detectors.
These movable detectors are now called mother
detectors; when facing the wheel they, of
course, record a particles emitted by the
atoms caught on the wheel. However, in about
one-half of the cases the a particle is emitted
into the wheel, escaping detection. But in
those cases the daughter atom is ejected from
the wheel by the recoil of the o emission and
it usually is caught by the mother crystal.

After a suitable collection period the shuttle
is actuated and the mother crystal is moved
away from the wheel to face a stationary
"daughter! crystal. Now the decay of the
daughter atoms can be examined at a good
geometry free from interference, while an-
other mother crystal records the o particles
from the wheel and collects more daughter
atoms.

We now use seven stations, each with two
mother and two daughter crystals, making a
total of 28 crystals. All these signals are
separately amplified and then equipped with
identification and timing signals, which are
all stored on magnetic tape. After an experi-
ment, which can last for a day or more, the
data on the tape are sorted with a computer to
recover the spectra as seen at the various de-
tector stations during given time intervals after
each rotation of the wheel, and to look for time
correlations between mother and daughter
events.

I would like now to discuss some recent
developments.

First of all we have found four new isotopes
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Fig. 1. Portion of the nuclide chart showing

the energies and abundances of prominent
alpha-particle emissions, and other decay
modes observed. (XBL 714-6326)

of mendelevium and two of einsteinium.

‘Most of other new results are summarized
in the portion of the nuclide chart shown in
Fig. 1.

"Proceeding from the bottom up, the first
new nuclide is 258Fm. After a long search
this isotope was finally found by Ken Hulet's
group in cooperation with us at_the Hilac. We
bombarded about 109 atoms in 257Fm, re-
covered from the Hutch experiment, with
12.5-MeV deuterons and found that 258Fm has
a very short half-life: 380 usec.

This is one instance where the assignment
of a fission activity can be made with a great
deal of confidence. The cross section for the
reaction forming the fission activity was mea-
sured to be 35 mb, which is consistent with
the expected (d, p) reaction, but 10 to 30 times
larger than the cross sections expected for
compound -nucleus reactions with deuterons.
Repeated chemical purifications and bombard-
ments of targets containing possible impurities
showed that the activity was indeed produced
from 2%7Fm.

A very interesting recent discovery is an
isotope of nobelium with the long half-life of
one hour. This nuclide, 59No, was found at
Oak Ridge and subsequently confirmed by us at
Berkeley.

Over two years ago we noticed that two nu-
clides, 254No and 250Fm, were being mysteri-
ously transferred from the wheel to the mother
crystals. After eliminating other possible
causes we have concluded that it is due to an
isomeric transition in these isotopes. The
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half-lives of the isomers are shown in the
figure. We have not detected any other decay
modes, such as fission or alpha decay.

We have recently completed a survey of all
lawrencium isotopes with mass numbers from
255 to 260.

258Lr was the one seen at Berkeley in the
discovery experiment ten years ago, although
it was then tentatively assumed to be TLr.
Later on the Dubna group reported that they
had found 257Lr and that its half-life was much
longer, about 35 sec. This was not the end of
the story, for we finally found the real 2571y,
identified it by numerous cross-bombardments,
and determined its half-life to be much shorter,
0.6 sec.

We have found two new isotopes of hahnium,
261Ha and 262Ha. The former was observed
both by bombarding 250Cf with 19N and 249Bk
with 160. The latter was made by bombarding
249Bk with 180. v

In Fig. 2 there is a spectrum from the lat-

“ter experiment showing the peaks of 262Ha

nicely mixed with other activities. However,
the mother-daughter system solves the prob-
lem: Fig. 3 shows the daughter spectrum,
i.e., o counts recorded in the mother-daughter
crystal ' sandwich'" while the mother crystal
was shuttled off the wheel. This spectrum is
clearly recognizable as that of 258Lr and ex-
hibits the right half-life so that the mother
must be 262Ha. One can now separate the
mother o spectrum from the mixture shown

in the previous figure by looking for « counts
that preceded these daughter counts. The re-
sult is shown in Fig. 4. The mother clearly
has two major o peaks at 8.45 and 8.66 MeV.

Let us now take a last look at good old
Fig. 1. What is nature trying to tell us with
those numbers? The most interesting area,
of course, is the upper end and the upper
right corner —the direction towards the new
elements and, hopefully, the super-elements.
As far as o activities are concerned, two
trends are evident. First, the alpha half-
lives show a beautiful increasing trend as one
proceeds to the right among the isotopes of a

iven element. The new isotopes, INo,

601y and 262Ha all confirm this. Second,
the o half-lives do not decrease very drasti-
cally as one proceeds upwards along a given
neutron number. All hahnium isotopes are
much longer-lived than we dared hope a few -
years ago.

I think that we are beginning to see a change
in the systematics of the o energies as com-
pared to the situation a little further down.

Let us look at Fig. 5. It shows the Qa's as
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Fig. 2. A series of alpha article s ectra
from a bombardment of 249Bk with 180. The

wheel-cycle rate, the integrated beam current
and the bombarding energy are indicated in the
figure. The individual spectra are composed
of counts recorded at each of the seven detec-
tor stations by the two movable detectors when
facing the wheel. The sum of the seven spec-
tra is plotted topmost. (XBL 714-6321)

a function of Z and N. The curves below Es
and Fm look pretty much like those two. But
notice how steeply the o-energy curves come
down at No and above! That was the first
trend —longer half-lives going to the right. Now
take a value of N, say 157 and go up. First
the points are rather far apart showing that
the alpha energy increases rapidly going from
one element to the next, but then the jumps
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responding to the '"mother' spectra shown in
the previous figure. These counts were re-’
corded by the movable detectors when not
facing the wheel, and by the stationary detec-
tors facing the '""mother' detectors.
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become shorter. Trend two! Note that our
points for hahnium are all pretty close to the
rutherfordium points in accordance with this
trend. I have also shown on this figure the
values observed at Dubna for 260Ha and 261Ha,
9.7 and 9.4 MeV respectively. Our results do
not confirm the Soviet observations, but should
they be correct, the trend of @ energies with

Z will not be like I said.

I do not dare to go back to Fig. 1 any more,
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so let us look at Fig. 6. This is about spon-
taneous fission and the half-lives shown are
fission half-lives. The even-even nuclides
are shown as squares; you will note that in
the isobar of 256 the half-lives are of the
order of 103 to 104 sec —based on the ‘grand
statistics of two cases-—and that in the isobar
of 258 they are about one msec. This is al-
most all the material we have!

If we believe that these five points are suf-
ficient to indicate a trend, then it will be
that the contours of constant fission half-lives
are more or less parallel to the isobar lines
and that the rate of decrease is extremely
rapid - a factor of 10° or so per two units of
mass: either two protons or two neutrons.

It is well known that odd-mass nuclides
have much longer fission half-lives than those
obtained from an interpolation from their even-
even neighbors. These hindrance factors can
be large—some cases are shown circled in
the figure.

Now, we have not seen fissions in 261Rf
that places the lower limit of its fission half-
life to about 500 sec. If we were to extrapo-
late the trend of thgz half-lives of the even-
even isotopes - 10” per two mass units - we

and

would get a half-life in the nanosec region

for 260Rf and some femtosec for 202Rf. This
does not sound right, and moreover it would
imply a tremendous hindrance factor, in the
region of 1014 or more, for 261Rf. The same
argument is valid in other cases, so that it
seems reasonable to assume that the very
drastic shortening of fission half-lives is
going to level off as we obtain further data.

This same situation is illustrated in Fig. 7.
You will note that the fission half-life or even-
even isotopes of a given element tends to at-
tain a maximum near-beta stability and to de-
crease almost symmetrically on both sides of
it. The 152 -neutron subshell seems to intro-
duce a disturbance, but anyway there is no
evidence as yet of any leveling off of the lines
for fission half-lives—they just seem to go
down steeper and steeper as N or Z increases.
But, somewhere there waits the magic
island, and, with the help of the SuperHilac
and other projects, we hope to be able to
chart our way across this chasm that now
looks so menacing.

Footnote
“Condensed from an invited talk given at the

APS meeting in Washington, D. C., April
1971; UCRL-20497.

COMMENTS ON “CHEMICAL SEPARATION OF KURCHATOVIUM~ T

A. Ghiorso, M. J. Nurmia, K. A. Esko|a,* and P. L. Eskola

The Editor has asked for our comments on
the paper of Zvara et al., ¥ inasmuch as the
work reported seems to bear upon the dis-
covery of element 104.

In the present paper this Dubna group now
interprets the ephemeral ' kurchatovium
activity (which, it should be remembered,
originally was characterized with a half-life
of 0.3 sec) in terms of an assumed spontane-
ous -fission (SF') branching decay of the nu-
clide, 259Rf. This isotope of rutherfordium

was discovered by our group® and characterized

as a 3-sec a emitter with main a-particle
groups at 8.86 and 8.77 MeV. For the following
reasons we cannot agree that the new experi-
ment which they report upon does support

their claim to prior discovery of element 104.

1. At present we have only set an upper
limit of 20% for the SF branching of 259Rf and
such a limit does not by itself rule out the
possibility that they have observed such a
branching. It seems to us, however, that it

would be very surprising if the branching is
high enough (= 10% ) to account for the fis-
sions observed in the Dubna experiments. Re-
call that 261Rf, a 65-sec o emitter discovered
by our group, 2 has already been shown to have
an SF T4 /2 greater than 500 sec and this
isotope has two more neutrons than 259Rf,
From the precipitous slope3:4 of SF T1/2 vs
N for nuclides with more than 152 neutrons
one would expect the half-life of 259Rf to be
orders of magnitude longer than that of 261Rs,

2. It should be noted that the new Dubna
experiment gives no information about the
half-life to the activity responsible for the
fissions observed in section III of their ap-
paratus. They assume that the half-life must
be the same as that observed in recent, purely
physical experiments in which a 4.5-sec SF
activity was observed. 5 Ina paper® published
in 1966 it was pointed out that as much as 2%
of the gross activity produced in a given ex-
periment was able somehow to pass through a
hot filter interposed in the chromatographic

’



47

column line. It would seem logical to us to
expect a much greater fraction to pass down-
stream through a straight tube which did not
have any filter at all and conszquently we
wonder whether the 256Md-250Fm SF -emitting
duo could conceivably be responsible for the
16 events observed.

3. A rather puzzling result of the new ex-
periment is the apparent absence of the 0.1-
sec (née 0.3-sec) ""kurchatovium' atoms
which should have decayed '""in flight" in
section II of their chromatographic column.
From their previous work this " 260Ky
activity should be almost as abundant as the
"4.5-sec" activity. Does this prove chemi-~
cally that the 0.1-sec spontaneous fission
activity is not due to element 104? If so,
then it is worth noting that the non-chemical
angular-collimation and excitation-function
evidence that '"proved' that it was due to
element 104 is of the same character as that
which purportedly showed that the 4.5-sec
activity was due to that element.

We believe that these comments raise
some valid questions as to whether or not
't element 104 (kurchatovium-Ku) was chemi-
cally isolated and identified.'" We hope to
provide satisfactory answers in some new
experiments which we will undertake in the
near future.
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EXPERIMENTAL INVESTIGATION OF THE ELECTRON CAPTURE DECAY OF
2105¢ AND 209a¢: THE LEVEL SCHEMES OF 210po AND 209,

L. J. Jardine

The nuclear levels of 21OPo and 209Po

gogulated by the electron-capture decay of

10At and 209At have been studied. Experi-
mental level schemes have been constructed
by using data obtained from y-ray singles,
internal conversion electron, and y-y coin-
cidence measurements with high-resolution
Ge(Li) and Si(Li) spectrometers.

For the case of 210Po, present data have
been used to define 23 levels, The multipo-
larity of 36 transitions in 210Po have been de-
termined and combined with data from recent
reaction studies to assign spins and parities
to the levels. All levels arising from the two-
proton configuration (h9/2)2 and from the

multiplets due to the configurations (hg/2 f7/2)
and (h9/2 i13/2), except for the lowest

spin members, have been identified. The
level structure is compared with two-proton
shell-model calculations, and experimental
transition probabilities for y decay of the
(hg/2 f7/2) and (hg/2)® proton multiplets are
comparéd with predictions using several sets
of shell-model wave functions. Evidence is
presented which locates the 3~ collective level
in 210Po at 2400 keV above the ground state.
The electron-capture transition rates to odd
parity levels above 2.9 MeV are discussed in
terms of neutron-neutron and proton-proton
particle-hole excitations of the 208pp core.

A weak-coupling calculation using experimental
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data of neighboring isotopes in the lead region
was made for the energies of the 3~ and 5- core
states of 210po,

For the case of 2'09130, 20 levels have been
defined by the present data. Multipolarities
of 31 transitions in 209Po have been deter-
mined and used to assign spins and parities
to the levels. Five states arising from the

odd neutron in 209Po have been assigned by
a comparison of the experimental level spec-
trum and the decay characteristics of levels
with a shell-model calculation and the levels
in 207Pb. A weak-coupling calculation using
experimental data from isotopes in the lead
region to approximate residual interactions
was found to explain the level structure of
209po below 2 MeV.
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INVESTIGATION OF BROAD RESONANCES IN THE THREE-NEUTRON SYSTEM
VIA THE 3He(3He,t)3p REACTION FROM 45 TO 60 MeV

J.P. Meulders,* H. E. Conzett, and Ch. Leemann

During the past several years, many ex-
periments have been performed to search for
excited states of the three-nucleon system.
Recent evidence for a T = 1/2 resonance in
3He has been reported in the excitation func-
tion for the radiative capture of protons by
deuterons. 2 The suggested resonance was
at an excitation energy of 19.5 MeV with a
width of about 2 MeV. No other reactions
that involve only three strongly interacting
particles, such as nugleon-deuteron scattering
or inelastic electron-~"He scattering, have
shown any evidence for a resonance.

Evidence for broad T = 3/2 three-nucleon
resonances has been presented from reactions
involving four strongly interacting particles,
namely the reactions 3He_ﬂ_p, n)3p and 3H(p, n)
and the reaction® 3He(rn-, w )3n. In these
investigations, broad peaks were seen near
the high-energy ends of the neutron and n*
spectra at forward angles, and were inter-
preted as evidence for broad resonances in the
3p, *He*, and 3n systems near 10-MéV ex-
citation with respect to the three-nucleon
mass. However, Phillip55 subsequently
showed that the broad peak in the mt spectrum
could be explained as resulting from the re-
action mechanism itself and from the known
strong final-state interaction between two
neutrons at low relative energy. Thus, there
was no need to postulate an additional three-
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neutron resonance to explain the experimental
results.

Since similar arguments apply to the
He(p,n)3p result, we have undertaken in-
vestigation of 3He (°He, t)3p reaction, which
also gives the 3p system in the final state.
If a 3p resonance exists, it should be seen
with the same excitation energy and width,
independent of the reaction, the production
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angle, and of the beam energy used to pro-
duce it. Thus, our experiment provides an-
other reaction as well as variations in pro-
duction angle from 15 to 100°c. m. and in en-
ergy from 45 to 60 MeV.

In a previous study of this reaction at
44 MeV, 7 a broad peak was seen corresponding
to a 3p excitation energy near 12 MéV. It was
attributed to Coulomb distortion of a four-
body phase-space distribution, and no attempt
was made to establish the Q value for the peak
as a function of angle of the observed triton.

Figures 1-3 show spectra taken at 50, 55,
and 60 MeV, respectively. The broad peaking
at the forward angles is clearly seen. After
transformation of these data to the c. m. sys-
tem, determinations of the Q value and width
of the peak as functions of angle and incident
beam energy should enable us to deduce that
it either corresponds to a 3p resonance or is,
in fact, a kinematical effect arising from the
direct-reaction mechanism coupled with the
known strong final-state interaction between
two protons at low relative energy.
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POLARIZATION AND CROSS-SECTION MEASUREMENTS FOR p-4He
ELASTIC SCATTERING BETWEEN 20 AND 45 MeV "

A. D. Bacher,lr G. R. Pla'(tner,:lE H. E. Conzett, D. J. Clark, H. Grunder, and W. F. Tivol$§

The low-lying T = 1/2 states of the five-
nucleon system have been studied extensively
and a quantitative understanding of their prop-
erties has been achieved.® Most recent work
has centered around the existence and struc-
ture of highly excited T = 1/2 states, particu-
larly in °Li. A natural way of reaching the
excitation energies of interest is to use the
d+3He channel which at threshold has an ex-
citation energy of 16.38 MeV. This approach
has been widely taken, despite the difficulties
which result from the complicated spin struc-
ture of the spin 1-spin 1/2 channel. A varlety
of experimental evidence for excited states in
51.i has been accumulated, but no quantitative
explanations have yet been put forth for the
anomalies seen in d He elastic scatter1ng )3
and in the 3He(d, p) He reaction. 4,5

The analysis of resonance effects corre-
sponding to states in 5Li will be simplified if
they can be observed in the p+“He channel with

its single channel spin. States with a struc-
ture other than p+4He (i. e., unlike the ground
and first excited states of 9Li) will, however,
be only weakly excited via the proton channel.
If in addition such states are situated well
above the threshold of their main decay chan-
nel, they will be very broad and difficult to
detect. Indeed, measurements of p-~“He
cross-section excitation functions® do not show
any effects corresponding to the structure ob-
served in the d+3He channel.

Since polarization data provide independent
information about the scattering amplitudes,
a detailed experimental study of p+*He elastic
scattering between 20 and 45 MeV was under-
taken with particular emphasis on an accurate
set of polarization measurements. Cross-
section data were also obtained but the experi-
mental configuration did not allow comparable
precision.



Both polarization and cross-section mea-
surements were performed simultaneously
with the polarized beam from the Berkeley
88-inch cyclotron. The extracted external
beam of 80-120 nA was transported to a 36-
in. -diameter scattering chamber and focused
onto a target cell containing commercially
available high-purity helium. After passage
through the main target, the beam could be
slowed down by a set of removable aluminum
absorbers. It then passed through a second
helium-filled gas cell used as a polarimeter.
A circular collimator was placed just in front
of the polarimeter target to produce a well-
defined beam spot. As a result of the addi-
tional beam collimation after the primary
target, a meaningful beam current integration
was not possible. For this reason, only rel-
ative angular distributions of the cross sec-
tion could be obtained. The protons scattered
from the primary target were detected in four
pairs of Li-drifted silicon detectors. The
two detectors in each pair were placed at
equal angles on opposite sides of the beam.
The angular acceptance of the detectors was
approximately £0.5° in both 6 and azimuthal
angle . The angle settings were accurate
to better than 0.1°. In the polarimeter a pair
of AE-E counter telescopes at equal angles
on opposite sides of the beam detected the
protons scattered from the second helium tar-
get. The scattering angle could be varied to
correspond to the maximum analyzing effi-
ciency.

For each angle setting of the main detector
assembly, alternate runs of equal length were
taken with the spin vector of the incident beam
oriented up and down with respect to the scat-
tering plane. This change of sign of the in-
cident beam polarization was obtained by re-
versing the magnetic field of the ionizer at
the ion source. A test showed that within
statistical errors no artificial asymmetry
larger than 0.003 was produced by a possible
displacement or angular shift of the beam in
correlation with the reversal of spin direc-
tion. The polarization p(f) was calculated
from the ratios of left and right detector yields
as described in Ref. 7. The beam polarization
was determined from the data taken simul-
taneously in the polarimeter. Cross-section
values were obtained from the polarized beam
runs by averaging over the spin-up and spin-
down runs. .As stated before, an absolute de-
termination of the beam intensity was not
feasible. In order to extract absolute cross
sections from our relative measurements, it
was necessary to normalize to existing
data. 6,8 In a first set of runs, polarization
and cross-section angular distributions were
measured in approximately 2-MeV intervals
from 20 to 40 MéV. A second set of measure-
ments was performed between 22.5 and 24.5
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- Ref. 9.

MeV in steps of approximately 150 keV to de-
termine the effects of the p-*He resonance
corresponding to the 16.7-MeV 3/2% level in
5Li. In order to investigate the existence of
a weak anomaly discovered near 30 MéeV, an
excitation function at one angle was then taken
from 24 to 30.5 MéV in 0.5-MéV steps. Fin-
ally, an absolute normalization of all the mea-
sured polarization angular distributions was
determined.

It was decided that the polarization in
p--He elastic scattering near 14.5 MeV was
sufficiently well known% 10 and varying slowly
enough as a function of energy to constitute
an excellent reference on which to base our
normalization. A value of p = - 0.771+0.008
at B, . = 80° and E, = 14.5 MéV was subse-
quently used as a reference. This value was
deduced from the energy-dependent set of
phase shifts of Ref. 10, which in that energy
region are based primarily on the data of
The influence of the finite geometry
of our polarimeter setup was taken into ac-
count. This resulted in a slightly reduced
reference value for the polarimeter analyzing
power at 14.5 MéeV and 0. . = 80° of
A =-0.759%£0.011. Since it was necessary
to reduce the beam energy considerably be-
tween the main target and the polarimeter in
order to compare our highest energies with
14.5 MéV without too many intermediate steps,
a test was performed to check that a large
energy degradation would not influence the
beam polarization measurements.

For this test, two runs were made at a
proton energy of 45 MéV in the primary tar-
get. While monitoring the beam polarization
with the main detection system at back angles,
the polarimeter was run at a fixed angle 8,
first at 37 MeV and then at 30 MeV. Thus,
for these two energies the ratio of effective
polarimeter analyzing power at the angle 6
could be determined. A similar set of two
runs, both with the beam polarization monitored
with the main detection system at 37 MéeV, and
with the polarimeter run again at the same
angle 6, first at 37 MéeV and then at 30 M€V,
yielded another independent measurement of
the same quantity under very different circum-
stances (zero absorber thickness at 37 MeV,
and roughly half the absorber thickness at
30MeV). The two numbers thus obtained
agreed within the combined statistical uncer-
tainties of 0.4% . From this we concluded
that in our setup no undesirable effects would
be introduced by the energy degraders. We
then proceeded to the actual normalization of
our polarization data relative to the 14.5-MeV
reference. A first measurement linked our
20-MeV data to the reference point. The beam
polarization was monitored with the main de-
tection system at 20 MeV, while the polari-
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meter was run first at 20 MéV and then at
14.5 MeV, thus yielding the ratio of the anal-
yzing powers at the angle used (6., ;. = 80°)
at these two energies. A second similar mea-
surement was performed with the beam po-
larization monitored at 30 MéV and the polar-
imeter run successively at 14.5, 20, 22, 24,
26, 28, and 30 MeV. This yielded another
calibration for the 20-MeV data plus one cal-
ibration for all the other energies. A third
run with the beam polarization monitored at
40 MeV and the polarimeter run at 26, 28, 30,
32, 34, 37, and 40 MéeV finally linked the re-
maining energies to our reference point,
yielding in addition a second independent cal-
ibration for the 26-, 28-, and 30-MeV data.

Figure 1 shows two typical angular distri-
butions of the polarization p(f) and the dif-
ferential cross section ¢ (0). In Fig. 2, ex-
citation functions of the polarization across
the narrow resonance near 23 MeV are shown
for 3 of the 15 angles investigated. The
dashed lines are intended as a guide to the eye.
A contour plot of the experimental polarization
between 16 and 45 MeV is shown in Fig. 3.

The data below 20 MéeV are taken from Refs. 9
and 10. The match between our polarization
data and the existing data below 20 MéV is ex- -
cellent. The same comment also applies at
the higher energies. Both double-scattering
measurementsil, 12 as well as older data ob-
tained with a polarized-ion sourcel3-15 gen-
erally agree with our data within statistical
errors. Our cross-section measurements have
been compared with older, less abundant, but
in general more accurate data8,13,15-17 where-
ever possible. The angular distributions are
in reasonable agreement, but in some in-
stances there exist differences in the absolute
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normalization of up to 10%. The quoted sys-
tematic normalization errors of the different
sets of data can in general explain these dis-
crepancies.

The measured polarization behaves very
smoothly as a function of energy at all angles,
including those which provide the best figure
of merit for a polarization analyzer (i.e.,

60 -0
T

o . 1 L 1 L i L 1
16 20 24 28 32 36 40 44
Ep (MeV)

Fig. 3. Polarization contour map for p-4He
elastic scattering between 16 and 45 MeV.
The part of the figure below 20 MeV has been
drawn after Refs. 9 and 10.

(XBL 703-2603)
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the negative and positive maxima near

01ab = 80° and 125°, respectively). We believe
that the amount and precision of our polariza-
tion data permit the calibration of an efficient
polarization analyzer to better than 3% by
simple interpolation in energy and angle (ex-
cept of course in a 2-MeV wide region around
the resonance near 23.4 MeV). In view of the
internal consistency of our data, we find it
doubtful that an energy-dependent phase-shift
analysis could lead to uncertainties significantly
lower than those of our data.

As shown in Fig. 3, a very weak and broad
anomaly in the p-“He polarization exists near
30 MeV. This energy corresponds to an ex-
citation in “Ii of approximately 22 MeV. As
we have already mentioned, the anomaly is so
weak that it is not observed in the %-4He cross
section. This is in contrast to d-"He elastic
scattering where a strong '"' resonance-like'
behavior has been found both with unpolarizedz
and polarized3 deuterons. From these facts
it must be concluded that the structure of ]
5Li between 18- and 32-MeV excitation energy
is not of p+4He character as it is for the
ground and first excited states. Some coupling
to the p+4He channel does exist, but the struc-
ture of °Li in this energy region is more likely
of the d+3He type. These experimental con-
clusions (which are by no means new) agree
very well with recent theoretical calculations
of 5Li structure above the d+3He threshold. 18
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PHASE SHIFTS FOR p-4He ELASTIC SCATTERING BETWEEN 20 and 40 MeV"

-
G. R. Plattner,T A. D. Bacher,* and H. E. Conzett

Phase -shift analyses of p-4He elastic scat-
tering are numerous and quite reliable for
the energy region below 20 MeV (Refs. 1-3
and references therein). They reflect the
abundance and high precision of the available
data. Above the inelastic threshold near 23
MeV, both the quantity and quality of experi-
mental data4-8 on p-4He scattering have,
until recently, been inferior to the informa-
tion available in the low-energy region. This
has primarily been due to the lack of intense
polarized beams. Analyses are further
hampered: (1) by the increasing importance
of higher partial waves, (2) by the need to
consider complex rather than real phase shifts
above the inelastic threshold, and (3) by the
lack of detailed knowledge of inelastic proc-
esses leading to three or more particles in
the final state. Though considerable effort
has gone into the derivation of p-“He phase
shifts above 20 MeV, 5, 7-1% these difficulties
have led to inconsistent and contradictory
results. In particular it has not been pos-
sible to deduce reliable information about
the highly excited states of °Li from the pre-
vious analyses. Only the 3/2% second excited
state near 16.7-MeV excitation has been in-
vestigated with some precision. 7

Our results show that our p-4He polariza-
tion and cross-section datal® above 20-Mev
proton energy allow a consistent phase-shift
analysis to be performed, which permits at

least a qualitative discussion of the properties.

of possible states in 5Li above 18-MéeV ex-
citation and also provides an improved pa-
rametrization of the 3/2% second excited
state.

Single -energy phase-shift analyses were
carried out starting at 20 MeV. As a starting
set of phase shifts, values extrapolated from
the energy-dependent set of Ref. 2 were used.
After a solution was found at one energy, the
corresponding best-fit phase shifts were
taken as starting values for a search on the
data at the next higher energy. This pro-
cedure yielded satisfactory fits with seven
parameters (real s, p,d, and f-wave phase
shifts) at the first four energies up to the in-
elastic threshold near 23 MeV. Above this
threshold, 14 parameters (complex s, p,d,
and f-wave phase shifts) were used. In this
manner, a smoothly energy-dependent set of
phase shifts was obtained over the 3/2% res-
onance corresponding to the second excited
state of 5Li. Since g waves are expected to
become important above 30 MeV, the search

was extended to include 18 parameters (com-
plex s,p,d,f, and g-wave phase shifts),
starting at 26 MeéV. The quality of the fits
was immediately improved and no problems
were encountered in proceeding to 40 MeV.
For the purpose of identification, the set of
single-energy phase-shift solutions found in
this manner will be called set L.

At this stage, smooth curves were drawn
by hand through the set I phase shifts as a
function of energy, and a second string of
single-energy searches (now including g
waves at all energies) was undertaken from
20 to 40 MeV with the smoothed, set I phase
shifts as starting points. This resulted in
the set II single-energy solutions, which not
only were more smoothly dependent on energy,
but also gave a better overall fit to the data.
Set II was modified once more before arriving
at the final results. An R-matrix calculation
was performed to parametrize the complex
2D3 phase shift between 20 and 32 MeV in
an e/tgempt to extract level parameters for the
second excited state of °Li. Between 20 and
32 MeV we started from set II, but with the
2D3 2 phase shift fixed at the values predicted
by the R-matrix calculation. At energies
above 32 MeV the 2D3/2 parameters were
initially set to values ‘extrapolated from the
R-matrix predictions at the lower energies.
No problem was encountered in finding
slightly modified solutions (set III), which
represent the final result of our phase-shift
analysis.

Two R-matrix calculations concerned with
the influence of the 3/2% second excited state
in 5Li on p-4He elastic scattering have been
published previously. 7, 8 To understand why
we have reexamined this effect, it is instruc-
tive to anticipate the final result of our R-
matrix calculation as presented in Fig. 1. In
this figure, the real phase & = Re(°D3 /) and
the absorption parameter
n = exp (-2 Im( D3/2)) are shown. The solid
lines correspond approximately to the empir-
ical phase-shift parameters (i.e., to the
set II values), whereas the dotted lines give
a fair representation of the shape of a well-
behaved, isolated resonance. 16 The unusual
feature of our empirical 2D3/2 phase shift
lies in the " cut-off'" of resonance effects in
the real part on the high- energy side of the
resonance. A similar, corresponding fea-
ture can be seen in our polarization datal5
at the same energy, so that there can be
little doubt as to the existence of this effect.
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Fig. 1. The °Dj/, phase shift in the vicinity

of the 3/2% second excited state of SLi.

The

solid lines represent the result of an R-matrix

calculation.
ground contribution.

The dashed lines show the back-
The dotted lines are ob-

tained if resonance-background interference

is neglected.
resonance energy.

In both previous investigations7, 8 of this
resonance the R-matrix analysis has been
oversimplified by complete neglect of reso-
nance-background interference. As we will
show, it is just this contribution which pro-
duces the peculiar resonance shape, so that

a more sophisticated R-matrix analysis of the
2'D3/2 phase shift is called for.

Our analysis is based strictly on the for-
malism as presented by Lane and Thomas17
and we use their notation. In order to calcu-
late the 2D3 /2 phase shift from the assumed
properties of the 3/2% second excited state
of °Li and of the nonresonant background, we
have constructed the symmetric 3X3 (3-chan-
nel) R-matrix R3/2 with elements

Yo Yo

R |, ==———
cc E)\— E

+ RY 1 (E). (1)

The entrance and exit channel indices ¢
and ¢' refer to the three channels:

4

(1) p+ "He =2, s=1/2)

The double arrow marks the

(XBL 723-400)

2) d + >He

d + “He (1 =2, s = 1/2 and 3/2)

(£ =0, s =3/2)
(3)

The quantity E, is the c. m. characteristic
energy of the 3/2'b level in the p+4He channel.
The quantity y. is the reduced width amplitude
of this level in channel ¢, and E designates the
c. m. kinetic energy in the p+4He channel. The
nonresonant background is represented by the
parameters R° , (E), which have been chosen
to depend lineaFfly on energy:

R , (E) = R} , +(dR%/dE)_, (E -18.353).
(2)

Thus R® , (E) equals R® , at 18.353 MeV, the
c. m. eﬁ(e:rgy of the first inelastic threshold.
The matrix R3/2 was then inserted into Eqgs.
VII, 1.5 and 1.6a of Ref. 17 and the collision
matrix element Uqq , corresponding to
elastic scattering in the 2D3 /2 p+4He channel,
was calculated. Finally, the real phase &

and the absorption parameter 7, corresponding
to the complex 2D3/2 phase shift, were ob-
tained from



1 exp (2i6 + 2iw) = U“3/2 (3)
where w =0, - 0,, the difference between the
Coulomb phase shifts for £ = 2 and £ = 0.

The 1nteract1on radii a  were chosen as
= 3.0 fm gp+ He channel), and ap = a3y
= 5 0 fm (d+°He channels). To reduce the
number of parameters, the following additional
assumptions were made:

R33(E)=R5,(E), R3,(E)=0, R{,(E)=R],(E).

We first tried to obtain a fit to an empirical
background phase shift as determined by
drawing a smooth curve (neglecting resonance
effects) through the empirical values for the
2D3/2 parameters § and 1. After a satisfac-

tory background phase shift had been generated,

4
He (pp)‘He
180'; T T T T T T T T T
1407 -
J
i 1
1001 - N ,Z
F “%o‘_e-‘o
_ 51/2 w*ﬂ)‘\o‘\“ -
L ~—-
60! . 10
L e j
- 3 —
y . 09
~e J
- N — 0.8
~
120 Sa
~ 0.7
oo - /
o~
Omp N o
~=- 110
TO-e-e—emq p
L
>~ — 09
~
~ B
~
A 08
-0 o
“O~-o. ~o— ___ ar
17
] ] — = 1.0
DRSSP A
— -{ 09
I ' { 1 ! 1 '
o 10 20 30 40 50

Ep’ tab (MeV)

Fig. 2. The s- and p-wave phase shifts for
-?He elastic scattering. The solid lines
below 18 MéV represent the energy-dependent
set of phase shifts of Ref. 2. Open and full
circles are our own results for the real parts
6 and the absoption parameter 1, respectively.
The triangles at 48 MeV indicate the results
of Ref. 13.) (XBL 723-404)

&4
He (p,p)‘He
40° T T T T v T T
—_——a
L 2 B Z
—p-0——0=—0"
Ds/2 o 000000~ J
0 . 10
- A
- ‘\a\ — 09
\\.\ 4
407 e AN
T ]
— 2 -
D3/L,,..A————————°"°"°_—#ﬂ~z i
0 10
- - 03
L 0.8
st o]
l- 07
J - e _ ]
20 2 v
F% gmm0m—0T T =
o -y —o-—0—-0""7
0 R a3 10
F .. -
" -
20 2 ~ o9
Fs/ —o-—o—— 17
2 —_ —0—- 00~ B
0 T Y e g —— 221 10
/_ ’\\u\\ 4
5 2 T~.a 09
r G% _oOm0m—o— =0 — — " T A 7
[¢] S e-e- 60— g ————a- 10
2t
50— 2 — 09
- G i
o B egooraree L 170
R RPN
1 s 1 L | 1 | 1 09
0 10 20 30 40 50
E Me
p,lah( V)
Fig. 3, The d-, f-, and g-wave phase shifts

for p-“He elastic scattering. See caption for
Fig. 2 for explanation of symbols.

( XBL 723-403)

a set of 3/2+ level parameters was included

in the calculation and a search was performed
in an attempt to reproduce the complete “D3 /5
phase shift. A good fit could be obtained both
on and off resonance with little need for change
in the background parameters determined pre-
viously. Since resonance and background in-
terfere quite strongly, such a behaviour seems
to imply that the background has reasonable
properties. This in turn constitutes a strong
a posteriori justification of the simplifying
assumptions made.

The R-matrix parameters used in the cal-
culation are given in Table I. In Fig. 1, both
6 and n are plotted as a function of energy.
The solid lines are the result of our calcula-
tion for both level plus background, while the
dashed lines show the background only. The
double arrow marks the resonance energy.
The dotted lines demonstrate the importance
of resonance-background interference. They
show the result that one would predict from



Table I. R-matrix pararnetersa used in the analysis of the 3/2+ second excited state of 5Li.

5 2 2 2 2 2 2 2 2 2
E,  E,(Li ) ) v5) (9,) (6,) (0,0 (8,)%/10)°  =(6)
b ¢ d a d
23.39°  16.68 MeV 122 keV 1580 keV 1580 keV 0.014 0.765 0.765 55 1.55
V] 0 0 0 ] 0
RY, (dR /dE)11 RY, (dR /dE)12 RS, (dR /dE)22 a, a, ay
0.468 0.008 MVt  0.132 0.006 Mev-t  0.187 -0.023 Mev ™! 3 fm 5 fm 5 fm

2The indices 1, 2, and 3 refer to the channels p+4He £ =0), d+3He(1 = 0), and d+3He (£ =2), respectively.

bProton lab energy in the p+4He channel.

“The sign of this reduced width amplitude is negative.

dln units of the Wigner limit 31’12/2Ma2.

LS
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Fig. 4. Comparison at 24 and 26 MéV between
our experimental datal5 and the corresponding
curves calculated from our phase shifts.

our parameters as listed in Table I, if this
interference were completely neglected, i.e.
if one were to use the method18 of Refs. 7 and
8. In contrast to our calculation, the strong
" cut-off'' effect that our data require is
probably not reproducible with this method.

In Figs. 2 and 3, the p—4He phase shifts are
shown as a function of energy from 0 to 50
MeV. In Fig. 4, fits to the experimental data
are shown at two energies. In Fig. 5, fits to
the polarization across the 23.4-MeV reso-
nance are shown. In Fig. 6, the experimental
polarization excitation function at

Oc. m. =102.2% is compared with the values
calculated from our phase shifts. The broad
anomaly centered around 30 MeV is well re-
produced by the dashed line, which has been
drawn through the calculated values.

Discussing the implications of our phase-
shift results for the level structure of °Li,
we should note that the weak anomaly dis-
covered in our polarization measurements
around 30 MeV (see Fig. 6) is not connected
with a particular feature of any one phase-
shift parameter, but rather seems to be

(XBL 723-402)

caused by the rapid onset of absorption above
the inelastic threshold. This result is in
striking disagreement with a recent analysis
of p-4He elastic scattering data between 25
and 29 MéeV, where rapid variations with en-
ergy of both the 251/2 and the 2D5 2 phase
shifts have been found and are interpreted as
conclusive evidence for the existence of two
excited states around 20 MeV in SLi with

J7 =1/2% and 5/2%. In a broader, less def-
inite way we do agree, however, that the in-
fluence of highly excited states in 5L is
probably seen in the p+4He channel. The most
striking feature of our phase shifts is cer-
tainly the dominance of absorption in the even
partial waves. Around 30 MéV (corresponding
to 22-MeV excitation in °Li), absorption in the
J™ =4/2%, 3/2%, 5/2%, and 7/2% scattering
states amounts to 85% of the total inelastic
cross section. This behavior can be under-
stood qualitatively, if it is assumed that at
these energies there exist in °Li very broad,
overlapping levels of positive parity, which
decay almost exclusively via the d+3He and/or
multiparticle-breakup channels. Recent cal-
culations with a refined cluster model have

14
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shifts.. (XBL 723-399)
indeed led Heiss and Hackenbroich19 to pre- reaction. He reports that a state with
dict the existence in 5Li of a quartet of J™ = 5/2% near 20-MeV excitation and one with
T = 1/2 states with J7 = 1/2%, 3/2%, 5/2%, JT = 7/2% near 22.5 MeV dominate this process.
and 7/2%. These states are calculated to be Our own investigation of p—4He elastic scat-
of almost pure d-wave d+3He character and tering is not in contradiction with the possible
are situated several MeV above the d+3He : existence of a 7/2% level. In this scattering
threshold. Thfir nature is. very similag to state we see an anomaly ?n t}ée energy de-
tha't of.the 3/2% second ex.c1ted state of °Li, pendence of our phase .Shlft (¢Gy /2) I_;Iow_
which is also reproduced in these calcula- ever, to deduce the existence of ‘a 7/2 level
tions. 19,20 Additional evidence for positive- solely from these very weak fluctuations would
parity states in this energy range is found by not be justified.

Seiler2! in an investigation of the 3He(d,p)‘lHe
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ton energy.

Open circles are from Ref. 2,

full circles and squares are our own data. 15
The full and open triangles represent data
from Refs. 5 and 6, respectively.

Turning now to a discussion of the odd
partial waves, we find that our p-wave phase
'shifts, which correspond to J™ = 1/2” and
3/2-, show some fluctations again in the ab-
sorptive parts, while the f-wave phases with
JT =5/2- and 7/2- are completely without
structure. Empirical evidence for JT=1/2-
and 3/2- levels has been obtained from
studies of the 3He(d, p)4He reaction, 21,22
of d-3He elastic scattering, 23 of its mirror
grocess d-T elastic scattering, and of the

He(d, 2p)T and T(d, pn)3T reactions. 25 The .
cluster-model calculation by Heiss and
Hackenbroich19 also generated such states
and explains them as nucleon +4He™* (0% first
excited state) cluster structures, which would
decay mainly into multiparticle-breakup chan-
nels. The coupling to p+4He channels should
be very weak according to this model.

If all this tentative evidence for highly ex-
cited states in 5Li is taken at face value, then
the following qualitative picture of 51i (and
mutatis mutandis of “He) emerges from the
existing experimental information: Above the

(XBL 723-401)

first inelastic threshold, near 16.5 MeV, a
series of broad d+“He cluster states appears.
The first of these is the 3/2+ second excited
state, which has been unambiguously identified.
Its relatively small width is only a consequence
of its position close to threshold. 1Its inherent
character is that of a cluster state with a re-
duced width close to the Wigner limit. Above
18-MeV excitation, a quartet of d-wave d+3He
cluster states with JT=1/2%, 3/2t, 5/2% and
7/2%, and a doublet of p+¥He* cluster states
with JT = 1/2- and 3/2- are predicted to

exist. 19 Experimental evidence for all of
these states is still inconclusive, despite
claims to the contrary. 25
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MEASUREMENTS OF THE VECTOR ANALYZING POWER IN d-#He
ELASTIC SCATTERING BETWEEN 15 AND 45 MeV

Ch. Leemann, H. E. Conzett, W. Dahme,* J. A. MacDonald, and J. P. Meulderslr

As a consequence of the spin 1 of the deu-
teron, there exist four polarization-dependent
contributions to the differential cross section
in elastic d-4He scattering, corresponding to
the vector and the three tensor polarization
components describing a polarized deuteron
beam. All four of these have been extensively
investigated at energies up to ~ 12 Mev,1,2,3
and there also exist somewhat less numerous
measurements in the vicinity of 20 MeV., 4
These data have resulted in phase-shift analy-
and, futhermore, at 11.5 MeV the
vector analyzing power has been calibrated
absolutely by comparison of double scattering
and polarized beam data. ’

sis, 3,5, 6

The data near 20 MeV seemed to indicate
a substantial reduction of the vector analyzing
power as compared with lower energies, but
this could only be a tentative conclusion be-
cause of the rather large uncertainties in the
knowledge of the beam polarization. The
present experiment was started to clarify this
situation, and our early results showed that
large values of the vector analyzing power
were obtained up to 20 MéV, contrary to the
results of Ref. 4. We then extended our mea-
surements to the higher deuteron energies
available from the Berkeley 88-inch cyclotron
in order to establish a reliable vector-polari-
zation analyzer for deuterons of energies
above 12 MeV. So far, we have restricted
ourselves to the use of a purely vector-po-
larized beam in which case the differential
cross section can be written as:

0(6,4)=00(0)(1+3/2 p A cosd) (1)

where 0 (0) is the Vunpolarized cross section,
6, ¢ the polar and azimuthal scattering angles
respectively, p. the incident beam polariza-
tion and A, the Vector-analyzing power. The
formula is based on a right-handed coordinate
system with z-axis parallel to the incident
deuteron momentum and the y-axis parallel
to the beam polarization.

Data were taken in 5 MeV steps from 15
to 45 MéV at c. m. angles, 6, from 30°to
165°. At all angles the elastically scattered
deuterons were detected using counter tele-
scopes placed symmetrically to the left and
right of the beam axis (¢ = 0, 7). To dis-
tinguish deuterons from protons coming from
the process d + @ - n + p + @, particle identi-
fication was used. A %He gas target at ~1
atmosphere pressure was used while the beam
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Fig. 1. Asymmetries in 3—4He scattering.
These values represent lower limits for the
vector analyzing powers of d-*He scattering,
as explained in the text. (XBL 723-2528)

intensity on target was typically ~ 50 nA.
A polarimeter placed downstream of the 36-
in. scatter chamber served to monitor the
relative beam polarization at each energy:
Fig. 1 shows the measured asymmetries,
€=[0(6,0)-0(0,m]/[0(6,0)+0 (6, m].

(2)



Since the polarized ion source provides a beam
with a theoretical maximum vector polariza-
tion of 2/3, it follows from Eq. (1) that the
plotted asymmetries, in fact, represent lower
limits for the analyzing power Ay.

Because of limitations imposed by the po-
larimeter construction, it was not feasible to
determine an absolute value of beam polariza-
tion at each energy. Thus, the data of Fig. 1
are relative angular distributions. An im-
proved polarimeter has been constructed which
will make it possible to normalize our data to
those at 11.5 MeV. However, our results al-
ready show conclusively that 3-4He scattering
is a useful analyzer for deuteron vector po-
larizations at energies up to 45 MeV.

We are very grateful to H. A. Grunder,
R. M. Larimer, D. J. Clark, and J. J.
Steyaert for assistance during various parts
of the experiment.

Footnotes and References

"DAAD exchange student from the University
of Munich, West Germany.

63

TPresent address: Centre de Physique
Nucléaire, Université de Louvain, Belgium.

1. V. Koénig, W. Griebler, P. A.
Schmelzbach, and P. Marmier, Nucl. Phys.
A134, 686 (1969).

2. V. Koénig, W. Griebler, P. A.
Schmelzbach, and P. Marmier, Nucl. Phys.
A148 380, (1970); also A148 381, (1970).

3. L. G. Keller and W. Haeberli, Nucl.
Phys. A156 465, (1970), and references
therein.

4. J. Arvieux, P. Darriulat, D. Garreta,
A. Papineau, A. Tarrats, and J. Testoni,
Nucl. Phys. A94 663, (1967).

5. P. Darriulat, D. Garreta, A. Tarrats,
and J. Arvieux, Nucl. Phys. A94, 653, (1967).
6. P. A. Schmelzbach, W. Griiebler, V.
Koénig, and P. Marmier, Proceedings of the

Third International Symposium on Polariza-
tion Phenomena in Nuclear Reactions,
Madison 1970, p. 590.

7. V. S. Starkovich and G. G. Ohlsen,
op. cit., p. 581.

ANALYZING POWER AND CROSS-SECTION MEASUREMENTS IN E—Si
ELASTIC SCATTERING BETWEEN 17 AND 20 MeV

H. E. Conzett, B. Frois,* R. Lamontagne,* Ch. Leemann, and R. J. Slobodrian”

Nuclear reaction mechanism and the struc-
ture of nuclear states have been studied ex-
tensively via proton-producing reactions such
as (p,p' ), (d,p), (°H,p), (3He,p), and (%He, p).
The experimental data consist predominantly
of cross sections; but where particles with
spin are involved, it is well known that addi-
tional observables must be measured in order
to provide information for more adequate
testing of the theoretical calculations. One
such observable is the polarization of the
outgoing proton, the determination of which
requires a suitable polarization analyzer.
Since these are secondary '""beams" of pro-
tons, they are inevitably of very low intensity
so that an analyzer with high efficiency coupled
with good resolution is required.

The polarimeters most widely use to date
consist of helium or carbon analyzers. 1.
Both types have a low efficiency when high
resolution is sought, and vice versa. The
usefulness of silcon detectors as proton po-

larization analyzers was first pointed out by
Miller. 3 Using an analyzer that is also a de-
tector, it is a simple electronic problem to
perform a coincidence between the pulse from
the analyzer and the pulse from the left or
right detectors, and subsequently to add them.
This technique permits the use of thick anal-
yzers without the corresponding appreciable
loss in resolution, thereby increasing sub-
stantially the efficiency of the polarimeter.
Recently, reports on two such polarimeters
have been published. 4,5 The system de-
scribed by Frois et al. 5 is intended for pro-
ton energies higher than 15 MéV, typically in
the range between 15 and 30 MeV. It sur-
passes all other polarimeters in efficiency

at comparable energy resolutions for protons
of energy higher than 20 MeV. Since there
has been a definite lack of data between 17
and 29 MeV, it was pointed out that accurate
measurements of p-Si analyzing powers and
cross sections as functions of angle and en-
ergy were necessary in order to allow deter-
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minations of precise absolute values of pro-
ton polarizations with this apparatus. Some
measurements have been made near 17 and
29 MeV, 6, 7 but these data are not of suf-
ficient accuracy and detail over the forward
angles nor of sufficient extent in energy to
permit achievement of the precision that is
possible with the silicon polarimeter.

Thus, we have used the polarized proton
beam8 of the Berkeley 88-inch cyclotron to
measure asymmetries in the scattering of
polarized protons from silicon at 2-MéeV in-
tervals between 17 and 29 MeV inclusive. The
beam polarization was monitored continuously
with a helium polarimeter whose analyzing
power was known from recent measurements.
Since the left-right scattering asymmetry is
given by

(L-R)/(L+R) = € = PA,

where P is the beam polarization and A the
analyzing power of the scatterer, simultane-
ous determinations of the asymmetries in
scattering from *He and Si result in:

€51/ e = (PAgy)/ (PAy,).
so that

ASi = He Sl/ He

yields the desired analyzing powers. Cross
sections for unpolarized p-Si scattering are
calculated from the sum (L+R) of the yields.

Our preliminary values of analyzing powers
are shown in Fig. 1. A parametrization of the
data by an optical-model analysis is under
way, and should provide a means for a smooth
interpolation of the data as a function of energy.
These data show conclusively the good quality
of silicon as a proton-polarization analyzer.

We are very grateful to R. de Swiniarski
for his assistance during the experiment.
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EXPERIMENT TO DETERMINE DEFORMATION PARAMETERS OF
28g; BY SCATTERING OF POLARIZED PROTONS

H. E. Conzett, B. Frois,* R. Lamontagne,* R. J. Slobodrian,* and R. de Swiniarski'r

In addition to the known large intrinsic
quadrupole deformation of several s-d shell
nuclei, more recent evidence has been pre-
sented for the existence of substantial hexa-
decapole (Y4) deformations in 20Ne, 28si, and
32s. The determinations of these Y, de-
formations resulted from coupled-channel
analyses of cross sections for excitation of
the 0F, 2%, 4% ground-state rotational bands
by elastic and inelastic proton scattering. In
this type of analysis the nuclear radius is
given by

R=R, (1+B,Y,0+B,Yyuqt )

where the B's are deformation parameters to
be determined from fits to the experimental
data, the Y's are spherical harmonics, and
the R's correspond to the radii of the several
components of the optical potential. The cal-
culations were performed with a program that
used a simplified form of the deformed spin-
orbit potential, 2 and good fits to these data
required substantial values of the deformation
parameters B and By. For example, the
values for 20Ne were Bz = 0.47 and B4 = 0.28,
and the fit to the 41 data was much more sensi-
tive to variations in PB4 than were the fits to
the 0+ and 2+ angular distributions.

Subsequently, measurements were made of
both cross-sections and analyzing powers in
the scattering of 24.5-MéV polarized protons
leading to the lowest 0%, 2%, and 4% states in

20Ne and 22He. 3 Coupled-channel calculations,
using the simplified form of the deformed spin-

orbit potential as before, failed to reproduce
even the shapes of the analyzing-power an-
gular distributions for the 2+ and 47 states
of 20Ne.

Sherif and Blair4 have shown that distorted-
wave Born approximation (DWBA) fits to po-
larization in less strongly coupled nuclei
could be significantly improved wheén the full
Thomas form of the deformed spin-orbit po-
tential was used, so this full Thomas form
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was included in the coupled-channel program.
The resulting calculations were in considerable
improved agreement with the 20Ne analyzing -
power data for the same 2 and @4 values de-
duced from the cross sections alone. Thus,
the need for the full Thomas form was estab-
lished.

Although inclusion of the full Thomas form
in the calculation did not change the nreviously
determined values of B and B4 for " Ne, it is
not clear that would be the case for 28Si and
325, Also, the B4 values were determined
less accurately for those two nuclei because
of the lower quality cross-section data. Fin-
ally, a theoretical calculation® for B, for
28Si gives a value of +0.05 as compared with
the " experimental' value +0.25%+0.08 of Ref. 1,
so it is clear that a redetermination of the de-
formation parameters for 283i is desirable.

We have, therefore, measured cross sec-
tions and analyzing powers of the
28Si(p, p' )28Si* reaction leading to the lowest
0%, 2%, and 47 states. We used a beam of
25-MeV polarized protons6 from the Berkeley
88-inch cyclotron, and the scattered protons
were detected with eight Si(Li) detectors lo-
cated symmetrically on opposite sides of the
beam axis. Thus, left-right asymmetries
and cross sections were measured at four
scattering angles simultaneously. Analyzing
powers were determined from the asym-
metries as described before, 7 and Fig 1
shows these results. A coupled-channel cal-
culation with the full Thomas form of the de-
formed $pin-orbit potential, as described in
Ref. 3, is in progress.
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MASSES OF LIGHT NUCLE| FAR FROM STABILITY”

J. Cerny

This review article indicates the progress
that has been made in mass determinations of
light nuclei far from the valley of beta-sta-
bility. Generally, high-isospin nuclei of mass
5 = A = 40 were covered; such nuclei have
been studied by in-beam multi-neutron trans-
fer reactions induced by conventional projec-
tiles and heavy ions, as well as through frag-

mentation reactions initiated by GeV projectiles.

Experimental results on T, = - 3/2 nuclei
from /B through 37Ca were discussed and
tabulated; these masses were then compared
with the predictions of the isobaric multiplet
mass equation as well as to other theoretical
mass predictions. Similarly, available data

on highly neutron-excess nuclei from 8He
through 29Mg were tabulated and used to
evaluate the Garvey-Kelson mass relation.
Finally, several useful extensions of present
techniques for accurate mass measurements
were noted, with particular emphasis given
to those utilizing heavy ions as projectiles.

Footnote

"Abstracted from the Proceedings of the
Fourth International Conference on Atomic
Masses and Fundamental Constants, held at
the National Physical Laboratory, Teddington,
England, September 1971 (in press).
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THE BETA-DELAYED PROTON EMISSIONT OF 23a)

R. A. Gough, R. G. Sextro, and J. Cerny

1

Recent mass measurements™ have shown
23A1 to be the lightest, nucleon-stable member
of the A =4n + 3, T, = 1/2(N-2) = - 3/2 mass
series; however, no technique capable of
characterizing the decay properties of these
nuclides has been demonstrated. Using the
24Mg(p, 2n) reaction, we have observed 23A1
through its beta-delayed proton emission. Ex-
tension of this approach to heavier T, = 0
target nuclei should, in principle, permit the
observation of several heavier members of
this mass serieg which are %redicted2 to be
nucleon stable ( P through 5K).

The external proton beam of the 88-inch cy-
clotron was used to induce the 24Mg(p, 2n)23A1
reaction on 99.96% -enriched 24Mg targets.
Two independent experimental approaches were
used. In the first of these, delayed protons
from activity in the target were detected in a
counter telescope mounted downstream from
the target behind a slotted, rotating wheel.

This wheel controlled the duration of the beam
pulse and shielded the detectors during the
beam-on intervals. Beam pulsing was achieved
by modulating the cyclotron dee voltage; beam
intensities of up to 8 pA on target were utilized.
In these experiments a detector telescope, con-
sisting of an 8-pm AE detector and a 50-pm E
detector, fed a Goulding-Landis particle iden-
tifier. Any long-range particles were elim-
inated by a 50-pm reject detector. In order to
observe low-energy protons (and « particles)
singles spectra were recorded from the 8-pm
detector as well as from an additional 14-um
detector. All detectors (except the AE) were
cooled to -25°C. Accurate energy scales were
obtained in this setup by scattering, from a thin
Au foil, Hp' beams of 0.63 and 1.15 MeV/nu-
cleon as measured in an analyzing magnet.

(A 4-pm AE detector was used for this calibra-
tion.)

The second experimental configuration
employed a helium-jet system=~ which swept
nuclei recoiling from the target through a
0.48-mm diameter, 80-cm-long capillary and
deposited them on a 550-ptg/crn Ni collector
foil. At 1.2-sec intervals this foil was quickly
(~ 25 msec) moved by a solenoidal stepping
motor from the collection position to a position
in front of a counter telescope. The telescope
and its associated electronics were identical
to those in the first setup except that it em-
ployed a 6-pm AE detector. In these experi-
ments a continuous proton beam of upto 8 pAon
target was utilized. By comparing the yields
obtained in both experimental configurations
(corrected for recoil-range effects), the
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Fig. 1. An identified-proton spectrum arising
from the bombardment of 24Mg by 40-MeV
protons, using the helium-jet technique. The
vertical arrows designate the energy region
over which protons could be observed.
(XBL7110-4530)

efficiency of the helium-jet technique for col-
lecting 23Al was determined to be ~ 10% . This
disadvantage was offset by the higher attainable
geometry as well as by the improved energy
resolution that was a result of the very thin
layer of collected activity.

Figure 1 shows an identified-proton energy
sgectrum arising from the bombardment of
2 Mg with 40-MéV protons, using the helium-
jet technique. Essentially no background is
present arising from f-particle pileup. The
dominant group in the spectrum has an energy
of 870+ 30 keV in the center-of-mass (c. m.)
system. Higher-energy events (from 0.95 to
2.2 MéV lab) were observed in both experi-
mental configurations. Although these events
had a half-life consistent with that of the dom-
inant group at 870 keV, their low yield pre-
cluded the assignment of other distinct trans-
itions. The 870-keV group was observed to
have a half-life of 470+ 30 msec and was pro-
duced with a maximum cross section = 220 nb.
This half-life is consistent with the upper
limit of 560 msec obtained from simple cal-
culations using a log ft = 3.3 for the super-
allowed decay? of 23AT and known log ft values
for the first three allowed decays of its mirror
nucleus 23Ne.

To establish 2'3A1 as the source of this
new activity, excitation-function data were
acquired by using the slotted wheel technique.
The experimental threshold for producing the
870-keV proton group was consistent with the
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expected value of 30.78+0.08 MeV. However, .
the threshold for producing 20Na via the
24Mg(p,on) reaction is only 24.99+ 0.01 MeV
and, although 20Na is a well-known beta-de-
layed o emitterd with a half-life of

445.7+3.1 msec, © it can emit beta-delayed
protons < 1 MeV. - The 20Na yield was mea-
sured from its 4.44 MéV a group, and detected
via its AE loss, in two independent singles
detectors of 8-pm and 14-pm thickness. The
ratio of this yield to that of the 870-keV proton
group varied by a factor of approximately 10
over an 8-MeV range of bombarding energy,
thereby eliminating 20Na as a possible source
of the delayed protons.

A preliminary decay scheme for 23Al is
presented in Fig. 2. The assumed ground
state spin of 5/2%1 is based on its mirror 23Ne;
other data in the figure are taken from Refs.
7 and 8. For simplicity we have shown the
870-keV group decaying to the ground state of
22Na. The protons, then, would originate
from a heretofore unknown state at 8.45 MeV
in 23Mg which, if populated by allowed beta
decay, is restricted to J7 = 3/2%, 5/2%, or
7/2%,

The superallowed beta decay of nuclides in
the A=4n+ 3, T, = - 3/2 mass series leads
to levels in their daughters which are very
close to the proton separation energy. The
superallowed decay of ““Al feeds the lowest
T = 3/2 state in 23Mg at 7.788%0.025 MeV; 7
proton emission from this state would be iso-
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spin-forbidden and of low energy (20925 keV
c.m. ). Penetrability calculations alone show
the width for this proton emission to be of the
same order of magnitude as a typical 7.8-MeV
M1 gamma ray in this mass region. 7 Although
the possibility of observing these protons was,
at best, marginal, an attempt was made using
the helium-jet method and a 40-MéeV proton
beam. The low-energy proton group was
sought in the spectrum from the 6-pm AE
counter of the usual detector telescope (lo-
cated on the same side of the collector foil

as the deposited activity). In order to mini-
mize the background of low-energy 160 re-
coils formed in the decay of ONa (which was
always present as a reaction by-product), an
additional high geometry (3.3 sr) counter,
located behind the collector foil, was placed
in anticoincidence with the 6-pm detector. No
experimental evidence for a 209-keéV (c. m. )
proton group was found; these results permit
a very crude estimatel0 that T /Fp > 50 for
the isospin-forbidden decay of ¥he 7.79 MeV
(T = 3/2) state of 23Mg.

Heavier members of the A = 4n + 3,
T, = - 3/2 mass series are also expected to
emit béta-delayed protons of low energy and
can, in principle, be observed by using the
techniques described in this work.
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FINAL RESULTS ON THE PROTON RADIOCACTIVITY OF 53co™

J. Cerny, R. A. Gough, R. G. Sextro, and J. E. Esterl

This report brings %% to date our studies
on the proton decay of 53Com. 1, 2 Our earlier
work has shown that 53Co™ decays with a half-
life of 24315 msec and that the 1.59£0.03
MeV (c.m. ) proton group arising from its de-
cay is not in coincidence with positrons, there-
by establishing its origin to be true proton
radioactivity. Herein we report the results

of our search for a proton-decay branch of

0.75 MeV (c.m. ) leading to the first excited
state of 92Fe at 0.84 MeV as well as an im-
proved estimate of the reduced width for the
decay to the 52Fe ground state.

Figure 1 presents an identified-proton en-
ergy spectrum from the decay of 53Co™ pro-
duced via the 54Fe(p, 2n) reaction induced by
35-MeV protons. The use of a 4-pm AE de-
tector permitted observation of protons down
to an energy of ~0.4 MeV. These data set an
upper limit of 1/250 for the ratio of protons
to the 52Fe™(0.84 MeV) state relative to the
52Fe ground state. As noted previously, 1
the barrier penetrability for the proton group
populating the 52Fe™ state (an £ = 7 decay)
is ~ 6% of that to the 52Fe ground state
(£ = 9). These results then set a limit for the
relative reduced widths of y2 (ground
state)/y%)(z*‘) >15/1. P

We have improved our estimate of the ab-
solute intensity of the proton decay of the 52Fe
ground state by calculating statistical model
ratios for the relative cross sections
54pe (p, pn)53Fem/54Fe (p, 2n)53Com following
the spin-dependent nuclear evaporation ap-
proach of Grover and Gilat. 3 (This calculation
reproduces isomer cross-section ratios in the
160 + 40Ca reaction to better than £507% .)
Figure 2 shows the results of these excitation-
function calculations for both 53Fe™ and
5:"Corn; the theoretical results have been
normalized to our observed excitation func-
tion2 for production of 53Co™. Taking
Eskola's? value of ~ 5 mb for the peak cross
section for the 54Fe(p,pn)53Corn reaction, one
finds the ratio ¢ (53Fe™)/g (proton activity)
= 11,000, while the theoretical result for

o (53Fe™) /o (53Com) using peak cross sections
is = 165. This then leads to a partial branch
of ~ 1.5% for the observed proton decay or a
partial half-life of ~ 17 sec. Finally, since
penetration through the Coulomb and centrif-
ugal barriers leads to an expected half-life of
=~ 60 nsec for a reduced width y% = 1, the above
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Fig. 1. An identified-proton spectrum arising

from the bombardment of 54Fe by 35-MeV
protons. The vertical arrows denote the en-
ergy region over which protons could be ob-
served, while the horizontal arrow indicates
the location of any possible transitions to the
52Fe*(0.84-MeV) state. (XBL 714-3232)
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HIGH-SPIN ASSIGNMENTS IN THE 1p-SHELL UTILIZING THE J-DEPENDENT
(p,a) REACTION™

C. Maples and J. Cerny

Almost all previously reported (p,«) in- low-lying excited states. As such,the question
vestigations below A = 60 have been restricted of whether this pickup reaction, operating
to measurements of the ground state and a few through its transferred angular momentum se-
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lection rule 3'>=T:+T/2, is useful as a spectro-
scopic tool in the lighter nuclei remains
largely unanswered. We have studied the (p, @)
reaction induced by 43.7- to 54,1-MeV protons
on 12C, 13¢, 14N, 15N, and 16O, observing
transitions to levels in the residual nuclei
ranging from the ground state to 15 to 22 MeV
in excitation. These data show that, in fact, -
a strong and consistent J-dependence, in ac-
cord with the above selection rule, is ob-
served for both L = 1 and LL = 3 transitions,
permitting (within the scope of this paper)

two definite spectroscopic assignments. J-
dependent effects [ first reported by Lee and
Schiffer! for (d,p) reactions] have previously
been noted for L. = 1 (p, @) transitions on
medium-mass nuclei (see, e.g., Refs. 2 and
3). Although a J-dependence for L = 3 transi-
tions in both (p,@) reactions” and («, p) reac-
tions4 has been predicted from distorted-wave
Born approximation (DWBA) calculations, no
definite experimental evidence for this has
hitherto been reported.

These (p, @) reactions were investigated by
using the proton beam of the Berkeley 88-inch
spiral-ridge cyclotron at energies of 43.7 MeV
on the 13C, 14N, and 15N targets: 50.5 MeV
on the 13C target; and 54.1 MéV on the 12C
and 160 targets. The experimental details
have been described previously. 5 Alpha
particles from the reaction were identified by
a Goulding—Landissparticle identifier. Gas
targets of 1602, 1 N2 {enriched to 99% ),
14N2, and 13¢ Hy (enriched to 93% ), and a
solid 12C target were used. A representative
spectrum of the 160(p, @)13N reaction, with
an experimental resolution of approximately
190 keVis shown in Fig. 1. Transitions examined
in all the residual nuclei yielded angular distri-
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Fig. 1. The energy spectrum of the

16O(p,oz)13N reaction. The insert shows a
four-Gaussian fit to the indicated region of the
spectrum, after background subtraction.
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butions, taken between approximately 10° and
80° center-of-mass (c. m. ), on about 50 levels.

This report will cover, with one exception,
only those transitions for which a unique value
for L and J is required by the selection rules.
A detailed analysis of our results as well as a
comprehensive discussion of the direct pickup
character of these (p,a) reactions (at forward
angles and at our bombarding energies) will be
presented in a subsequent publication. A strong
indication of a dominant pickup mechanism
would be the highly selective population of
"pure' p-shell final states® in all the residual
nuclei. Such an effect was indeed observed.
The strongest (p, @) transitions consistently
populated only p-shell levels in the final nuclei
with cross sections that were larger, by
usually one or two orders of magnitude, than
those to non-p-shell levels. In contrast to
this, a knockout mechanism, for example,
would have permitted some transitions to both
types of levels,zperhaps most strongly for re-
actions on the 12C and 160 targets |it would
permit the incident proton to be captured into
either the 1p or the (2s,4d)shell]l. The spectrum
in Fig. 1 particularly illustrates the differing
relative cross sections for transitions to p-
shell and non-p-shell final states.

Angular momentum selection rules re-
strict (p, ) transitions between p-shell levels
toL =1 (with J = 1/2 or 3/2) or L. = 3 (with
J=5/2 or 7/2). Figure 2 shows some (p,a)
angular distributions for which L = 1. While
all the distributions peak toward zero degrees,
there is little additional similarity between
the J = 1/2 and 3/2 distributions. However,
the uniformity and consistency of the angular
distributions for a given J are pronounced. It
is noteworthy that this uniformity persists even
with differing kinematic effects and is generally
preserved over a range of almost 18 MeV of
excitation in the 15N(p,oz)iZC reaction.

Transitions in which L. = 3 are shown in
Fig. 3. 7 The only consistent feature (an L.-
dependent effect) appearing in these distribu-
tions is that the first maximum no longer peaks
toward zero degrees. The J-dependent effects
are again apparent in the J = 5/2 and 7/2 dis-
tributions, although the differences are not as
pronounced as in the previous L = 4 case. Al-
though only one transition populated in these
reactions was restricted solely to a J = 5/2
transfer [the 160(p, a)13N(7.39 MeV, 5/2-)
transition] , at least four other transitions
were observed to proceed predominatly through
this mode. 8 One example of these is the
15N(p, @)12C(16.1 MeV, 2%, T = 1) transition.
Simple spectroscopic arguments (employing
in part the wave functions of Ref. 6) indicate
that this transition should have a strong com-
ponent of L = 3, J = 5/2 transfer, although
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L =1, J= 3/2 transfer is also allowed. Since
the angular distribution for this reaction

(Fig. 3a) shows no obvious L = 1 character at
forward angles, it can be taken as a further
example of an essentially pure J = 5/2 trans-
ition. Of the final states populated in the

J = 7/2 transitions, only the 12C(4+) and

10B (41) were previously known (the small
angle behavior of the transition to the 108

state is well accounted for by a small admix-
ture of an L = 1 component to an incompletely
resolved neighboring level). The two re-
maining J = 7/2 transitions will be discussed
below. The angular distributions of the strong
transitions to all the other p-shell states are
consistent with these four different J-dependent
shapes, either singly or in an appropriate
combination.

Distorted wave calculations were employed
to determine whether the observed J-depend-
ence was consistent, at least in general, with
simple theory. Since the initial aim was only
for a qualitative comparison, a local, zero-
range calculation, using the point-triton ap-
proximation, was carried out by using the
code DWUCK. ? [ Optical model parameters
for the proton channel (including a spin-orbit
term), the alpha channel, and the bound state
(radius and diffuseness parameters only) were
obtained from the literature. In the case of
a-particle parameters it was often necessary
to refit the elastic a-scattering data to obtain
a deeper and more realistic real well potential
(Vo) around 200 MeV. ] In general, the DWBA
fits qualitatively reproduce the shapes of the
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_distributions and hence clearly predict the ob-
served J-dependence. The relatively slight
dependence of the distributions on kinematic
effects was also reproduced by the calculations.
The major deficiency of these calculations is
that they consistently predict a more rapid de-
crease in the overall magnitude of the cross
section (with increasing 6., ;) than is ob-
served.

Finally, this observed J-dependence per-
mits us to make two definite spectroscopic
assignments. The first of these is for the
second strongest transition observed in the
12C(p, @)9B reaction, which was to a level at
6.97+0.06 MeV. This level, which has a width
of approximately 2 MeV, accurately follows
the kinematics of other 9B levels and its ex-
citation is consistent with a known 7/2-
statel0 in the mirror nucleus 9Be at 6.6 MeV.
The excitation of the 6.97 MeV level also cor-
responds well to a state reported at 7.1+0.2
MeV in 9B which was tentatively assigned10
as 7/2-. Similarly, the third strongest trans-
ition in the 16O(p, @)}13N reaction was to a
broad, hitherto unobserved, level
(Tc.m. = 300 keV) at 12.13+0.06 MeV (Fig. 1).
The excitation energy of this state corresponds
favorably with that of a state at 12.42 MeV in
its mirror nucleus 13C which has J7=7/2-
(Ref. 5). The angular distributions for these
(p, @) reactions to the 9B and 13N states,
shown in Fig. 3b, are in agreement both with
each other and with the known J = 7/2 trans-
ition shapes. Both distributions are also con-
sistent only with the DWBA predictions for
J = 7/2. Since these transitions proceed
from 0% targets, unique J7 = 7/2- assignments
are possible.
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A HIGHLY NEUTRON-DEFICIENT VANADIUM ISOTOPE: 44yt”

J. Cerny, D. R. Goosman,:lE and D. E. Alburger*

With the exception of 16F, all of the
members of the A =4n, T, = (N - Z)/2 = - 1
series from 8B through 40%c are nucleon
stable and their decay properties have been
fairly well established. However, no technique
for investigating higher-A nuclei of this series
has been demonstrated. We wish to re%ort the
observation of 44V, following the 40Ca(°Li, 2n)
reaction, by utilizing the weak beta-delayed
particle emission frequently observed in the
decay of nuclei in this mass series; in prin-
ciple, extension of this approach to other
heavy ions should permit observation of heavier

unknown Tz = -1nuclei.

Mechanjcally chopped beams of 18.5- and
21.5-MeV OLi ions (37) from the second tandem
of the Brookhaven National Laboratory three-
stage MP tandem Van de Graaff facility were
used to irradiate 0.86 mg/cm? natural calcium
targets. Beam intensities incident on the tar-
get averaged 0.4 pA. The 21.5-MeV beam was
employed to investigate the well-known beta-
delayed a-particle emission of 20Nal for
orientation and calibration purposes: 20Na
was produced by the 160(°Li, 2n) reaction on



oxygen target impurities. The 18.5-MeV beam
was required to investigate V, since this
energy lies just below the threshold for the
production of 20Na which would otherwise
present a severe'background problem due to
its prolific yield. (Due to the nucleon in-
stability of 16F, reactions on 12C target im-
purities are of no concern. )

Simple calculations lead one to expect Ay
to be, most probably, a weak beta-delayed
a-particle emitter with a half-life < 150 msec.
In order to detect fairly-low-energy a-particle
groups in an intense beta background, a semi-
conductor telescope consisting of surface-bar-
rier detectors was employed. This telescope
utilized a 5-p AE detector followed by a 31-pE
detector and subtended a solid angle of 0.15 sr.
The targets were placed at an angle of 30° to
the beam while the telescope was positioned
perpendicular to the beam axis.

A timing device triggered both the pneumatic
beam interceptor and a shutter that dropped in
between the target and the AE counter during
the irradiation periods. Summed coincidence
pulses between the two detectors were stored
in a two-parameter analyzer as a function of
time. As a further aid in reducing the back-
ground from beta-particle pile-up, only those
events losing more than 600 keV in the AE de-
tector were accepted.

Figure 1(a) presents data from the bom-

‘2ardment of the calcium target with 21.5-MéeV

Li ions. Comparison of this a-particle spec-
trum with the results of Polichar et al. © shows
that it is dominated by, and consistent with,
the decay of 20Na produced from oxygen target
impurities. (The primary a-particle branch
in this decay has a center-of-mass (c.m.) en-
ergy of 2.70 MeV; due to our relatively thick
target, most of the yield of this group lies be-
low the telescope cutoff.) Further, the ob-
served half-life of these beta-delayed o par-
ticles agrees well with the known 446-msec
half-life of 20Na. %

Figure 1(b) presents an a-particle spectrum
following the decay of the new isotope 44v,
A peak corresponding to a c. m. energy of
3.05+0.20 MeV, after correction for energy
loss in the target, dominates the observed
spectrum. The data are consistent with the
assumption that this fairly broad peak arises
primarily from a single o-particle group and
have been so treated; however, due to the
low yield of this group and the various assump-
tions necessary for the energy analysis, the
possibility that such a peak could arise from
two moderately spaced a-particle groups
cannot be completely eliminated. The half-
life of this peak is 90+25 msec and its pro-
duction cross section is of the order of 100 nb.
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Fig. 1. (a) An a=-particle spectrum following
the decay of 20Na produced by the 160(6Li, 2n)
reaction on oxygen target impurities. The
center-of-mass energy of the major peak un-
affected by the telescope cutoff is shown.

(b) An a-particle spectrum folloxging the de-
cay of 44V produced by the 40Ca(PLi, 2n) re-
action. Cross-hatched events below the arrow
at 1.6 MeV can only arise from B-particle pile-
up. (XBL 719-4392)

Events in the shaded region arise from beta-
particle pileup and have a half-life longer than
one second.

This low yjeld for beta-delayed particle
decay from "V coupled with the overwhelming
yield of 20Na from oxygen target impurities
precluded determination of an excitation func-
tion for the 40Ca(6Li, 2n)44V reaction. How-
ever, at this relatively low bombarding energy
for °Li on calcium, no other nuclide including
the unknown isotope 35V can be formed which
can be a source of beta-delayed a particles of
this energy. (Unknown masses of relevant
f7/2 shell nuclei are taken from the predictions
of Harchol et al. 3)

A preliminary decay scheme for 44V is
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Fig. 2. A preliminary decay scheme for 44V.

Decays that have not been directly observed
are shown as dashed lines. Energies are
given in MeV. The spin-parity assignments
are discussed in the text. (XBL 719-4393)

presented in Fig. 2. Data on 44Ti were taken
from Refs. 4 and 5. The spin and parlty of
44v are taken to be 2%, based on its mirror -
nuclide 44sc. 6 (Similarly, based on this mir-
ror comparison, one would also expect a beta-
decaying isomer 44ym (61) of comparable
half-life. For simplicity, we have attributed
the observed decays to the ground state;
several weak arguments, none of them con-
vincing, favor this choice.) As can be seen

in Fig. 2, the o particles must originate from
a state at 8.17 MeV in 44Ti which, if populated
by allowed beta decay, is restricted to a J7

of 2% b% angular momentum and parity conser-
vation. ! Superallowed beta decay populates
the 2%, T = ‘

1 state at 6.72 MéV. 5 Even though
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this state is unstable to (isospin-forbidden)
a-particle emission, penetrability calculations
alone show that such @ emission is far too slow
to compete with y-ray de-excitation; no evi-
dence for any such a-particle group was ob-
served in the AE singles spectra.
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7. No isospin assignment is possible since
the level scheme of 44Ti is unknown and that
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ISOSPIN-FORBIDDEN PARTICLE DEACY OF THE LOWEST T = 2 STATE OF 96

G.W. Goth,* R. A. Gough, H. L. Harney, and J. Cerny

Subsequent to the initial observation that
isospin-forbidden particle decay accounts for
almost all the width of the lowest T = 2 states
of 20Ne, 24Mg, 28si, 325, and 40Ca, ! an
additional measurement has been made of the

isospin-forbidden particle decay of the first

T = 2 state of 56Ni. Measurements of the total
widths of the T = 2 states of 20Ne, 24Mg
28si,4 and 3285 have indicated that the total width
ranges from 3x10~%t0 3x10-> times the Wigner
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T = 2 state(s) in 56Ni, together with the summed

projections of the coincidence data. Data to
the right of the arrow labeled DE' in the proton
spectrum are protons stopping in the AE-E-
telescope. The vertical arrows indicate the
cutoff energies determined by the kinematics
and detector thicknesses. (XBL 716-3784)

limit. The maximum particle-decay energies
(Emax = 2.6 MeV, EmMax = {.8 MeV) of the

T = 2 state of 56Ni afid the high Coulomb and
centrifugal barriers lead to a Wigner limit

on the order of 3 keV for this state. The
Weisskopf limit for an M1 y transition to the
first T =1, J™ = 1T state (the excitation en-
ergy of which has not been experimentally de-
.‘.errnined6 but which is expected to lie at about
8.09 MeVP®)is 0.2 eV. If the ratio of the total
width to the Wigner limit is the same for 56N
as it is for the lighter isotopes and the M1
transition is as strong as those seen in 20Ne,
24Mg, and 28gi, 7 then Y decay might account
for a substantial portion of the total width of
the 56Ni, T = 2 state. Studies of the M1 y
decay of T = 2 states also provide information

concerning the matrix elements of the analogous

Gamow-Teller beta decay. © Of particular in-
terest are AT = 2 y decays, which are strictly
forbidden in the quark model of the nucleon;
the observation of such decays would be of con-
siderable importance. Consequently, this ex-
periment was undertaken to determine if

Summary of T = 2 branching ratio

Table 1.
data for 56Ni.
a Normalized
Net Branching branching

Mode events ratio (X100) ratios

55C
otp,  34%7 9520 90

Feta, -2%2 5%5 ~0
52Fe+a1 5+ 3 117 10
Total 101 +28P 100

#Standard deviation includes only counting
statistics.

bStandard deviation includes uncertainties in
the number of triton counts and in the decay
telescope solid angles (Ref. 1).

was, in fact, substantially less than -
the T = 2 state of 50Ni.

The 58Ni(p, t)56Ni reaction was used to
populate the T = 2 state at 9.83+0.1 MeV. 10
Coincidences between tritons forming the state
and protons and o particles from its decay
were measured in a system virtually identical

l—‘particle
Ttotal for

083 oL Te2
2.162 3/2”
10%
0.84 2+ )
90%
*
(Y 7.912 oL T=0
(8014) +
o2 7455 2,710
Fe + a & L 772”7
(7.193)
2.697  Z'TFO
55Co+p
+
‘ 0%1=0

56N

Fig. 2. Decay scheme of the lowest 0+, T=2
state(s) of S6Ni. (XBL 716-3786)
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to that described in Ref. 1. To prevent tritons
from the 12C(p, t)10C (g. s. ) contaminant re-
action from overlapping with those from the
58Ni(p, t)56Ni(T=2) reaction, an incident beam
energy of 49 MeV and a triton angle of 24°

(c. m. ) were chosen. The differential cross
section populating this state at this angle is
only 30%5 ub/sr.

The data were analyzed as in Ref. 1. The
triton singles spectrum and the coincidence
spectra projected onto the triton energy axis
are shown in Fig. 1. Branching ratio data are
summarized in Table I and Fig. 2 illustrates
the decay scheme of the 56Ni(T=2) state.

A hi . 58, 56.;.

igh-resolution study of “ Ni(p,t)” Ni at
40 MeV by R. Sherr et al. 1 recently revealed
that the T = 2 state could be a triplet of 0%
states all lying within about 100 keV. Their
excitation energies are 9.915, 9.991, and
10.021 MeV; the first of these states is the
strongest, the relative intensities being 1,0.2,
and 0.3. Moreover, states at 9.832- and
9.749-MeV excitation were also observed. 12
It is claimed in Ref. 12 that these last two
states have spins J# 0. Unfortunately, all
five of these states are contained in our peak
labelled T = 2, due to the 250-keV resolution
for tritons necessitated in this coincidence ex-
periment. (See Fig. 1.) One can estimate
from the data of Ref. 12 that the decay of the
T =£2 states could account for at most-50% of
our obhserved intensity. In order to take this
into account, the errors quoted in Table I must
be increased. We then find that (100%00) % of
the decay of the 01, T = 2 group of states in
56Ni is via particle emission and that the
branching ratio for proton emission is

(904_-18)%-

Isospin-forbidden particle decay appears to
account for a substantial fraction of the decay
of the T = 2 state(s) of 56Ni. It would there-
fore be difficult to observe any T = 2 y decays
from these states. Perhaps the 48cr T =2
state at 8.77+0.05 MeV13 would be the best
case in which to look for isospin-forbidden vy
decay. The very low energies of the decay
particles (Emax = 0.6 MeV, EmMaX = 1,4 Mé&V)
lead one to €xpect a Wigner limit of about
0.2 eV, while T (M1) is likely to be about 0.2
to 0.4 eV, and FY (E2)’ if it were allowed, would
be ~ 1-3 eV.
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ALPHA-PARTICLE TRANSFER VIA THE (12, 8Be) REACTION:
APPLICATION TO STUDIES OF 160

G. J. Wozniak, K. H. Wilcox, H. L. Harney, and J. Cerny

With the advent of heavy-ion beams of suf-
ficient energy, numerous a-transfer reac-
tions* have been investigated as a means of
studying four-particle correlations. 1In this
paper we wish to regort a simple techinique
for the detection of ®Be which allows one to
study four-particle four-hole states in 16p
via a new a-transfer reaction, (1¢C, 8Be).

The 8Be nucleus in its ground state is un-
stable, with respect to breakup into two alpha-
particles. It has a breakup pperey of 92 keV
and a mean lifetime of =107 *° seconds. Methods
of identifying 8Be that have been previously re-
ported in the literature have relied on the sep-
arate detection of the two breakup a-particles:
either their tracks have been observed in nu-
clear emulsions? or they have been recorded
in coincidence in separate solid-state detec-
tors.

Our approach employs a conventional
AE-E telescope plus particle identifier. If
the two breakup alphas travel together through
a counter telescope, they will be identified as
a TLi. This can be seen as follows. The dif-
ferential energy loss of a particle with charge
z and velocity v in a given absorber may be
writtent

oo

z 2
—dY = —'—2- f(V );
v

where f varies logarithmically (hence slowly)
with v2. We obtain for a ‘Li with energy E

dE _ 9
<E><—>7Li = zEy7 LRE/T).

and for two « particles, each of which carries
half the energy E,

dE) _2X4
== = (E/4) .
<dx 8Be E/4

Because of the approximate equality:
£(0.286E) = £(0.250 E) = fo,

we have £

and £
dE 0
_— = 32 = -
* /8

The near equality of the last two expressions
demonstrates that the two breakup alphas will
be identified by their differential energy loss
as a 'Li. Similar results are obtained if an
identifier of the power-law type is used. >
Fortunately the Q value for the (12c, 8Be) re-
action is often much larger than that of the
(12¢c, 71i) reaction on the same target. (For
T, =0 tar%ets, the difference is = 15 MeV. )
Thus the (12C, 8Be) reaction may be observed
over a large range of excitation energy with-
out contamination from the (12C, 7Li) reac-
tion. ’

We have tested this approach for detecting
8Be particles with the 12C(12C, 8Be)160 re-
action. A 12C beam of 62.6 MeV from the
88-inch cyclotron was used to irradiate car-
bon targets of 150—|.Jng/c1rn2 thickness. Parti-
cles were detected in two 4-counter telescopes
consisting of silicon detectors whose thick-
nesses were 80p, 50u, 5001, and 5004. The
fourth detector rejected particles which pene-
trated it. A particle identifier® was fed by the
first three detectors. Our electronics were
as described in Ref. 5, except for one major
addition: Scattered 12C ions, which were
stopped in the first detector, saturated the
linear amplifier, thus causing pileup problems.
Saturating pulses were detected and eliminated
by using an updating discriminator whose out-
put inhibited the master gate of the identifier
electronics for 4 psec —the baseline recovery
time of the linear amplifier.

Only a small fraction of the 8Be particles
emitted into its solid angle were detected by
our setup. The two breakup alphas are con-
fined to a cone (in the laboratory system)
which is centered around the velocity vector
vg of the 8Be which forms an angle y given
by

v
vy = 2 arcsin Z_r_
V8

Here v, is the relative velocity of the two
breakup alphas. This equation may be re-

written as
_ . / Q
Y = 2 arcsin =
8
8

where Q is the breakup Q value of the "Be
ground state and Eg is the laboratory energy
of the 8Be. For Eg = 40 MeV we obtain

Yy = 5.6°. Our rectangular collimators sub-
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Fig. 1. Particle-identifier spectra showing

the 6Li and 7Li events recorded at 14° from

a 'Li target {curve A) and the 611 and 8Be
events recorded at 24° from a carbon target
(histogram B). (XBL 721-2174)

tended angles of 0.85° horizontally and 2.4°
vertically. Hence, a Be(g.s. ) whose c. m.
velocity vector vg is within the solid angle of
one of our telescopes has only a small proba-
bility that both of its breakup alphas fall inside
the collimator. For our geometry we have
calculated® a detection efficiency of

about 1% for Eg= 40 Meg. In contrast, our
efficiency for detecting °Be”in its first excited
state is calculated to be 1/25th as large, so
that the ''shadow-peaks'' which usually occur in
the spectra of heavy-ion reactions are much -
reduced.

Copious amounts of 6Li and 7Li reaction
?roducts formed by bombarding a ?:'OO—pLg/crn2
Li target with a 12C beam were used to cal-
ibrate the particle identifiers. Figure 1 pre-
sents particle identification spectra observed
while irradiating first a (Li target (curve A)
and second a 12C target (curve B)._ The peak
labelled 7Li contains only genuine 'Li events,
which is verified by the corresponding energy
spectrum in the upper half of Fig. 2, where
only transitions to 12C final states produced
by the 7Li(12C, 71.1)12C reaction are seen.

The particle identification spectrum labelled
(curve B) in Fig. 1 was produced by irradiating
a carbon target and observing the reaction
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Fig. 2. The upper half shows the energy spec-

trum of 'Li(12C, 7Li)12C and corresponds to
the TLi-peak of curve A in Fif' 1. The lower
half is the spectrum of 12c(1Z2¢c, 8Be)160 and
corresponds to the [8Be] -peak of histogram B
in Fig. 1. The excitation energies given on
the lower half of the figure are determined
from this experiment. See also Table I.

(XBL 721-2176)

products at O(lab) = 24°. Due to the kinematics
and the low-energy detector cutoff, no TLi's
from the 12C(12C, 7Li)'”F reaction could be ob-
served at this angle. Thus the peak in curve

B appearing in the 714 position contains only
8Be-breakup events, and all the peaks in the
corresponding energy spectrum in the lower
half of Fig. 2 result from the 12cac, 8Be)iéo
reaction. The observed resolution was 500 keV
FWHM, with the largest contributions arising
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Table I. Summary of the results of the present experiment. The first two columns list
the known states in 16O according to Ref. 9. The third column gives the excitation ener-
gies which we determined for the observed states. The fourth column gives the observed
cross sections as explained in the text.

States in 160 according toRef. 9 States in 16O observed in the present experiment at
6(1ab) = 14°
E " Ey b - (da/dg)zbserved
(Me V) (MeV) (pb/sT)€

g.s. ot -0.03 1.5
6.0502 ot , 6.07 8.2
6.13066 3"
6.9188 2t 6.92 6.6
7.11867 1” '
8.8717 27
9.597 1"

19.8469 2t
10.353 4t 10.34 16.0
10.952 0"
11.080 3t
11.096 4t 11.10 7.6
11.26 ot

(11.44) 3”
12.528 2"
14.39 4t

(14.53)
14.82 6t 14.67 18.0
14.922 4t
16.248 1t

16.23 6t 16.27 13.0
16.30 0(")

2+

16.407

2Cross sections for populating 16O final states are given in the ¢.m. system and are
averages of several measurements.

bErrors are quoted in the text.

©The cross sections could be uniformly in error as much as 50%.
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Fig. 3. Kinematics of the 12'C(iZC, 8Be)iéO

reaction as compared with the kinematics of a
hypothetical reaction 12(42,7)17. See explana-
tion in the text. (XBL 721-2194)

from the target thickness (350 keV) and the
kinematical spread (220 keV).

In order to provide further evidence that
the observed reaction is the (12C, 8Be) re-
action, we studied the energies of several 8Be
peaks as a function of the scattering angle. For
two peaks the result is given in Fig. 3, along
with two curves in each case;: a) the kine-
matics of the reaction 12C(iZC, 8Be)160 and
b) the kinematics of a hypothetical reaction
12C + 12C - mass 17 + mass 7 with the Q value
adjusted to match both curves at the laboratory
angle of 14°. The experimental points prove
that we are indeed detecting mass-8 particles.

Provided the peaks in our spectra are due
to the population of single states, we can de-
termine their excitation energy to £70keV. In
Table I we give the excitation energies and the
cxéoss sections at 6(lab) = 14° for the states in
160 as determined from our experiment and
compare them to the compilation of states
from Ref. 7. The cross sections are givenas
(do/dRQ)observed, which is the number we mea-
sured, and does not include the correction for
the “Be detection efficiency.

12 8 .

It appears that (" "C, Be)is a ''good" a-
transfer reaction in that the four nucleons are
transferred as a 0' -cluster, This is apparent
from comparing the (*<C, “Be) spectra to
those from ('Li,t), an example of an o -transfer
reaction, 8 and to those from (10B, Li), an
example of four-nucleon transfer without any
pronounced selectivity.

We do not observe the 2~ unnatural states

81

at 8.87 and 12.53 MeV. Hence, it seems that
only natural parity states are excited, as
should be the case for an a-transfer reaction.

Our spectra are dominated by the rotational
band based on the 6.050 MeV (0F) state, 10 which
contains the 6.919(2%), 10.353(47), and 16.24(6%)
states; they have essentially 4p-4h character
(see e. g., the introductory remarks of Ref. 11
and the references given therein). In addition
to this band we observe two strong states:

(a) the 11.096(4T) state, which shows up
strongly in 14N (e, d)160 and therefore was
suggested12 to have predominantly 2p-2h
character;

(b) a broad (800 keéV FWHM) state or a group
of states at 14.73 MeV which probably contains
the 6% state at 14.79 MéeV observed in elastic

@ scattering?3 as well as in 12 14N(a, d)160.
The population of the broad 5~ state at 14.6
MeV reported in Ref. 14 is unlikely, since it
would be a member of the odd-parity, 3p-3h
rotational band [ containing the 9.6(17),
11.63(3-), 14.6(5"), and 20.8(7") states], and
we do not find any evidence for the first two
members of this band. These results are verg
similar to previous ones from the t2¢c(’Li, t)160
reaction, 9 15 except that in the (12C, 8Be) re-
action the 11.096(4™) state is seen more
strongly. Also, we do not know the relative
population of the 6.050(0%) and 6.131(3") states,
since they are not resolved.

The four-nucleon transfer reaction?
12¢(10B, 6Li)160 populates all the above-
mentioned states, as well as states of com-
parable intensity at 8.872(27), 9.847(2%),
13.258(37), 15.2, and 15.6. MeV,

In summary, this qualitative discussion sug-
gests that (12C, 8Be) is a new a-transfer re-
action.
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AN EXPLORATION OF THE (HEAVY-ION, 6He) REACTION AS A
TECHNIQUE FOR MASS MEASUREMENTS

G. J. Wozniak, K. H. Wilcox, H. L. Harney, and J. Cerny

Recently, the fea31b111ty of uSiEg heavy ion-
induced reactions such as C, t) 9Mn to
measure the masses of un.known T, =(N- Z)/
2=-1/2 nuc1e1 in the 4f7/, shell, has been re-
ported. 1 We have atternpted to extend %l'ns ap-
proach andéhave investigated the (12 He)
and ( O, "He) reactions on *VCa as a poss1ble
technique for measuring the masses of the un-
known T, = -1 nuclei *°Cr and 50Fe. No
masses of nuclides in this A=4n + 2 series are
known above 42Ti.

A 12¢3% peam from the 88-inch cyclotron
with an intensity of 40 nA was used to irradi-
ate self-supporting 71Li(99.9%), and carbon
targets of 500-, 425-, and 75-pug/cm” thick-
ness respectively. The beam energy was mea-
sured with a high-resolution analysis magnet
and found to be 62.62+0.03 MeV.

Two similar counter telescopes and elec-
tronic systems were simultaneously employed.
The telescopes were mounted in an 18-inch
diameter scattering chamber at 14° on oppo-
site sides of the beam. Four phosphorus-
diffused silicon transmission detectors were
used in each telescope; signals from the fourth
detector were usedtorejectparticlestraversing
the first three. After a fast coincidence (50
nsec resolving time) among the first three de-
tectors restricted the origin of all allowed
events to a single beam burst, two particle
identifications were performed and compared

by using the signals from the two successive
differential-energy loss detectors (an 80-p
AE2 and a 56-p AE1) and the third 450-p E
detector.” Events in each system with accept-
able identifications were sent via an analog-to-
digital converter system to an on-line PDP-5
computer. Four parameters—the energy
losses (AE2, AE1) in each of the first two
transmission detectors, the total energy (E)
deposited in the first three detectors, and the
particle identification (PI)—were recorded for
each event. Following the experiment each

He event was analyzed in detail.

Both counter telescopes subtended a solid
angle of “1 msr and were entirely enclosed by
a thick tantalum shield, except for a colli-
mated 120- X 200-mil entrance window. This
shield was of critical importance in eliminating
large high-frequency oscillations in our ampli-
fiers. These oscillations were generated by
the shower of low-energy electrons produced
when the heavy-ion beam irradiated the target.

We monitored the elastic and inelastic scat-
tering of the heavy ions to ensure constant
beam energy (and beam type). Signals from
the AE2 detector were split after the preampli-
fier and one signal was fed into a AE2-singles
amplifier which had a dynamic range of 70 MeV.
Since the cyclotron used carbon d1ox1de gs its
source gas and because 12C 31 and 1op4+ have
an almost identical charge-to-mass ratio, mon-
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Fig. 1. Particle-identification spectra from
62.62-MeV 12C-induced reactions on targets

of 40Ca (top) and Li (bottom). The integrated
charges given in the figure are based on fully
stripped carbon ions. (XBL 721-2188)

itoring the beam engrgy was also a way to prove
the beam was c 3.

The reaction 7Li(iZC, 6He)i?’N was used to
calibrate the particle identifiers since it pos-
sesses a relatively high cross section
(3.6 ub/sr). Figure 1 presents particle—iden-
tification spe ctr% from 12C-induced reactions
on the 'Li and 49Ca targets. Pileup from a-
particle-proton chance coincidences falls just
above the °He region in the identifier spec-
trum. > The calculated position of the a-p
chance-coincidence peak is identical with the
observed position ang the a-p chance-coinci-
dence rate from the *0Ca target agrees
within a factor of 2 with the one calculated
from measured values of the o-particle and
proton counting rates in our detector systems.
Under our condjtions, the ratio of @-p chance
coincidence to ®He events from the 4%Ca tar-
get is ~3.5/1. However, their two identifier
peaks are well enough resolved that one can
eliminate most of the a-p chance coincidences
by requiring tight identification limits based
on the "He reference peak from reactions on
the Li target. The identifier peak labelled
71i in the top half of the figure includes a sub-
stantial fraction of ®Be events (see the pre-
ceding paper in this Annual Report).

Lithium-6 and -7 data from the 7Li£12c,
614)13¢, Tri(12¢c, "Li)12Cc and 12¢(12c,
6Li)18F reactions were used to establish an
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energy calibration. Our experimental resolu-
tion as observed from 18F states was ~ 400
keV. In addition, the 18Ne ground state pop-
ulated by the 12C(1ZC, 6He) reaction and the
unresolved 3.51- agd 3.55-MeV states in 15N
from the 7Li('lZC, He) reaction were used as
calibration points (Fig. 2,b, and c). Using
these energy calibrations and the expected
mass-excess of 46Cr of -29.53+0.05 MeV,
which was obtained from Coulomb energy sys-
tematics and theoretical calculations, ® we
have indicated the predicted position of the

Cr ground state gn Fig. 2a. No evidence of
population of the 46cr ground state is found in
these data. The absence of backgroungéin the
region of the predicted position of the *°Cr
ground state allows one to set an upper limit
of 60 nb/sr for the differential cross section.
The locations of the first three excited states
of 46Cr are also predicted, based on states
in its mirror *°Ti. Several events are pres-
ent in the spectrum where one would expect
the analogue of the second excited (4 ') state
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Fig. 2(a). A 6He energy spectrum arising
from the bombardment of 40Ca by 62.62-MeV
12¢C at 14° (lab). FEnergies given in MeV. The
integrated charge shown assumes fully stripped
carbon ions. :

(b). A 6He-energy spectrum from the
12C(iZC, 6He)18Ne reaction at 14°. Possible
transitions to the 18Ne(1.89-MeV) state lie
quite near the telescope cutoff.

éc). A 6He energy spectrum from the
711 (12C, OHe) 1°N reaction at 14°. Th
arrows indicate the region over which
particles could be observed.

He

(XBL 721-2189)
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é Furthermore, one sees transitions
to the Mg ground state and several of its
excited states from the ( He) reaction
on oxygen target 1mpur1t1es

The same detection system and method of
anal 51s w%re gsed in an attempt to observe
1:1'%> He) Ore reaction. A 65.0-MeV

+ beam w1th an intensity of ~10 nA was
used to irradiate a 100-pg/em? natural cal-
cium targe on a 25- g/crn2 carbon backing.
The 7Li{ 1 He) 17F reaction was used to
calibrate the particle identifier. No events
were observed at the predicted location of the

Fe ground state, for which the mass-excess
is expected? to be - 34.49+0.07 MeV. The
upper limit for_the differential cross section
populating the >~ Fe ground state was deter-
mined to be 300 nb/sr.

These esul}§ demonstrate that while the
12C(1 C, He) Ne reaction has an observable
cross section (do/df = 1.2 pub/sr) at 14° (lab),
the (1 C, 6He) and (1 0, ®°He) reactions on

40Ca have very low cross sections. There-
fore, a large increase in beam intensity and

a corresponding utilization of a more effective
subnanosecond pileup-rejection system will
be required before these heavy-ion reactions
can be used to produce T, =-1 nuclei in the
f7/2 shell.
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THE (a,2a) REACTION ON 44ca AND 40Ca AT E = 90 MeV

J. D. Sherman and D. L. Hendrie

Prehrrunary results from the (@, 2a) re-
action on the 40Ca and 44Ca isotopes are re-
ported here. These targets have been chosen
primarily because of the questions concerning
the a-particle structure of these nuclei. Pre-
vious @ knock-out reactions on targets with
even a rather low density of states in the low-
energy part of the résidual nucleus spectrum
have been bothered by poor energy resolution.
A major concern of this work is to maintain
sufficient energy resolution so that low-lying
residual states would be unambiguously re-
solved.

The 2e¢-coincident experiment was done with
a 90-MeV « beam from the 88-inch cyclotron.
Symmetric coplanar geometry has been used
for all measurements. Figure 1 displays the
pertinent kinematic variables. An indepen-
dently movable counter was constructed for the
36-inch chamber which previously had only one
independent remotely-controlled & motion. The
symmetric angles 25°-25° to 70°- 70° can now
be attained. The solid angles for the coinci-
dent detectors were nearly the same and equaled
approximately 1.5 msr. This corresponded toa
detector angular acceptazge of 1.2°, assuming
a point beam spot, The “~Ca target thickness
was 0.452 rng/clm2 and that of *¥Ca was 0.390
mg/cm Reaction particles were detected in
iden’cical counting systems composed of a 250-pm

phosphorous-diffused transmission detector and
a 3-mm Li-drifted Si stopping detector. Theen-
ergy loss in the transmission detector was used
to admit only Z =2 particles into the coincident
array. If all logical requirements are satisfied,
the two summed energies and a TAC logic signal
are transmitted to an on-line PDP-5 computer
through a multiplexer-ADC system.
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Fig. 1. Geometry and kinematic variables

which are appropriate for a symmetric, co-
planar experiment. (XBL 722-340)



0%y [ 36Ar C0,00)
04| [ ’

"l ]

}

- -
L
=
mf N
=~
3 D4p 407 C0,00)
w
.03l I
02| {
o ! {
32 36 40 44 4g b5z E!tMeVd
Fig. 2. Triple differential cross sections for

the 36Ar and 40Ar ground state kinematic
bands. (XBL 722-344)

This experimental technique has yielded
kinematic lines in the E1 + E2 vs E1 arrays of
agproximately 250 kéV FWHM in the 36Ar and
40Ar residual nuclei. The E1 projections of
transitions to 36Ar and 40Ar ground states at
6. = 35° are given in Fig. 2. The lack of
sharp peaks in this energy correlation indi-
cates the absence of sequential mechanisms
in this energy region, while the broad peak is
characteristic of a direct reaction or quasi-
elastic mechanism. Figure 3 illustrates the
projection of the kinematic lines onto the
summed energy axis. The various peaks cor-

Table I
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respond to states in residual nuclei charac-
terized by the energy Ty + T, = Tg + Q - TR-
This energy notation is summarized in Fig. 1
Figure 3 indicates that oxygen is a serious
contaminant in the Ca targets. Figure 3 also
indicates very little excitation strength of 40Ar
excited states whereas 36Ar excited states
clearly stand out. These spectra have been
analyzed up to approximately 5 MeV excita-
tion. Relatively few Ar states have been
identified since the random-chance background
makes the identification of weak states dif-
ficult.

The results of integrating the E1 projection
over the E1 energy range shown in Fig. 2 for
peaks associated with 36Ar and 40Ar is given
in Table I. The ground state transition to
36Ar is seen to have slightly greater strength
than the transition to the 40Ar ground state.
The major difference of transition strength
lies in the population of excited states. Table
I shows the low-lying excited states of 36Ar
are much more strongly fopulated than the
corresponding region in 40Ar. This indicates
that in a cluster model, 40Ca has significant
parentage in 36Ar [(excited state)+a]| whereas
most of the parentage in such a model for 44Ca
is in [40Ar (g.s.)+a]. A review of parentage
concepts in clustering has recently been pub-
lished.? A unique assignment of excitation en-
ergy to a peak in 30Ar at approximately 4.2
MeV has not been made, since there are sev-
eral known levels? in 36Ar near this energy.
The last line in Table I provides a sum of the
experimentally observed transition strengths
of all observed 36Ar states divided by a simi-
lar sum in 40Ar. The ratios are given as a
function of correlation angle. All errors are

Summary of triple differential cross sections

integrated over the quasi-elastic region as a function
of the correlation angle.

Residual E=  J3z2.8 |\ S d5dE, J7 1 gpi2

nucleus (MéeV) ) 25° 35° 45°

36Ar 0.00 0.696+0.160 0.623+0.117 0.070+0.017
1.97 0.663+0.146 0.207+0.063 0.039+0.023
~4.,2  0.423%0.113 0.158+0.055 0.012+0.007

404, 0.00 0.652+0.157 0.383%0.095 0.063+0.027
2.13 0.075+0.044 0.041%0.025

Ez 360027

L 2.45+0.64 2.33£0.64 1.92% 0.94

E
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Fig. 3. Projection of kinematic bands ob-
served in the 40Ca(a, 2¢) and 44Cal(a, 2a) ex-
periments onto the summed energy axis.

due to statistics. These results suggest that
40Ca may contain a factor of approximately
2.2 more clusters than the 44Ca nucleus.

The enhanced elastic scattering of
4 Cala,ag) over 44(3&(01,01 } in the back hemi-
sphere (81ah > 90°) has been given considerable
attention in recent work. 5 One theory5 con-
tends that the enhanced elastic differential
cross-sections in 40Ca arises from a scat-
tering factor that lies outside the average
optical-model potentials which fit this mass
region. This factor is hypothesized to a re-
pulsive a-cluster scattering from four-nucleon
clusters in the 40Ca nucleus. The second in-
terpretation® claims that certain high £ values
(> 12) which would normally be absorbed in the
nucleus and hence contribute to the imaginary
part of the optical model (OM) are instead
scattered in the elastic channel. This £-de-
pendent cutoff in the imaginary part of the OM
occurrs for smaller f-values in 40Ca than in
44Ca because of different (a,n) Q values for
these targets. Hence, the Cala, @g) cross
section is expected to be enhanced over
44Ca(a,ozo). The 40'44Ca(a,2a) results sug-
gest there is an enhancement of o clustering
in 40Ca compared to #%Ca, but it remains to
be seen if the observed relative magnitudes
of the o clustering can account for the
40—44Ca(a,a0) anomalies.

(XBL 722-343)

Besides offering the possibility of answering
questions concerning a clustering in nuclei, it
is hoped that good resolution (@, 2@) experi-
ments at medium o energies will stimulate a
better theoretical understanding of the reaction
mechanism. Considerable effort in this di-
rection has already taken place.
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AN INTERPRETATION OF THE STRONG AND WEAK 0t STATES EXCITED IN THE
142¢e(p,1)149ce AND 140Ce(p,t) 138Cce REACTIONS

J. D. Sherman, B. G. Harvey, D. L. Hendrie, M. S. Zisman, and B. Sérensen”

One year ago we reported our first exper-
imental results from a spectroscopic study of
the 140Ce and 138Ge nuclei by the (p,t) reac-
tion. * We were interested in testing the pre-
dictions of pair vibration theory4: - at the N =82
closed neutron shell. We observed certain de-
viations from the harmonic theoryz' as did
other experimenters™ who studied various tar-
get nuclei with A > 90 by the (p,t) reaction.
These experiments were performed at or near
a closed neutron shell. The experimental ob-
jections to the harmonic theory in these cases
can, perhaps, be summarized in two state-
ments: first, the theory does not always yield
the correct Q values for the states under con-
sideration; and secondly, the transition strength
is often split among a number of 0 levels.
However, it was recognized” that the pair vi-
bration state whose J"= 07 could mix with other
nuclear states of the same spin-parity. Such
a model was developed and theoretical calcula-
tions were carried out for the Zr isotopes.

The results indicated a better agreement be-
tween experiment and theory. We have applied
this model to the Ce experiment, ® and we now
describe these results.

Experimental details and the triton spectra
were presented earlier, 1 and we will got re-
peat that discussion. Levels of J"= 0" were of
primary interest for the comparison between
experiment and theory. Fortunately, angular
distributions of two-neutron pick-up reactions
with transferred angular momentum 1, = 0 are
quite characteristic at our proton energy. In
qur case the angular momentum condition
Jt = Lt + 5¢ v_gith the Lt = 0 value leads to an
immedTirate J assignment for the final state.
Five J = 0 assignments were made in Ce
on this basis for excitations up to 6.36 MeV.
These differential cross sections are given in
Fig. 1. Two LfS: 0 angular distributions
were found in 138ce up to 3.62 MeV excitation,
and these are given in Fig. 2. The solid curves
are two-nucleon DWBA calculations in which
one normalization has been used. The normal-
ization will be discussed in more detail below.

The proposed model provides a framework
in which the anharmonic pair vibration' may
couple with Tche}_‘ muclear excitations charac-
terized by J = 0. Henceforth this model is
referred to as a '""coupled anharmonic' (c.a.)
theory. It differs from the harmonic theoryin
two ways. First, anharmonic theory permits
interaction between the basic quanta of har-
monic theory.“ This may change (p,t) transi-
tion strengths significantly, but generally does
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not affect excitation energies very much. v
Second, the coupling part permits the wave
function of a given nuclear state to be com-
posed %)_f frigments of a basis set, all of which
have J =0 This coupling may have the ef-
fect of making significant shifts away from the
uncoupled harmonic (u. h.) theory's prediction
for the pairing vibration energy.? The coup-
ling also permits transitions to nuclear states
which would have been forbidden in a one-step
(p.t) reaction. This coupling is then seen to
dilute the transition strength to the pair vibra-
tion state, while allowing enhanced transitons
to other nuclear states. This has often been
the case experimentally. 4

We shall now give a brief discussion of the
basis set alluded to in the previous paragraph.
Figure 3 provides a compact summary of all
the components in the basis set. One compo-
nent is the anharmonic pair vibration which is
given the notation (0 0 ). It's excitation energy
is approximately 3.9 MeV. The ground state of
142Ce has the notation (0,) while the 138Ceg%.cs.)
is noted by (0_). Spin-parity 2 states in e
and 142Ce at 0.796 and 0.64 MeV excitation,
respectively, are given the notations (2_) and
(2,). Theie can couple to give a multiplet of
states in 1#0Ce with J=0 to 4 at E,=5.33 MeV
in the u. h. model. ¢ In the c.a. theory, a strong

splitting between the (0_0,) and (2 2) com-
. . PR v - +}9+ .
pgnents brings a main component of theoretical
0 excitation strength into energeti_ﬁ: agreement
with the experimentally observed 0 state at

3.23 MeV.

The two multiple phonon states (2+® 2+)0+
and (3" ®37) , are also components of the
basis set. 10hese are given the notation (ZZJ:O)
and (32J:0) in Fig. 3. The one-phonon multi-
pole vibrations are given the notations (2) and
(3). Their excitations (1.59 MeV and 2.46 MeV)
are frogn an inelastic alpha scattering exper-
iment. Four proton states of two quasi-par-
ticle nature®: complete the basis set. These
are given the notations (0,), (0,), (0,), and
(04)' 1 2 3

The mixing amplitudes are then calculated
by diagonalizing the Hamiltonian

e

H=H +H+H,+H
sp P

2 3

in the basis set described above. Hgyp is the
single-particle part, H, the pairing force,

and H,(y = 2, 3) the separable multipole forces.
A summary of the theoretical and experimental
results is given in Fig. 3. Experiment is nor-
malized to the 3.23-MeV state in 1 OCe, which
can be associated with the expected pairing vi-
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Theo. Expt, Theo, (0 Exp. Theo. Exp.
(u.h)
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Fig. 3. Summary of calculated and exper-

imental energies and (p,t) cross sections
compared at the maximum near 35° for the
selected states considered.

(XBL 719-4357)
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bration. ? Theory is similarly normalized with
the optical model parameters for the DWBA
calculations taken from the literature. » 11
After carrying out this procedure, the
theoretical ground state transitions are over-
estimated. These normalizations were re-
duced to 149 and 163 for 1 Ce(g.s.) and
138Ce(g. s.), respectively, when a different
set of optical model parameters still based on
Refs. 10 and 11 were used. However, these
parameters resulted in a poorer fit to the an-
gular distributions. The dashed lines of Fig.
3 joining the u.h. theory to the c.a. theory
indicate the dominant configurations of the c.a.
wave functions.

The 0+ states in 140Ce at 5.57 MeV(0'_0,)
and in 138Ce at 2.32 MeV (0') may be under-
stood as noncollective states predicted in Ref.
7. This is reasonable from an energetic view-
point since the 2.32-MeV state in 138¢e has
very nearly the same energy above its ground
state as the 5.57-MeV state in 140Ce has above
the pairing vibration.

Summarizing, the (p,t) reactions on the
142¢Ce and 140ce isotopes have revfale(%, as
in most previous cases for A2 90, " a J =0
level structure that deviates significantly from
harmonic p. v. theory. However, thedescribed
model calculation seems able to explain the re-
distribution of (p,t) strength from the harmonic
p-v. to a number of low-lying states, to give a
plausible reason for the large energy shif“E of
the p.v., and for the occurrence of two 0
levels in Ce (p,t) below the p.v. The 5.57-
MeV state is likely to represent the first find-
ing of a pair-analogue of a noncollective state
that was predicted in Ref. 7.
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ANOMALOUS BACKWARD a-SCATTERING

B. G. Harvey, D. L. Hendrie, J. Mahoney, J. Sherman, J. Steyaert, M. Zisman, G. Gaul,*
R. Santo,* R. Stock,* and M. Bernas'

The elastic scattering of a-particles by
40Ca, 39K and 36Ar at angles greater than
90° is anomalous in the sense that cross sec-
tions decrease more slowly than the exponen-
tial decay expected from diffraction scat-
tering. 1-3 por 4 Ca, the phenomenon has been
studied at energies from 18 to 42 MeV.

Two theories have been used to explain the

anomalous scattering. According to the £-de-
pendent absorption model, %: 5 the absorption

is reduced for partial waves exceeding the
maximum angular momentum L. that can be
carried away by the dominant channels coupled
to the elastic channel. The («¢,n) reaction is
considered to be the most important absorption
channel. The different thresholds for (a,n)
introduce an explicit isotope dependence.
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Fig. 1. Angular distributions for elastic

scattering of a particles from =V

0,42,44,48¢,

at E5 = 40.7, 45.9, 49.5, 65.6, and 72.3 MéV.

(XBL 723-421)
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Good fits have been obtained for K, Ca and
Ar at E, = 24 MéV. The f-dependent absorp-
tion effects should become less important,

and finally disappear, at energies above about
40 MeV.

Alternatively, it has been suggestedz’ 6
that the anomalous scattering arises from an
interaction between the o particle and a cor-
related T = 0 structure of four nucleons in the
target. 40Ca is known to have significant
4p-4h and 8p-8h components in its ground
state. ! The four (or eight) excited particles,
mainly in the otherwise empty f7{2 shell, are
not hindered by the Pauli principle from
adopting a highly correlated configuration that
maximizes their mutual binding energy, but
the neutrons already present in the f7/2 shell
in the Ca isotopes with A > 40 should hinder
the formation of the correlated structure.
Scattering should remain anomalously high in
40Ca up to E, ~ 100 MeV.
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Backward scattering was measured at the
88-inch cyclotron for 40, 42,44,48Ca at five
energies between 40.7 and 72.3 MeV. Above
49.5 MeV, the characteristic backward peaking
n 40Ca disappears (Fig. 1). Figure 2 shows
the results of a quantitative test for the anoma-
lous scattering. Optical model fits were made
to the **Ca angular distributions. KExperi-
mental and optical-model cross sections were
integrated from 117 to 160° (c. m. ). Figure
2 shows that at all energies the 40Ca cross
section is 5 to 10 times greater than either
44Ca or the optical model predictions.

The experimental results therefore favor
the four-nucleon correlation model over the
£ -dependent absorption, but clearly more ex-
perimental tests are required.
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HIGH-SPIN PROTON STATES OBSERVED IN THE 90Z¢(¢.t)2Nb AND 92Mo(a,t)937T¢ °
REACTIONS AT 50 MeV ™

M. S. Zisman and B. G. Harvey

In recent years there have been many stud-
1es of pro%% configuratlorés in the N =50 nucl i
INb and 7°Tec using the ("He, d) reaction.
The states expected in proton transfer to 7¥Zr

and 92Mo are g9/2’ g7£2’ d5/2, d3/2, s4/21
and possibly hy47;. The (°He,d) reaction,

however, preferentially populates the lower-
angular-momentum states (i.e., £=0, 2) and
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Table I. Levels observed in the 90Zr(oz,t)(MNb reaction at 50 MeV.
(a.t) 3 , ‘
Levelsa b Levels a { I—(Iie,d) 2 4 91Mo(g.s.)decag
observed Intensity observed ™’ £ c“s levels observed
(Me V) (mb) (Me V) p (MeV)
1 0.0 3.441 0.0 4 0.918 -
2 (0.103)f 0.144 0.103 1 0.430
3 1.29 0.0388 1.31° 1 0.048h
: 1.581
4 1.60 0.073 1.60 1 0.078h 1.637
1.791
5 1.82 0.0698 1.84 3 0.058h
6 1.95+£0.04 Weak, 1.96 2b 0.0140
7 2.30 0.0431 2.34 1 0.047h .
8 2.39%0.03 Weak, (2.391))
9 2.53 0.032} 2.531
0 2.61 0.023K 2.621 Weak! 2.631
K 2.792
2.77 0.012 .
2.90 0.074 2.921 Weak
3.01 0.036™ : 3.028
3.07y 2 . 0.035
3.12+0.04 Weak 3.11 3.149
3.187
3.37 0.218 3.36 2 0.388
3.65+£0.04 0.027% 3.66 2h 0.023h
3.837
: 3.886
3.92% Weak™ 3.916
3.954
3.99
‘ 4.11 0 0.055
4.18 0.107 4.18 (2) 0.020 4.179
4.23 (2) 0.008
4.30 2 0.023
4.39 0 0.160
4.49 2 0.043
4.61 2 0.013
4.70 2 0.033
4.77£0.03 0.2328 4.77, 4 0.343
4.80
4.85
4.89+0.03 0.0968 4.90
4.95
4'99} (0) 0.055
5.02°+0.03 Weak 5.04 0 0.040
5.14%0.03 0.067 5.17 (0) 0.080
5.24 2 0.133
5.34£0.03 Weak 5.33 0 0.090
5.44 2 0.165
5.57 (0) 0.035
5.64 0 0.060
5.74 0 0.020
5.80 0 0.120
5.86 0 0.045
5.95+0.05 (0.1)° 6.01 4 0.500
6.09£0.05 Weak 6.09 2 0.075
6.17 2 0.103
6.245" (4)" Weak"
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(Table I (continued)

#Excitation energy +20 keV except as noted. The Q value for the reaction was assumed to be
-14.643 MeV. .

bIntegra’ced from 6, .~ = 12.5to 57° except as noted.
“Excitation energy 15 keV.,

dTaken from Ref. 2 except as noted. All [ =2 levels up to 5.44 MeV are assumed d5/2. All f=4
levels except the ground state are assumed g7/2

®Taken from Ref. 8. Only those levels believed to be populated in the g. s. (9/2+) decay are in-
cluded. All energies =1 keV or less. The upper limit for the decay is about 4.4 MeV.

fNot resolved.

®integrated from 6. ,, = 12.5 to 52°.

hTaken from Ref. 4. All f£=1 levels except 0.103 MeV are assumed P3/2° The 1.85-MeV level
?s assumed f5/2. '
'Integrated from Oc . = 12.5 to 36.5°.

IThe existence of this level was uncertain.

kIn’cegrated from 6, ,, = 12.5 to 42°.

'aken from Ref. 1.

= 12.5 to 42°.

mlntegrated from Oc. m.

“Taken from Ref. 6.

°Observed at only three angles. The average differential-cross-section ratio to the 4.418-MeV
level (~0.9) was used in obtaining the intensity.

thus is not a very efficient method for locating
high-spin states such as g . g , or h .
On the other hand, the largge ZrnorrZégtum tr%ﬁ’l/sz-
fer in the (o, t) reaction, compared with that
in the (“"He, d) reaction, favors the excitation
of high-angular-momentum proton states

[Q XR~ 6 for the (a,t) reaction]. A compar-
ison of the relative strengths of states observed

200 ———T T .
80 k-1
| EE Zr (a,t)”'Nb
P | Eq =50 Mev
1601 6= 30° 7
| 5 8000 pC |
120} 18 ]
2 | |
3
o *N (0.0) 2
8ot b
20
24 \yd
L 2 4
3 22
4o}u g
o |
460 7 sdo ' ebo ' 7bo ' 8bo | 9b0 '
Channel
Fig. 1. Triton energy spectrum from the

90Zr(a,t)91Nb reaction at 6, =30°. The peak
numbers correspond to excitation energies
given in Table I. (XBL 713-3116)

in both the (3He, d) and (o, t) reactions should,
therefore, give some inforéfnation on the loca-
tion of £=4 or 5 levels in ?INb and 93Tc.

The experiment was performed with the 50-
MeV «-particle beam of the Berkeley 88-inch

.cyclotron at a beam resolution, AE/E, of

0.04% . The targets were self-supporting
metal foils of 90Zr (enriched to 97.8%) and
92Mo (enriched to 98.3%) whose nominalthick-
nesses were 0.20 and 0.30 mg/cm , respec-
tively. Absolute cross sections are accurate
only to + 50% but relative cross sections for
each target should be correct to +15%. Tritons
were detected with two counter telescopeseach
consisting of a 0.25-mm phosphorus-diffused
silicon AE and 5-mm Si(Li) E detector and
identified with a Goulding-ILandis particle iden-
tifier.

" A triton spectrum of the QOZr(a,t)giN'b re-
action at 0y = 30° 1is given in Fig. 1. The
resolution is 50 keV full width at half max-
imum (FWHM). The spectrum is dominated
by the gg{ ground state (level 1) which is a
factor of g more intense than any other single
level in the spectrum. The excitation energies
of states observed in this work are given in
Table I. The results agree, in general, with
those of Vourvopoulos et al.
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Table II. Levels observed in the 92Mo(o:,t)93Tc reaction at 50 MeV.
(@, ) CHe, a)® (CHe, a)®
Levelsc d Levels 2 e Levels 2 e
No. observed  Intensity observed b4 c”Ss observed £ c”s
. _(MeV) (mb) (Me V) P (MeV) P
1 0.0 3.709 0.0 4 0.67 0.0 4 0.50
2 0.39 0.118 0.390%0.010 1 0.30 0.396+£0.005 1 0.38
3 0.68 0.040 0.660+0.020 Weak 0.66) Weak
4 1.18 0.019 1.490+0.015 1 0.03, 0.04 41.21 *0.020 1 0.034, 0.015
5 1.42+0.03 0.037
6 1.51 0.044 1.500%0.015 1 0.10, 0.04 41.500£0.040 1 0.42, 0.052
7 1.78 0.055f 1.780£0.020 1 0.42, 0.05 1.788+0.040 1 0.11, 0.048
8 2.14 0.097 2.130+0.020 Weak 2.134+0.015 3 0.0458
9 2.59+0.04 0.082 2.565%0.020 2 0.04, 0.02 2.556%0.015 2 0.037, 0.019
10 3.10 0.091
3.170£0.020  (2) 3.147+0.015 2 0.034, 0.018
11 3.36 0.390 3.360£0.020 2 0.78, 0.38 3.343+0.015 2 0.78, 0.41
12 3.58 0.064 ‘
13 3.91 0.245 3.910£0.020 2 0.09, 0.05 3.89 %0.020 (2) (0.14, 0.06)
4.110£0.020 (0)  (0.15) 4.09 £0.030 0 0.23
14  4.15+0.04 0.059%
15  4.37 0.192f 4.43 4.39 £0.040
16  4.47 0.066h
17  4.67+0.03 0.07%.
18  4.77+0.03 0.087! 4.79 4.76 +£0.030
19  4.90 0.166 4.92 4.88 +£0.030
5.02
20 5.20£0.03 0.097R 5.18 5.170%£0.015 1 0.23, 0.083
5.33 5.302+0.015 2 0.059, 0.032
5.49 5.50 +0.040 (2) (0.054, 0.028)
5.65 5.64 +0.040 2 0.035,.0.019
21 6.01%0.03 0.16b 5.98 +0.040 (5) (0.079)
22 6.17£0.03 0.47" 6.24 +0.040
23 6.44+0.04 0.14B

&Taken from Ref. 1. No spectroscopic information is given for levels above 4.110 MeV.

bTaken from Ref. 5.
®Excitation energy *20 keV except as noted.

dlntegrated from 6. ., = 12.5 to 57° except as noted.

®When two values are listed the first corresponds to j = £- 1/2 , the second to j= £+ 1/2.

fIn’tegra‘ced from 6, 12.5 to 52°.

EAssumed f

h 5/2°
“Integrated from 6 _ = 12.5to 36.5°.
TIntegrated from 6, .. = 15.5to 52°.

J
Assumed h'ii/Z'
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Figure 2 shows angular distributions of two
of the stronger final states (levels 15 and 17)
both of which are assigned £=2 in (3He d).2
The shapes of the two curves are slightly d1f—
ferent at forward angles: the 3.37-MeV angu-
lar distribution flattens out while the 4.18-MeV

angular distribution is steeper. This steep
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2o (a,1)%%1c 7
! €q= 50 MeV
G, =15°
4000 pC 1
4
o : T T . e
400 sdo 500 280 800 sdo

Channel
3. Tr1ton energy spectrum from the
92Mo(oz t)9 Tc reaction at 61;/ 15°. The peak
numbers correspond to excitation energies
given in Table II. (XBL 7143-3117)
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Fig. 4. Angular distributions of tritons from

the 92Mo(a,t) 93Tc reaction leading to the
3.36- and 3.91-MeV levels. Statistical erros
are shown for each point. The curves have

no theoretical significance.
(XBL 713-3114)

angular distribution shape is also observed for
the ground and 4.77-MeV states, which are
both assigned £ =4.2'°® Another discrepancy
with the £ =2 assignment for the 4.18-MeV
lgvel comes from its strength: bzsed on

He, d) spectroscopic factors, it is too
strong relative to the 3.37-MeV level by a
factor of between 14 and 20. Additional ev-
idence for the existence of a high-spin level
at this energy comes from a study of the
91Mo /2 ) B- decay8 which populates a weak
level at 4.179+0.001 Me'V. Cons1derat10n of
B- decay selection rules suggests that 9/2
7/2 , or 11/27 states are the most likely
possibilities to be seen in (a,t). This would
then correspond to £=4 or £=5 proton trans-
fer.

A 92Mo(oz,’c)gz'Tc spectrum is shown in Fig.
3. The resolution is 55 keV (FWHM). Here
too the spectrum is dominated by the ground
state ( A summary of the levels ob-
served 114%h1s work is given in Table II. The
excitation energies determined here ag1ree
generally with those found previouslg
the Mo(a, t) data, as was true for Ozr a,t),
there is one level, at 3.94 MeV, whose
strength is inconsistent with its £ =2 assign-
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ment. T The angular distribution of this state
(level 13) and that of the 3.36-MeV £ =2 state
(level 11) are shown in Fig. 4. The forward
angle behavior of the 3.91-MeV level is diff-
erent from that of the 3.36-MeV £ =2 state;

it corresponds more closely to the shape of
the £ =4 ground state. Moreover, the strength
of the 3.91-MeV state relative to the 3.36-MeV
state is 4 times that expected from the (3He,d)
spectroscopic factors.1,5 Thus, based on the
comparison of the (3He, d) and (o, t) results,
both the ?INb 4.18-MeV and 93Tc 3.91-MeV
states may be =4 or 5 proton levels.
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HIGH-SPIN LEVELS OF 92.93.94.96N,, AND 94Tc POPULATED WITH THE
{a,d) REACTION AT 50 MeV"

M. S. Zisman and B. G. Harvey

The 900 94,92, 94, (92,93, 94, 96,

92M0(&,d)94TC reactions have been investi-
gated with a 50-MeV «-particle beam from the
Berkeley 88-inch cyclotron in order to search
for high-spin states in the A =90 mass region.
As in previous («, d) experiments, 1 the three
criteria used to identify («, d) states of the
same configuration are: (a) large cross sec-
tion in («,d), (b) similar angular distribution,
and (c) regular dependence of the Q-value for
forming the level, Qf, on mass number.

Large {«,d) cross sections were observed
for two levels in each of the even-A niobium
an%%e chnetium isotopes and for two multiplets
in ““"Nb. Figures 1 and 2 show spectra for the
9OZr(oz,d)gsz and 92Mo(oz, d)94Tc reactions
at 9£=20°. The resolutions were 50 and 65
ke Vfull width at half maximum (FWHM), re-
spectively. Summaries of levels seen in the
two reactions are given in Tables I and II. In
each spectrum the sround state and one excited
state (2.58 MeV in 72Nb, 2.68 MeV in 94T¢)
are strongly populated. Angular distributions
for these strong levels are shown in Figs. 3
and 4. As can be seen, the two ground states
and two excited states have very similar angu-
lar distributions. The 92Nb ground state is
known? to be 77 and the 94Tc ground state has
been assigned® 6' or 7'. Based on the (e, d)
results a 7 assignment is indicated, in agree-
ment with shell model predictions. =:

A summary of the Q values for formation
of these two groups of levels in (o, d) is given
in Table III. Neither of the two groups seen
here displays the regular Qf vs mass depen-
dence seen previously. * It is clear that the
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given in Table I. (XBL 718-4112)
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Table I. Levels observed in the 90Zr(oz, d)92
reaction at 50 MeV.
No. Levels observed® Intensityb
(MeV) (mb)

1 0.0 0.278

2 0.13 Weak

3 0.21 Weak

4 0.28 0.025

5 0.36 0.069

6 0.49 0.01

7 1.08 0.022

8 1.75 0.03

9 2.03 0.019
10 2.15 0.051
11 2.28 0.097
12 2.47 0.166°
13 2.58 0.345
14 2.81 0.047¢
15 3.72 0.057
16 3.81 0.040
17 3.92 0.053
18 4.45 0.044
19 4.83 0.054d
20 5.62 0.124
21 (6.0 £0.4) --

%Excitation energy error *+30 keV except as

noted.

bIntegrated from 6
except as noted.

c.m.

Integrated from Gc. m

dIntegra’ced from 6
c.m

i

12.4 to 56.8°

12.4 to 51.7°.
12.4 to 31.1°.
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Table II. Levels observed in the 92Mo(oz, d)94Tc
reaction at 50 MeV
a ... b
No Levels observed Intensity
(MeV) (mb)

1 0.0 0.336

2 0.10 0.040

3 0.21 0.083
4 0.34 Weak

5 0.45 0.027

6 0.93 0.040

7 1.22 0.039

8 1.30 0.042

9 1.41 0.040
10 1.64 0.045
11 1.74 0.439
12 2.14 Weak
13 2.35 0.409¢
14 2.43 0.04

15 2.68 0.446
16 2.86 0.083
17 2.95 0.06

18 3.08 0.4117
19 5.07 0.09¢
20 5.24 0.4183
21 5.38 0.197
®Excitation energy+30 keV.
Plntegrated from 6_ = 12.5to 56.9° except
as noted. )

Integrated from 6 m. - 12.5 to 41.6°.
Integrated from 9 m. 12.5 to 36.2°.
Integrated from 9 = 12.5 to 51.9°.

c.m.

lack of regularity in Q¢ is not due to a failure
of the reaction to selectively populate specific
shell model configurations, since the 77 levels
(which correspond to the levels labelled Ey

in Table III) have been 1derg:1f1ed in all but one
case by other reactions. Since both
groups show the same Q-value dependence (i.e.,
the relative energy difference between the two
groups remains nearly constant at about 2.4
MeV) it seems reasonable to associate the
levels listed as E, in Table III with a specific
shell-model state in spite of the irregular Qg
vs A dependence.

In this mass region there are a number of
high-spin proton-neutron configurations which
might be strongly populated in (@,d). For
example, the (1 g / ,vd 2)7+ configuration is
selectively popula? gi in tﬁe (o, d) reaction in
all of the cases studied here (see Table III).

Other possible high-spin states, to which the
higher (e, d) group might correspond, are



Table III. Q Values of Strong (o,d) states.

Final E 1a Q1b EZ sz
nucleus (MeV) (MeV) (MeV) (Me V)
0y 0.69¢ -12.79 3.11°  -45.21
92N 0.0 -13.03 2.58  -15.61
Kl S 0.0 -13.37 2.68  -16.05
ENS 0.08  -12.89 2.42  -15.23
%Nb  0.23  -12.60 2.38  -14.75

Trg(z}/z, vd5/2) + states. All levels except

the Tc ground state have been assigned 7t
by other groups. See text.

bCrround state Q values taken from C. Maples,
G. W. Goth, and J. Cec;gly, Nucl. Data A2,
429 (1966), except for Nb, which is inferred
from S. Antman, H. Petterson, and Y.
Grunditz, Nucl. Phys. A110, 289 (1968) and
S. Antman, Y. Grund1tz, A. Johansson,

B. Nyman, H. Petterson, and B. Svahn,

Z. Physik 233, 275 (1970).

€Obtained from 88Sr(oz,d)90Y data, M. S.
Zisman, E. A, McClatchie, and B. G. Harvey,
Lawrence Radiation Laboratory Report UCRL-

19530 (1970), p. 100 (unpublished).
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Fig. 4. Angular dlstrlbutlons of deuterons
from the 72Mo(a, d)94Tc reaction leading tothe

0.0 and 2.68 MeV states. Statistical errors
are shown for each point. The solid lines
through the data points represent smooth curves
drawn through 816 exper1menta1 angular distri-
butions of the 7 (@, d)? ZNb reaction leading
to the ground and 2 58-MeV states (see Fig. 3).
(XBL 718-4105)

(“g9/2’ v g7/2)8
+, g7/2) +, and

(m g9/2’ vhyy/2)107
(dg /) &+, ("g7/2’ vdg ol

(m g7/20 Y h In order to determine
whlc posmbﬁ(’cles are reasonable, simple
shell-model calculations, based on_the method
outlinded by Brody and Moshinsky, ~ were per-
formed with the code PHYLIIS. 7 A Gaussian
potential employed by True "~ was used and the
oscillator parameter was obtained by normal-
izing the calculation to the empirical residual
interaction for the 92 Nb ground state, -0. 679
MeV. This procedure ykelded an oscillator
parameter v=0.156 fm Since the hyq/2
neutron level is actually in a different oscilla-

Fig. 3. Angular d(ﬂ:rlbutions of deuterons
from the ? Zr(oz d)’“Nb reaction leading to
the 0.0 and 2.58 MeV states.
are shown for each point.
theoretical significance.

Statistical errors
The curves have no
(XBL 718-4102)
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Table IV. Summary of shell model calcula-

tions for the two-particle states in 72Nb.
. . ™ a b
Configuration J VRES EX
(MeV) (MeV)
+
(Trg9/2, vh11/2) 10 -1.263 >2.10
(-1.472)¢  (>1.89)¢
+
("g9/2’ vg7/2) 8 -1.098 2.35
(d5/2)2 st _1.129 3.75
+
(1'rg7/2, vd5/2) 6 -0.543 5.66
(g7/2)2 7T 1.268 7.70
('n'g7/2, vh11/2) 9 -0.975 > 7.90
(-1.136)¢ (> 7.74)¢

#Calculated with a gsingle oscillator param-
eter v =0.4156 fm~% except as noted.

bBased on single-particle energies surmma-
rized in Table V.

“Calculated wiih oscillator parameters 0.456
and 0.4184 fm™" for the proton and neutron,
respectively. .

tor shell than the other particles, a modified
calculation with different oscillator param-
eters for the two particles was performed
using the code NAOMI. 9 The generalizedtrans-
formation brackets are expanded in terms of
standard Moshinsky brackets8 using a formula
derived by Gal. 11 The results of both calcula-
tions are given in Table IV. The single-particle
energies required to calculate the excitation
energies are taken from single-nucleon trans-
fer data12, 13 and are listed in Table V.

Based on the results in Table IV, the most
likely configurations for the 9eNb 2.58-MeV
level are (v g , vh Y40- and (7 g s
v g7/2)8+. Ags/zcan beiigezegloin Table IV?/ghe
calculated interaction energies are quite sim-
ilar for all of the configurations considered
here. Thus, the predicted excitation energies
depend strongly on the single-particle energies
but are not particularly sensitive to the choice
of oscillator parameters.

Table V. Single-particle energies for A = 91.

a . b A

91N‘b (MZr

(MeV) (MeV)
g9/2 0.0 --
d5/2 4.20 0.04
51/2 5.27 1.66
d3/2 6.43 2.76
g7/2 5.52 2.77
h11/2 -- >2.68

®Taken from Ref. 12.
bTaken from Ref. 413.
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MULTIPOLE DEFORMATION OF 238y

D. L. Hendrie, B. G. Harvey, J. R. Meriwether,* J. Mahoney, J. C. Faivre,'r and D. G. Kovar

The ability to measure details of nuclear
deformation to multipoles higher than qua-
drupole by means of a-particle inelastic scat-
tering has been well demonstrated in perma-
nently deformed rare earth nuclei. *» ¢ At-
tempts to extend these measurements to the
interesting actinide region of permanent de-
formations were thwarted by experimental dif-
ficulties—the inability of solid state detectors
to resolve the more closely spaced energy
levels in these nuclei. Meanwhile, several
theoretical predictions for the moment of
actinide nuclei and experimental results using
other techniques have been published. The
interest in the problem is intensified, because
both theoretical5predictions 2,3,4 and exper-
imental results 5 6 show variations of up to
one order of magnitude for the Y3 moment of
uranium.

Our experiment measured the angular dis-
tributions in elastic and inelastic scattering
of 50-MeV « particles by 238U, utilizing the
new magnetic spectrometer!for detection of the
scattered alphas. Differential cross sections
were measured for levels in the ground state
rotational band up to 8%. The target was made
by evaporating 75 pg of uranium metal onto a
50-pug carbon backing. Beams of up to 1 pA
were prepared by the high-resolution mag-
netic analysis system,delivered onto the target,
and collected and measured in a Faraday cup.
The quantity of beam on target was also mon-
itored by a solid-state detector placed at 20°
with respect to the incident beam. Detection
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Fig. 1. Sample spectrum of the "*"U (o, a')

reaction at 48 °(lab). (XBL 723-2531)
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Fig. 2. Differential cross sections and

coupled-channel calculations. The optical
parameters for the calculations are the same
as in Ref. 1. (XBL 723-2530)

of scattered alphas at the focal plane of the
spectrometer was made by a position-sensitive
silicon detector (1-cm high by 5-cm long) ob-
The energy
resolution of the entire system was 16 keV at
forward angles, changing slowly to 20 keV at
the most backward angles, where target-
thickness effects become more important.

The data were taken in two independent
runs. Sca’cter'é1§ from a target contamination
of about 10% 182% obscured the 238U levels
for several angles in the first run. This prob-
lem did not repeat in the second run; the re-
sults from the two runs reproduced well where
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Table I. Table of deformation parameter for this work and in the
recent literature. The parameters are defined by describing the
nuclear surface as R = Ro(1+ By Yyt {34 Y40 * Bg Y60). ,. The
radius common to all values in the table 1s Ry = 1.2 A 1/3 Fm.

62 [34 [36 Reference
0.23 +0.01 0.055+0.01 -0.018+0.01 This work
0.015 .
0.23 +0.01 0.017 _0'030} -0.015 {p, p') Ref. 5
0.235+£0.006 0.100+£0.028 --- Coulomb exci-
tation, Ref. 6
0.220 0.071 - Theory, Ref.2
0.200 0.075 --- Theory, Ref. 3
0.267 --- --- Average with-

out B, Ref. 10

they could be checked. A sample spectrum
from the second runis shown in Fig. 1. The
resulting angular distributions are shown in
Fig. 2. Also shown in Fig. 2 are the results
of a coupled-channels calculation using the
program of Glendenning. Expansions and
numerical sums were carried to convergence
so that the only approximations involved in

the calculation are those inherent in the model
itself. The optical parameters chosen were

the same as were used in the rare earth work;9

varying these slightly did not change the val-
ues extracted for the deformation parameters.
Estimate of the errors were made by making
several independent calculations with altered
parameters.

Table I lists the value of the deformation
parameters obtained from our work and from
other recent theoretical and experimental re-
sults. Our results are in fair agreement with
the theories of Refs. 2 and 3, but disagree
markedly with the two other experimental val-
ues.
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A STUDY OF SECOND-ORDER PROCESSES IN THE 238y(p,1)236u REACTION

D. G. Kovar, B. Mayer, M. Marinescu, B. G. Harvey, M. S. Zisman, F. G. Puhlhofer,
F. D. Becchetti, J. Mahoney, A. Giorni, R. J. Ascuitto, N. K. Glendenning, and B. Sérensen

There has been considerable interest in the
importance of higher-order processes in one-
and two-nucleon transfer reactions such as
(p,d) and (p,t). In recent coupled-channels
studies of transfer reactions on spherical
nuclei Ascuitto, et al. 1 found that while the
two-step processes via inelastic channels can

be important, there was no conclusive evidence.

In their more recent studies 2 on deformed nu-
clei, however, they found clear evidence for
two-step processes which significantly affect
both the magnitude and the angular distribu-
tions of the (p,t) cross sections for the 07, 2t
and 47 members of the ground state rotational
bands. While these results are impressive, it
is of interest to determine whether one can use
coupled channels to analyze data for higher
members of the ground state band such as the
67 and 8" members, as well as members of
excited bands.

In the pre seng study we have investigated
the 238U(p,t)23 U reaction in order to obtain
such information. Previous studies of the
effect of inelastic channels have been confined
mostly to nuclei with smaller mass numbers.
Here we extend the study to a heavier mass

region. The experimental information on the
deformation parameters for U is avail-
able, as are the nuclear structure calcula-

tions needed for the structure factors used in
the calculations. The study is at present par-
ticularly interesting in view of the results of
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from the (p, t) reaction on
beam of 25 MeV.

The spectrum obtaziélg,(% at'g-,L = 35; )
with a proton
(XBL 723-2533)

Maher et al. 5 from the study of (p, t) Leac-
tions in the actinide region (iniluding 2 U)
which revealed that the first 04 state (~900
keV) in these nuclei was populated unusually
strong. These studies, made near the Coulomb
barrier (E_ =17 MeV), reported the angular dis-
tributions "for only the 0" and 2" members of
the g.s. and excited bands. The angular dis-
tributions were not fit well by the DWBA cal-
culations. In the present study, made at a
higher bombarding energy, angular distribu-
tions for the (p,t) reaction leading to members
of the g.s. band up to 67 and to members of
the excited-state band have been obtained.
Tentative results are given here.

The 238U(p, t)236U reaction was studied by
using a 25-MeV proton beam from the 88-inch
cyclotron. A Spo% target (100 pg/cm?) en-
riched to 99.9% 238U on a 10-pg/cm? carbon
foil was used. The tritons were momentum-
analyzed in the Berkelev uniform field
spectrometer  and detected by two 300-micron
position-sensitive detectors (10 X 50 mm) sit-
uated in the focal plane to cover the excitation
range in 36U from the g.s. to 0.45 MeV and
from 0.85 to 1.35 MeV. The position spectrum
obtained at 35° is shown in Fig. 1. Typical
energy resolutions of 15 to 20 keV were ob-
tained.

The well known 07 (g.5.), 2145 kev), 4t
(150 keV), and 6+(309 keV) members -Pf the
g.s. band, and the 07 (920 keV) and 27(959
keV) members of the first excited band in 2360
were observed and their angular distributions
obtained in 5° steps from 45° to 60°(Fig. 2).
In addition, several other states not reported
in the previous (p,t) study were observed at
excitation energies above 1 MeV. Some of
these states 3R be identified with levels pop-
ulated in the ¢3°U(d, p) reaction. ! A compar -
ison of the angular distributions for the two
0% and the two 27 states (Fig. 2) reveals that
while the maxima and minima remain in the
same position, the oscillatory structure of the
angular distributions for the excited band mem-
bers appears to be significantly damped when
compared to those of members of the g. s. band.
A theoretical analysis of these results using
the coupled-channels procedures of Ascuitto
et al. isin progress.
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238 (p,1)2%8y References
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INTERFERENCE EFFECTS IN HEAVY-ION INELASTIC SCATTERING

F. D. Becchetti, D. G. Kovar, B. G. Harvey, J. Mahoney, F. Puhlhofer, M. Zisman,
B. Mayer, M. Marinescu, J. R. Meriwether, S. W. Cosper, J. D. Sherman, and A. Giorni

At bombarding energies above the Coulomb
barrier the forces responsible for inelastic
transitions consist of a long-range Coulomb
term and a short-range nuclear term. Since
the sign and phases of these terms differ, one
often observes interference effects. 1 Such
phenomena are expected to be sensitive to the
details of the nuclear force.“ In heavy-ion
inelastic scattering, the Coulomb and nuclear
forces are comparable and interference effects
are large.

A series of experiments using the 16O -beam
from the 88-inch cyclotron has been initiated
in order to study these effects. Scattered par-
ticles were detected and identified using a six-
wire proportional counter in the focal plane of
the magnetic spectrometer (see Sec. IV). The
energy resolution was betwegn 1O£)O§nd 300 keV
(FWHM). A spectrum for + Pb at
Eq = 104 MeV is shown in Fig. 1. The levels
reported in (p, p) are also indicated together
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Fig. 1. An 160 spectrum obtained from 160+

208pp at Ej, =104 MeV. The counts vs posi-
tion spectrum from a single wire of the focal-
plane proportional counter is shown. The
levels in Pb observed in (p, p') are indi-
cated along with the transition strengths.

: (XBL 723-2536)

2Ioepb( IIGO |e;o')2oepblI !
= E =104 MeV 3
- —~— Coulomb excitation ]
u —e— Nuclear b
r —— Coul. exc. + nuclear 7
' 3 (2.6 MeV)

(0.0 A =o.067 —~ E
R ]
Ke)

& \
= - \ _
N\
S !
5 1 1
he) - -
1.0
O.l L i
20 30 40 50 ©0 7O 80 90
B.m.(deg)
Fig. 2. A comparison of the experimental

data with DWBA calculations, using nuclear
and/or Coulomb excitation form factors. The
values of B; deduced are indicated. The
values given in Ref. 3 are B3 = 0.085 and

Pg = 0.051. (XBL 723-2534)

with tl'ée transition strengths in Weisskopf
units.

DWBA calculations for 208Pb(ié() ’160)
have been performed using a version of the
program DWUCK#% modified to use 140 partial
waves. The form factor was taken to be the
sum of the Coulomb excitation term and the
first derivative of the optical model potential.
The latter was of a Woods-Saxon form with
V =-40 MeV, W = -15 MeV, R = 11 fm, and
a = 0.5 fm and was chosen to fit the elastic
scattering. The DWBA calculations are shown
in Fig. 2 together with some preliminary data



for the 3 - state at 2.6 MeV and the 5 state
at 3.2 MeV. It can be seen that interference
effects play a dominant role, particularly for
the 3 state. The deformation parameters
deduced are in reasonable agreement with
other measurements.
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STUDY OF THE 208py(160, 170)207py, AND 208py,( 160, 15)209g;
REACTIONS AT 104 MeV

D. G. Kovar, F. D. Becchetti, B. G. Harvey, F. Puhlhofer, M. Zisman, J. Mahoney, A Giorni,
M. Marinescu, B. Mayer, J. Sherman, S. Cosper, and J. Meriwether

There is at present considerable interest
in the experimental information that can be
obtained from the study of heavy~ion induced
single-nucleon transfer reactions. The re-
sults of recent transfer reaction studies® on
target nuclei with A< 100 have revealed that
(a) the reactions are selective, populating es-
sentially the same states populated in the
equivalent light projectile reaction, and (b)
the reactions show a definite Q dependence
strongly affecting the transfer cross sections,
While the Q dependence can be understood
qualitatively in terms of a semiclassical
model, © there remain questions concerning
the applicability of existing theoretical tech-
niques s There is evidence, for example,
that multistep processes may be important.

To further investigate these questigng,
single-nucleon transfer reactions on 08pp
were studied using an 160 beam [E(“’O) =104
MeV] from the 88-inch cyclotron. The re-
action products were momentum-analyzed in
the uniform field spectrometer” and detected
with a six-wire proportional counter described
in detail elsewhere. ©® The total position spec-
trum included a large variety of reaction prod-
ucts whose separation and identification were
made using time-of-flight and dE/dx informa-
tion. Time-of-flight resolutions of 2 to 3%
and dE/dx resolutions of 12 to 15% made pos-
sible the clean, if not complete, separation of
the reaction products of interest.

Fig. 1. The total position spectrum and the

gated 16O, 173, and
65° in the laboratory fré)m the reaction
208py at an energy E(l 0) = 104 MeV.
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169 +
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Fig. 2. DPosition gpectrum of the neutron
pickup reaction 169, 170 on 208ph. The five
observed ''single-hole'' states in 07pb are

labelled. (XBL 721-89)

In Fig. 1 we show the total posité'on spec-
trum and the gated 169, 170, and PPN spectra
obtained at 65°. As can bféseen, except for
some leak-through of the 0 elastic and some
inelastic peaks, the particle separation isvery
good. Spectra for these reactions were ob-
tained in the angular range 40° to 85° in 5°
steps. Typical energy resolutions of 150 to
250 keV were observed.

In the 170 gated spectra (see Fig. 2) we ob-
served the population_of all the known neutron
single-hole states in Pb with the exception
of the 2f7/7 -1 state at 2.34 MeV excitation
which is expected to be found exactly at the
position of the 169 leak-through peak. In ad-
dition to these states, we observed, as ex-
pected, states in the data built on the 0.871
MeV 170 first excited state.

In the SN spectra (see Fig. 3) we observed
the population of the six known proton single-
particle states. At higher excitation there ex-
ists a background resulting either from some
break-up phenomenon or from the population
863 large number of unresolved levels in

Bi. Of additional interest in the (160, 15N)
reaction is the possibility of exciting the mem-
bers of the well-known [¢08Pb (37) x hg 2] sep-
tuplet at about 2.6-MeV excitation by 141eans
of a two-step inelastic process. Our results
give no clear evidence that they are excited.
However, these states might reasonably be
expected to be significantly more weakly ex-
cited than the single-particle states and hence
it is of interest to further pursue this question

ZOBPB ( IGO,ISN f098| |
o] E- 104 MEV ™
20 d|| e 65.0DEG.
z ELReTid)
; 6ol J
(&l
-
o 4ol
0 fo )
z 4
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fr.
{ hay g
bbbl W’“"WWM b

CHANNEL NUMBER

Fig. 3. Position spegtrum of thezproton—
stripping reaction (1 o, 15N) on 208ph, The
six observed ''single-particle' states in 209Bi
are labelled. (XBL 7214-91)

to establish an upper limit for these cross sec-
tions.

The angular distributions are at present
being extracted and will be analyzed using
DWBA with finite-range form factors. The
results may be compared with those obtained
at sub-Coulomb energies.
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THE Q-VALUE DEPENDENCE OF HEAVY-ION INDUCED TRANSFER REACTIONS

F.D. Becchetti*

In a series of experiments performed at the
Niels Bohr Institute in Copenhagen, Denmark,
the Q-value dependence for one- and two-
nucleon transfer reactions between 160 ions
and several target nuclei, 40 < A < 100, has
been determined. The incident beam energy
of 60 MeV (lab) corresponds to an energy 15
to 25 MeV above the Coulomb barrier.!

One finds that the neutron transfers have
maximum cross sections when Q= 0, while
the one- and two-proton stripping reactions,
e. g. (1 5N) and (1 16, 1 ), peak at Q =-5
MeV and Q 410 MeV, respectively These
results are consistent with those obtained by
Diamond, et al.

In the theory of sub-Coulomb heavy-ion re-
actions~ the Q-value dependence is determined
by the overlap of the semiclassical orbits of
the projectiles in the incident and final chan-
nels. This overlap can be characterized by
the difference in the apsidal distances

D(6) = D(6) - D,(6)

where

(1)

D.
1,

£(0) = (ni,f/ki, (1 +cosec/2).

Here m and k are the Coulomb parameter
and reduced wave number, respectively, and
6 is the scattering angle. Equation 1 is ex-
pected to be valid provided n; >>k >>1
and L << f  where L is the 4ngular momen-
tum transfer and £, is the partial-wave £
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Fig. 1. The peak cross section for the (
15N) reaction (60 MeV lab) on the Ni and Zr
isotopes as function of AD(8) as defined in
Eg. 1. ( XBL 721-48)
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Fig. 2. The peak cross sections for some one-

and two-nucleon transfer reactions as a func-
tion of AD(8). The incident ePgrgy is 60 MeV.

T e notatlon used isg 9 N) -1p =
g), -in = (160, ' 0), +2p = (160, t4c),
+2n L (189, 160y, +d = (160, 14N). Where

apphcable, the experimental cross sections
have been divided by the shell-model spec-
troscopic factors. Transitions are g.s. —>g.s.

unless otherwise indicated.
( XBL 721-47)

value for a grazing collision. The experimen-
tal data presented here have m= 25, k= 5,
0<L<5, and £, = 25 so that Eq. (1) should
be valid prov1deé) the theory is applicable when
the incident energies are above the barrier.
The maximum overlap of semiclassical orbits
occurs when

AD(6) =0
or (2)
Q= :»:i(z3z4/ziz2 -1) = Ei(zt/z1)
where Z,(Z ) and ZZ(Z ) are the progectlle
and targe% charges ré spectlve ly, in the inci-

dent (final) channel,
the incident c.m. energy.
terms of the order (L/f,).

Zy =Zp - Z4, and Ej is
Equation 2 neglects

In Fig. 1 and 2 we present the experimen-
tal data for one- and two-nucleon transfers as
a function of AD(8) as defined in Eq. 1. Also
shown are DWBA calculations? for the ( 169,
15N) reaction using a full finite range form
factor.? It can be seen that the experimental
results are consistent with Eq. 2 and also the



DWBA calculations. It thus appears that the
sub-Coulomb theory may be applicable to the
study of heavy-ion reactions above the barrier.
Experiments in progress at the 88-inch cyclo-
tron® will provide additional information on
the Q-value dependence, and in particular,
test the dependence on bombarding energy pre-
dicted by Eq. 2.
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3He ACTIVATION ANALYSIS FOR S, Cl, K, AND Ca: EXCITATION FUNCTIONS

D. M. Lee and S. S. Markowitz

Experimentally determined excitation func-
tions are useful for activation analysis and
radioisotope production. In order to evaluate
the feasibility of activation analysis or pro-
duction of radionuclides by using a particular
nuclear reaction, the excitation function has
to be known.

In the present work, the excitation functions
for "He nuclear reaction with light elements
have been extended to the elements sulfur, chlo-
rine, potassium, and calcium at incident 3He
energies from 5 to 20 MeV. The cross sec-
%ions of the followin% nu%lear reactions:

SCHe, p)>*c1, 2C1He, o),
37C1(3He,2p)3 c1, 27c13He, 2n) 28k,
YK (PHe, 200> 4™ 1, 2K(PHe, @) >8K, and

0Ca(3He,ozp)3 K, have been measured. Sam-
ples containing small known amounts of above
elements were tested for the possible use of
this method for quantitative determinations.

Targets were prepared by the separate
vacuum evaporation of CaFj, KI, PbCly, and
pure sulfur, for the measurements of the ex-
citation functions. For the subsequent analy-
yses, samples were synthesized as thin tar-
gets or as thick ones. Thin targets were pre-
pared either by vacuum evaporation or by set-
tling the finely ground powder on a tantalum
backing-foil from an ether suspension; the
powder was fixed to the foil with a drop of di-
lute polystyrene in dichloroethylene. The
thick targets were prepared by homogenizing
a known small amount of material to be an-
alyzed, with pure lead powder (approx 200

mg/cmz) and then pressing the mixture into a
thin disk.

Irradiations were performed at the Berke-
ley 88-inch cyclotron. The energy was first
adjusted to 30 MeV before the 3He impinged
on the targets, and then a further energy de-
gradation was achieved by using aluminum
degrader foils. The length of bombardments
varied between 8 to 15 min. and the average
beam current was about 0.2 pA of 3He. Thin
targets were irradiated simultaneously at dif-
ferent energies by using stacked-foil tech-
nique; thick targets were irradiated one at a
time with a thin standard in the same stack,
or a thick standard from two 3§é1<:cessive irra-
diations. The decays of the K(7.7 min),
38¢1 (37 min) and 34MC1 (32 min) activities
were followed by measuring the 2.17 MeV and
2.14 MeV y-ray with a 30-cm?3 Ge(Li) detec-
tor coupled to a 1024 multichannel analyzer
with a magnetic tape unit. The computer pro-
gram SAMPO?! was used for the numerical

data analysis of the 2.14- and 2.17-MeV y-ray
peak. Data reduction was conveniently per-
formed in an interactive on-line mode, em-
ploying cathode-ray-tube (CRT) display and
teletype input and output.

A summary of experimental cross-section
data obtained in this work is presented in
Table I, and the excitation functions for each
element are shown in Figs. 1 through 4. Re-
sults of sample analyses are shown in Table
II; the average deviation from known values is
about 5% . The cross sections for a particular
nuclear reaction can be used to estirmate the
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Table I. Cross sections (in mb) for 3He nuclear reactions on S, Cl, K, and Ca.

Average 329 35¢c1 37¢1 37¢1 39 3% 40c,
beam Energy 3 3 3 3 3 3 3
energy interval ("He,p) ("He,o) ("He,2p) ("He,2n) ("He,a) ("He,2a) ( He,ap)
(MeV) _ (MeV) 34mey  34me, 38 38k 38y Mmoo 38y
4.2 4.6-3.8 0.25
4.6 5.0-4.3 1.1
5.2 5.6-4.9 3.4
6.3 6.6-6.1 11.1
7.5 7.8-7.3 28.4 7.9 0 0.5 6.4
8.2 8.4-8.1 0.1 3.8 8.2 0.36
8.7 9.0-8.4 35.2 9.8 0
8.9 9.2-8.6 10.3 2.8
10.1 10.3-9.4 34.2 9.1 10.2 5.9
10.6 10.9-10.4 12.1 13. 9.3 9.9
11.2 11.5-11.0 11.6 21.8 12.9
11.9 12.1-11.6 31.0
12.4 12.6-12.3 18.4 7.7 0 22.4
13.8 14.0-13.6 23.1 9.5 48.0 22.8 39.1
14.8 15.0-14.7 8.5 53.1 23.0 6.9 0.5 50.5
15.4 15.6-15.3 16.2 7.4 60.5
15.9 16.0-15.7 7.8 62.2 22.6
16.2 16.4-16.0 6.3 3.6 62.6
17.1 17.3-17.0 12.4 7.7 70.0
18.0 18.1-17.8 10.3 6.7 75.0 20.1 6.1 7.1 72.1
18.8 19.0-18.6 9.7
20.0 20.2-19.9 7.2 8.1 77.7 17.2 5.8 8.2 76.6
22.0 22.1-21.8 6.7
Table II. Results of 3He activation analyses.
Element
Sample Element Product (mg/em?) Dev. from known
sought nuclide Present Found (%)
S S 34m oy 0.211 0.205 -2.8
S+ Pb S 34m ) 1.121 1.202 +7.2
Saran-1 cl1 38cy 1.204 1.082 -10.0
Saran-2 Cl 38C1 0.985 0.902 -8.4
AgCl Cl 38Cl 0.753 0.802 +6.5
NaCl-1 Cl 38Cl 0.211 0.207" -1.9
NaCl-2 Cl 38Cl 1.081 1.025 -5.2
PbC12+Pb Cl 38Cl 0.101 0.4105 +4.0
KCl1 C1 38Cl 1.345 1.306 -2.9
CaFZ—i Ca 38K 0.540 0.550 +1.8
CaFZ-Z Ca 38K 0.258 0.2641 +1.2
caF2-3 Ca 38y 0.430 0.135 +3.8

Av. dev. = 5%
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Table III. Percent 38K activity produced
from K, Cl, and Ca.

a
From elements

3He beam energy

(Me V) K Cl Ca
8 90 9 1
10 51 16 33
15 10 10 80
20 K 5 88

aEqua.l weight of natural elements in a thin
sample.
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sensitivity of the method. The detailed math-
ematical and statistical treatment has been
discussed by Currie. Applying Currie's
"working expression' for an interference-
free Ca determination by activation with 20-
MeV 3He, (1 pA current, 8-min irradiation
time, starting count immediately after irradi-
ation for 8 min and with a counting efficiency
about 1% ) we estimate the determination limit
to be about 0.015 pg.

Relative activities for formation of the
same reaction -product nuclide by more than
one element are shown in Tables III and IV.
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Table IV. Percent 34rr1Cl activity produced
from Cl, S, and K.

a
From elements

3He beam energy

{MeV) Cl S K
8 16 84
10 19 81 0
15 24 73 3
20 30 36 34

%Equal weight of natural elements in a thin

sample.

Chlorine can be determined unambiguously by

detection of 3

8Cl from 37C1 (3He, 2p)38Cl

reaction, because no other element will pro-

duce 38C1 under our conditions. However,
for the determinations of Ca, K, and S, the
interfering activities can not be completely
eliminated. It is possible to minimize these
interferences by the adjustment of bombard-
ing energies. The extent of interference can
be assessed also by knowning the ratio of pro-
duction from the interfering element if it also
produces another detectable activity in the
same sample. For example, to determine
Ca in the presence of K and Cl at 20-MeV 3He
bombarding energy, the 38k activity produced
from K and Cl _can be estimated by the activity
of 34™M(] and 38C1.

The method can be applied successfully for
determining Cl non-destructively with relative
few interferences. In the case of samples
containing low concentrations of K and Cl, the
determination of Ca is also possible.

This research extends the applicability of
10% —
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3He activation analysis to elements not yet
published in the literature.
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ENHANCEMENT OF DIRECT PROCESSES IN HEAVY-ION REACTIONS
AT HIGH ANGULAR MOMENTA

F. G. Pihlhofer" and R. M. Diamond

Direct processes in reactions induced by
160 and 20Ne on 27Al have been studied in the
energy range from about 4 to 10 MeV/nucleon.
Heavy-ion reactions at these energies are char-
acterized by angular momenta between the in-
teracting nuclei which may exceed the upper
limit J.. of the angular momentum of a com-
pound nucleus.1 J.r indicates the angular
mome ntum at which the fission barrier of the
compound nucleus vanishes or becomes so
small that its lifetime is comparable to the
time typical for direct reactions. Therefore,
compound-nuclear processes become more
and more unlikely at higher bombarding energy.
This has been shown experimentally for the re-
actions mentioned. ¢ As a further consequence,
one expects a corresponding increase of the
cross sections for direct reactions, since the
total reaction cross section is known to be ap-
proximately constant at energies far above the
Coulomb barrier.

The experiments were performed with 160
and Ne beams from the Hilac. Excitation
functions were measured in large energy steps
by observing y rays from the residual nuclei
in-beam and out-of-beam with Ge(Li) counters.
Information about the momentum transferred
in a particular reaction, and thus about the re-
action mechanism was obtained from the
Doppler effect and from measuring y intensi-
ties as a function of target thickness. The ex-
perimental method turned out to be very effec-
tive, allowing the observation of many reac-
tion products in a relatively short bombard-
ment time.

A syrvey of all reaction products identified
in the Ne experiment is given in Fig. 4. The
lines of nuclei with masses A 2 32 are most
intense at the lower bombarding energies.
Their excitation functions and the recoil mea-
surements show that they are formed in com-
pound-nucleus reactions. At high bombarding
energies (10 MeV/nucleon), the spectra are
characterized by lines from nuclei with rmass
numbers between 18 and 28. Except for Na,
these nuclei are produced in reactions with
small momentum transfer, i.e., in direct re-
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Fig. 1. Reaction products identified in the ex-
periment with the ONe beam. Projectile,
target, and compound nucleus are indicated by
dark squares. A minus sign indicates that a
nucleus has not been observed, although it
should be detectable in this experiment.

(XBL 7110-4532)

actions. They have no appreciable recoil if
they originate from the target nucleus, as for
example “°Al. Or, if they come from the pro-
jectile, they have its full velocity, thereby
producing a strongly Doppler broadened line
in the y spectrum. This is the case with Ne,
which is mostly formed in a neutron pickup in
the ““Ne bombardment. The distribution of
the reaction products also gives some hints as
to the type of direct reactions occurring at
high energies. Simplenucleon-transfer reac-
tions seem to have the highest probability.
Fragmentation processes are the most likely
explanation for the observation of nuclei like
9F or 18F made from the target.

In Fig. 2 are given the excitation functions
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for y rays from nuclei produced in the reacticn
20Ne on 27A1. The results for nuclei with
masses larger than 28 are typical for com-
pound-nucleus reactions. Observed thresholds
and maxima are in agreement with simple cal-
culations. The excitation functions for the nu-
c1e1 in the mass region A = 18 to 28 (except
23Na and 26Al) show a shape similar to each
other, but different from those of the heavier
products. A typical example is given by the
broad component of the 351-keV line of 21Ne.
The excitation function shows a threshold at
about 100-MeV beam energy. This is about
50 MeV below the threshold for compound-
nucleus reactions involving emission of nucle-
ons and @ particles leading to the same nucleus.

The cross sections for direct reactions, ex-
emplified by the excitation function for the neu-
tron pick-up reaction leading to 21Ne, do show
the expected behavior, namely a strong in-
crease by factors of 5 to 10 or more compared
with the values below the threshold observed
at about 100-MeV beam energy (for 20Ne).

This threshold indicates the point where the
angular momenta for surface collisions begin
to exceed the critical angular momentum, Jcy,
of the compound nucleus. Thus, above 100
MeV, partial waves with angular momenta
smaller than those for surface collisions be-

T £7 T T T
2ONe on Al
T e UR 4
o
o
b '
0]
0] 100 200
Eigp (MeVv)
Fig. 3. Energy dependence of the reaction

cross section, o, and of the total compound-
nucleus cross se€ction, o N for 20Ne on 27A1
according to the sharp-cutoff model described
in the text. The curve parameter is Lers the
upper limit of the angular momentum of the
compound nucleus. The data points for oy
are from Ref. 2. (XBL 7112-4874)

come increasingly available for direct reac-
tions rather than leading to fusion. This con-
cept is formulated more quantitatively by means
of a sharp-cutoff model (see Fig. 3). Here, the
reaction cross section, ap, is calculated as-
suming that all collisions in which the two nu-
clei come within the range of the nuclear
forces lead to a reaction. The total compound-
nucleus cross section, TCNy follows from the
assumption that all partial waves With an angu-
lar momentum smaller than L . = J., lead to
compound-nucleus formation. F1gure 3 shows
that the measured fusion cross sections® are
consistent with L., ® 30 h. The excitation
functions for direct reactions are to be identi-
fied with the difference o = ogy and should
therefore show an exactly complementary be-
havior. Our results (the threshold being at
about 100 MeV) indicate a slightly higher limit
(Ler = 35%h).  The discrepancy may be attrib-
uted to the fact that compound-nucleus forma-
tion follwed by fission has not been included in
the cross section of Ref. 2.
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ISOSPIN PROPERTIES OF THE GIANT DIPOLE RESONANCE

J. D. Vergados

The study of the giant dipole resonance
(GDR) is a very interesting problem of nu-
clear structure. In particular, a microscopic
description of the DGR, using realistic inter-
actions, has become an attractive application
of the shell model since the advancement of
computer technology made it easier to use rel-
atively complex Hilbert spaces. Furthermore,
the effort in this direction has been motivated
by the fact that many experimental techniques
have become available for the study of the GDR
[e.g., (p, ¥) excitation functions].

The excitation energy of the GDR and the
relevant-sum rules have already been under-
stood in terms of the configuration mixing of
the shell model. Recently the efforts have
been centered on trying to understand the frag-
mentation of the GDR. The most consistent
explanation of this fragmentation can be given
in terms of the isospin quantum number (T),
which retains its significance even in heavy
nuclei.

1f the ground state of the nucleus is charac-
terized by isospin T = T, = 1/2 (N-Z), then,
since the dipole operator is essentially an iso-
vector, the GDR is expected to split into two
components with isospins T and T +1 (in the
case of N = Z nuclei, i.e., T =0, only the T +1
comgonent appears). In a simple-minded pic-
ture! one expects the energy splitting to be

AE = E(T +1) - E(T) =(V,) ¢ (T +1)/A, (1)
where (V) = 3/5 V4. V, is the strength of
the Lane po{entlal ~100 MeV) and is related to
the symmetry energy U via the relat10nsh1p
U=V) T/A. The dipole strength d is distrib-
uted between the two isospin components as
follows:

d d

T

. ~g)(T#a); a, = 1.5 T ICZERTS

Equations (1) and (2) provide a definite iso-
spin dependence. They predict that for N=2
nuclei, only the T +1 ecomponent is present,
while for N - Z large (e.g., Pb region), the
T +1 component of the GDR almost disappears.
In the intermediate cases both isospin compo-
nents are present and fragmentation is ex-
pected. The above predictions should be
checked by detailed shell~-model calculation
and experiment. However, since the excita-
tion function shows fine structure and theoret-
ically the dipole strength is shared by many
eigenstates, some kind of averaging has to be

devised. We have chosen to define
E= ZE, l" /Z=T., where T. is the radiative

_ width 011 the sta]te i with energy E,.

For nuclei in Sr region {T= 6), we have al-
ready performed such calculations which have
been published. “ So we will not elaborate here
except to state that they confirm the above pre-
dictions. The results are summarized in
Table I.

For nuclei in the Pb region, such calcula-
tions are in progress, but the final results are
not yet available. We intend to perform these
calculations after the spurious motion has been
rigorously removed.

Therefore, we will discuss, in detail, cal-
culations3 of nuclei with N - Z = 2 (T = 1),for
which the strength is expected to be fragmented
more or less evenly between the two isospin
components. In particular, we will focus our
attention on Ca since this is a case where
sufficient experimental information has be-
come available.

For the initial (dipole) states, our shell-
model space was allowed to include 2-particle
(2p) and 3-partic e--1 hole (3p - 1h) excitations
1n any of the 0d_ iy 1

2 r/d2 Og orblt’jc3 1% T e ung3
tur &4 s1ng1%e partlcle energ1es of -13.36,-9.66,
~-7.26, 0, 2.10, 6.00, 4.410, and 4.98 MeV, re-
spectively, for both neutrons and protons were
taken essentially from experiment. For the
final states, we restricted ourselves to the 2p
positive-parity states. The resulting matrices
were 182 X182 and 216 X216 for the T =2 and
T =1 dipole states, respectively.

The Kuo-Brown realistic effective interac-
tion (bare matrix elements) was used, and the
isospin-breaking Coulomb interaction was
neglected. The calculation predicts (Figs. 1
and 2) Ep = 17.0 MeV, ET+1 = 19.6 MeV,

Vy =52.5 MeV, which is in good agreement
with experiment® (Ey =17.4 MeV, By 44 = 20.4
MeV, V4= 60 MeV) and the above simple model
(see Table I). The calculation also shows that
there is no appreciable dipole-quadrupole cou-
pling, at leasg if the effects of deformation can
be neglected.

As a further example, we considered the
case of 2Sc, which is characterized by T =1,
T, =0. Then the dipole states are character-
ized by isospins T -1, T, and T +1. However,
the T - T isovector dipole transition is strictly
forbidden (the Clebsch-Gordon coefficient
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Table I. Summary of calculations.
BE1  BE1 o
Nucleus  BE(T) T, T, BE4(T) 1 By ile_l_12 ET< ET> V,(eff) BEA L
Eys'l.S MeV ermZ . ermZ BEHT,) T 1 T b (MeV) (MeV) (MeV)
888r 2.77 31.8 2.76 0.087 0.167 0.450 0.086 15.67 19.47 48 1.60
Pzr 2.94 32.9  3.78  0.114 0.200 0.373 0.417 15.18 19.66 67  1.65
89Y 5.59 27.5 3.146 0.115 0.182 0.410 0.100 16.40 19.74 46 1.40
4tZCaL 1.35 8.25 6.54 0.793 1.000 0.424 0.779 17.90 20.74 53 1.42
Experimentally (Carlos and Bergere):
dE _ 88 90
S‘ 0T> + / S\ op —g =0.12#0.02 for ~ Sr and
— T -+ get E(T +1) = 20.5 MeV and E(T - 1) = 18.8
420 (1-—=0") i 3965 MeV, which yields AE = 1.7 MeV instead of
o T :T> =2 i | the expected 3.7 MeV. However, if we used
i —Ti=T< = e the BE1strength, rather than the width, as
weight is computing the average energy, we
: get AE =5.6 MeV. The separation energy
. H seems to be a sensitive function of the averag-
2?2 7 ing method, especially when the strength is
| ! . fragmented. Unfortunately, there are no ex-
N : perimental results here to compare the calcu-
lation with.
T P . 7
i i Since nuclei with T # T, will provide a fur-
. A P ; ther test for the isospin properties of the GDR,
L; it gl . Do we plaxgjt to investigate another such nudeus
0 ||0 5 i S=———3 (e.g. **N). Hopefully, the strength will be
Ey — MeV
1 T T ?3700 T
Fig. 1. Dipole transitions 42Ca(1™> 0%). Only 3 %2ca(r—2t) i -
widths TY> 0.2 keV are presented. | el Ti=T>=2 i
(XBL 71412-4867) — T =T<= P
< TO 10 | TO> vanishes). Therefore, the GDR 32F .
now splits into two components which differ by f i
two units of isospin, but the separation energy ~ :
should be approximately twice the separation =
energy predicted by the effective symmetry i -
energy.
The calculated total oscillator strength \
14.88 &2 2) compares well with that of o . o J i
2Ca(14 79 e fm ) We also find dpy: 5 10 25 30
dp.4 = 1.41 which is in excellent agreement Ex — MeV
with the above simple model (d44: dT. Fig. 2. Dipole transitions 42Ca(1™~ 2+). Only

= 1.40). However,
mented all over the place (Figs.

the T =0 strength is frag-
3 and 4). We

widths T 20.2 keV are shown.
(XBL 7112-48638)
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Fig. 3. Dipole transitions *2Sc(1”~ 01). Only
widths ]"Y 20.2 keV are shown. '
(XBL 7112-4866)

more concentrated, and the ambiguities of the
averaging will not come in.
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RADIATIVE n- ABSORPTION IN NUCLEI

J. D. Vergados

The absorption of a # from an atomic orbit
by the nucleus can serve as a very good probe
for the study of the nucleus: First, because
the pion wavelength (1.7 fm) is smaller than
the nucleon wavelength, i.e., of the order of
the range of nuclear forces. This means that
a precise knowledge of the m-N interaction is

less necessary than that of the N-N interaction.

Second, because the captured pion is in a
bound orbit around the nucleus. So one over-
comes some of the problems associated with
the continuum states involved in nuclear re-
actions.

Once a pion is absorbed, because of the
tremendous energy which is released (roughly
equal to the pion mass, i.e.= 140 MeV) there
are many channels which open up. Mostly, we
have emission of neutrons and y rays. How-
ever, it has been observed?! that about 29 of
the time, the pion capture is followed by emis-
sion of high-energy y rays, i.e.,

1T AN, Z) >y A (N+1, Z -1).

So, superimposed on the continuum spec-

trurxi one sees very-well-resolved spikes;e.g.
in 12¢ peaks are observed at Ey =124.7, 120.3,
and 117.0 MeV. These correspond to transi-
tions in which the residual nucleus is left in
the 17 (ground), 27 (E4 = 4.46 MeV), and

1" (Ex = 7.85 MeV) states, respectively. Itis
interesting that the final 1 - and 2™ -states_are
parents of the highly collective states in 12¢
seen via a number of other reactions.

Two questions must be answered: Why the
radiative m  absorption proceeds with so high
a probability (2%)? Why the nucleus prefers
to go only to a specific number of states, at
least at the high-energy portion of the y- spec-
trum? Furthermore, it is interesting to com-
pute the capture rates to a number of final
states and compare them with experiment.

In order to answer these questions, one
must '"tackle' the following problems:

(a) The pionwave function must be known
accurately. Hydrogenic wave functions will
not be accurate enough because of distortions
arising both from the Coulomb and strong in-
teractions. The pion comes very close to the



nucleus, compared with the electron. So the
nucleus cannot be treated as a point charge.
Furthermore, it falls within the range of
strong interactions, and its interaction with
the nucleons must be taken into account. For
this part of the problem, we rely on the collab-
oration of the atomic and nuclear physicist.

(b) The interaction responsible for this
transition must be known. In constructing the
effective interaction, we follow the well-known
CGLN® prescription, which derives the effec-
tive interaction for the inverse process (pion
photoproduction). The nonrelativistic limit of
this Hamiltonian yields the following operator:

H(i) =2mi [A0, €+ B(o;- &) (q k) +C (0,19 (4 -2)
.o (1)
+ iDCI-(kX@)],

where

is the spin of the i_th nucleon

e

is the pion momentum

A ey ay

,€ are the momentum and polarization
of the produced photon.

The coefficients A, B, C, D at zero momentum
are chosen to be:

-0.032 M‘Z,
™

-0.037 M2,
m

0.0075 M'Z,
m

2

A

B

C D

-0.037 M_
™

The effective Hamiltonian to be sandwiched be-

tween the nuclear states is

A -

—il—<>~r.
He ff =z e '
i

=1

n )\0
H(i) f,° (r.) Y
)\0 i Ho

~

(£,

e
-ik -r; ]is a retardation factor and

where eicp
) 1s the pion wave function

fo(r)Y

[ Y::o (ri) is a spherical harmonic of rank A\;].
0

We have made use of the impulse approx-
imation. Furthermore, inside the nucleus, we
might have to consider renormalization effects,
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i.e., the constants A, B, C, D may have to be
modified.

{c¢) Since the radiativew absorption is a
collective effect, the nuclear wave functions
for the A(N, Z) and A"(N+1, Z-1) systems
must be computed as accurately as possible.
We have set up the computer programs which
are going to compute these wave functions by
diagonalizing fairly large shell-model matri-
ces. So, configuration-mixing effects will be
taken into account using realistic two-body
interactions. The techniques of the calculation,
coefficients of fractional parentage and Racah
Algebra are well-known and will not be dis-
cussed here, nor will the formulas that yield
the single-particle reduced-matrix elements,
which are rather involved. Special care must
be taken to guarantee that the transverse polar-
ization of the photon is included. If the axis of
quantization is in the k- direction, then éZ =

This restriction makes the formulas somewhat
more complicated.

The pion-capture rate (in natural units) is
given by

2x”
S=n+D) 25a+1§ Z (M, 5, f|JM>|
Mb
Mo s €5

The formalism has completely been worked out
but only tentative results are available for the
reaction:

T+ 6Li->y + O,
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MICROSCOPIC CALCULATIONS OF QUASI-ROTATIONAL STATES

C. W. Ma and C.

During the past few years, one of the most
exciting phenomena in the deformed regions of
nuclei is the experimental discovery of the
quasi-rotational energy patterns which strongly

F. Tsang

deviate from the simple I(I +1) rotational spec-
trum. A variety of models directed to under-

standing this problem have been suggested and
are often capable of giving a good fit to the ex-
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perimental spectrum. Among these, the em-
pirical variable-moment-of-inertia model

(or the mathematically equivalent Harris'
fourth-order cranking model2) probably stands
out as the most popular one, which was found
recently to have a very wide range of validity
for the yrast states. In the VMI model, the
energy of a state with spinI is given as

I(I+1)

ZJI

1 2
E; =5 C(I=J,)" +

. (1)

0

subjected to the minimization condition

BEI

= 0.
BJ'I

(2)

The two parameters C and Jg are obtained by
a least-square fit to the experimental data.

We are currently performing detailed mi-
croscopic calculations on the quasi-rotational
states. Specifically, we calculate the moment-
of-inertia, Jy, and the force constant, C, as-
sociated with the VMI model. The former can
be calculated by the well-known second-order
cranking formula, while the latter can be ex-
pressed as3 '

C = A fi_
- C. o X.
i i

i

51
(3)

where {Xi} stand for the "'vibrational" modes
leading to the deviation from the I(I +1) rule.
The present calculation takes into account the
symmetric quadrupole (¢ ) and hexadecapole
(€4) centrifugal stretching, the proton (v,)
and neutron (vp) Coriolis-anti-pairing and the

fourth-order crankingz(n) effects:
2 2 2

1 =_1_<“o +;<ij.0;> . A <“o

C C,y,\9¢, Cya\0€ Cvp avp

2 2
. _(___> . L@)
Cv avn C’fl om

n

Calculations on nuclei in the actinide region,
the rare-earth region and the neutron-rich re-
gion (A = 110), based on the new Nilsson wave
function, * are under way.

Preliminary results show that the calcu-
lated moment-of-inertia of the ground state,
Jg, in the rare-earth and actinide regions can
be over-all reproduced, provided the pairing
strength is chosen as Gg= 18.0 MeV and G4 =
7.4 MeV. This pairing force will give odd- 3
even mass differences which are systematic+"
ally smaller than the empirical values. It
may be argued that effects other than pairing
force may also contribute to the empirical
odd-even mass difference. In particular, the
kinetic energy contribution of 22/A MeV (due
to the simple fact that there are two particles
per level) appear to be able to account for the
discrepancy.
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CORIOLIS EFFECTS IN THE YRAST STATES

F. S. Stephens and R. S. Simon

For a given angular momentum, the state
of lowest energy in a nucleus is called the
yrast state. For angular momenta lower than
about 10, these states are reasonably well
known and understood in most nuclei, but there
is much less information about yrast states of
considerably higher angular momentum. Re-
cently, however, evidence?s % has been accu-
mulating for a major change in the nature of
the yrast levels in some deformed rare-earth
nuclei somewhat below I = 20, and further-
more, at higher spin values a new very reg-

ular structure seems to develop. 1 1f we con-
fine ourselves to rotational nuclei, both be-
cause most of the above data relate to this
type and because they are considerablyeasier
to understand, then it seems reasonably clear
that the primary new features at high angular
momentum are the presence of strong centri-
fugal and Coriolis forces. There is exper-
imentfl evidence3 that in good rotors, such
as 15 Sm, the centrifugal stretching up to
spin 8 is very small, if it occurs at all. Al-
though the stretching may well be appreciable



120

for larger spins, it seems unlikely to cause
the major effects described above. On the
other hand, any simple estimate indicates that
the Coriolis effects can be very large, and
furthermore, they are known to be involved in
determining the yrast levels at rather low
spins (I ® 10) in some odd-mass rare-earth
isotopes. ™ We have therefore attempted to
evaluate the direct effects of the Coriolis force
on the nuclear levels. By direct effects we
mean those that result from the diagonaliza-
tion of the Coriolis interaction among a given
set of levels. This simple procedure does not
take into account changes due to other types of
interaction (centrifugal stretching, for example)
nor more subtle effects of the Coriolis force,
itself (the Mottelson- Valatin effect, © for ex-
-ample). Thus, while we cannot expect all the
changes occuring in nuclei at high spins to be
direct Coriolis effects, we can expect such ef-
fects to provide a background which is occur-
ing and against which other changes might be
identified. This work represents an attempt
to understand this background; and a more
comple%e report of it has been given else-
where.

In order to calculate the direct Coriolis ef-
fects in deformed even-even nuclei, we must
decide which states to include in the calcula-
tion and which to omit. Fortunately, it turns
out to be rather straightforward to select the
important states; namely, the ones that lie low
in energy and have large Coriolis interactions.
As far as the energy is concerned, one can
say that the 2 quasiparticle (2qp) states lie
lowest--after the ground band (0qp)--then the
4qp states, etc., and apart from this it de-
pends on the exact location of the fermi sur-
face. The requirement for large Coriolis
interactions is much more specific. It iswell
known that these effects are much the largest
in the unique-parity high-j orbital within
each shell. In the rare-earth region these
shells would be the ij3/7 for neutrons and the
hy 1/2 for protons. Due to the fact thatit is
less-completely filled, the i,3/, orbital turns
out to be considerably more important than
thehq4 /2in the rare-earth region. This sug-
gests that it might be reasonable to consider
the Coriolis effects among the states from the
i43/2 orbital explicitly, and to assume that the
other states form an inert core that only ro-
tates. This is the model we have chosen to
explore and we have made rather extensive
calculations involving up to 4 quasi particles
in the 113/2 orbital.

The results of these calculations have been
discussed in some detail elsewhere; so that
here we will only give a brief summary. We
find that at moderately high values of the spin
(I3 10) a pair of i13/7 particles tend to de-
couple from the core and align their angular

momenta, 2j- 1, with the rotational angular
momentum of the core. This state, whether
or not fully decoupled, lies very low in the 2
quasiparticle spectrum and generally inter-
sects the rising ground state band somewhere
between I=10 and 20. Thus, our calculations
suggest that the lowest-lying band changes
character rather abruptly in this region to one
where two particles—i13/2 particles in the be-
ginning of the rare-earth deformed region—are
(or tend to be) decoupled from the core. If the
Coriolis matrix elements are somewhat re-
duced over the a priori estimate, this picture
fits rather well the experimental data on rota-
tional spacings® and feeding following (HI, xn)
reactions. * This method for carrying angular
momentum with the minimum expenditure of

. energy combines that used by the deformed

nuclei for lower spin values, rotation, with
that used by the near-closed-shell nuclei,
aligning high-j particles, and suggests that at
least in some cases the combination is more
efficient than either one separately.

Our calculations ignore any other significant
changes that may be occurring in the nucleus
as the angular momentum increases. It does
not seem so likely that such other changes will
totally prevent or submerge the tendencies of
the Coriolis interaction, but they may certainly
interrupt, delay or temporarily overshadow
them. The Mottelson-Valatin effect® might
represent an example of such a change. This
is the phase transition caused by the Coriolis
force from the state with pairing correlations
to the one without, and is expected to occur
rather suddenly at around I = 20. This effect
is not the same as the decoupling that we are
discussing, though both are related in that they ’
have a common cause-~-the Coriolis force. In
fact, the Mottelson-Valatin effect has also been
suggested® as a possible cause of the observed
change in the yrast levels around I = 20. If
this is true then the decoupling which we have
discussed would have to occur at still higher
angular momentum. It is an interesting and
challenging problem to try to determine
whether the experimentally observed changes
are due to decoupling, the Mottelson-Valatin
effect, some combination of these two, or
some other cause.
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TEMPERATURE-DEPENDENT THOMAS-FERMI CALCULATION OF
NUCLEAR PROPERTIES

W. A. KLi'pper*

The temperature dependence of nuclear
properties can be investigated in the Thomas-
Fermi approximation,using the expression for
the free energy which is a simple extension of
the zero-temperature ground state energy. It
has been shown! that one can formulate a gen-
eralized T and chemical potential u, in which
the free energy is required to be stationary
with respect to variations in the density, sub-
ject to the condition that the total number of
particles remains constant.

The momentum-dependent phenomenolog-
ical two- body interaction V(r42,pq2) used in
this work is that of Seyler and Blanchard? with
coefficients chosen to roughly reproduce known
nuclear properties.” Only symmetric nuclear
systems (neutron and proton densities equal)
that may be thought of as consisting of only one
component are considered here.

The free energy can then be written

F=E-TS
2
P
=S‘dr1 _4_ S‘dP p(r ,_‘1){2; + = V(r P1)J
(2w )
+i§dr J—S\dP plr,, B)inp(r,,P,) (1)
B, )3 =1 | P )RR Ly
+ (1-9(51'P1)) En(1'P(£1721)
where

1 4
(2m)
(2)

is the potential energy of a nucleon with mo-
mentum P located at r4, and

1
(r,,P,)= (3)
PIT Y 5y b2

1
exp\Blor

+ Vi, B-wl | +1

is the distribution function, which determines
the density p(£1) and the particle number A:

A =S‘d_r_p(£) =S.d£( . 3

gdP p(r, P). (4)
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Fig. 1. The free energy per particle F/A as

a function of the normalized density p, for

various temperatures. The locus of the sta-
tionary points—solid line for minima, dashed
line for maxima-is shown in the same figure.
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Nuclear Matter. The equilibrium density
of nuclear matter is found by minimizing the
free energy per particle. Figure 1 shows F/A
for several temperatures as a function of the
normalized density p, = p/po, where py is the
density of nuclear matter at zero temperature.
The locus of the stationary points is given in
the same figure. In Fig. 2, this locus is plot-
ted against the temperature. With increasing
temperature, the density of nuclear matter de-
creases. Beyond the critical temperature
TC = 13.45 MeV, no stable solution exists ex-
cept the trivial one at zero density.

Finite Nuclei. Figure 3 shows the density
distribution of a symmetric nucleus (N=Z =100)
without Coulomb energy as a function of the
radial distance. For an infinitely large nu-
cleus, the central density would be that of nu-
clear matter. For large, but finite nuclei, the
surface tension squeezes the central region,
and the central density is increased above that
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Fig. 3. Density distribution of a symmetric
nucleus (N = Z) without Coulomb energy as a
function of the radial distance for various
temperatures (in MeV).

(XBL 723-2560)

of nuclear matter at the same temperature.
The central density, as a function of temper-
ature, shows the same characteristic behavior
as the density of nuclear matter. At finite
temperature, the solution consists of the orig-
inal nucleus in equilibrium with a vapor whose
density is characteristic of the temperature
and nucleus being considered. With increasing
temperature, the surface of the nucleus be-
comes more diffuse, and the characteristic
radii of the nucleus, such as the mean-square
radius, increase.
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THEORY OF NUCLEAR MAGNETIC RESONANCE DETECTED BY
NUCLEAR RADIATIONS™

" E. Matthias,T B. Olsen,i D. A. Shirley, J. E. Templeton, § and R. M. Steffen”

A comprehensive theoretical description was
given for the effects of magnetic resonance on
the angular distribution of radiation emitted
from oriented nuclear states. The formulation
was made in a general way. It may be applied
to an ensemble of nuclei oriented by any meth-
od: For example, nuclear reactions, angular
correlations, and low-temperature nuclear
orientation may be treated. In fact, the theory

can also be applied to optical-double-resonance
experiments. Statistical tensors, designed to
describe nuclear orientation in the "resonant"
state, are defined by the equation

p.ﬁw); =Zm< 1)1 1-mtIm \q) (1m']p (0)fmy),
(1)
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Fig. 1.
1 (XBL 678-3906)

tory frame.

Fig. 2.

Transformation from the laboratory
frame S into the rotating frame S'(t).
(XBL 711-2664)
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(b) S

Fig. 3. Transformations (a) frogm the S'
frame into the S" frame, with Hg as the z"
axis, and (b) into S'"'', a second rotating fg)ame.
The S" - S''"" transformation transforms Hg

to zero in the S''' frame. (XBL 711-2663)

where (Im' Ip(O) llm) is an element of the den-
sity matrix for the resonant state at time t=0,
and (I-m'Im 1)\q) is a Clebsch-Gordan coeffi-
cient. The problem at hand is to solve explic-
itly for the time-dependent angular distribution
of radiation from a resonant state perturbed by
a static field Hj, taken along the z axis, and
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an oscillatory field f—I)1, taken along the x axis.
The nuclei are initially oriented in an arbitrary
direction k4 and the detector is in an arbitrary
direction k2, as shown in Fig. 1.

The central problem in calculating the in-
fluence of an extranuclear perturbation on an-
gular distributions or correlations is the com-
putation of the time evolution of the density
matrix p(t) from a given initial state p(0) for a
specific perturbation Hamiltonian JC:

p(0) X p(t).

The time evolution of a density operator is
given by the von Neumann equation

ihp =(3, pl =3Cp - p3C. (2)
The operators p and JC must be defined in the
same reference frame.

Solutions of Eq. (2) are found by introducing
the time-evolution operator A(t), which repre-
sents a time-dependent unitary transformation
of the density matrix p:

+
p(t) = A(t) p(0) Alt))., (3)
The density matrix p(t) is a solution of Eq. (2)
if A(t) satisfies the Schrdédinger equation

OA() i

ot R
If the operator 3¢ does not contain the time
t explicitly or if a reference frame can be
found such that 3¢ does not depend on t, the
solution of Eq. (4) is

3 (t) Alt). (4)

A(t) = exp(-i3Ct/h), (5)

and p(t) has the simple form

o(t) = exp(-i3ct/P)p(0) exp(+iFct/h. (6)
Although 3¢ is time dependent in the lab-
oratory frame S, a series of three rotational

transformations into the rotating frame S',
the tipped frame S', and the doubly rotating
frame S''', defined by Figs. 2 and 3, yield
a time-independent Hamiltonian. The trans-
formations can be written in terms of the D
matrices as

Pol = po(0) 37, )

q&‘Bp

(”(o -6, -6, )D()‘)(A 00)

(M) N (A q
X Dg, 7 (0, B, 0)D (- £, 0, 0)D 120, - B, 0)

><DU,( wt- A,0, O)D()‘g(¢2,92,0) (7)

This may be compared to the general expres-
sion for a time-dependent statistical tensor

Z G t)—*p (0)—>

where we have introduced the perturbation co-
efficient

o =)

m',m

p;;\(t)

2I+m'+m'

(-1 (I- m'lm ﬁq)(l m‘Ileq}

X (m|A(t) ) (mt | A () mty. (8)

The angular distribution of radiation is given
by

W(8,4,0,4,;H, t) = B, (I) Ay (X,)Ty (t), (9)
174727270 )\)\ A2

where the orientation parameters are defined
by
= (21-%“1)1‘/2 p (10)

B, (1) g,

and the response functions are related to the
perturbation coefficients by

-4 qq
N =5557 ) G Yg(0 )% 20,0, (11)
a9

Response functions for tensor rank A = 1 are
given in Table I for several important geomet-
ries.

Another approach to the theory of radiative
detection can be made by generalizing the
torque equation, familiar from NMR theory,

dM .

h =y MxH; (12)

where M is the magnetization. This leads to

the generalized torque equation

(13)

which governs the time-evolution of the sym-

metry axis of the or1en’ced ensemble of nuclei,
K(t) At time t =0, K(O) = k1 If the angle

n(t) is defined by
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TABLE 1. Response function Ty(t) = K(t) -ﬁz for selected geometries. The angles are defined in Fig.1.

0=k &

No. 61 1 6, b2
deg)
1 0 0 180 0 -G}l =~ cos?p —sin’Bcosw, t
1 0 0 0 0 GY]=cos’8+sin’Bcosw,t
2 0 0 90 90 - G/VZ) (G +GHY) =sinBcosB sin(wt + A) (1 — cosw, £) — sinfcos (wt + A) sinw, ¢
3 0 0 90 0 A/V2) (= GSl +G{Y) =sinBcosBcos (wt + A) (1 — cosw, t) +sinBsin(wt + A) sinw, ¢
4 0 0 90 45 (-G + 6l -G - iGN =sinBcosB(l ~ cosw,t) sin(wt + A+ )
—singsinw,tcos(wt +A+}n)
5 90 45 0 0 3(- 61} + G110 +iG 1 +iGT1Y) = sinBsinw, t cos (A + 3n)
+sinfcosB(l - cosw,t) sin(A + n)
6 90 135 0 0 361 - 61i° +iG{) +i611% = sing sinw, ¢ sin(a +}n)
—sinBcosp(l —cosw,t) cos(A + in)
7 0 0 135 90 - A/V2)GY - 468 +Gih) = (1/V2) [sinBcosBsin(wt + AN (1 - cosw, £)
—sinfcos(wt + A) sinw, t — cos?g— sin’gcos w, t]
8 45 90 0 0 1/V2)6Y +4i(G1)+ 611" = (1/VZ) sinB sinw, £ cos A +cos?B +sin’Bcos w, ¢
+sinBcospB(l —cosw,t) sinA]
9 90 0 90 180 -Gl +Glt +61i' - 611 =cosBsinw,t sinwt —sin(wt + A) cosw,t sina
+(cos?Bcosw,t —sin®p) cos(wt +A) cosA
10 % 0 90 13 PZ Gl rolit + 67! - 63t +iGH vicli! - icil! - iciY
=cosfsinw,tsin(wt +im —cosw,t sin(wt +A+%7) sinA
— (sin?B +cos®Bcosw,t) cos(wt+A+in) cosa
11 90 45 90 135 16+t +iGl —iGTY) = cosBeoswi sinw, ¢
. +Cosw,yt sin(wt+ A+ gm) cos(A +§n)
~ (sin®g +cos’B cosw, t)cos (wE +A+imsin(a+ 4 )
12 90 45 90° 0 Y2 Gl -6lit -Gt +Giit -Gl +iGiTt —iGiit +iGY '
=— cosﬁsinc.uetsin(wt+%;7r) ~sin(wi +A) cosw ¢t cos (A +im
+(sin’g +cos’8 cos w, ) cos (wt +A) sin(A + i)
13 90 90 90 45 2 Gll+cl +6ilt + 611 — iG] + il - iGTi! +iGH)

=—cosBsinw,tsin(wt +1n) +cosw,tcosAcos(wt +A +in)

+[sin?B + cos?B cosw, t] sin{wt + A + 4 sina
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—

k

cosn(t) = 2

) KS (t)’

then the angular distribution of radiation is
given by
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(14)

N .
Wik,, k,,t ZZ 0> A (X,))P t)). (15

This theory leads to some very unusual res-
onance line shapes, especially when the phase
angle A between k, and the oscillatory field
is held fixed. Typical cases are shown in
Fig. 4
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THE IMPORTANCE OF INDIRECT TRANSITIONS ON (p,t}) REACTIONS
ON DEFORMED NUCLEI

R. J. Ascuitto,* N. K. Glendenning, and B. Sérensen’

The mechanism involved in a nuclear re-
action is pictured in one of two ways:
1) either a compound nucleus is formed in-
volving the rapid sharing of the incident en-
ergy through many collisions, followed by its
eventual decay when sufficient energy again
becomes concentrated on one or several parti-
cles so that they can escape; or 2) a single
reaction takes place in which only those nu-
cleons are involved that are needed to change
the target ground state into a nearby and
closely related final state. The latter reac-
tion, referred to as a direct one, has proved
enormously valuable in nuclear spectroscopy
since Butler first postulated it to explain the
forward-peaked angular distributions popu-
lating low-lying states in (d, p) reactions.
That all nuclear reactions should fit so neatly
into one or the other of these very different
categories does seem implausible, however.
It has been known for some time that the ex-
citation of intermediate states in inelastic
scattering is important for deformed nuclei,
though not so important for vibrational nuclei,
except for any state whose structure forbids
or inhibits its direct production in a single

interaction (such as 2-phonon states). In the
past several years we have been investigating
the question of whether higher-order processes
in nucleon transfer reactions are impor-

tant. 1-8 The processes that we expect are
most important are those in which an excited
state is produced by an inelastic collision and
is followed by the transfer reaction to the
final state, together with these interactions in
reverse order. Such processes, when im-
portant, will involve inelastic transitions to
states that are enhanced, and the final states
for which the multiple-step processes are
important will be those that have a consider-
able fraction of their parentage based on such
collective excited states. Thus the spectros-
copy of a different class of states is opened
up, namely those whose main parent is a
collective state as compared with those most
extensively studied up till now, which have
the target ground state as main parent. Nat-
urally the former states, on the average, ap-
pear higher in the energy spectrum; but since
the theoretical analysis has, until now,
assumed that any direct reaction proceeds in
a single step, undoubtedly many analyses
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have yielded misleading information.

Very recently, in the 176Yb(p,t) reaction,
we reported what we consider to be the
firmest evidence for strong higher-order
processes in direct reactions; and the way in
which the higher-order processes interfere
with the single-step direct transition to bring
about agreement with experiment is strong
evidence of the correctness of the reaction
mechanism.

We have refined and extended the calcula-
tions reported in the last annual report so
that nuclei at both ends of the rare earth
region, for which B4 has opposite signs, have
been treated—and now at two typical bombard-
ing energies. There is much evidence from
various sources that the rotational model
provides a good description of these nuclei.
This implies the existence of an intrinsic
state from which all two-nucleon transfer
amplitudes to the ground band of the neighbor-
ing nucleus can be computed. This is in con-
trast to spherical nuclei, where the various
states of different spin are independent of
each other. We may thus have a high degree
of confidence that relative cross sections can
be computed correctly if the reaction mechan-
ism is properly treated. This indeed turns
out to be the case where, with an accuracy un-
precedented in reaction theory, the cross
sections to the 0%, 2%, 4%, and 6t members
of the ground band are reproduced, as shown
in Fig. 1. However, this comes about only
because the many higher-order routes of pro-
ducing these states were included in the cal-
culation. Especially for the higher spins, the
higher-order processes were more important
than the first-order ones, traditionally treated
by the DWBA. This is demonstrated in de~
tail for the 4T state in Fig. 2, where it can
be seen that the direct transition, usually
used to describe direct reactions, is smaller
than the three indirect processes shown and
smaller also than the experimental cross sec-
tion. In both cases we studied—i.e., in a
nucleus near both ends of the rare-earth
region (both positive and negative B4) and at
two different energies —the interference
among the different processes was destructive
but of different magnitude for each state in a
given nucleus, and also different in the two
nuclei for the same spin state. The interfer-
ence of the various routes, which was between
amplitudes of comparable magnitude, did,how-
ever,bring about the remarkable agreement
mentioned, and is the strongest confirmation
that higher-order processes in transfer re-
actions are of importance for a correct de-
scription, and that they can be computed with
satisfactory accuracy. This success supports
the conclusions that we reached elsewhere4
for spherical nuclei where, however, direct
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Fig; 1. Complete calculation for the ground-
band members of 174Yb produced in the (p,t)
reaction. Calculations include all inelastic

and reaction transitions connecting all four
states in both nuclei. The 01 is normalized
to the data and the same normalization was
used for the others. The experimental values
of the deformation parameters B, B4, B
were used. (XBL 71 -2185)

confirmation from experiment was not pos-
sible, both because of the lack of data and
because the nuclear structure information
was more tenuous. We claim,therefore, on
the basis of this work, that we have demon-
strated that our calculation of higher-order
processes is correct, and on the basis of that
other work that they are important in spheri-
cal nuclei, though less dramatic in producing
changes in angular distributions computed for
the direct transition.

We emphasize that at each step of the cal-
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individual transfer processes indicated in the
insets. (XBL 718-4196)

culation we made the physically reasonable
choices of parameters, and had we not been
rewarded with success, we would not have
known what else to try.

Contrary to suggestions made else-
where, 9,10 it seems to us that the (p,t) reac-
tion is not a good way of determining higher
multipoles in the nuclear shape. This sug-
gestion was made on the assumption that the
reaction could be described by its direct
transition alone. As we have seen, the direct
transition to the 4% state, from which it might
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be hoped to determine B4, is smaller than
many of the higher-order processes. The
higher-order processes, since they go
through an intermediate state, involve, dom-
inantly, lower multipoles than the direct.
Thus sensitivity to higher multipoles in the
shape is weak.
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QUANTUM MECHANICAL TREATMENT OF PARTICLE TRANSFER BETWEEN
HEAVY IONS NEAR THE COULOMB BARRIER IN THE PRESENCE
OF COULOMB EXCITATION”

R. J. Ascuitto! and N. K. Glendenning

In the collision, at energies near the
Coulomb barrier, between an ion such as oxy-
gen and a deformed nucleus such as samarium,
the probability that the deformed nucleus is

left in an excited state is very high. Indeed
it is near unit probability that the nucleus is
in the 2+ state. ! 1In the treatment of particle
transfer between the colliding ions, it is there-
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fore essential that inelastic processes be in-
cluded in the description. Now, there is no
difficulty in formulating the quantum mechani-
cal description of Coulomb excitation. In-
deed, the Coulomb and nuclear forces were
treated on an equal basis in a very accurate
description of 50-MeV alpha scattering on rare
earth nuclei which yielded the first information
on higher multipoles in the nuclear shape. 2
There, however, the Coulomb field was much
weaker than the nuclear field. In the typical
Coulomb excitation experiment the reverse is
true; and then while the theory is the same as
before, the numerical problems become criti-
cal. The Coulomb field being the strong one,
and the quadrupole Coulomb figld falling off
with distance so slowly as 1/1' , the differen-
tial equations describing the collision have to
be integrated to great distance, R (hundreds
of fermis) and corresponding large angular
momenta (£, ® kR, i.e., hundreds). For
this reason Coulomb excitation can and has
been treated semiclassically, so long as the
energy is sufficiently low that nuclear inter-
action does not take place; the enormous ex-
perimental literature on Coulomb excitation
has been based on such a treatment. !

With the burgeoning interest in heavy-ion
reactions, a semiclassical theory of particle
transfer has been developed in analogy to the
Coulomb excitation theory. One might think
at first, if Coulomb excitation is important in
these transfer reactions, that the same dif-
ficulties as to large interaction regions and
high partial waves will be present here also.
This is in fact not the case and can be under-
stood as follows: At Coulomb or sub-Coulomb
energies the ions are prevented from interpene-
-trating by the Coulomb barrier. (Quantum
mechanically we know that there is a small but
finite probability for this. In such cases mas-
sive rearrangement will result and the parti-
cles are lost to the particular simple transfer
of one or several nucleons that we envision. )
Particles can be exchanged between the ions
in slightly more distant collisions, however,
because of the finite probability of their being
found beyond the nuclear surface, where their
wave functions are described by exponentially
decaying tails. However, because of the ex-
ponential decay of the tails, the probability of
transfer falls off rapidly with distance. So
there is some region bounded on the lower side
by the sum of the radii R4 + Rz of the two ions
and some larger, but not so much larger,
radius R3, where the product of the two ex-
ponential tails —the particle bound in one nu-
cleus and then transferred to the other—pro-
duces negligible probability that the transfer
takes place. This outer radius for particle
transfer is certainly only several fermis
larger than R, + R3. On the other hand, be-
cause of the s110w1y decreasing Coulomb field,

Coulomb excitation between states in the tar-
get nucleus as mentioned earlier can take
place even at several hundred fermi beyond

R4 + Rp. However, any such collision with
impact parameter R, which is much larger
than Ry + Ry, cannot contribute to the trans-
fer of particles between the ions. Therefore
only such partial waves are relevant for the
transfer of particles which lie within £ <R3/k.
(The radial wave function corresponding to
angular momentum { increases from zero
and has its first maximum near R = £/k, where
k is the wave number of relative motion. )
Higher partial waves, while they may excite
the target, will not give rise to particle trans-
fer!

The above argument establishes that par-

ticle transfer reactions between heavy ions,

even when Coulomb excitation of an excited
state has a high probability, is governed by a
much more modest number of partial waves
than the Coulomb cross section, namely those
corresponding to the nuclear region, £ < R3/k.
However, Coulomb excitation of the nucleus
among the above limited number of partial
waves is still possible and implies, because of
the slow fall-off of the Coulomb field, that the
equations describing the reaction will have to
be integrated to distances considerably in ex-
cess of the nuclear region, though much smaller
than the distance required to describe Coulomb
excitation alone.

For the above reason it is feasible to do a
fully quantum mechanical treatment of particle
transfer reactions between heavy ions at
Coulomb energies when Coulomb excitation is
present so that transfer can take place from
excited states.

In the paper4 of which this is an abstract,
we have formulated the above problem by
using our source term technique. We use
the following symbols to denote the reaction:

D+A- P+B
D=P+N , B=A+N.

Here D and P are the incoming and outgoing
ions and N is the transferred particle, which
may be a single nucleon, or several. Then, in
the notation of Ref. 4, the coupled equations
governing the reaction are

wl wl uat _
(Td_Ed)ud (Rd)+ %:‘ Vdd' Uy (Rd)—O

ust _
(T, -E )w (R)+ };) Voo ot (Ry) = Dy (R,

Here p is a source term which contains the
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information on the transfer leading from a
typical channel d of the initial partition to
channel p in the final partition. We have
evaluated the source term under certain
assumptions that are discussed fully in Ref. 4,
where the detailed form of p is also given.
Briefly we are able to treat a finite range in-
teraction, but at the expense of limiting the
validity of the source to energies below or
near the Coulomb barrier, where the transfer
takes place dominantly in the tail region of the
bound state wave functions. The equations are
sufficiently general to account for Coulomb ex-
citation of all four nuclei involved in the re-
action, with particle transfer taking place be-
tween all states in the initial and final parti-
tion.
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DROPLET-MIODEL PREDICTIONS FOR THE VALLEY OF BETA STABILITY

W. D. Myers

In the course of a program to determine the
best set of coefficients for use in a droplet-
model® mass formula, we have undertaken a
comparison between the properties of the ex-
perimental valley of 8 stability and the prop-
erties predicted by the droplet model. The
latest nuclear mass table was used? and follow-
ing the procedure employed by previous inves-
tigators, ° we simply fit parabolas to isobaric
sequences. Our study differs from previous
work in that we corrected the experimental
masses for ''shell effects' and the '"Wigner
term'" before determining the pB-stability
parameters so as to remove the scatter intro-
duced into these quantities by nondroplet-model
effects.

The three quantities determined for each A
value are: the value of the mass at the bottom
of the valley V,, the value of the neutron ex-
cess at the botﬁ)m YA = (N-2Z)mpin, and the
curvature of the parabola Cp. The differences
between these quantities and a reference set
(obtained from a liquid-drop-model formula
similar to that used by Kodama3) are plotted as
points in Fig. 1. Clearly, the shell effects
were imperfectly removed since some scatter
remains.

The smooth lines represent the droplet-
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model predictions for these quantities uéing
the parameters

a, = 15.938 J =30.372 K = 240
a, = 20.628 Q= 17.889 L =29
a; = 0 ©or,= 1476 M= 295.

Some features to note in this figure are the
sharp reduction in-stability at the end of the
periodic table as the mass Vp turns upward,
and the tendence toward N=Z nuclei shown by

the downward trend of AYA.
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DROPLET-MODEL FISSION BARRIERS

W. D. Myers and R. W. Hasse”

Preliminary work? on the calculation of
fission barriers has been Sxtended to include
all droplet-model effects.“ The Nix shapes3
are employed in a program that searches for
the droplet-model saddle points. In addition,

a much faster approximation has been devel-
oped that permits one to quickly compare the
barriers predicted for a particular set of
droplet-model coefficients with the substantial
number of experimental data that are available.
Such a comparison is shown in Fig. 1.

The circled points represent the experimental
values ™ that are corrected for ground state
shell effects and the crosses represent the
droplet-model barriers calculated for the set
of coefficients given in the previous report.
The lack of agreement in the Pu region reflects
the preliminary nature of this set of coeffi-~
cients.

The program that permits quick approx-
imate comparisons of the type shown employs
the one-dimensional y-family of shapes (the
family of liquid-drop-model saddle-point shapes
where y=1-x,x being the fissility parameter).
In addition, tabulated values of the six shape
dependences Bg, B¢, By, Br, By, and By are
employed to reduce computation time.

The figure is plotted in perspective because
the single fissility parameter x of liquid-drop-
model fission theory no longer serves to
uniquely determine the barrier. In the droplet
model, the barrier is a more complicated func-
tion of N and Z.

The droplet model includes surface sym-
metry effects and this leads to the interesting
result that the predicted barriers for a partic-
ular isotopic sequence remain relatively con-
stant, or even (for some choices of the coeffi-
cients such as the one shown) decrease with
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increasing neutron number. Another feature
of the droplet-model barriers is that agree-
ment between experiment and theory no longer
requires a value of the radius constant 1, in
disagreement with results obtained from elec-
tron scattering. Over quite a range of vari-
ation of the other parameters in the theory,
we find that a single value of the radius con-
stant can be determined that simultaneously
gives a good fit to masses, a good fit to bar-
riers, and agreement with nuclear charge
radii.
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SEARCH FOR SUPERHEAVY ELEMENTS IN NATURE

E. Cheifetz,* R. C. Jared, E. R. Giusti, and S. G. Thomvpson

In recent years various estimates and calcu-
lations have been made which suggest the pos-
sibility that nuclei having atomic numbers in
the region4108-114 may be sufficiently stable to
exist in nature. 72 These nuclei are expected
to decay either directly by spontaneous fission,
or by alpha and/or beta emission to give prod-
ucts that would undergo spontaneous fission.
The production in nature of such long-lived
superheavy nuclei could come about via the r-
process™ or by fission of neutron—ri%h heavy
ions in the vicinity of neutron stars.~ On the
basis of the present knowledge of fission bar-
riers and spontaneous fission decay of heavy
elements, the possibility of production of the
superheavy elements in nature can neither be
excluded nor be established; thus the field has
been open for experiments aimed at discovering
minute quantities of these elements in nature.

Estimates by Nix6 based on liquid-drop dy-
namical calculations and simple extrapolation
based on the behavior of the kinetic energy re-
lease and mass differences between fissioning
nuclei and the fragments of a wide variety cf
nuclei indicate that on the average ~230 MeV
of kinetic energy should be liberated in the fis-
sion of the superheavy nuclei and that about ten
neutrons should be emitted in such fission
events. The evaporation of such a large nurr
ber of neutrons with average energies of 2 to
3 MeV is unique and is a very sensitive indi-
cation of the presence of superheavy elements
in a sample. Furthermore, these evaporated
neutrons would have sufficient energy to es-
cape from a large sample and enter a counting
chamber.

We have used a large gadolinium-loaded
liquid scintillation detector as a method for de-
tecting events in which several neutrons are
emitted. The detector is a tank of dimensions
62% 62X 125 c¢cm which holds the liquid scintil-
lator with a center well of dimensions
11.4X 105 cm, for the samples to be counted.

Neutrons produced by any source placed at
the center of the chamber enter the liquid and
are thermalized by collisions with the hydrogen
in the solution and eventually are either cap-
tured by the gadolinium or leak out of the tank.
The (1, y) reaction in the gadolinium produce
= 9MeV of y energy, the energy usually being
shared by several y rays. The electrons
created by the reactions of these y rays with
the liquid, produce scintillations which are
seen by a few of the photomultipliers.

The distribution in time for neutron capture

is broad and has a peak at about 10 usec after
the neutrons are emitted. About 90% of all the
captured neutrons are detected within the inter-
val 1 to 36 psec after their production. In this
way individual members of a burst of energetic
neutrons are separated in time for convenient
electronic multiplicity counting.

Due to the large volume of samples it is im-
possible to trigger the system with the fission
fragments; therefore, the system is designed
to be triggered by the first neutron or the
prompt y rays from any fission event.

The detection of an event is obtained the fol-
lowing way: A pulse from the counting chamber
triggers a gate that is 35- psec long and de-
layed by 0.5 psec. (The delay is to insure that
all of the prompt y rays from a fission event
have been emitted.) During the 35-pusec gate
interval all tank pulses are counted by a scaler.
At the end of the 36-psec period the digital in-
formation in the scaler is stored. Then the
scaler is reset. The next tank pulse defines a
new 36-pusec gate interval. A more detailed
description of the electronics and counting 7
chamber was given at the Leysin conference.

A spectrum of multiplicity in the range 0-15
is thus obtained. The system is capable of
monitoring a burst of neutrons where the count-
ing period can be activated either by the prompt
y-rays or the first neutron captured.

When the system operates with any neutron
or gamma signal as the main trigger, it is sen-
sitive to the environmental radiation which con-
sists of y rays from natural sources (e.g., U,
Th, and K) and cosmic rays and the products
of their reactions in matter. The y rays that
arise from natural sources appear in general
as single random pulses. Accidental coinci~
dence between these random pulses yields a
distribution which is represented by a Poisson
probability function

8.64% 10(CT)

expl(- CT)’ (1)
Nt

N+1
P(N) .

where P(N) is the number of events observed
per day in which N pulses follow a single ran-
dom trigger appearing at a rate of C/sec within
a gate length of T(sec) after each pulse. At the
operating gate length of 35 usec and a countrate
of 400 counts/sec, less than 0.5 events per day
appearing as multiplicity four or more are ex-
pected by the above probability function.
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The experimental equipment was placed in a
250-m deep [500-meter-water-equivalent
(M. W.E.)]| tunnel to reduce the cosmic-ray
background. The situation in regard to cosmic
rays underground was reviewed byE. P. George.
At the depth of the tunnel the only significant
component of the cosmic rays that can induce
multiple neutron emission is that of energetic
p-mesons.

Gorshkov and Zyabkin9 have studied neutron
production induced by p mesons at a depth of
150 M. W.E. and estimate that at a depth of 800
M. W. ES the total of neutron production inlead
is ~10™° neutrons/g sec. Lessthan 10% of the
neutrons are produced from stopped negative
p mesons for which ¥ = 1.8 in lead whereas 90%
of the neutrons are produced from inelastic-
ally scattered p mesons with v > 10 and thus
could register efficiently in our chamber as
significant events. Assuming v = 410 we expect
a rate of 50 high-multiplicity events for a sam-
ple of 50-kg lead in 250 h.

The passage of p mesons in the detector
liquid causes an ionization of 2 MeV/cm of
path length, thus a p meson entering the sample
can be identified by its high energy loss. If a
high-energy inelastically scattered p meson
‘comes into the tank from the vertical direction
through the sample tube it must traverse at
least 20 ¢m of the scintillating liquid at the bot-
tom of the tank depositing more than 30 MeV in
the tank.

Since neutron capture in gadolinium gives a
total of 9 MeV of y-ray energy, it was possible
to eliminate some of the p meson-induced high
multiplicity events by rejecting the events
which produce a signal that had an energy
greater than 9 MeV. Nevertheless the neutron
multiplicities which are induced in the sample
by energetic neutrons, produced by inelastic
collisions outside the chamber, cannot be re-
jected nor can the p-meson-induced neutron
multiplicities detected in the chamber but orig-
inating outside it be eliminated.

The operation of the system was monitored
continuously by chart recorders that monitored
the rate of single pulses coming from the tank
and the time distribution of events that were of
multiplicity four or more. In addition an effi-
ciency of the system to detect neutrons was
measured twice a week and was generally found
to be stable at the ~65% level. Any variation
of over 2% in the efficiency and consequently in
the single count rate, was corrected by adjust-
ing the threshold discriminator levels. This
occurred several times during about one year
of running.

Results of the observed multiplicity distri-
bution measured with a sample of pure tung-

sten and with an empty chamber are shown in
Figs. 1 and 2. The results are plotted on a
semilog scale with the abscissa being the multi-
plicity and the ordinate N! X counts. In this
way the multiplicity distributions due to the sin-
gles rate, which is the dominant component

up to N = 3, appear as a straight line. The
counts that are above this line in these figures
are background events due to cosmic rays or
their products.

The results of many samples that were
placed in the detector are summarized in
Tables I-1IV.

The tables describe the sample, its weight,
and the period of measurement. Under the
heading of '"Counts'' are presented three differ-
ent experimental numbers. The column headed
by '"'4'" lists the total observed events with multi-
plicity of four. The column headed by ''4 Ran"
is the estimated value at random multiplicities

I | | 1 T
232.5h
10° - ~
Single counts
%] 4
< 107~
3
3 °
»
- 3| |
=z 10 I I
102} ~
10' N
To 4 H B N N [
1 2 3 4 5 6 7 8
N
Fig. 1. The multiplicity distribution for me-

tallic tungsten sample. The abscissa N is the
observed multiplicity (i.e., number of events
following a trigger). The ordinate is N ! X
counts of the Nth multiplicity. The straight
line represents the contribution of random
multiplicities. (XBL 714-3245)
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108 T T 1 T T in the ''4'' column. This value was inferred
from linear extrapolation of the counts having
multiplicities of 4, 2, and 3. The column

"5 " contains all the observed events having

— multiplicities of 5 and above. The ""Normal-
ized'" column in Tables I, II, and III presents
counts normalizedto 50-kg samples and 250 hour
counting periods at multiplicities four or more
after subtraction of the "Empty-Chamber"
count rate and the random multiplicities:

10" - Empty chamber
338h

"Normalized" = Jl (4) - (4RAN) + (5+) X 250-

0% | Tirrﬁue .. (2)
Empty chamber counts X 250! 50

Time ). ~ Weight

N! x counts

The '"Normalized'" results thus represent the
additional counts of multiplicities four or
more that are due to the presence of the sam-
103 T ple. Thus activity could be caused either by
cosmic rays or by spontaneous neutron emis-
sion.

102 The value of T4/ conc. represents the ap-
B N parent half-life of the major components of
L ]

41 Fig. 2. The multiplicity distribution of the

o) | [ detector without any sample.
I 2 3 4 5 6 7 8 (XBL 714-3244)

Table I. Metallic samples and empty chamber.

Sample Weight Time Counts Normalized T1/2/conc.

(ke) (h) 4 4Ran 57 counts/50kg-250h  10°°y

S

10 20 6 16
20 %5 15

9 %5 .32
25 =9 12

2 x4 50
1.5 +2

9 %5

5 +4

4 +2

1.66><106 1.5%x 10~
3.44><1o6 0.7x10"

w " 55 233 18
Hg 45 189 13
Pb 91 91 2
Pt 168 163.5 6
Cu 60 192 8
Empty 330 6
a{. Empty 168 7
[ Empty 338 19
-8} Total 844 32
U 0.0107 21.5 29

10 U 0.0106 30.5 81

N
[ " B S~ I CN R & N CVRE S SR R OV

4
4

NOON 0N 0N WY
O N U RN NN s,

a'Ernpty chamber '"Normalized' column is normalized to 250 h counting time and not
by weight.

The uranium in sample 9 was shielded by 1 in. of lead capsule inside the chamber.
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Table II. Samples
Sample Weight Time Counts Normalized T1/2 conc.
(kg) (h) 4 4Ran 57 counts/50kg-250h 1022y
11 Hg Ore 21.2 251 16 4 2 24+ 12 12
12 Gold nuggets 36 335 21 5 3 11+ 6 28
13 Pt Ore 20 380 19 10 5 13+ 7 24
14 . Bi Ore 14.3 360 57 21 6 84 + 24
15 Manganese nodules 7 192 23 9 2 120 £ 57 9
1 Moon rocks “ 3
16 [ 781 44 18 8 99 + 58 17
(Steel cans 27
17 Cu Ore 10 279 9 8 1 -20% 22 )
18 Water filters 10 118 8 4 0 2322 60
19 Air filters 90 5 2 0
20 California soil 9 170 15 4 2 83 % 25
21 Pegmatite 13.5 310 31 19 . 4 26+ 26
22 Tenaya Pegma-~ <337 135 237 4
tite
23 Tioga Pegma- <422 132 570 570 11
tite
Table III. Lead ores and lead processing.
Sample Weight Time Counts Normalized T*i/Z cone.
(kg) (h) 4 4Ran 5% counts/50kg-250n _ 10%%y
24 Galena 1 20 256 35 3 7 86+18 3.4
25 Galena 2 23 77 12 2 3 92 28 3.2
26 Bunker Hill Galena 25 122 6 2 1 12+ 12 24
27 Bunker Hill Bullion 90 120 14 3 6 17+ 5 17
28 Lowgrade Galena 15 46 5 1 0 45+36 6.5
29 Homemade lead L 75 240 13 5 4 6+ 3 48
30 Slag 150% ;@ 34 70 5 1 0 15+ 13
31 Slag 2 50% | 25 185 11 2 5 30 %12
32 Galena 3 ' 17 112 3 1 0 2413 145
33 Galena 4 17 94 4 1 1 20 £20 15
34 Thullium fraction 7 188 18 5 1 104 £50 3

@These samples were produced from 135 kg of lead ore (see text). Samples 30 and 31 are

only 50% of the slag produced..
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Table IV. Selby lead smelting and refining plant.
Number Sample Weight Time Counts T Normalized
{(kg) (h) 4 4Ran 5 counts/250h
35 Lead bullion 50 48 2 1 2 12 £ 10
36 Blast furnace slag 19.5 76 8 4 3 12 + 11
37 Cintering dust (I) 16.1 65 2 2 1 4+8
38 Cintering dust (II) 7.2 108 7 3 0 12 +5
39 Blast furnace slagll 12.5 87 1 1 0 -1+3
40 Dust from As, Sb, Sn, 5 114 10 3 3 18+8
Cu removal
41 Dust of tin dross 13.1 72 5 2 66
42 Bismuth fraction 55 74 4 1 13+8

the sample assuming that all '"Normalized"
events are real.

Table I presents results obtained with
chemically refined samples or an empty cham-
ber. These samples form a background for
heavy elements. Samples 9 and 10 are
reagent-grade uranium metal. The result
shows that the excess counts in any of our
samples assumed to be due to cosmic rays
corresponds to the counting rate given by ~10
ppm of uranium.

Table II shows the results of various sam-
ples: Sample 11 was Hg ore, 80% cinnabar,
from the Great Western Mine, Middletown,
California; Sample 12 was gold nuggets, 95%
gold, from the collection of Sierra County,
California; Sample 13 was Pt ore, 67% Pt,
from Goodnews Bay Mining Company, Alaska;
Sample 14 was a composite of Bi ore from
Colorado, Tanzania, Saxony, Cornwall, and
Bolivia; Sample 15 was manganese nodules
from the Mid-Atlantic ridge; Sample 16 was
moon rocks from the first United States flight
to the moon; Sample 17 was Cu ore from the
South Pacific area; Sample 18 was activated
charcoal and sand from a local water plant
that was used to filter ~ 14100 gallons of drink-
ing water; Sample 19 was an air3filter flown
by a plane that filtered 290 000 ft~ of air; Sam-
ple 20 was soil from a pasture in Martinez,
California; Sample 21 was pegmatites from
the Sierra Nevada Mountains of California at
Tioga Pass and Tenaya Lake.

A chemical separation was made on the peg-
matites to obtain Samples 22 and 23.
ical procedure used was to grind the rock to
about 100 mesh and then to leach the rock with
a mixture of 2 parts aqua regia and 1 part
water. The resulting solution of sand and acid

The chem-

was stirred four times during a period of not
less than 12 h (temperature 20 to 25°C). At
the end of the leaching, the acid mixture was
decanted off and two water rinses followed. The
resulting liquid was then evaporated to near
dryness so that the volume would fit in the
counting chamber. Of the material dissolved
from the rock, 66% was present in the sample
counted. Sample 22 consistéd of leached mate-
rial from 338 kg of pegmatitic rock from
Tenaya Lake, California, and Sample 23 was
leached material from 122 kg of pegmatitic
rock from Tioga Pass, California.

Table III shows the results of lead ores and
lead processing. Special attention was paiz}oto
lead because of the results of Flerov et al.’

The first lead ore sample that was checked
(Sample 24) showed significant excess neutron
activity so a second sample was prepared
(Sample 25) at a location 5 miles from Lawrence
Berkeley Laboratory to reduce the possibility of
contact with spontaneous fission sources. The
second sample also showed excess neutron ac-
tivity. Both samples were = 80% galena ob-
tained by the Materials Science and Engineering
Department of the University of California at
Berkeley about 30 years ago from the Bunker
Hill mines in Idaho. The uranium concentra-
tion was determined but could not account for
all of the observed activity. Samples 26 and 27
were then obtained from Bunker Hill, Idaho,but
gave negative results. In addition 9 samples
were collected at the lead smelting and refining
plant at Crockett, California. The samples
were taken from most of the locations at which
chemical fractionation occurs at the plant. No
significant activity was found in any of these
samples as is shown in Table IV (35 counts per
250 hr would be positive). Sample 28 was low-
grade galena ore (= 30% galena) chosen to deter-
mine if the excess neutron activity was in the
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rock or galena of Samples 24 and 25.

An attempt was made to concentrate the
activity in ~ 200 kg of high-grade lead ore that
had shown a positive indication. The process
chosen for the separation was the reduction of
the galena by iron. PbS + Fe - Pb + FeS at
1100°C. The products of the reaction were
easily separated into three components: lead
bullion, slag with iron, slag with sodium bor-
ate. All three of these samples gave negative
results. Samples 32 and 33 were taken from
the same ore and gave negative results. It is
possible that the activity could have been due
to very slight contaminations by 52Cf that oc-
curred despite the strict precautionary mea-
sures taken.

In conclusion, we have been unable to find

any evidence to support the existence of super-
heavy elements in nature.
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POSSIBLE HEAVY-ION REACTIONS LEADING TO SUPERHEAVY NUCLEUS FORMATION

W. J. Swiatecki~ and C. F. Tsang

The existence of an island of stability in
the region of proton number 1414 and neutron
number 484 has been predicted by many
groups*~” over the past few years. Though
many suggestions have been advanced for the
production of such superheavy nuclei, detailed
studies of the production processes are not yet
available. In the present work we consider in
a semiempirical approach, one of the most
probable ways of producing superheavy nuclei,
i.e., by means of heavy-ion reactions using
projectiles that will be available through the
SuperHilac at Berkeley.

The study is based on the most recent de-
tailed predictions of the island of stability
supplied by Nix and collaborators- at Los
Alamos. In Fig. 1, their calculated half-lives
are shown in units of years. The major decay
in electron captureis marked out by arrows.
Half-lives in excess of 10° years are found
near the Z =110, N= 184 region. If a com-

pound nucleus is formed in the region where
decay is dominant, there is a good chance that
one will be able to observe a series of three or
four alphas with energies in the 7~ to 13-MeV
region. In the calculations of half-lives, the
spontaneous fission half-life is most uncertain
because of our lack of knowledge concerning
the penetrability of the fission barrier in spon-
taneous fission. If a pessimistic view is taken
thatthe spontaneous fission half-lives in these
caﬁgbulations were overestimated by a factor of
10-", then results are obtained as shown in
Fig. 2. The longest half-life found is in ex-
cess of one year and the picture still looks
good for the observation of superheavy nuclei
once they are made.

To make the superheavy nuclei, the heavy-
ion reactions should ideally aim at a com-
pound nucleus somewhat to the northeast of
the center of the island of stability at Z =114
and N = 184. In Fig. 3, the available landing
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Fig. 4. Half-life contours (numbers in units Fig. 2. Same as Fig. 1, but the spontaneous

of years) in the region of Z = 1414 and N = 184.
The broken lines divide the region into por-

fission half-lives from Ref, 5 are arbitrarily
cut down by a factor of 107~.

tions, in each of which the dominant decay
mode is indicated. Nuclei whose dominant de-
cay is electron-capture are denoted by arrows

(XBL 724-2763)

in the direction of their decay. 126
(XBL 724-2762)
v 124
places near the center he isla re shown. A N
The cases that require %%ECf and%GCm tar- Y 122 3
gets that are not yet available are pointed out. X €
In particular, one may note that with Ge iso- x 120 2
topes as projectiles on 2Th, one lands at S
Z =122 and N =180, 182, 183, 184, and 186. e s
In terms of half-lives as shown in Figs. 1 and, -
2, this is one of the few favorable caseswhich e
decays by successive alpha-emission, reach-
ing relatively long-lived isotopes of elements 7 v 7 7 { 4
110 and 112 by electron capture. 74 176 (78 180 182 84 86 88 190 192
. Neutron number N '
The compound nucleus formed is necessar-
ily in a very excited state. There is a chance Fig. 3. Available landing places in heavy-ion
that the excited compound nucleus will fission reactions. These are designated by N, X, or
immediately and no superheavy nucleus re- o. The latter two symbols denote landin
main. On the other hand, there is also a places that cannot be reached without 25 Cm

or Cf targets respectively. The longer solid
curve marks out the region where the probabil-
ity of the compound nucleus surviving four suc-
cessive neutron-fission competition is expected

chance that the excited compound nucleus will
emit several neutrons, typically four, takiélg
off most of its excitation energy. Moretto
has made a detailed study of such fission-
neutron-emission competition. We made a
rough  estimate of the survival of super-
heavy nuclei by neutron emission. The ap-
proximate region within which the survival

to be in excess of 10 7. This region will be
decreased to the area indicated if the calculated
fission barrier is arbitrarily cut down by 2
MeV. (XBL 724-2764)
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probability may be expected to exceed 10-3 is
marked out in Fig. 3. Two estimates are
made, one with the nominal values of fission
barriers deduced from the Los Alamos shell
corrections and the other representing the
pessimistic arbitrary assumption that barriers
were overestimated by 2 MeV. (When the bar-
rier is cut down by 2 MeV, the original furve
representing survival probability of 107~ is
estimated to have a survival probability of ap-
proximately 10'5.4 The reaction of Ge on Th,
as well as that of *8Ca on 248 m (landing at

z = 416, N = 4180) are among the more favor-
able cases looking apart from 50Cm and 25%cf
targets. If these targets became available,
one would stand a better chance with the landing
places 116182 118182 450184,

The above discussion assumes that the com-
pound nucleus is already formed. There are
still many uncertainties concerning the fusion
probability of the projectile and target nuclei.
In particular, a large viscosity of nuclear mat-
ter in the fusion dynamics might cut down the
formation probability tremendously. In Figs.
4 and 5, the first few stages of the fusion of

Slight contact

o
Kx%&i

s=1.5 F

)

Solid_contact

4
Ka/&i

s=-Il.5 F

s\

76Ge and 232Th are shown in an end-on colli-
sion as well as a broadside-on collision. (The
broadside-on collision is expected to leave an
excitation energy some 80 MeV higher than
the end-on collision because of the higher
Coulomb energy involved.) The saddle point
shape of the compound nucleus is also shown.
If the configuration of the projectile and target
nucleus on collision falls to a large extent with-
in the saddle point shape of the compound nu-
cleus one is attempting to form, then only a
small amount of nuclear matter flow is able to
bring the system within the potential well of
the compound nucleus ground state, and the
fusion probability might then be close to unity.
The results shown in the figures suggest that
there remains much uncertainty as regards
the compound nucleus formation probability.
The broadside collisions appear to be some-
what more favorable (but would end up with
more excitation).

End-on collision of 76Ge on 232Th.

The circle on the left repre segts the half-
density contour shape of the 0Ge projectile.
The ellipse on the right reprgﬁgnts the half-
density contour shape of the Th target.

The saddle point shape of the compound nu-
cleus to be formed is shown as another
ellipse with its center of mass at the center
of mass of the colliding projectile and target. -
Four stages of the collision are shown. In the
first stage, the separation s between the half-
density contours of the projectile and target is
3 fermi. At this separation, the tails of the
density distributions are just beginning toover-
lap. In the second stage, s=1.5 fermi,and the
overlap of the densities is more pronounced.

Fig. 4.

In the third stage, s=0, and ''solid contact'

is made; beyond this point, the nuclear density
in the region of the overlap would begin to ex-
ceed the nuclear matter value. In order to
avoid this, nuclear matter must flow out of the
region of overlap into a ring-shaped space sur-
rounding it. This is indicated in the fourth
stage with s = -1.5 fermi, and the overlap of

the densities is more pronounced. In thethird
stage, s =0, and "solid contact' is made; be-
yond this point, the nuclear density in the re-
gion of the overlap would begin to exceed the
nuclear matter value. In order to avoid this,
nuclear matter must flow out of the region of
overlap into a ring-shaped space surrounding

it. This is indicated in the fourth state with

s = -1.5 fermi. Beyond this stage, the further
development in time of the fusing system would
depend critically on inadequately known features
of nuclear dynamics, in particular, on nuclear
viscosity. (XBL 724-2765)



Slight contact

Solid contact

Fig. 5. Same as Fig. 4 with the broadside-
on collision. In the lowest figure, the broken
curve indicates the configuration W%’ff looking
along the axial-symmetric axis of Th nu-
cleus. (XBL 724-2766)
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We may summarize by giving an estimate
of the cross section of superheavy nucleus for-
mation based on various controlling effects.
Start with a geometric cross section of 10-2
cm®. Assume that the compound nucleus can
support at most 20 h units of angular momen-
tum. This reguirement cuts down cross sec-
tioning by 10~ Assume that the compound nu-
cleus formation occurs with a probability of
101 (with an uncertainty of +1to -» in the ex-
ponent). Finally, assume that in the neutron-
fiss:}"on competition, the survival probability is

10 The final cross %eoction could then be in
the neighborhood of 10~ cmz27 It would be >
unlikely to be greater than 10™ ‘ or 10-28 ey

It could be vanishingly small {(less than 1077 °,
say) if the ¢compound nucleus formation were
inhibited by excessive nuclear viscosity.
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SHELL-MODEL CALCULATIONS OF FISSION DECAY WIDTHS AND
PROBABILITIES IN SUPERHEAVY NUCLEI

L. G. Moretto

The possible existence of magic or near
magic regions about the proton number Z = 114
and the neutron number N= 184 has led to a
great amount of theoretical study on the stabil-
ity of superheavy elements. By means of the
Strutinski procedure, the nuclear potential en-
ergy surfaces have been calculated as a func-
tion of deformation. Nuclear masses, fission
barriers, alpha and beta decay energies have
been predicted. In particular, very large fis-
sion barriers are expected with consequently
long spontaneous fission lifetimes. *~

However, the analysis of the potential ener-
gies alone does not allow one to draw any def-
inite conclusion concerning the possibility of
synthesizing superheavy elements.* Two more
aspects of the problem must be considered.
The first concerns the possibility of the coales-
cence of the target and a very heavy ion intoa
compound nucleus. Very little is known about
this aspect. The second, which is the object
of this paper, concerns the stability of the
superheavy compound nuclei towards fission.

It has been shown in a preceding paper- that
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the ground state shell effects are gradually
washed out with increasing excitation energy.
This is very relevant as far as the stability of
the superheavy compound nuclei is concerned.
In contrast with lower Z elements, the fission
barrier of superheavy elements is generated
exclusively by shell effects. The excitation
energy, by effectively reducing the fission bar-
rier, may substantially compromise the stabil-
ity of superheavy compound nuclei. In order
to investigate this problem, we have evaluated,
on the basis of the shell model and of the BCS
Hamiltonian, the nuclear deformation prob-
ability for different excitation energies. We
have shown?: © that the deformation probability
can be expressed as follows:

N 2mm

A Al _1/2p(E-V(€), €) de,

P(E,€) de =

where € is the nuclear deformation, m is the
inertial mass associated with the motion along
the collective coordinate, E is the excitation
energy, V(€) is the potential energy, and

296,
114

299,
n4

-2 0 2 4 6 .8
€

Fig. 4., Fission barriers for the nuclei %22}(

and 218X calculated on the basis of the Nilsson
modejl. The black dots represent the potential
energies calculated by means of the Strutinski
procedure; the solid line represents the liquid-
drop potential energy. ( XBL 725-833)

. proportional t

€

Fig. 10 Fission barriers for the nuclei %22)(
and X calculated on the basis of the
Nilsson model. The black dots represent the
potential energies calculated by means of the
Strutinski procedure; the solid line represents
the liquid-drop potential energy.

( XBL 725-828)

. _ rdfn p(x, €
e )]xsE-V(e)'

Calculations of the fission barriers and of
the deformation probabilities have been per-
formed on the basis of the Nilsson model. In
Figs. 1 and 2 the potentia] ener rofiles are
presented for the nuclei 122X, %éfX, %22X, ?%2X

as obtained from the Strutinski procedure.
Large barriers are seen to develop close to
the doubly magic nucleus with Z = 144, N = 184.

In Fig. 3 the natural logarithm of a quantity
o,the deformation probability is
presented for 11%X. This calculation is per-
formed by evaluating the level density from the
Nilsson diagram and the BCS Hamiltonian. At
low-excitation energies a sharp peak centered
about sphericity is visible. Thisis what could
be called the compound nucleus peak. Since the
system can undergo fission, the probability
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excitation energies for 3¢ X on the basis of
the Nilsson model., The quantity

P(E, E)/h/(Z'n’me) 1/2 has the dimension

Mev-1 ( XBL 725-821)
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gc;% 4, F153t8 chance fission probabilities for
74X and 370X (XBL 725-830)

does not ever go to zero at any prolate defor-
mation. The deepest minimum of probability
along this coordinate represents the transition
state or the stage which controls the flow of
probability towards fission and determines the
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fission width.

In all the cases it can be seen that, as the
excitation energy increases, the compound
nucleus peak becomes less sharp and less de-
fined while the transition-state probability
steadily increases. At sufficiently high ener-
gies the deformation probability becomes so
uniform with deformation that the definition of
a compound nucleus does not seem possible
any longer. The shell effects have completely
disappeared at this stage and the consequences
ought to be visible in the fission probability.
The first chance fission probability Tf/TF + Tiy
can be obtained by calculating T'p from the
probability of deformation at the transition
state and by evaluating T} at the equilibrium
deformation of the residual nucleus. Examples
of such calculations are shown in Figs. 4, and
5 for the nuclei listed above.

It can be noticed that very small fission
probabilities are observed at low excitation
energy, consistent with the fact that fission
barriers substantially exceed the neutronbind-
ing energies. However,at moderate excitation
energies the fission probabilities grow
quickly to very substantial values, in some
cases above 0.9. This is due to the washing
out of the shell effects, which was illustrated
above. A fission probability above 0.9 is pre-
dicted by the uniform model for a difference
Bx - BF® 6 MeV. Since the neutron binding
energies are about 6 MeV, it can be said that
for some of these nuclei at the moderate ex-
citation energy of ~35 MeV the effective fission
barrier is already very close to zero. The
cases presented here are rather favorable.
Calculations performed for other nuclei further

0 5 0 60 00 606 8808606060000
°

R
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°
o ®

am,
. “GX

o X

"8

35
E{Mev)

First chance

g‘i%). 5. £s fission probabilities for
176X and 713X

( XBL 725-825)



144

removed from the magic region indicate, in
some cases, a fission probability as high as
0.95 over substantial energy ranges. Again it
is to be stressed that the first chance fission
probability should not be confused with the
much larger total fission probability which ac-
counts for the fission competition during the
overall evaporation cascade. Still one has to
recognize that even a survival factor of 10%
per evaporation stage yields a reasonable over-
‘all survival factor of 107" for a loss of four
neutrons.

In conclusion, it seems that even allowing
for the disappearance of shell effects with ex-
citation energy, the predicted survival factor,
at the compound nucleus stage, should be bet-
ter than that measured in the actinide region.
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TRANSITIONS IN ODD A AND ODD-ODD ISOTOPES PRODUCED IN THE
PROMPT FISSION OF 252¢¢

E. Cheifetz,* R. C. Jared, S. G. Thompson, and J. B. Wilhelmy

In past studies we have reported on transi-
tions in ground state bands of prompt even-
even fission products. * 77 In this report we
present preliminary assignments of y-ray
transitions to specific odd A and odd-odd iso-
topes produced in the spontaneous fission of
252Cf. The experimental procedure which
consists of three- and four-parameter mea-
surements of y rays, x rays and prompt fis-
sion-product kinetic energies, has been de-
scribed in previous publications, * ™~ and
therefore details will not be included here.
Basically, the kinetic energies of the frag-
ments are used to determine the mass of the
isotopes, the x rays are used to identify their
atomic numbers, and the y rays give informa-
tion on the nuclear properties. Our previous
studies have been successful in identifying
the ground state bands in even-even products
for two primary reasons:

1) The angular momentum of the primary
fission products (~ 7h) results in a condition
strongly favoring population of the ground
state band at around the 6" or 8" member
followed by an easily identifiable cascade of
transitions as the band deexcites, and

2) even-even nuclei have very regular
systematics in their energy-level spacings
which enables prediction of the location of
the members of the ground state band and,
therefore, confidence is obtained in the transi-
tion assignments if the observed level
spacings are close to those predicted. How-
ever, these favorable conditions do not exist
in the odd A and odd-odd fission-product iso-

topes. The angular momentum dissipation
can be spread over inter- as well as intra-
band transitions therefore eliminating the
strong regularly spaced y rays in the spec-
trum. Of equal importance is the unpredic-
tability of the nuclear-level spacings in the
odd A and odd-odd isotopes. This lack of
regular systematics results in less confidence
in assignments of band spacings in these nu-
clei.

Even with these limitations we feel it is
possible to make reasonably positive assign-
ments of some of the observed prompt y rays
to specific odd A and odd-odd isotopes. The
unfortunate situation currently is that the ex-
isting tabulations of prompt transition assign-
ments to specific isotopes®-9 have some
errors in isotope assignments. Though most
of the assignments are probably correct, the
incorrect assignments result in a loss of con-
fidence in prompt-fission spectroscopy and
therefore retard incorporation of these data
into the main body of spectroscopic informa-
tion. With the improvements of the x-ray
analysis techniques, 1,2,3,6,8,9 the atomic
number assignments have become, for favor-
able cases, very reliable. The major diffi-
culty for strong transitions is now in the mass
identification. The masses are calculated
from the measured kinetic energies of the
fragments and utilize predetermined neutron
emission distributions. The mass resolu-
tion using these techniques is approximately
4 to 6 amu (FWHM), which is rather poor.
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But even with this resolution, centroids of
mass distributions for strong transitions can
be readily determined to £0.2 amu accuracy.
This should be adequate for making positive
mass assignments. The difficulty is that the
calculational procedure for obtaining the
masses relies on an accurate energy calibra-
tion for heavy ions stopped in solid state de-
tectorsl! and more importantly on the details
of the neutron evaporation for specific iso-
topes. These neutron-multiplicity measure-
ments have been performed only as avera%es
as a function of energy release in fission. 10
Therefore, average corrections are being
applied to specific isotopes. This can intro-
duce errors of over 1 amu in the mass deter-
mination of certain isotopes.

To eliminate these problems we try to
utilize transitions in predetermined even-
even isotopes for internal mass calibration
points. The mass calculational procedure,
even though it biases the assignment for

5 .
10 T T T T T T

T T TT

Counts

10 ! | | | ] |
98 100 102 104 106 108 11¢] 12
Mass (amu)
Fig. 1. Mass determination for three transi-

tions associated with Mo isotopes. Plotted
are the observed intensities of the y rays in
various mass intervals. The y rays are:
104Mo 21— 0% 192.3 kev, 0 105Mo 95.0 kev,
x 106Mo 2+ - 0% 171.7 keéV. The centroids.
of the distributions are shown on the plot.

Table I. Assignment of pfompt-fis sion
gamma rays to specific odd A
and odd-odd isotopes.

Energy Energy
Isotope (keV) Isotope (keV)
97y 53.6 1M2pn 60.6
10506 94.9 1554 48.8
138.2
144.8 136; 87.4
246.8
283.0 140 51.0
418.2 78.9
107, 71.8 1435, 117.6
108, 123.2 1455, 112.7
1091, 69.4 144, 90.9
10984 74.3 145, 5 100.1
- 98.3 |
1467 o 114.6
Mgy 63.0
76.1 15ip, 52.6
104.0
150.4
167.0 .
358.1
1105y 58.9

some isotopes, is a smooth function and ac-
curate results can be obtained for non-even-
even nuclei by interpolation between these
known isotopes. An example of this proce-
dure is shown in Fig. 1 for transitions from
three adjacent isotopes of Mo (104, 105, 106).
The plotted points represent observed intensi-
ties of three separate y rays as a function of
mass interval. These y rays have been
established through x ray-y ray coin-
cidencels3,8,9 as being associated with Mo
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Fig. 2. Tentative level scheme for Ru.
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isotopes. The observed mass distribution

for each of these transitions is quite wide

(~ 5 amu FWHM) but the centroids can be well
established. From coincidence studies and
decay scheme systematics, two of the transi-
tions have been shown to be associated with
104Mo and 1061_\/10. 1,3 These transitions have
centroids in the mass distribution at

A =104.67 and A = 106.03 respectively.

The other transition which is also from a
Mo isotope has a mass centroid at A =105.37
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and is therefore assigned to 105Mo. Similar
considerations have been applied to other
transitions observed in the prompt y-ray
spectra. For cases which are reasonably
intense and relatively free of other y-ray con-
taminants, good mass determinations are pos-
sible.

The long-term objective in these experi-
ments is to determine nuclear level properties
of the prompt-fission isotopes, but as of now
the complexity of the y-ray spectra and the
relatively poor mass resolution obtained from
fragment kinetic energy measurements have
precluded these determinations except for
even-even isotopes. Gamma ray-gamma ray
coincidence measurements will be useful in
establishing level structures,and we have per-
formed such measurements. An example of
a tentative decay scheme for 111 Ry is shown
in Fig. 2. These transitions have been shown
to be associated with Ru x rays and to have
mass distributions consistent with mass 411.
The order of the transitions is determined
from intensity considerations, lifetime deter-
minations, ! and y-y coincidence measure-
ments. Unfortunately, even with this informa-
tion we are unable to make reliable spin
assignments to the levels.

Even though, at this time, we are unable to
make level scheme determinations for odd A
and odd-odd isotopes, we feel it is useful to
establish the first step in this procedure—the
accurate assignment of transitions to specific
isotopes. Table I contains a partial list of
such assignments. These assignments are
made by using the x-ray and mass determina-
tions described above. Additional experiments
are now being performed to improve the
quality of the data so that more assignments
can be made.
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INFLUENCE OF SHELLS AND PAIRING IN THE FISSION PROBABILITIES OF
NUCLEI BELOW RADIUM

L. G. Moretto, S. G. Thompson, J. Routti, and R. C. Gatti

A large body of experimental information
on fission cross sections for nuclei lighter
than radium is now available.

Preliminary analysis of the fission proba-
bilities on the basis of the Fermi gas level
density has shown that fission barriers can
be reliably obtained.

Difficulties arise when one attempts to fit
the fission probabilities over a rather large
energy interval. Close to the shell region,
the ratio af/a between the level density
parameters in the fission width and in the neu-
tron width can be as large as 1.4 and de-
creases to ~ 1.0 with increasing excitation
energy. This behavior is attributed to the
presence of shell effects in the neutron width
and their washing out with excitation energy.
Experimental studies of flSSlOl’l fra§ment
angular distributions in 210Po and 11p,
seemed to indicate large pairing effects at the
saddle point.

In order to investigate shell effects in the
neutron width and pairing effects in the fis-
sion width, realistic level densities have been
incorporated in the calculation. 1-3 The level
density employed in the neutron width is cal-
culated on the basis of the Nilsson model and
pairing is accounted for by means of the BCS
Hamiltonian. The level density used in the
fission width is calculated on the basis of the .
uniform model and the BCS Hamiltonian.
Angular momentum effects are accounted for
throughout the calculation. No free param-
eters are included in the neutron width. The
harmonic oscillator shell spacing hwo has

been assigned the value 41 A-1/3. The free
parameters in the fission width are the fol-
lowing: 1) fission barrier B,, 2) single
particle level density at the saddle point gy,
3) gap parameter A, 4) barrier penetration.
The experimental fission cross sections are
transformed into fission probabilities by
dividing them by a reaction cross section cal-
culated from the optical model. In order to
obtain the first-chance fission probability,
one should correct for higher order fission
and for non-compound nucleus reactions. The
evaluation of these corrections is rather un-
certain; however, they are expected to can-
cel out to some extent. Therefore, no cor-
rection has been performed and the fitting
has been carried out up to 70 MeV and 120
MeV excitation energy.

The fitting has been performed in three
modes:

1) All the parameters free. The fits are
quite good; however, rather large fluctuations
in the barrier penetrabilities are obtained
where data close to the barrier are not avail-
able.

2) The barrier penetrability is fixed at its
average value of 1 MeV. The fits are essen-
tially as good as in 1).

3) Since the saddle point gap parameters
obtained in 1) and 2) are smaller than the
average observed in ground state nuclel, they
were fixed just at this value (A =11 A~ 172 ).
The fits are very poor, indicating that within
the formalism used here, such large values
are not acceptable. -
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Table I. Parameters obtained from the analysis of fission probabilities. a

B, E¢ ) A , b
Reaction = Ref. (MeV) (Mev ™) (MeV) XLoG

831':3;209 + 2He4 - ;SAt213 . 17.0 7.67 0.38 0.060
.82Pb.208‘+ JHe* gaPo’ 2 e 19.5 7.36 0.06 - 0.027
g, b0 vZHe4 - gttt c 19.7 7.08 0.84 0.001
BzﬁbZO(’ +,He® = o Po?t0 c 20.5 7.42 0.60 0.030
g3Bi0% + 1 - o Po?t0 c 21.4 7.33 0.17 0.024
82szo'8'+ 1H1-—> 438170 c 23.3 7.55 0.22 0.020
g, P20+ H 83807 c 21.9 7.63 0.11 0.035
‘~79Ag197 +  He* - o %0t c 22.3 7.57 0.39 0.051
79Au1'9_‘7 +‘1H1 - SOH'g”S c 20.4 7.43 0.68 0.015
75Re187 + ZHé4 >t d 23.7 746 0.05 0.003
oRe' 8%+ éHe_4 - irt® 4 22.6 6.84 0.10 " 0.023
LW met o 0s188 e 24.2 6.89 0.54  0.005
74\&_18:3 + He* » 0518 e 22.7 6.84 0.83 0.004
L W8 ZHe‘_* - 7695186 e 23.4 6.66 0.43 0.006
73Ta-,v181 + ZHIe4 ~ ,.Re'®? c 24.0 6.51 0.60 0.008
et P omet — o ral?? g 26.1 6.53 0.99 0.002
69Tm169 + ZHQ:{» Lt 28.0 6.17 0.87 0.003

&The barrier penetrations have been set equal to 1.0 MeV.

N

b 2 _ 1 5

XLoG -~ N [LOG(Exp. ;) - LOG(Theor. K]
K=1

A Khoda1 Joopary, Ph.D. thesis, UCRL-16489, July 1966.

dg. M. Raisbeck and J. W. Cobble, Phys. Rev. 153, 1270 (1967).

€L. G: Moretto, R. C. Gatti, and S. G. Thompson, UCRL-17989, Nuclear
- Chemistry Division Annual Report, January 1968, p. 141.
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Fig. 4. Theoretical fits to the experimental

fission probabilities of 1880s and ¢10Po.  The
parameters obtained from the fitting procedure
are reported in Table I (XBL 721-15)
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Fig. 2. Experimental fission barriers cor-
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solid line represents the liquid-drop prediction.

(XBL 721-14)

In Fig. 1 examples are shown of typical
fits. The fission barriers as obtained in
mode 2) are presented in Fig. 2, together
with the ground state shell effects and the
liquid-drop prediction. It can be seen that
the experimental fission barriers can be ob-
tained by adding the ground state shell effect
to the liquid-drop barrier.
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Fig. 3. Saddle point densities of doubly de-

generate single particle levels. The values
cluster about a line corresponding to
a=A/8.5, (XBL 721-16)

In Fig. 3 the saddle-point single-particle
level densities are shown as a function of A.
The expected linear dependence with A is
clearly seen. The experimental values
cluster around the line corresponding to
a = A/8.5 and are bracketed by the lines cor-
responding to a =A/9 and a = A/8. No
particular structure is seen in going through
the 208Pb shell, indicating that the Nilsson
model accounts for the shell effects satisfac-
torily.

The summary of the parameters obtained
from the data fitting is presented in Table I

As a conclusion, it seems that: 1) the
fission barriers are well understood,
2) the Nilsson model accounts for the shell
effects in I') and their disappearance with
excitation energy, 3) pairing at the saddle
point is either small or some physical effect
not accounted for in the present formalism is
artificially lowering pairing.
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PROMPT GAMMA-RAY SPECTRA FROM PRODUCTS FORMED IN THE
SPONTANEOUS FISSION OF 252¢¢t

J. B. Wilhelmy, E. Cheifetz,* R. C. Jared, and S. G. Thompson

The purpose of this report is to present b =103.77 - a - PL’
information on how to obtain and use a mag-
netic tape on which is recorded y-ray spec- with P, and Py being the centroids of the
tral information in coincidence with the prompt light ahid heavy fission-fragment kinetic-en-
fission of 252 Cf. These data have been ob- ergy peaks. Conservation of momentum re-
tained from three- and four-parameter mea- quires
surements of y rays and K x rays in coinci- 252
dence with fission fragment pairs (see Fig. 1). MiP = TFE /E.o
From analysis of these data information has iP ZP) @)
been obtained on the ground state bands of M =252 - M
even-even fission products, -~ on the mass 2P 1P

and charge distribution in fission, 4 and on the
primary fragment angular momentum. 5 In
the experiments, ~ 2 X10®° multiparameter co-
incidence events have been recorded. This
quantity of data has therefore precluded the
possibility of presenting all of the experi-
mental information in published form. Since,
to a large extent these data are unique, we
propose to make available, on request, a 2520 ~10% f/min
magnetic tape containing the spectral informa-
tion so that interested potential users will
have access to the data for any analysis which
they would care to perform. The details of . F2\Fi
how to obtain the tape and a compilation of ' ﬂ

M, and E; denote mass in amu and energy in
MeV of the ith fragment. The subscript P de-
notes preneutron emission quantities. In the

data necessary for utilizing the information is " 2
presented in the main report® for which this -,

is a summary.

8mm

The tape contains y-ray spectrafor selected

mass intervals (in one case also Z intervals). 243 241
The masses were calculated from the mea- Cm Am
a det. det
60, a det.

sured kinetic energies of the fragments,
using the predetermined mass-dependent neu- Fi
tron emission distribution’ and the Schmitt,
Kiler, and Williams mass-dependent energy Nal
calculation procedure. © This method con-
sists of first obtaining a rough energy calibra-
tion from the measured fragment kinetic-en-
ergy pulse-height spectrum, Fig. 1. General schematic representation of
' the detector configuration.. Detectors ¥,
E=a-xth, (1) (with electrodeposited 252Cf) and F, mea-

. . . sured kinetic energies of the fragments. De-
where x is the recorded fragment kinetic- tectors y4 and y, measured energies of y rays
energy channel number and a and b are and/or x rays. The sources and detectors in-
constants, dicated in the bottom of the figure were used

for external stabilization of the photon detec-
a = 24.40/(P; - Pp), tors. (XBL 703-2403)




151

F1SS10M nags 2103.10€ oces nx seekMn sqnen|p el
EMERGY = 180, 220
b.ec
160

KEY
]
EOUNTS T

GARnA

|
.‘u i '

s

100 200 300 .as 500 €00 700 800 $00
L] CHRANNE®-L N U~®n E R

1100

1700

1300 1400 1500 1600 1700 1900

1360

2000

2100

FISSION) nass =10§.107 BGey
EnERGLY + 1S0. 220

.60

KEU
5

COUNTS 10

3
H

gAnOn

)

0 €00 760 800 %00

1000

1100

1200

1300 1400 1500 1600 1700 1800

Fig. 2. An example of portions of mass-
sorted y-ray spectra recorded in Experi-
ment 4 (HR). The top spectrum is for transi-
tions from fission products stopped in frag-
ment detector F, having masses between 103-
105 and the bottom spectrum is for the mass
internal 105-407. The straight line is for en-
ergy calibration. Each spectrum is plotted
twice with the top spectrum being equal to the
bottom spectrum multiplied by 5.

first calculation E4p and E2p are approxi-
mated by

ET—E1P+E2P~E1+E2. (3)
The values of Mqp and Mpp are then cor-
rected for the average number of emitted neu-
trons (v ) using the experimental results of
v(M, Ep) presented by Bowman et al. 7 This
correction has the form

M, =M, -7V, (M

1 1P 1P’ET)

(XBL 708-1785)

M, =M,p - v, M

1300

2P’

2000

E

T)'

7100

(4)

Using these values of My and M,, the mass-~

dependent energy calibration

E.

1

(24.0203 + 0.03574 M,) ————
i PL

P
(24.0203 + 0.0374 M.} ——o
i PL

0.1370 Mi + 89.6083.

X

-P

L
-P

H

H

is evaluated:




are then calculated:

The values of E.
iP

E.

iP (6)

=E.(1+ vi/Mi).

The new values of E4p and Epp are en-
tered into Eq. (2) for continuation of the
iterative process. This is repeated until the
mass values resulting from the consecutive
iterations differ by less than 0.05% . These
calculations are performed only once for each
allowed channel combination (a total of 10 000
possibilities) and the results are stored in an
array in the computer program used for the
data analysis. The event-by-event mass
assignments are then obtained from the ex-
perimental fragment kinetic-energy results
by interpolation in the array. After the mass
of each event is determined, the recorded
coincident y-ray (or K x-ray) channel is in-
cremented in the y-ray (or K x-ray) spectrum
corresponding to the appropriate mass inter-
val. The spectral information is stored in
38 discrete mass intéervals (each 2 amu wide)
covering the fission product distribution from
A =87 to A =163,

The magnetic tape which we will provide
contains sorted spectral information for six
different experimental configurations. These
individual experiments provide data which
are useful over varying energy ranges and
detector geometries. A brief description of
each experiment is given below, with our
designation shown in parenthesis.

Experiment 1 (HR)

This is a three-parameter measurement of
Y rays in coincidence with fission fr%gments.
The y-ray detector used was a 1-cm” Ge(Li)
detector having resolution of ~ 1 keV at 122
keV and was located in position y, (see Fig. 1).
The experimental data covered a usable en-
ergy range of from 40 to 400 keV. An ex-
ample of the mass-sorted spectra from this
experiment is shown in Fig. 2.

Experiment 2 (G6)

Two three-parameter measurements were
recorded in the same experiment; these ex-
periments are designated ' G6' and ' COAX''.
In the Gb6 experiment a 6-cm3 Ge(Li) detector
was used having resolution of 1.6 kéV at 279
keV and was located in position Yq (Fig. 1).
The data cover a usable energy range of 60
to 1400 keV.

Experiment 3 (GX)

The data recorded in this experiment rep-
resent the y-ray portion of three- and four-
parameter measurements in which y rays
and K x rays were recorded. The y-ray de-
tector had a 6-cm~” volume with resolution of
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~ 1.6 keV at 279 keV and was located at posi-
tion vy, (Fig. 1). The usable energy range in
this experiment was 60 to 1400 kéV.

Experiment 4 (COAX)

The data presented in this experiment were
recorded at the same time as the data pre-
sented in Experiment 2. In this case a 35-cm?
coaxially drifted Ge(Li) y-ray detector with
resolution of 2.5 keéV at 279 keV was used.

This crystal was located in position Y7 and
had a usable energy range of 150 to 1900 keV.

Experiment 5 (HRF2)

This experiment presents the same three-
parameter data recorded in Experiment 1. In
this case, however, the data is presented for
mass intervals relative to the fragments
stopping in fragment detector F, (see Fig. 1).
For all other presented results the mass in-
tervals are relative to fragments stopping in
detector Fy. The sorting is performed in
this manner so that transition lifetime infor-
mation can be extracted from the y-ray in-
tensity measurements. By observing, over
the same mass intervals, the intensity of a
specific y ray in the "HR" and "HRF2" ex-
periments and by knowing the velocity of the
fragment and the geometry of the detectors,
it is possible to estimate the transition life-
time. Transition lifetimes in the 0.2- to

. 2-nonosecond region, which we have extracted

using this technique, are presented in Refs.1-
3.

Experiment 6 (Z)

This experiment presents y-ray data ob-
tained in a four-parameter experiment in
which two fragment energies were recorded
in coincidence with y rays and K x rays. The
Y rays were recorded by using the detector
described in Experiment 3. In this experi-
ment the data are presented in 27 spectra each
labeled by an atomic number (Z = 37 to 63).
These atomic numbers were established by
placing windows on the appropriate energy
interval containing the Ka x rays of each
element.
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INTERPRETATION OF MASS ASYMMETRY IN FISSION BASED ON
DEFORMATION ENERGY SURFACES™

C. F. Tsang and J. B. Wilhelmy

One of the most readily observed properties
of the fission process has been the determina-
tion of the mass distribution of the resultant
fission products. Until very recently all low-
energy induced fission studies of actinide nu-
clei have shown mass distributions that were
strongly asymmetric. A characteristic mea-
surement of the asymmetry is the ratio of the
yield of fission products corresponding to the
peak of the mass distribution compared with
the yield of products at the valley. Experi-
mental peak-to-valley ratios have been tabu-
lated for low-energy induced fission of acti-
nide nucleil and these results invariably show
them to be strongly asymmetric and have the
property that as the excitation energy is in-
creased in the fissioning nucleus, the peak-to-
valley ratio decreases. Recently an appar- |
ently anomalous case has been discovered in
which the thermal-neutron induced fission of

5TFm has resulted in a strongly symmetric
mass distribution. These results are even.
more striking because other current experi-
mental studies have shown that the mass
distribution for the spontaneous fission of the
adjacent even-even isotope 256Fm is asym-
metric.

Many attempts have been made to theo-
retically interpret the fission mass distri-
bution but none, so far, have been successful
for quantitative predictions. The liquid-drop
model analysis™ predicts the mass distribution
to be symmetric in all cases. Very often the
asymmetry has . been qualitatively explained as
the result of strong shell effects in the re-
sidual fission product nuclei. Recently a
tractable theoretical interpretation of the mass
distribution was proposed by Mdéller and
Nilsson® in which they have shown that in the

actinide region, the second fission barrier
has a lower total energy for asymmetric mass
division. A schematic representation of the
total deformation energy surface of an actinide
nucleus is shown in Fig. 1. The multidimen-
sional aspects of the surface are reduced by
combining the two symmetric coordinates

(€2 and €4) and the two asymmetric coordin-
ates (€3 and €5). The surface shows that the
ground state, first fission barrier, and sec-
ondary minimum have their lowest energy
along the symmetric axis (labeled SYM).
However, the calculations show that in the
outer barrier region there is a mountain top
on the symmetric axis and the saddle point is
located at an asymmetric deformation. Also
shown in Fig. 1 are cross sections of the def-
ormation energy surface through the sym-
metric axis and an asymmetric axis in the
second barrier region. The cross section
through the symmetric axis shows the now-
familiar double-peaked fission barrier. On
the other hand, the cross section through the
asymmetric axis shows that the deformation
energy surface clearly prefers an asymmetric
deformation near the second barrier.

Our interpretation of mass asymmetry is
based on a quasi-static analysis of the system
at the second saddle point. We make the
simple assumption that the probability of
symmetric or asymmetric fission is related
to the excitation energy of the system relative
to the deformation energy surface of the sym-
metric and asymmetric outer fission barrier.
When the excitation energy is positive with
respect to the barriers then we take the prob-
ability for asymmetric and symmetric fission
to be proportional to the local level density
above the asymmetric saddle point and the
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Fig. 1. Schematic representation of a def-
formation energy surface as a function of
symmetric and asymmetric deformations.
For details, see text. (XBL 719-4270)

symmetric mountain top respectively. This
probability is evaluated by using the simplest
Fermi gas level-density formula:

P_=cexp (2 NEY (ET-Ea) )s

a
(1)

P
s

c exp (ZN/a(E—T—E_S.)),

where P, and P are the probability for asym-
metric and symmetric division respectively,
ET is the excitation energy, E, and ES are
the energies of the asymmetric saddle point
and the symmetric mountain top, and a'and

a are the level-density parameters for the
asymmetric and symmetric cases. In the
Fermi gas model the level-density parameters
are proportional to the number of particles

(A) and can therefore be formally written as

a' =yx'A;a=yA.

By making these substitutions in Eq. (1) and
taking the ratio of the probability of asymmet-
ric to symmetric fission,we get, on a slight
rearrangement, :

NA(E .-E NA(E .-E
1=2 NYT Frfa) e s
X' "In Pa/Ps X Tfn Pa/Ps °

(2)

A plot of NA(ET-E_)/4n(P,/P,) against
NA(ET-Eg)/4n(P,/Pg) should be linear if

x and x' are constants. To make such a
plot it is necessary to evaluate the various
quantities in the ordinate and abscissa. The

ratio P,/P_ is taken to be the experimentally
deterrninedsl peak-to-valley ratio, E~ is the’
excitation in the fissioning nucleus, and the
energy of the asymmetric saddle point is
taken as the empirical barrier height of the
outer fission barrier. These empirical values
have been derived from the analyses of ex-
perimental data by Bjgrnholm, ® Britt et al., v
and Back et al. © Where experimental data is
not available we have used the semiempirical
values of Pauli and Ledergerber. 9 The values
of the symmetric barrier heights (E_) were
obtained by adding the theoretically calcu-
lated5, 10,11 energy difference between the
symmetric and asymmetric fission barriers
(Eg-E,) to the above-mentioned empirical
values for the asymmetric barriers. Thus,
this energy difference is the only number we
get directly from the theory.

These values were used to calculate the
ordinate and abscissa for Eq. (2), and Fig. 2
presents a plot of this data based on the
Méller -Nilsson- deformation-energy surfaces.
The data with large excitation energy have
large values of the ordinate and abscissa. As
can be seen, these data define a reasonable

40~ ]

JA(ET-EO)/ln p/v
S
I

Intercept = L
2/%

o) = 1.6 .
'~ L
X=1
o ] 1 |
0 10 20 30
v A{ET-Eg)/ In p/v
Fig. 2. Correlation obtained by plotting data

using Eq. (2) for cases in which the excitation
energy in the fissioning nucleus is above both
the asymmetric saddlg point and the sym-
metric mountain top. The line is drawn to
smoothly join data points. (XBL 719-4272)



straight line, with some deviation at the low-
energy end. The magnitudes of ¥ and ' are
determined from the line. They are found to
be equal (which is reasonable, since, when
the excitation energy is large the effect of the
energy difference between the symmetric
mountain top and the asymmetric saddle point
becomes less significant) and of value ~ 1/10.
This gives for the level-density parameter in
the Fermi gas model, a = A/iO, which is in
good agreement with the value obtained from
analysis of neutron-capture resonances and
of other nuclear reactions where a is typi-
cally determined to be between A/8 and
A/12. For low-energy points, both y and

x' are seen to be no longer constant as a
function of energy. Since the smooth curve
bends up from the straight line as one goes
to decreasing values on the abscissa, this
means that the value of x' is decreasing
which implies a decrease in the number of
levels when the energy is close to the def-
ormation-energy surface.

Using these results we are now in a posi-
tion to make an estimate of the peak-to-valley
ratio for the thermal-neutron induced fission
of 257TFm. The valuesl2,5,9 of ET, Es’ and
E, are 6.5, 3.5, and 3.3 MeV respectively.
Using the values of ¥ and y' from Fig. 2 and
rearranging Eq. (2), we obtain a prediction
for the peak-to-valley ratio of ~ 1,8, This
compares well with the experimental value of
1 (i. e., symmetric fission) since the range
of values of peak-to-valley ratios which are
experimentally known is from 1 to 2750. Th
uncertainties in theory are more than enough
to account for the difference of 1.8 from 1.
The physical reason why we predict close-to-
symmetric fission in this case is that the en-
ergy difference between the asymmetric
saddle point and symmetric mountain top is
small (only 0.2 MéV) so that at the neutron
binding energy, 3.2 MéeV above. the barrier,
its effect is not large. In other cases such
as U and Pu, the difference is about 2 MeV
and this has a significant effect on the mass
distribution for excitation energies corre-
sponding to thermal-neutron induced fission.
In this argument, we can predict that the
thermal-neutron induced fission of 255Fm
will also be symmetric (even though spontane-
ous fission of Fm is found to be asym-
metric).

In cases when the excitation energy is be-
low the barriers (for example, spontaneous
fission) we interpret the probability for asym-
metric and symmetric fission to be given by
the probability of penetrating the fission bar-
riers along the symmetric and asymmetric
paths. These probabilities are given by the
standard WKB penetration formula
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. i 2p' ,5/3 ¢
Pa clt exp -2 A/)ﬁz A (Ea ET)dE )
| )
P =c' exp -2 «/5%A5/3(E -Epde ,
S A S

where B’ A5/3 is the inertia parameter for
pene?rating the asymmetric saddle, and
BAS/3 is that for the symmetric mountain. On
taking the ratio of probabilities, the penetra-
tion from the ground state to the second mini-
mum that is common to both cancel out, and
we need only consider the penetration from
the'secondary minimum to the emerging point
of the barrier by way of the asymmetric and
symmetric paths.

For the analysis of the peak-to-valley
ratios by using Eq. (3), there are two param-
eters to be obtained: the asymmetric and
symmetric inertia parameters. Until re-
cently there has only been one radiochemical
result of the peak-to-valley ratio for spontane-
ous fission, which is the case of 2¢52Cf
(~ 750). The other spontaneous fission re-
sults are given only as lower limits. As a
reasonable number, we have assumed the
inertial parameter for asymmetric fission
was the same as that obtained by Nilsson
et al. 13 from an analysis of spontaneous fis-
‘sion half-lives. Their value is:

2pt
2

- 0.3390 Mev 172, (42)

The value for the symmetric inertial param-
eter can then be obtained from Eq. (3) by fit-
ting the 252¢f peak-to-valley ratio. This
gives a value of: '

ig - 0.3747 Mev~1/2 .
#

{4b)

With these values it is now possible to pre-
dict peak-to-valley ratios for all spontane-
ously fissioning even-even nuclei. Results
of the analysis are shown in Table I. Thus
the peak-to-valley yield for the spontaneous
fission of 250Fm is calculated to be 43, which
agrees reasonably well with the experimental
value3 of ~12. The phgrsical reason why the
spontaneous fission of 56Fm is asymmetric
is that even though the energy difference be-
tween the asymmetric saddle point and the
symmetric mountain top is small, in the case
of tunneling under the barrier it is felt quite
strongly. This is to be contrasted with the
case of the thermal-neutron induced fission
of 257Fm, where the energy difference is just
as small, but its effect is very little when the



Table I. Experimental and calculated values
of peak-to-valley ratios for spontaneously
fissioning nuclei.

Peak yield/valley yield

Nucleus Experimental Calculated
23844 > 500 gx10°
2404, > 2702 7X10°
2420m > 700% 2.4x10%
2440 > 5x10° P 2x10%
252Cf ~ 7502 Fitted
2565 ~ 12 43
%Ref. 1.

PRet. 3.

excitation energy is substantially above the
barrier. In this argument, we can predict
that the spontaneous fission of Fm is asym-
metric, even though the thermal-neutron in-
duced fission of 257Fm is found to be sym-
metric.

In this study we have correlated quantita-
tively the peak-to-valley ratios of the mass
yield distributions of all even-even fissioning
nuclei. We are able to understand the appar-
ently anomalous case of the symmetric ther-
mal-neutron induced fission of 227Fm. We
have also made a study of radium fission
which yields a triple-peaked mass yield dis-
tribution. The results can be understood
within our picture.
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A USE OF 252¢f FOR FISSION-FRAGMENT MEASUREMENTS

R. C. Jared and J. A. Harris

The fission process has long been used as
a method for producing neutron-rich isotopes.

These neutron-rich isotopes have been used
to study radioactive decay schemes. Until
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Fig. 1. The plating cell for 2°2Cf. The

liquids were added or removed by the syringe
on the right by using vacuum or pressure

from the syringe on the left as an aid.
(XBL 721-2138)

recently, very few conclusive assignments
were made on prompt y radiation from fis-
sion. The measurements of decay schemes
of fission products have been limited to nu-
clei that have undergone beta decay and have
sufficiently long half-lives to permit applica-
tion of chemical separation techniques.

A typical fission experiment would consist
of two fission-fragment detectors facing each
other with a 252Cf source in the middle
mounted on a very thin foil so that both fis-
sion-fragment kinetic energies can be mea-
sured. The masses of the fission fragments
are calculated from these energies. In addi-
tion to the fission detector, a vy detector is
usually positioned close to the source to ob-
tain gammas that are in coincidence with cal-
culated masses. The main problem with the
above experimental configuration is that the
Y rays emitted from the moving fragments
are broadened and shifted as a result of the
Doppler effect. This effect can be minimized
by stopping the fragment in times much
shorter than the lifetimes of the y rays.

An obvious solution to the problem is to
stop one of the fission fragments immediately
after fission in one of the fragment detectors
and then observe the y rays. This was ac-
complished by electrodepositing the californ-
ium on a detector. The stopping time of the
fragments is ~ 10-12 sec; therefore, lines
with half-lives greater than 10-10 sec can be
clearly identified. This technique was used

to identify 30 decay schemes for prompt even-
even isotopes in the fission of 252Cf. 1,

Experiment

The electrodepositing of 252C:I:' was ac-
complished in the cell shown in Fig. 1 A
phosphorus diffused Si detector (200-500 ©/cm)
was mounted at the bottom of the cell. The
252Cf was made chemically pure by being
processed through a cation exchange column.
The sample was then placed in 0.001 M HNO,
and transferred to the plating apparatus.

Electrodepositing of 252Cf was done under
the following conditions. A Si detector was
used as the cathode, and Pt wire as the anode.
The 0.004 M HNOj solution with 252Cf was
introduced into the system by applying a
slight vacuum to the cell, which was done by
means of a syringe attached as shown on the
left-hand side of Fig. 1. Voltage was applied
and the sample was allowed to plate for 10 to
15 min, after which time NH4OH was intro-
duced into the system, converting the sample
to the hydroxide form. The detector was
then removed and thoroughly washed with
alcohol, and allowed to dry under a heat
lamp.

Results

The detector showed no deterioration from
the plating procedure, but the life of the de-
tector due to radiation damage was reduced by
a factor of 5. This reduction in lifetime was
probably due to microscopic nonuniformity in
the plated californium.

Conclusion

In conclusion, the overall effect of the
plating was to reduce the useful life of the
fission-fragment detector, but this was far
outweighed by the ability to stop the fission
fragment within ~ 10-12" sec of fission, there-
by eliminating for all practical purposes
Doggler—shifted lines in the y-ray spectrum
of 252Cf.
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Rb and Cs ISOTOPES AND CROSS SECTIONS FROM 40- TO 60-MeV PROTON FISSION
OF 238y 2321y, aAnp 235yt '

B. L. Tracy, J. Chaumont, R. Klapisch, J. M. Nitschke, A. M. Poskanzer, E. Roeckl,
and C. Thibault

On-line mass spectrometer techniques for
the separation of Rb and Cs have been used to
detect products from the 40- to 60-MeV proton-
induced fission of 2 8U, 232Th, and 235U,

New isotopes were observed, half-lives mea-
sured, and isotopic cross section distributions
determined.

Briefly, the experimental arrangement in-
volves having the target in the ion source,
where energetic fission fragments are caught
in heated graphite foils from which Rb and Cs
diffuse very quickly. They are ionized easily
by surface ionization, accelerated, ‘and then

analyzed with a mass spectrometer (90° deflec-

tion, 30 cm radius). Individual ions are de-
tected at the collector by means of an electron
multiplier. ‘

This apparatus was installed in an external
beam of the Grenoble cyclotron. The current
of the proton beam bombarding the target of
about 2 pA was pulsed by blocking the ion
source to give 100 msec of beam with a repeti-
tion period of 1 to 10 sec.

To measure short half-lives, two methods
were used:

A) Differential scanned diffusion. In this
method, ig(t) is the diffusion-limited time de-
pendence of the ion current following a proton
irradiation when the mass spectrometer is
set on a stable or long-lived isotope. If an-
other measurement is performed on a short-

lived isotope, radiocactive decay will be an
additional limiting factor to the ion current
and we shall thus have i(t) = ip (t) exp{-\t).
From the ratio i/ip the radioactive decay con-
stant can be obtained. In-fact i(t) and is(t) are
monitored at fixed regular intervals by méans
of a periodic triangular modulation of the ion
accelerating potential in order to discriminate
the signal from the time-dependent background.

B) Beta-decay measurements. The electron
multiplier, normally used to count ions, can
detect beta rays emitted by nuclei accumulated
on the first dynode with an efficiency of about
20% . With the mass spectrometer set at a
particular mass, nuclides are collected on the
dynode during the proton irradiation and for
130 msec afterwards. At this time, tg, the
ion beam is switched off and the decay of the
accumulated activity is recorded. This method
not only gives the half-life of the respective
Rb or Cs isotope but also allows the observa-
tion of the beta-decav descendants. From an
analysis of the initial activities information
can be gained on whether the second half-life
belongs to the daughter or granddaughter. The
results are given in Table I. 99RB, 98sr,
and 145,146C5 are new isotopes.

The isotopic distributions of Rb and Cs
independent yields were measured with high
precision. The Rb isotopic distributions
have a Gaussian shape, but those of Cs are
somewhat asymmetrical. As the proton bom-
barding energy increases, the neutron-excess

Table I. Measured half-lives in milliseconds.

Mass Element Diffusion Beta decay Best value Previous work
96 Rb 2073 2073 23020
97 Rb 176 6 175+ 8 176 £5 135+ 10

Sr $200 <200 400+ 300
Y 1110+140 1110* 140 1110+ 30
98 Rb 140+ 8 96 £27 1368
Sr . 845%43 850 50
Y <300 <300
99 Rb 765 76%5
145 Cs 55928 613£100 563+£27
146 Cs 18911 189+ 11




sides of the distributions remain approxi-
mately fixed while the neutron-deficient sides
shift to lower mass numbers.. The distribu- -
tions also show significant variations with the
neutron-to-proton ratio of the target.

All the isotopic cross sections show a
significant odd-even structure, with the for-
mation of even neutron isotopes being favored.
The effect is more pronounced for the neu-
tron-rich isotopes. A similar structure is-
found to occur in Rb and Cs distributions
from fission induced by thermal neutrons,
155-MeV protons, and 24-GeV protons, as
well as in the Na and K cross sections from-
24-Gé€V proton reactions with a variety of
targets. =

This structure is. more evident if .one anal-
yzes the data by a method of third differences.
Let Ly, Ly, Lp, and L; be the natural log-
arithms of the relative isotopic yields at the
mass numbers A, A+ 1, A+ 2, and A + 3.
We then define.the third difference for this
mass interval as :

D3’E

A ,
(-4)7[(Ly - L) - 3(L; - Ly)] /8. (1)
If Ly to L3 lie on a parabola (i.e.’, the data
are Gaussian), then it is easily shown that
the third difference is exactly zero. Suppose
now that the logarithms of the yields of odd-
mass isotopes all lie above a smooth parabola
by an amount A, and those of even-mass
isotopes all lie below this curve by an equal
amount. Then, it can be shown that D3 =+A.
Thus if the yields of odd-mass isotopes are
favored, the third differences will be con-
sistently greater than zero and will give di-
rectly the average fractional odd-even effect -
for each interval of four masses. The re-
sulting third differences for all Rb distribu-
tions are shown in Fig. 1. The experimental
data of J. Chaumont! have been used to com-
pute the third differences from fission by
thermal neutrons, 155-MéV protons, and 24-
GéV protons. From these graphs it is evi-
dent that a small but significant odd-even
effect exists in all of the Rb isotopic distri-
butions measured up to the present. ' This
effect varies more or less smoothly with
mass number, but shows no apparent de-
pendence on target or bombarding energy.

The effect is 10% or higher for the most neu-
tron-rich isotopes, but levels off to a value
of about 2% near the maxima of the distribu-
tions. Some graphs show a tendency to in-
crease on the neutron-deficient side, but this
is not reproduced in all cases.

An odd-even effect which favors even-neu-
tron species in the isotopic distribution could
have two possible origins:
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Fig. 1. Percent odd-even effect in the Rb
distributions. - The third difference for each

mass interval A to A + 3 is plotted at the
midpoint of this interval, i.e., at mass
A+1.5. In each case a smooth curve has
been drawn by eye through the computed
points. Open circles represent third dif-
ferences containing one or more interpolated
These points have
been given less weight when drawing the
smooth curve. (XBL 724-780)

1)- A preference in the nuclear division it-
self for fragments with even numbers of neu-
trons, because of the higher Q values in-
volved. ' ’

2) A tendency for odd-neutron prompt frag-
ments to evaporate slightly more neutrons
than even-neutron prompt fragments.

In the first case, neutron emission from
the prompt fragments will tend to smear out
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Fig. 2. Analysis of the odd-even effect in the

Rb distribution from the fission of 238U by 50-
MeV protons. The points are computed from
the experimental data, and are the same as

in Fig. 1. The solid curve shows the results
of the calculation for v = 1.6, a pairing ef-
fect of £ 18% in the prompt yields, and no
pairing effect in the neutron emission; the
dashed curve is for v = 1.6, a pairing effect
of £12% in the prompt yields, and a £2.5%
effect in the neutron emission.

(XBL 724-781)

any structure originally present at the mo-
ment of scission. However, this structure
will tend to be preserved on the neutron-rich
side of the isotopic distribution. This is be-
cause the yields of the neutron-rich fragments
are decreasing very quickly with increasing
neutron number, and neutron evaporation
from higher mass isotopes has very little
effect on the observed yield of the isotope at
mass A. Expressed differently, the observed
yields of the neutron-rich isotopes result from
events in which very few if any neutrons are
emitted. On the other hand, near the maxi-
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mum of the isotopic distribution, the yields of
adjacent isotopes are about equal, and neu-
tron emission from higher-mass isotopes be-
comes more effective in smearing out pairing
structure. In the second case, a pairing ef-
fect in the neutron emission leads to a struc-
ture which is nearly constant with mass.

A preliminary calculation has been per-
formed of the odd-even effect in the Rb dis-
tribution from 238U at 50 MeV and is shown
in Fig. 2. We conclude that the odd-even ef-
fect in the Rb and Cs distributions can be ac-
counted for by a 10 to 15% neutron pairing ef-
fect in the prompt yields and a 2 to 3% pair-
ing effect in the neutron emission.

From the mean mass numbers of the Rb
and Cs distributions, the average total num-
ber of emitted neutrons has been estimated
for each reaction. This information, to-
gether with other results on neutron emission
as a function of fragment mass, has allowed
the mean mass numbers to be corrected for
prompt neutron emission. These corrected
values differ by about one mass unit from the
values predicted by the unchanged charge
density (UCD) mechanism and are consistent
with the same mechanism of charge division
as that operating in thermal neutron fission.
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SEARCH FOR y TRANSITIONS EMITTED IN THE FORMATION OF A FISSION ISOMER

D. Benson, Jr., C. M. Lederer, and E. Cheifetz"

The phenomenon of isomeric states de-
caying by fission was first discovered by
Polikanov. It was first suggested by
Strutinsky, 2 and is now generally accepted, 3,4
that nuclei exhibiting fission isomerism un-
dergo fission after being trapped briefly in a
secondary minimum in the potential-energy
surface. A probable4 mechanism by which
fissioning isomeric states could be populated
involves y decay in the second potential well
after evaporation of neutrons from the com-
pound nucleus.

In our search for y rays preceding delayed
fission we chose to study the reaction
238U(a, 2n)240mPy. This reaction has a rela-
tively high ratio of isomeric to prompt fis -
sion® (4.4X10-5 at E =25 MeV). With a half-
life4 of 3.8+0.3 nsec the isomer decay can be
observed between bursts of the 25-MéeV «
beam at the 88-inch cyclotron.

A target consisting of 0.6 mg/crn2 UO, on
a 0.2 rng/crn2 carbon foil was mounted at 45°
to the beam. Fission fragments were detected



by a 450-mm? surface barrier Si detector on

_ one side of the target, at about 100° to the
beam. The target was viewed on the opposite
side through a thin Al window by a 5-cm
Ge(Li) y-ray detector. Both detectors were
placed close to the target to maximize geo-
metric efficiencies.

The arrival time of the beam burst was
derived from the zero-crossover point on the
cyclotron rf voltage. A bi-level time pickoff
system was used with the Si detector. The
lower threshold provided fast timing of the
fission events, while the upper threshold re-
jected the more abundant pulses from scat-
tered « particles. Gamma-ray timing was
obtained from a leading-edge discriminator
on the preamplifier output. The time delays
between the beam burst and a fission event,
TBf, and between a y ray and a fission event,
T,f,» were measured, as well as E,,. . Base-
line stabilization of the Tps signal corrected
for any rf phase driftd d]131ring long runs.

The Tyf signal was compensated® for energy -
dependence of the y timing.

Most of the width of the Tg¢ curve (Fig.1)
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Fig. 1. Time distribution of fission relative

to beam bursts. The dashed line indicates
isomer activity calculated for a 3.8-nsec
half-life with overall isomer/prompt-fission
ratio of 4.4X10-5. (XBL 721-2035)

161

Channel number

03—, 4]0 : ! : 2]0 : 10
= -
c
c
2
o
~ ]
w
€
3
(=3
o

! L L ! I ! I !
-40 -20 o 20 40
T, (nsec)
Fig. 2. Time distribution of fission relative
to y rays for all y energies above 25 keV. The

plotted points correspond to events for which
Tyt falls within the delayed fission window
(Fig. 1). The solid curve, obtained with no
restrictions on Ty, is normalized to the
points in the vicinity of the peak.
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is due to the time structure of the beam burst.
This width does not permit complete separation
of delayed from prompt fission. However, it
was possible to set a window on the Tgpr sig-
nal, as shown in Fig. 1, such that about 17%

of the events in the window should be due to

the isomer. This amounts to an enhancement
of 4X 103 relative to the overall isomer/prompt
ratio.

The two parameters E, and T,y were
stored serially on magnetic tape for every
fission-y coincidence event that also fell
within the Tps window. One out of every 100
events falling outside the window was also
stored; marker flags distinguished these
events from those gated by the Tgs window.

A total of 5X108 fission events were counted
during the 36-hour measurement. The re-
sults are shown in Fig. 2. The plotted points
correspond to events for which TRy fell within
the delayed fission window, while the solid
curve, normalized to the points near the peak,
was obtained with no restrictions on Tgs. The
excess of y-delayed fission coincidences,
evident from the right-hand portion of Fig. 2,
totals 57+ 8 counts. These counts cannot be
related to the time structure of the beam
bursts (because the timing of a true fission-y
coincidence is independent of the beam time
structure), but may be ascribed to one or
more of the following effects:

(1) Gamma rays emitted in the formation

of the 3.8-nsec isomer.

(2) Chance coincidences between (apparently)



delayed fission fragments and prompt vy
rays emitted during the same beam burst
by another nucleus.

(3) Tailing in the time-response curve of
the fission detector.

At the observed counting rates we would
expect 47"%% chance coincidences between
prompty rays and those fission events oc- -
curring within the Ty window. The validity
of this estimate for effect (2) was checked in
a separate experiment, in which fission frag-
ments were counted in chance coincidence with
prompt y rays from the preceding beam burst.
Thus chance coincidences alone can account
for the observed excess of fissions delayed
with respect to the y rays; an upper limit
of 36 counts can be ascribed to the effect (1)
we have sought to observe. Since chance co-
incidences alone can account for the data, -the
spurious effect (3) due to tailing in the fission
detector time-response curve is-apparently
small. We have attempted to check this con-
clusion by repeating the experiment with the
232Th + 25-MéeV o reaction, which produces
no known fission isomer. However, an in-
creased chance coincidence rate, due to a
poorer time structure of the beam, makes
these results inconclusive.

In summary, our results give no definite
evidence for y rays feeding isomeric fission.
If the isomeric state is 2.6 MeV above the
240pPy ground state, 4 the maximurn energy
available for y decay would be 5.4 MeV. From

the gross y detection efficiency (photopeak plus

Compton), we conclude that an average of

< 2 y-ray photons precede isomeric fission of

240Py. This low y multiplicity may indicate
a'' special” channel for formation of the iso-

mer, possibly via compound states of low

angular momentum.

The energy spectrum of prompt y rays
coincident with (apparently) delayed fission
reveals no discrete lines. Table I gives
limits on possible discrete photon transitions
as a function of energy. The low intensity in
the Pu K x-ray region (100 kéV) indicates that
the isomeric state is not populated by trans-
itions that are strongly K-converted. The
present results do not rule out possible rota-
tional transitions in the second well, since
these would be converted strongly in the L
and higher shells.
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Table I. Limits on the intensities of possible
discrete photon transitions preceding
delayed fission.

‘
Maximum y's .

(kev) per fission isomer
50 - 120 . 0.2

175 0.3 -

250 0.5

300° 0.7+

400 1.0
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A NEW SEMIEMPIRICAL LEVEL DENSITY FORMULA WITH PAIRING AND

SHELL EFFECTS

A. Gilbert, R. C. Gatti, S. G. Thompson, and W. J. Swiatecki

The original Bethe1 formula for the nuclear
level density p is

p = C exp (2NalU),

where U is the excitation energy and a is
proportional to A, the number of nucleons.

Using the Bethe formula to fit neutron
resonances, with a as.an adjustable param-
eter, one finds systematic odd-even and shell
effects in a. Newton? and Gilbert and
Cameron, 3 among others, showed that the
odd-even effect could be accounted for by sub-
tracting from U the odd-even mass difference,
and that shell effects in a could be related to
the shell term of the mass formula.

In the high-energy limit, Rosenzweig4 and
Gilbert~ found that for a periodic scheme of
single -particle states the level density has
the form

p~ exp [2ha(U+ )] ;

_ where S is the experi

A is related to shell structure and has maxi-
mum negative value at closed shells.

In order to incorporate all these effects we
have devised the following semiempirical
level density formula:

p(U) = C exp (ZN/aeff "),
U'+K "
UI

where aggr = aA(1 +

=U + EO’
where Eq  is the odd-even term of the Myers-
Swiatecki® mass formula;

A =8 - Ed’
ental shell correction
to the Myers-Swiatecki® mass formula and Ejy

is the deformation energy. C is a constant;
a and K are adjustable parameters.

Neutron resonance data are being used to
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determine « and'K. Our compilation of reso-
nance data was derived from the Brookhaven
neutron cross section work (BNL-325), sup-
plemented by the Nuclear Data Sheets, the
work of Baba, 7 and some recent references.

Figure 1 is a logarithmic plot of the ratio
of observed and calculated neutron resonance
spacings with @ = 0.125 and K = 12.0 MeV;
75% of the points are within a factor of 2,
18% are between a factor of 2 and 3 off, 7%
are off by over a factor of 3 (but well within
a factor of 10).

Some systematic discrepancies are of con-
cern, particularly near the N = 50 shell and
in the rare-earth region. Preliminary indica-
tions from Myers and Swiatecki are that these
discrepancies may be related to problems in
the mass formula. Final fitting of parameters
will await completion of the new Myers-
Swiatecki mass formula.

We plan to use our semiempirical level
density formula to fit high-energy fission

cross-section data. 8
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A NOVEL APPROACH TO THE EVAPORATION OF COMPLEX FRAGMENTS

L. G. Moretto

The neutron evaporatlon process has been
described by We1sskopf on the basis of the
detailed balance equation. The neutron decay
width is usually written as:

I'de = . o. (€

’l'rzﬁzp(E) inv

yep (E - B -€)de,

N

where p(E) is the compound nucleus level
density at the excitation energy E; By, m,
and € are the neutron binding energy, the
neutron mass, and the neutron kinetic energy
respectively; p™(E - By - €) is the level
density of the residual nucleus; and . _ is

inv
the cross section for the inverse process.

The same expression is also frequently
used for describing the emission of complex
particles. The inverse cross section is
either taken from the experimental particle-
induced reaction cross section, or, equiva-
lently from an optical model calculation. This
may be correct in the case of neutron emis-
sion but may be seriously in error for more
complex particles. In fact the inverse cross
section has no direct fundamental meaning,
but it is introduced in order to provide a
rough estimate of the inverse probability:

0. _ X particle velocity
inv

P. =
inv

normalization volume

Therefore the use of an experimental cross
section or of an optical model cross section
may lead to a gross misrepresentation of the
number and the relevance of the degrees of
freedom (especially the collective ones) in-
volved in the process. A way to account
specifically for the relevant degrees of free-
dom is offered by the transition state method,
used, for instance, for the evaluation of the
fission widths. If a highly asymmetric mass
splitting is considered, the critical shape,
corresponding to the fission saddle point, is
highly necked-in and the mass asymmetry
degree of freedom can be considered frozen.
This critical point in the potential energy can
be called the ridge point, in analogy with the
saddle point, because it is found on a slope of
the potential energy curve versus the mass
asymmetry (Fig. 1a).

In order to illustrate this approach, let
the liquid-drop model be used for the po-
tential-energy calculation and the ridge point
shapes be searched for among those allowed
by the parametrization described below.

The ridge point configuration is represented
as a sphere (small fragment) in contact with
the pole of a spheroid with variable eccen-
tricity 3~ (large fragment). The small frag-
ment is assumed to be without internal de-
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Fig. 1 (a) Schematic representation of the

potential energy of a nucleus versus a fis-
sion-like coordinate and a mass asymmetry
coordinate. Two paths towards decay at dif-
ferent mass asymmetry show the passage
through the ridge point.

(b) Total potential energy Vo and
Coulomb interaction energy V¢ versus the
deformation of the large fragment. A fluctua-
tion in the total potential energy of the order
of the temperature T produces a fluctuation
in the Coulomb interaction energy AV ~, which
can be very large. (XBL 721-2027)

grees of freedom and with only zero intrinsic
spin: it is allowed to oscillate in a doubly de-
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generate mode w about the pole of the spheroid.

This approximation may be reasonably good
for fragments like 411e, 12C, 160, 20Ne and
for temperatures at the ridge point lower than
the first excited state of the small fragment.
The first observation which can be made is
the closeness (in the model, the coincidence)
of the ridge point and of the splitting point.
Therefore the distribution of the dynamical
quantities of the two points can be taken to be
the same.

4He
p= .66

1.0 4
T=25 MeV 71

08 b
206 g
w -{
a 04 4
0.2] .

A, 1 l l 1
Y6 2024 28 32 36 16 2026 28 % 36 40
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0.0 \‘ I L

16 20 24 28 32
KIN
Fig. 2.
for the emission of “He from 2
temperatures.

Kinetic energy dlstr1but1on predicted
6U at different
(XBL 721-2029)
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Eqin ( MeV)
Fig. 3. Kinetic enerfy d1str1but10n predicted
for the emission of 12C from 236U at different
temperatures. (XBL 721-2031)

The second observation is that the large
fragment, at the ridge point, has a prolate
deformation—the larger, the higher the charge
of the fragment. This implies that fragments
can be emitted below the nominal Coulomb
barrier (Coulomb interaction energy of two
touching spheres).

The third observation concerns an ampli-
fication effect in the kinetic energy spectrum
(Fig. 1b). The total potential energy and the
Coulomb interaction energy can be expanded
up to second and first order respectively in
the deformation coordinate i of the large
fragment about the ridge point:

2
VT=k} s
VC:C,.}"

As can be seen in Fig. 1, an excursion in
potential energy of the order of the tempera-
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ture along the coordinate 3.corresponds to an
excursion in Coulomb interaction energy and
eventually in kinetic energy given by the re-
lation:

(av )* e pT,

where T is the ridge temperature and
P = cz/k. All of these features are contained
in the differential decay width:

2

2
d 3 27w d 2 2 b
F:-2~—ﬁ—%-p(E-B-2w -5}»{-3—--JL

2m _ 2m
-g/ w

2mp(E)h 1

2m P, dpw dp}/dw s

where p is the level density at the ridge
point; € is the ridge point kinetic energy; p,
P, Mz, m are the momenta and inertial
masses along the coordinates 3- and w; B is
the ridge point height; and E is the excitation
energy. -

The final kinetic energy distribution in the
center of mass is given by the expression

-2x
P(x) dx « (2x-p) exp (- = ) erfc 225X
T 2 NPT

2 2
pT P + 4x
+2 p- exp ( IpT ),

where x = E; - E,, E; is the kinetic energy,
and E( is the Coulomb interaction energy of
the two fragments at the ridge point.

It is interesting to notice that for the case
of neutron emission (p = 0, Eg = 0) the distri-
bution reduces to a Maxwellian

P(Ek) dEkoc Eyp exp (- T ) dE

k,

in agreement with the standard theory. Sub-
stantially different results are obtained for
more complex fragments. In Figs. 2,3, and
4 the kinetic energy distributions are obtained
for the emission of “He, C, 20Ne from the
compound nucleus 236Y. 1t can be seen that,
with increasing charge of the fragment, the
distribution changes from Maxwellian to
Gaussian and that the widths of the distribution
for the same temperature greatly increase
with the parameter p. Some of the features
predicted by the present formalism, like the
emission below the Coulomb barrier and the
large widths of the kinetic energy distributions
seem to be visible in the particle spectra ob-
tained in the bombardment of 238U with 6-GeV
protons. 2,3 No definite conclusions are pos-
sible because of the very complicated modes
of decay involved in such a high-energy re-
action. Experimental research at smaller
excitation energies is now being planned.
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BASIC FORMULATION OF NUCLEAR LEVEL DENSITY CALCULATIONS

A. Gilbert, R. C. Gatti, and G. L. Struble

The calculation of the nuclear level density

requires a knowledge of the grand partition
function

Z =Tr e_BH,

where H is the Hamiltonian of the system.

In this work we derive a variational prin-
ciple for the grand partition function which is
an extension of the well-known minimum
principle for the ground state energy of a
quantum mechanical system.

The variational principle is based on
Peierls' theorem®™ and the Bogoliubov in-
equality. Z» 3

Peierls! theorern1 says that

Z =Tr e_BHZ z e_B (k IH \k> !
k

where | k ) is an arbitrary set of orthonormal
states.

In other words, if Hg is the diagonal part
of the Hamiltonian in some representation,
then

-H BH

Tr e =Tre " d.
If any Hamiltonian operator is written as
H = Hy + Hy, we can make use of the

Bogoliubov inequality2, 3



B(Hp + Hi)

Hg

In Tr e~ >1in Tr e-B

Tr e_BHO

These two theorems combined give a lower
bound Z4 for Z, which is then maximized.

The diagonal terms of a general nonrela-
tivistic Hamiltonian with two-body forces can
be written as

nn_ .
ay o’y

Hy =U ) Won+1/2 ) W
a ay
The n, are number operators equal to aa(+ ay
agt and a, being creation and destruction
operators. U, W, WO!Y depend on the choice
of representation.

Bogoliubov's choice for H1 is

H, =1/2 ;Y W,y (8,5 ) @ -£),

where the f, are adjustable parameters.
Then the lower bound for Z is given by
_ﬁE

InZ, =-pU+ Za:ln(1+e )
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In Z, depends on the parameters f, and on the
choice of representation. The maximization

of In Z) with respect to f, can be carried out

quite generally, yielding

1
BE
e Y41

In this work the variational principle is
applied to the case of a two-body Hamiltonian
under the special Bogoliubov transformation.
The results give a generalization of the usual
temperature-dependent BCS pairing theory.

f =
[*4
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STATISTICAL DESCRIPTION OF A PAIRED NUCLEUS WITH THE INCLUSION
OF ANGULAR MOMENTUM

L. G. Moretto

The statistical properties of a paired nu-
cleus have been studied as a function of the
temperature T and of the angglar momentum
projection on the % axis M. 1,

The B. C.S. Hamiltonian can be written in
its second quantization forms as follows:

0-

£k

+ + t
€ 21 ¥ T G ;' a_ 1 B A2 g

(1)

where €, are the single-particle energy
levels, aj, and a) are the single-particle
creation and annihilation operators, and G
is the pairing strength.

The boundary conditions can be immediately
introduced in the Hamiltonian by performing
the substitution:

H~- H- AN -vyM, (2)
where N is the number of particles, M the
angular momentum J projection, and X and vy
are Lagrange multipliers to be determined.
In this form the Hamiltonian can be approxi-
mately diagonalized by means of the Bogoliubov
method. > The Hamiltonian in its diagonal
form is:

H= Z(Ek - *-EkHZ ny (B -y my )

2
- A
+ y ny (B Hymy )+ &

»

(3)

where E, = [(g - )\)2+A2] 1/2 are the
quasiparticle excitations; nl’t, n, are the



occupation numbers of the quasiparticles
with positive and negative spin projection
respectively; m, are the single-particle
spin projections; and the quantity A, called
the gap parameter, is given by the gap
equation

— + -
21__’3_“53
Ek G

where Ek is defined as above.

(4)

The Grand Partition function, which sum-
marizes the statistical properties of the sys-
tem, is given by

e _
e =

FH (5)

Tr e’

where

Q=-p Z(ek-x-Ek)

+ z In[1 +exp - ﬁ»(Ek -Ymk)]

2
+ Z 1n[1+exp—ﬁ(Ek+ymk)] -B -A-G— ,

(6)
where B = 1/T is the inverse of the tempera-

ture. The quantities A, ,\,y are related by
the gap equation:

27,

1
- [tanh > B(Ek—ymk)

+tanh 3 B(E _+ym] = & )

The first integrals of the system can be ob-
tained from the Grand Partition function:

€ - 1
N =z - _ZPT [ tanh 7 B(E, -y my)

+ tanh %—B(Ek+y m.k)]} , (8)

B 1
M = Z P [1+expB(Ek—y m, )

(9)

1
1+exp ﬁ(Ek+y mk)}

€, -\
- ¢ k 1
E = }__, €1 { - ZEk [ tanh 5 [3(]4:k —ymk)
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2

+tanh = B(E, Ty mk)]} - A= (o)

The system of Egs. (7) through (10) defines
the quantities A, B,\N,y as a function of the
boundary conditions. The entropy is given by
the expression

S = Z In{1+exp —ﬁ(Ek—ymk)]

+ Z In[1 +exp -B(E, +y m, )]

Ey -ymy

+ B 1+expﬁ(Ek-ymk)

Ek+y my

TP Z 1+expB(Ek+ymk) )

(11)

The level density of the system is given by

S
p(E,N,M) = —e"f’ﬁ— (12)
(217)3 2172
where
o%a
D = det |8a.8a. ’ (13)
i)

and @y =B, @y = PN, a3 = By. In order to
illustrate the interrelation between tempera-
ture, pairing gap, and angular momentum the
formalism can be applied to a uniform spec-
trum of doubly degenerate single-particle
levels of density g and of average spin pro-
jection m.

For T =0 (B =«) Egs. (7) and (9) can be
integrated to yield the zero temperature de-
pendence of the gap parameter on angular mo-
mentum:

1/2

M : (14)

A =800 - 5)
c
where Ay is the gap parameter for T = 0 and

M = 0. The gap parameter decreases with
increasing angular momentum (Fig. 1) and the
pairing correlation is destroyed for M = M,
where:

Mc =gm AO. (15)
The reason for the pairing breakdown with in-
creasing angular momentum is related to the
blocking effect generated by the quasiparticle
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T {Mev)

2 4 6 8 W0 12 % . 18
M (R)

Fig. 3. Dependence of the critical temperature
upon angular momentum: the parameters
used in the calculation are: Ag =1 MeV,
g=7 Mev-1, m = 2h.
(XBL725-823)

4 M/Mc 6

Fig. 1. Dependence of the gap parameter A

upon the angular momentum M at zero temp- 5
erature. Ap is the gap parameter for

T =0, M =0, and M_ is the critical angular
momentum above which A =0.

(XBL725-831,

T {Mev)

8 10
Mh)

Fig. 4. Contour map of the gap parameter

as a function both of temperature and angular
momentum. The spacing in A between two
successive lines is 0.05 MeV from A =1.0 MeV
to A =0.1 MeV. The outer line corresponds
to A =0 MeV.

_a/bo

(XBL725-826)

excitations on which angular momentum is
- built up.

.2 A R
/1 Pairing is also destroyed by an increase in
temperature (Fig. 2). The gap parameter

Fig. 2. Dependence of the gap parameter goes to zero at the critical temperature T.:

A upon the temperature T at zero angular
momentum. T. is the critical temperature ZA
above which A =0. TC = 3Ey

(XBL725-832)

o



The critical temperature depends upon angular
momentum as is shown in Fig. 3. A peculiar
feature of this function is its double value for
values of M between M _ and 1.22 M_. In this
interval at T = 0 the system is unpaired;

when the temperature increases up to the lower
critical temperature, pairing sets in until,
above the higher critical temperature, pairing
disappears again. This effect, which can be
called '"thermally assisted pairing correla-
tion,'" is simply explained by the antiblocking
effect of temperature. The tight strongly
blocking quasiparticle structure typical of the
zero temperature is spread out to a less
blocking configuration when the temperature
increases. The thermally assisted pairing
correlation is visible also for values of

M < M.. In Fig. 4 the lines of equal A are
shown in the T, M plane: it can be seen that,
for any non-zero value of M, the gap param-
eter A starts increasing with temperature,
goes through a maximum, and finally goes to
zZero. :

The effect of angular momentum on entropy
can be seen in Fig. 5 where the entropy is
plotted versus angular momentum —in constant-
temperature steps.

By setting T = 0 in Eqgs. (7), (9), and (10)
the equations for the yrast line are obtained:

24

22

20

¥

2 4 6 8 10 12 w 16 18 20

M (f)

Fig. 5. Entropy as a function of angular mo-
mentum for a set of equally spaced tempera-
tures.

(XBL725-829)

12

10

E (Mev)

2 4 6 8 0 2 W 18 1@ 20
M(h)

Fig. 6. Critical energy (upper line) and
yrast line (lower line) as a function of angular
momentum. The dashed line, which merges
into the yrast line at M =M_ is the yrast line
for the unpaired system. The difference in
energy between the dashed line and the lower
solid line represents the condensation energy
due to pairing.

(XBL725-827)

1 2 M M
yrast = 2 880 3 2z ) for M <M,
[od [o4

2
= zeagt
4m g
In Fig. 6 the lower line represents the
yrast line and the intermediate dashed line
represents the yrast line that can be obtained
for zero pairing. The energy difference be-
tween the two curves represents the condensa-
tion energy at each value of angular momentum.
The upper curve represents the upper bound-

ary of the paired region.

for M> M .
c
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DEFORMATION IN EXCITED NUCLE| AND DISAPPEARANCE OF SHELL EFFECTS
WITH EXCITATION ENERGY

L. G. Moretto

Ground state nuclei are known to have a
well-defined deformation, which corresponds
to the minimum in the potential energy sur-
face as a function of a set of deformation
parameters. The only uncertainty in the
ground state deformation is related to the
quantum mechanical fluctuations due to the
zero-point motion. The same considerations
do not apply to an excited system; if the sta-
tistical assumption is valid, the nucleus
should be able to explore all the deformations
that are allowed by the excitation energy.
Therefore an excited nucleus is characterized
by a distribution in deformations or by a func-
tion that will be called deformation probability.

This function can be calculated if one
assumes full statistical coupling between the
internal and the collective degrees of free-
dom. 1,2

Let € be a collective nuclear coordinate,
V(€) the potential energy function, E the ex-
citation energy. At any deformation €, the
available excitation energy is Eq = E - V{(e).
This available energy can be shared in many
ways between the internal degrees of free-
dom and the collective one. The semiclassi-
cal statistical probability for a given partitio
is:

P(x,¢) de dp = p(x) %R ,
where x 1is the fraction of the available ex-
citation energy taken up by the internal de-
grees of freedom, p(x) is the nuclear level
density, p is the conjugate momentum associ-
ated with the coordinate €, and h is the Planck
constant. In order to obtain the total proba-
bility at the deformation € one must integrate
over all the energy partitions:

' 2
- de P yap,
Pr(Ep,€) de = f P(EL - 577 )dps
where m is the inertial mass for the motion
along €. The integration limits are
+ N 2m E7. Because of the rapid decrease
of the integrand with increasing | p | the
limits can be substituted with £+« . By ex-
panding the logarithm of the level density
about Egand retaining terms up to the second
t

order, e integrand reduces to a Gaussian
which can be integrated explicitly:

_ N Zmm -1/2
P (Ep,€) de = —=— A! p(EL) de,

it

Yb

10

Fig. 1. Potential energy as a function of the
deformation parameter € for 72¥b calculated
from the Nilsson diagram by means of the
Strutinski procedure (black circles). The
continuous line represents the liquid-drop

energy. (XBL725-815)

where

dx B
_ET

Al = I:dlng(x):l

X
The approximations associated with the evalu-
ation of the integral correspond to the pass-
age from the energy-preserving microcanoni-
cal ensemble to the constant-temperature
canonical ensemble. In particular the quantity
A' can be identified with the inverse of the
temperature 1/T.

In order to obtain a realistic estimate of
the deformation probability it is necessary
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to be able to calculate accurately both the po-
tential energy V(€) and the level density

ple, ET)-

The first quantity can be obtained by _means
of a procedure suggested by Strutinski.” The
second quantity can be evaluated on the basis
of the same shell model and B. C. S. Hamilton-
ian as described elsewhere. ¢’

In Figs. 1,2, and 3 the potential energies
versus deformation are shown for the nuclei
174yp, 1840s, 208ph, The first two nuclei
appear to be deformed in their ground state
while the third is spherical. In Figs. 4,5,
and 6 the logarithm of a quantity proportional
to the deformation probability is plotted for
different excitation energies. For the nuclei

208

Same as in Fig. 1, but for Pb.

(XBL725-819)
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174y} and 1840s the deformation probabilities
show, at the lowest excitation energies, a
sharp peak in correspondence with the ground
state deformation. A secondary peak is also
present at the position of the oblate minimum.
A deep minimum in probability separates the
two peaks. As the energy increases, the two
peaks become broader, tend to get closer and
to equalize their height, while the minimum
which separated them grogressively fills in.
Eventually, first for 18405 then for 174Yb,
all the structure disappears and the deforma-
tion probability seems to reflect the liquid-
drop potential energy without any recollection
of the strong shells visible in the true po-
tential energy. These calculations show in a
dramatic way how the shell structure is
washed out by excitation energy. In particular,
deformed nuclei are seen to become spherical
at high excitation energy with high probability
for fluctuations about sphericity.
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Fig. 6. Same as in Fig. 4, but for Pb.

(XBL725-824)

Concerning the doubly magic 2O8Pb, the

deformation probability peaks at sphericity at
all energies. The excitation energy tends to
broaden the peak substantially, until at the
highest excitation energies,the deformation
probability curve looks rather similar to that
of the other two nuclei.
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NOTE ON THE DISAPPEARANCE OF SHELL EFFECTS WITH EXCITATION ENERGY
AND THE STRUTINSKI SMOOTHING PROCEDURES

L. G. Moretto

Recent numerical calculations performed L B B B B S B (420
on the basis of the shell model have shown the -8 N=200
influence of shell effects on level densities g=K €
and their disappearance with excitation en-
ergy. 1-3 It has been shown by Kahn and -6
Rosenzweig™ that the entropy of a system
characterized by a periodically bunched single-
particle spectrum at high energy has the same
form as in the equidistant model:

AE 24.5

AE (MeV)

24.0

4 (Mev)

S=2'\/aEx, -2

where Ey = E - AE. The quantity AE is an
energy shift which has been identified with the 00— 500 I3CI)O' = ‘40lOA 500
ground state shell effect. Ex (Mev)

235

L e B AL S iy £ 2

e Loy b Ly

O

By analogy some authors have assumed Fig. 1. Intercept AE and chemical potential
that a similar behavior is to be expected for f versus excitation energy for a Fermi gas
the entropy calculated on the basis of the shell (g = knfe) of 200 particles.
model. In particular it has been claimed that
plots of S2 versus E have become linear at (XBL7112-4977)
moderate excitation energy and the intercept
of AE with the E axis has been identified with

the shell effects. 5-7 3

Er= % bl g ) - %u g W)+ 71;} bhen ()

We will first show that the above assump-
tion is not justified, even for uniform models TT2 . 2 7 Tr4
where the single-particle level density is not + — gp)+ — pg' () + 120 —4—g" (),
constant. We shall then discuss the mechan- 6p 683 B
ism by which the shell structure is washed
out in the Strutinski procedure and in the TT2 2 o'y
statistical calculation. Finally we shall illus- S = 35 gp)[1+ — -g-—E}( )] .
trate the theoretical conclusions with numeri- 30B gtk
cal calculations.

It can be seen that only if g' (k) = g" (1) =0

a) Let us consider a system characterized then p. = constant,
by the single-particle level density g(e). We
expand g(e) about the chemical potential p up Tr2 2a
to second order and calculate the logarithm ET - EO =E === g and S = T=2 N akE .
of the Grand Partition function: 6p
2 3 4 Only in this case is a linear dependence of
Q= HT gln) - B HT g'(p)w% g" (1) S% vs E obtained. If g' (1) > 0 then p is de-

creasing with excitation energy. In other
4 2 words thé chemical potential is attracted
n 7 T g (l‘L)+1T—' g () towards the regions of low single-particle
360 ‘33 6p ’ level density. In Fig. 1 the behavior of p
and AE is shown for a Fermi gas (g=k N e).
It can be seen that AE starts from zero and
goes toward ever-increasing negative values,
simulating a shell effect increasing with en-

where f 1is the inverse of the temperature.

The particle number N, energy E, and
entropy S can be obtained immediately: ergy-

b) The single-particle level density, as
obtained by a shell model, can be considered
as composed of a smooth component and a

2
1 2 s 1 3
N =pg)- 5 rg" 1) +E>_2 g' (W) + ¢z re"(w
P rapidly fluctuating component, the latter being
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due to the shell structure. The smoothing in
the Strutinski procedure is performed by a

Gaussian:
< e, -e 2
1 erxp<— k ) .
yNT Z_, v

The quantity F'y has the purpose of retaining
the smooth trend of the level density undis-
torted. The statistical procedure smoothes
out the spectrum by means of the function:

gle) =

f(x) = % sech % Bx,

gle) = % Zisec.h2

The two smoothing functions are very similar
and the parameters  and y are connected by
the relation:

;3(ek -e).

2.12
B
Once the shell structure is washed out, the

smooth but not constant component of the level
density is left.

Y =

T T ] T T T T I T T 1 T ] T T T T T I T T I_‘
p 2 138
L K eprd i
o_ -
= | AE ]
2 r -37 =
2 -2+ 4 g
4 1 =
[ 1 <
-4}- : —36
_6_
IS S S Y [N TN SO S S I S UV T S BN N N S B M 1135
0 100 200 300 400 500
Ex (MeV)
. . . 124
Fig. 3. Same as in Fig. 2, but for Pd.

(XBL 7112-4978)

c¢) In Figs. 2 and 3 the quantities AE and
i are shown for a magic and a non-magic
nucleus. The chemical potential first senses
the low level density at the shell and then is
attracted by the lower level density deeper
in the well. The intercept AE varies rapidly
at low energies while the shell structure is
washed out, then the effect of the smooth com-
ponent of the level density takes over and the
intercept decreases slowly. It can be ob-
served that AE never becomes a constant,
which implies that S never becomes linear
with E.
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OPTICAL ZEEMAN SPECTRA OF Am3*, cm3*, AND Na3* IN CaF,

J. J. Stacy, N. Edelstein, R. D. McLaughlin, and J. Conway

it is well established that when a trivalent
rare earth ion is incorporated into CaFZ, sev-
eral kinds of sites are created as a consequence
of the various modes of compensation of the.
excess positive charge. The resultant sharp
line spectra are very complex due to the su-
perposition of spectra belonging to specific
sites. © We have used a superconducting mag-
net (maximum field 67 kG) to study the Zeeman
effect of Am3+, Cm3*, and Nd3* in CaF,. The
axis of rotation was parallel to the given crys-
tal direction and perpendicular to the magnetic
field.

The [110] Zeeman rotation patterns for
two Nd3+ absorption lines at ~ 7300 A are
shown in Fig. 1. It is apparent from the angu-
lar variation that the symmetry of the lines is
tetragonal. In particular the 70° to 110° split
between the angles at which the lines merge is
characteristic of tetragonal symmetry. The
relation of the zero field lines to the Zeeman
components can be seen in Fig. 2,which shows
the splitting of the lines as a function of mag-
netic field strength. The Zeeman components
of the two tetragonal lines repel one another
as the magnetic field is increased. This in-
teraction can be thought of as a '""crystal
Paschen-Bach effect. "

Fi0

T Q
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20
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Fig. 1. Optical Zeeman rotation pattern for
0.1 wt% Nd3*-CaF,, rotation about [110] di-
rection (4S 3/2; F7/2 manifold).

(XBL 7111-1669)
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Fig. 2. Splitting of absorption lines as a func-

tion of magnetic field strength (%S3 /5; 4F7
manifold). (XB 7111—/&70)

Tohree addoitional tetra%onal Nd3+ lines at
6263 A, 7356 A, and 7962 A could be positively
identified. However, only one tetragonal line
could be identified for Am3+—CaF2 and for
Cm3+ - CaF,. No lines due to symmetries
other than tetragonal could be identified.

Although only a single Am line could be
investigated, valuable information was gained
about the thermoluminescence of Am. This
Am absorption at 5223 A corresponds to one
of the high-temperature thermoluminescence
emission lines observed by Edelstein, Easley,
and McLaughlin, 3 and hence confirms Merz
and Pershan's™ proposal that such thermo-
luminescence is due to tetragonal sites.
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ABSORPTION SPECTRUM OF URANIUM FORMATE, ENERGY LEVEL SCHEME
OF URANIUM (+3)"

J. DrozdzynskiT and J. G. Conway

The absorption spectrum of uranium/(+3)
formate mixed in Halowax (index of refrac-
tion = 1.635) has been studied at room, liquid
nitrogen, and liquid helium temperatures in
the wavelength range 2500 to 45000 A. Twelve
well-separated levels were identified,and a
least-square fitting was used to derive the
electrostatic, spin-orbit, and configuration
parameters. A RMS deviation of 20 cm~?1 was
obtained with parameters of El = 2779,

E2 = 14.1, E3 =272, {5 = 1656, o = 117.5,
B =479 and vy = 1000 cm-1 (held constant).

Intensity calculations were attempted.

24 2.3 22 2l 14 1.3 1.2

Matrix elements U(M) were calculated for us
by Dr. W. T. Carnell of Argonne National
Laboratory. ’

Footnotes

>kThe complete report will appear in the J.
Chem. Phys. 56, 883 (1972). Also available as
LBL-218.

TFulbright—Hays Fellow; Committee on
International Exchange of Persons. Perm-

anent address:

Institute of Chemistry,

University of Wroclaw, Wroclaw, Poland.
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Fig. 1. Absorption spectrum of U(HCOO);:

(a) at 298°K, (b) 77°K,

(c)

4°K.
(XBL 747-3933)
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THE ABSORPTION SPECTRUM OF PmCl3 IN LaCI3*

W. Baer, S. P. Davis, and J. G. Conway

The absorption spectrum of a single crystal
of LaCl3 containing approximately 0.1%
PmCl3 was photographed between 3,000 and
9,000 A. Polarization spectra at liquid helium
and liquid nitrogen temperatures were taken.
Groups of lines or multiplets were found.
Starting with parameter values interpolated
from Nd*3 and Sm*3, a least- square fitting
process was begun for electrostatic, spin-
orbit and crystal-field parameters. The
matrix elements for crystal-field parameters
of the 51, 5F, 35S were calculated, and from

an-analysis of the levels, fitting of crystal-

field parameters were obtained for °Ig, °S,,

5F1, FZ, 5F3 The best values for the
parameters are Fp = 358, Fy = 366 Fg = 4.06,
t4f = 1020, Bf = 145, B§ = 320, B = - 650,
B? = 450 cm~

Footnote
*W. Baer, The Crystal Spectrum of Pro-

methium 3% in LaCls (Ph.D. Thesis),
September 1971 (unpublished).

SPIN-OFF OF THE DYSPROSIUM WORK

J. G. Conway and E. F. Worden

With the publication of the energy levels and
wavelength lists of dysprosium I and II, there
have been a number of workers who have found
the data useful. We published this work real-
izing that there was more to do,but the pres-
sure of other analysis work was such that we
felt we were not ready to complete it. The
data was sent to the French group before pub-
lication. So far, they have two publications
extending the analysis, and Spector has used
some of the levels in a treatment of a special
problem in a configuration of the heavy rare

earths. A group at Los Alamos has used the
levels in a treatment of vapor pressure data of
dysprosium metal. Ross at Rollins College
has been able to assign his isotope shift datato
the configurations found. Brewer, Martin,
VanderSluis and Nugent have all used the con-
figuration and level information in their various
treatments of the systematics of rare earth
spectra. Howard, of Kitt Peak, has used the
wavelengths to extend the identification of Dy
in the sun by a factor of three to four. Such a
large use of these data in a short time is sur-
prising and encouraging.

HIGH-IONIZATION STUDIES OF URANIUM

G. V. Shalimoff

The spectrum of ionized uranium has been
obtained in the vacuum ultraviolet region,using-
a sliding-spark source. A McPherson 3-meter
vacuum spectrograph and Kodak SWR plates
were used to photograph spectra at various ex-
citation currents.

From survey plates taken with a 10-meter
vacuum spe ctrograph at the National Bureau of
Standards, the region 500 to 2000 Ais veryrich
in lines at all excitation levels from 4100 to 900-
A peak current. To date over 4200 lines have
been measured in the region of 1070 to 1750 A
for a 200-A peak excitation exposure. Visual
separation of the various stages of ionization

is made by observing the changes of intensity
of the lines in the spectra photographed at dif-
ferent excitation currents.

Although the spectra are photographed with
an adjacent reference spectrum from a copper
hollow-cathode lamp, it has been difficult to
measure the spectrum lines accurately because
of shifts of the lines at the various excitation
conditions. Some of this is due to expected
Stark effects,but a more serious source of ran-
dom shift is apparently due to our optical setup,
and tests are underway to correct or eliminate
it.
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ON THE METASTABLE DISSOCIATION OF THE CH' ION PRODUCED BY
ELECTRON IMPACT”

A. S. Newton and A. F. Sciamanna

Several investigations have been made on
the occurrence of metastable ions in small
molecules. *~= These have concentrated on
the region above mass 12. Below mass 12,

Melton and Rosenstock® saw only the results c.D
of collision-induced transitions. Recently 272
Lorquet, Lorquet, Momigny, and Wankenne Ch,

observed the metastable dissociation of CHT

from CyHp and HCHO. The present investiga- '
tion confirms the metastable dissociation of :
CH' but the energetics differ from those of
5 CoHy
L —1

Lorgquet et al.” and this leads to a different
interpretation of the source of the metastab- CH
ility of this ion. 4

1 1 L 1 1

85 9 10 Il 2
These experiments were performed on a MAq

Dempster-type mass spectrometer Model 21-
103B. In Fig. 1 are shown peaks in the mass Fig. 1. Mass spectra of CHy, CDy, CyH;,
range 8.5-12 in the mass spectra of CHy, CDy, and C,D; inthe mass region 8.5 to 12 amu.
CoHp2, and C2Dp. In Table I are shown the Conditions: all at 50 ym inlet pressure except
transitions leading to these respective peaks. CDg4 at 80 pm. Collector slitwidth 1.5 mm;
In Fig. 2 is shown the variation of peak sen- Ve = 70 V nominal, I, =38pA. Voltage scan
sitivity (peak intensity/pressure) with pres- with MV, = 30 600. Focus maximized for
sure for (M/q)” = 11.077 _from CH-containing metasta‘rﬁe peaks. (XBL 721-4)
compounds and of (M/q)” = 10.286 from CD-
containing compounds. It is apparent thateach
of these shows awell-defined peak sensitivity )
at zero pressure,indicating the bulk of each (M/q)* = 10.286 and (M/q)* = 9.000 show def-
respective peak is of unimolecular origin at inite unimolecular components. (M/q)" =
moderate pressures. In Fig. 3 are shown the 10.889 probably has a unimolecular component
variations of peak sensitivity with pressure of but the sensitivity is low. (M/q)™ = 8 shows
various transitions of CD} formed from C,Dyg. no unimolecular component. The unimolec-

Table I. Dissociation process of CHy ions leading to apparent
metastable ion peaks below (M/q)'" =12.

Process Type? (M/q)" CH_ (M/q)" cp_

1) ci” -ct +H (m) 11.077 10.286
2) cH, >~ ¢’ +H, (m) 10.286 9.000
3) CH3+ - cH + H, (m)?  11.267 10.889
4) cH, > c" +(3m) (c) 9.600 8.000
5) cH, " - cut + (3m) (c) 10.563 9.800
6) cH, "~ Cc’ 4+ (4n) (c) 9.000 7.200
a'(rrl) = metastable ion plus collision-induced component
observed.

(c) = only collision-induced dissociation observed.
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Fig. 2. Variation of peak sensitivity with
pressure of metastable peak, at (M/q)":: 14.077
from various sources of CH (m) and (M/q)*

= 10.286 from various sources of CD¥(m).
Peak sensitivities have been adjusted for clar-
ity of presentation. Conditions: VA = 3000 V,
Ve =70V, Io =38 uA. Focus maximized for
(M/q)* = 10.286 peak. (XBL 721-2)

ular components of the 9.000 and 10.889 peaks
were of too low intensity for further investiga-
tion.

The (M/q)" =14.077 and (M/q)" = 10.286 from
the transitions ;

ciltm) -~ ¢t + 1 (1)

cptm) = ¢t 4+ (2)
were studied in detail. The kinetic energy re-
lease in the metastable dissociation of CHT(m)
was 1.1%0.3 eV and of CDT(m) was 1.420.3eV
as shown in Table II. These values were de-
termined by the chan%e in peak width with ion
accelerating voltage. '

When formed from the parent compounds by
fast fragmentation processes in the ionsource,
CH+(m) and CD*(m) can also possess initial
kinetic energy. This initial kinetic energy was
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Fig. 3. Variation of peak sensitivity with

pressure of various metastable peaks in the
mass spectrum of Cy;Dg. Conditions:
MVp = 30600, Vo =70 V, I, =38 yA. Focus
maximized for (M/q)” = 10.286 peak.

(XBL 721-1)

i
Table II. Kinetic energy release in the+rneta-
stable fragmentation of CH*T(m) and CD"(m)
from various sources.

Ta Ta.
Compound cit-c'+ue cpt-ct+p
C,H, 1.1 £0.3
C,D, 1.4£0.2
C,H, 1.4 +0.2
c,D, 1.1£0.3
CH, (b)
cD, 1.4£0.3
CHF, 1.3 0.5
CDF, 1.440.3
CHCI, 1.4 £0.3
CH,C, 1.1+0.3

&probable errors include estimates of errors
in measuring width of peaks as well as re-
producibility with various voltage differences.

bVa.lue not recorded owing to interference
from (M/q)" = 11.267.

determined by the negative repeller cutoff
method’ as shown in Fig. 4. The results from
various compounds are shown in Table III.

The half-life of the metastable dissociation
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Table III. Initial kinetic energy (KE) of CH (m)
and CD*(m) formed by 70-eV electron impact
with various source molecules.

Initial KE (eV)

Source CH*{m) or CDHm) T (init.)
CH4 0.3 £0.1 Indeterminate
CDh, 0.6 £0.2 Indeterminate
CZHZ’ 1.3 £0.2 2.6 £0.4
CZDZ 0.7+0.2 1.4 +£0.4
CDF3 ~3.2 £0.4 Indeterminate

Peak Intensity in Arbitrary Units

Repeller Voltage

Fig. 4, Negative repeller cytoff curves for
the metastable peak at (M/q)"= 10.286 in the
mass spectra of CDg4, C»D3, and CDF3. Con-
ditions: Magnetic scan, Vp =3000V, V=70V,
I.= 38 pA. Inlet pressure: CDyg =175 pum,
;D = 120 um, CDF3= 300 pm. Zero inten-
sities have been offset for clarity of presenta-
tion. (XBL 721-6)

was determined by the variation of the peak
intensity with ion accelerating voltage and com-
parison with the discrimination calculated for
various half-lives.® The observed intensities
must be corrected for two factors. 1) The
beam widthat the collector is wider than the
collector slitwidth,so the integrated intensity

(approximated by peak width in amu multiplied
by the peak height) must be used. 2) The ini-
tial kinetic energy of CH+(m) or CD™(m) causes
discrimination losses at the ion-source exit
slit. These corrections were calculated by the
method of Berry.? i

In Figs. 5 and 6 are shown the results of the
half-life determination. The circles are the
observed points and correspond to about 0.1-
psec half-life. Correction for change in’peak
width with V5 raises this value to 0.15 to 0.17
psec. A further correction for initial kinetic
energy raises the value to 0.5 to 0.8 1Lxsec.
This last correction assumes all CH"(m) and
CD1(m) to possess the maximum initial kinetic
energy determined. This is almost certainly
not true and there is a distribution of initial
kinetic energy values in each case. Assuming
over-correction for initial kinetic energy, the
best value of the half-life for CHT(m) or CD¥m)
is 0.4+0.2 psec. Lorquet et al.” report 0.1
psec for the half-life of this metastable transi-
tion.
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Fig. 5. Ion accelerating-voltage discrimina-

tion curves for the metastable peak at (M/q)*
=14.077 from CHy and (M/q)*= 10.286 from
CD4. Lines calculated for the half-lives
shown for the transitions CHT— C++ H, solid
lines; and CD — C++ D, dashed lines. Ob-
served points: open circles, CHy; filled cir-
cles, CD4. Points corrected for peak width:
open squares, CHy; filled squares, CDy.
Points further corrected for initial kinetic en-
ergy: open triangles, CHy; filled triangles,
CD4. (XBL 721-7)
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Fig. 7. Ilonization efficiency curves for the
a2 (M/q)* = '10.28% peak from C,D) at two sensi-
tivity levels. t standard for calibrating
Fig. 6. Ion accelerating-voltage discrimina- energy scale. The background at M/q = -3
tion curves for the metastable peak at (M/q) below 24.6 eVis due toa smallHD ' background
=141.077 in the mass spectrum of C;Hy. Lines produced when deuterated compounds are
calculated for the half-lives shown. Observed introduced into the ion source.
points, circles; corrected for metastable peak (XBL 721-9)

width, squares; corrected for peak width and
initial kinetic energy of CH' (m), triangles.
(XBIL 721-8)

Table IV. Energetics of formation of the metastable ions CH+ and CD+ from various sources.

Diss. limit TC eV AP, eV APd, eV

Compound Products® (calc)b, eV CH+(rn) (calc) (obs) * Standard
CH, [c"+H] +H+H,  23.99 ~1.4 25.4 340 %1 He™
cp, [c"+D] +D +D,  23.99 1.4 25.4 30 +1 22Ne?
LH, (ct +H] +cH 24.78 1.1 25.9 26.9 £ 0.5 Het
,D, (ct+D] +cD 24.78 1.4 26.2 26.2 £0.5 ZiNe+
He
+ 22+
C,D, [C" + D] +D+CD, 26.74 1.1 27.8 30.3 £ 0.5 Ne

dBracketed species appear as the metastable ion.
bAssurning C1L in the 1/2 ground state. For C+ in the 4P first excited state add 5.33 eV.

®This is the kinetic energy of fragmentation of the metastable ion. Other fragmentations are

assumed to occur with zero kinetic energy release at the AP.

dAll AP's from the initial break compared to the initial break in the standard.



Appearance potential determinations onthe
metastable ion peak at (M/q)" = 10.286 from
C,oDp are shown in Fig. 7. The appearance of
the -“He'ion is used as an energy standard,
though this has an interference from HD?t
formed in the ion source when deuterated com-
pounds are introduced.

Appearance potentials from various source
molecules together with calculated appearance
potentials, assuming the minimum energy
fragmentation path, are shown in Table IV.
From CH4 and CDy4, the appearance potential
is ~5 eV above that calculated to the lowest
dissociation limit. From CjHj and C2Dp,how-
ever,the agreement between the observed and
the calculated value is quite good and shows
definitely that CH+(m) dissociates to the low-
est dissociation limit.

+,2_0

cHYm) - ¢ P1/2)+H(ZS). (3)

Lorguet et al. 5 found an appearance poten-
tial of 34 eV for CH+(m) from C2H> and postu-
lated the dissociation limit to be to the C+(4P),
which is 5.33 eV above the first limit. The
data on CoHj, CZDZ, and C2D4 show this can-
not be the case. The above authors® calcu-
lated potential energy curves for many states

of cH. Only two of their states are in the
energy region consistent with dissociation to
the lowest limit. The b 5T is cross3§d+~'1.6 eV
above the dissociation limit by the ¢ "Z " state.
This crossing is forbiddsen by the selection
rule ST </ =7, The b =T state can radiate
to the a °I state by an allowed transition. The
half-life for predissociation may be determined
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by tl'#e partial half-life for depopta]:lating the
b state by radiation to the a state.
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ELECTRON IMPACT EXCITATION FUNCTIONS OF RADIATING AND
METASTABLE STATES OF CARBON MONOXIDE*

A. S. Newton and G. E. Thomas

One technique for obtaining electron impact
excitation functions for long-lived metastable
states of atoms and molecules is the crossed
electron and neutral beam technique. The
metastables produced by electron impact are
detected via their ability to eject an electron
from a metal surface placed downstream from
the collision region in the path of the neutral
beam. - Photons higher in energy than the
work function of the metal detector can also be
measured. By pulsing the electron beam and
by using time-of-flight (TOF) techniques, the
two signals can be measured independently.

The molecular beam apparatus and the elec-
tron gun used in this study have been described

previously by Clampitt and Newton. 2 The only
significant change in the apparatus was that an
EMI 9603 Be-Cu electron multiplier was used
as the detector. This multiplier had an effec-
tive photoelectric work function of 5.1 eV, mea-
sured by using a deuterium light source and a
monochromator. The distance between the
electron gun and the detector was 10.7 cm.

The data-gathering system has been described
by Thomas and Vogelsberg.~ To record the
photon curve, the data count gate was opened
only during the electron pulse. For the meta-
stable curve, the count gate was delayed for

60 psec and was then opened to intercept the
majority of the TOF distribution of the CO
metastables. The time between electron pulses
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was 1 msec.

The electron energy scale was calibrated by
using the threshold for metastable argon atoms
at 11.62 eV. It is estimated that the energy
scale established in this fashion was accurate
to £0.2 eV.

Figure 1 shows the excitation function for
metastable states produced by electron impact
on CO. The excitation threshold was found to
be 5.9 eV as compared with the spectroscopic
value of 6.01 eV. The shape of the curve
agrees quite well with the initial portion of a
metastable CO curve recently published by
Borst and Zipf.4 It is, however, quite differ-
ent from the curve measured by Olmsted,
Newton, and Street. 5 Referring to Krupenie's
compilation of spectroscopic data on CO,° the
only state which could contribute to the meta-
stable signal ig the region immediately above
6 eV is the a %‘I state.

Figure 2 shows the excitation function ob-
tained for the production of prompt radiation
of energy greater than 5.1 eV from CO. An
unusual feature of this curve is the sharp peak

observed at threshold. The onset of the curve

is at 7.4 eV and the peak occurs at 8.3 eV. The

width at half height of the peak is 0.9 eV, in-
cluding the broadening caused by thé energy
spread of the electrons from the thoriated
iridium filament. There is a second strong
emission threshold at ~11 eV. It is also ap-
parent that there is weak emission below 11
eV that is probably not connected with the
peaked feature, but the threshold of this emis-
sion is obscured. It is not possible in the pre-
sent instrument to measure the wavelength
distribution of the emitted light.

6 10 I5
Electron Energy in eV
Fig. 2. Excitation function for the production

of prompt photons of energy >5.41 eV from CO.
(XBL 716-1160)

The strong emission above 11 eV can have
The A T state has a thresh-
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several sources.
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citation efficiency curve is more difficult to
explain. The only known states of CO acces-
sible to Franck-Condon Era_psition below 8 eV
arg the a °Il and the a' °Z " (Ref. 6). The

a “ll state can be eliminated from consideration
on the basis of its long radiative lifetime.

Its excitation function should resemble that of
CO in Fig. 1. Furthermore, this state be-
comes inaccessible to a Franck-Condon transi-
tion from the ground state above 7 eV, and no
new phenomena preceded by direct excitation
of this state should occur above this energy.

To interpret the peaked feature ag arising
from a direct transition to the a' °Z  state,
followed by the decay of this a' state to the
ground state,is also difficult. Figure 3 com-
pares the peak observed here with the optical
absorption enyelope for the transition
a' 32 T « x 132% Gbserved by Herzberg and
Hugo. 8 It is clear that the a' state passes
through the Franck-Condon region in the appro-
priate energy range. It would be expected that
the electron impact peak would be broadened
if direct excitation were involved.

An alternative that is consistent with the
present data is that selected vibrational levels
of the a' state are being populated via a res-
onant state. This could certainly account for
the narrow width of the excitation function.
The a' state can radiate to the metastable a

I via a dipole-allowed transition (the Asundi
system). No radiations directly to the X 1Z
ground state have been observed. The present
observations would demand that the branching
ratio for depopulation of the a'! state by direct
radiation to the ground state be an appreciable
fraction of the total population.

An improbable source ?f the light is by
direct excitation to the A "Il state which radi-

ates to the ground state (Fourth Positive bands).

The threshold for this state is at 8.03 eV, well
above the observed threshold of 7.4 eV and out-
side the experimental error in establishing the
energy scale. Further, there is no precedent
in which the electron impact excitation of an
allowed state exhibiIs resonance behavior.
Excitation of the A “ll state accounts for the
low-intensity light in the 9- to 11-eV region of
Fig. 2.

If the a' ?Z+ state populated via a resonant
state is not the source of the radiation, it
seems necessary either to postulate an unknown
and unpredicted’ state of CO in the appropriate
energy range, or to consider the possibility of
photon emission proceeding via a long-lived
(~10~° sec) CO™ sgtate at the observed energy
and the unstable “Il ground state of CO™. This
is the dielectronic attachment process.10 The
ground state of CO™ has beeril1observed in elec-
tron scattering experiments = and its potential

6

energy curve has been estimated by Boness,
Hasted, and Larkin. 1 Chan’cry13 has shown
that there are excited states of CO~ which have
dissociation limits of 9.62 eV [C(3P) + 0™ (2P)] .
and 10.88 eV [C (ID) + 07 (2P)], and Stamatovic
and Schultz14 have shown still a third state with
the dissociation limit of 9.84 eV [C™(%48)+0 (°P)].
Both the states leading to 0~ (ZP) have their
maximum yield near the threshold with the ki-
netic energy of 0~ equal to zero. 13 One can
therefore assume that these are not repulsive
states and that there are bound levels of these
states below the dissociation limit that lie with-
in the Franck-Condon region. The fate of these
levels is not known.

In order to clarify the nature of the peaked
feature observed here it would be useful to
measure the wavelength distribution of the
emitted light and to search for a resonancein
CO in the energy range between 7 and 8 eV.
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SPECTROGRAPHIC INVESTIGATION OF THE LIGHT PRODUCED BY IMPACT OF
8.3-eV ELECTRONS ON CO

A. S. Newton, A. F. Sciamanna, and G. V. Shalimoff

The observation of an apparent resonant
fast photon emission from CO when impacted
with 8.3-eV. electrons has led to no firm con-
clusion regarding the source of these photons.
An attempt has therefore been made to mea-
sure the wave length distribution of this radi-
ation. It is known that the bands must lie be-
tween 2430 A (5.1 eV) and 1494 A (8.3 eV).

A vacuum system was built onto a 3-meter
McPherson vacuum spectrograph. The effec-
tive aperture of this spectrograph is about 22,
For the electron gun, the detector from an EAI
Quad 250B residual gas analyzer was installed
in the vacuum system. The ion gun on this
unit was constructed with open apertures to
both the quadrupole analyzer-multiplier unit
and, in the opposite direction, to the spectro-
graph. In order to prevent metastable mol-
ecules and/or ions striking the multiplier, a
1-mm-thick fluorite window was installed be-
tweenthe gunand the quadrupole analyzer. Car-
bonmonoxide was introduced to the gunthrougha
thin-wall 1/16-in. -0.d. stainless steel tube
held in place on one of the open side walls of

the gun with a BeN spacer. The CO traveled
across the ion gun perpendicular to the elec-
tron beam and out the other side. Because of
the geometry of the system, the CO was not

- introduced as a true molecular bearn through

the electron gun. While this gun is\purported
to operate at 500 to 1000 pA of electron cur-
rent, at low electron energies (5 to 15 eV}, the
filament life even at 250 pA was found to be
short (sometimes less than 24 hours). The
electron beam was collimated with a weak
magnetic field (~ 280 gauss).

In operation the electron energy scale was
roughly calibrated by measuring the light inten-
sity onthe Be-Cu.multiplier through the fluorite
window and quadrupole lens system. The rise
at ~11 eV in the work of Newton and Thomas !
was compared with the similar rise in this
system. The resonant feature at 8.3 eV was
not observed. Its position on the electron en-
ergy scale was estimated by the position of
the rise at 14 eV.

Exposures for 24 hours with a 2-mm slit

Table I. Cameron bands observed in electron impact of 8.0-eV electrons
with CO.?
Observed band head Intensityb Cameron band head2 Transition
A(14) A SR
1927.9 w 1928.0 2 - 0
1991.8 m 1992.1 (1992.7) 1 -0
2061.4 m 2061.8 0 -0
2156.5 s 2457.1 0 -1
2477 VVW 2177.3 1 - 2
2258.5 w 2257.7 0o - 2
2280 » W 2280.5 1 - 3

a'250 ls'A of 8.0-eV electrons, 2-mm slit, 70 hours. Plate center at

2000 A.
b

w = weak, m = medium,

s = strong, vvw = very very weak.
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Table II. Unidentified bands or lines observed in electron impact
of 8.3-eV electrons with CO.2

A ' band
Obseryed wave length Energy, eV Possible interferences
A (£2 A) vi- vl
1744 7.109 5- 17, 2 -5
1731 7.162 1 - 4
1621 7.648 Clear
1611 (2)° 7.695 4 - 4
1538 8.061 Clear
1478 8.388 5-2,2-0
1473 8.416 Clear

1928 (Carneron)c
1922 (Cameron)
2061 (Cameron)

4250 pA of 8.3-eV electrons, 2-mm slit, 70 hours. Plate

centered at 1750 A.

bThe existence of this line is open to doubt because of a scratch

on the plate.

“Three Cameron bands shown established the wavelength scale.

opening to the spectrograph and with electron

energies from 14 to 25 eV showed only the

Fourth Positive bands f1;orn CO, A ins>x 1z7.

Between 1600 and 2400 A some 35 bands due to
this transition were observed.

Exposure for 70 hours with 250 pA of 8.0-eV
electrons and with the plate centered at 2000 A

showed 7 bands in the forbidden Cameron

system, a 3['[ - X 12;. These bands are shown

in Table I.

Exposure for 70 hours with 250 pA of 8.3-eV
electrons with the platecenteredat 1750 A re-
sulted in the recording of three of the Cameron
bands along with seven very weak lines which
were barely visible on the plate. These are
shown in Table II. As yet no identification of
these bands has been made, nor could they be
duplicated, as later experiments at this level
of current always resulted in filament burnout
within less than 24 hours.

The observation of Cameron bands in the
region of 7to 9 eV was a d%sappointment. The
radiative lifetime of the a “Il state of CO is
now estimated” to be ~1 msec, and it was
hoped that the open sides of the ion source
would lead to their removal before they could

radiate. From the rate of leak, the volume of
the system, and the equilibrium pressure, one
can estimate that the mean life of a CO mol-
ecule in the vacuum chamber is ~0.1 sec.
Therefore all molecules excited to the a I
state radiate in the vacuum chamber (or under-
go de-excitation at a wall). Since the record-
ing and electron beam are continuoys, a buildup
occurs to a steady-state level of a °II mol-
ecules, some of which can radiate in the elec-
tron gun or in front of the spectrograph slit. In
the experiments of Newton and Thomas, this
buildup did not occur, since the electron beam
was pulsed 10 psec on and 1 msec off. Record-
ing of photons only occurred during the electron-
on cycle. This pulsed operation discriminates
against the Cameron bands. It is, however, not
possible to use pulsed operation with photo-
graphic recording.
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v-IRRADIATION OF ACTINIDE IONS IN CaF,

J. J. Stacy, N. Edelstein, R. D. McLaughlin, and J. Conway

When small amounts of rare-earth ions are
incorporated into CaF,, they replace the cal-
cium ions; however, since they are most
stable in the trivalent state, a valence mis-
match occurs which must be compensated.
This gives rise to rare-earth ions in cubic,
tetragonal, trigonal, or lower symmetries de-
pending upon the mechanism of charge com-
pensation. 1 We have used optical absorption
and thermoluminescence measurements to
study the effects of y-irradiation on trivalent
actinide ions in CaFs;.

When Np3+-CaF2 is y-irradiated at 0°C or
at room temperature, an intense broad ab-
sorption appears throughout the visible spec-
tral region and three new groups of sharp lines
appear. These latter features are due to
Np4t. The rate of decay of Np3+ is propor-
tional to the rate of growth of Np4*. The rate
of decay of Np3+, however, is not first order,
which implies that the oxidation mechanism is
not direct ionization.

CaF, crystals containing Pu3+ and Cm3+
show similar behavior, i.e., they are oxidized
to the tetravalent state by room temperature
y-irradiation. However, Am37, like all of the
lanthanides, 2 is reduced to the divalent state. -
U3+-CaF2 is not yet well understood because
there is considerable controversy about the
assignment of U%T and U4t in CaF5. 4,5

When Np3+-CaF is y-irradiated at 77°K,
the most pronounce% effect is the appearance
of three new intense Np3t absorption lines.
Since these lines do not appear in the room
temperature irradiation, it must be inferred
that y-irradiation at 77°K produces a new
Np3+ site.

Intense broad absorptions also appear when
An3*_-CaF) crystals are y-irradiated. These
are shown in Fig. 1. The most striking fea-

" ture is that the broad band maxima occur at
approximately the same wavelengths for all
of the actinides (except Am, which behaves
like a lanthanide). These absorptions are un-
doubtedly related to the defects of the lattice
and are therefore assigned to color centers.

Thermoluminescent glow curves for these
actinide ions (and for comparison the lantha-
nides Er, Ho, and Tm) have been measured
between 100° and 300°K and are shown in Fig.
2. These are remarkably similar, with glow
peaks occurring at nearly the same temper-
atures for all of the ions. High resolution
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Fig. 1. Broad absorption spectra of An3+-CaF2
after 3 h y-irradiation. The vertical dotted
lines indicate the position of absorption max-
ima. Typically the unirradiated spectra are
very weak, as shown by the dotted lines for Np.
(XBL 7111-1682)

measurements of the spectra of the thermo-
luminescence show that the emission is iden-
tical to the fluorescence of the trivalent ions,
and determines the site symmetry of the emit-
ting ion. There is evidence that the glow
emission below 300°K originates from triva-
lent actinide ions in cubic sites.

- The data presented above can be explained
by a simple model. Irradiation at 77°K pro-
duces hole traps and electrons which are lo-
calized near cubic An3% ions. Heating allows
a hole to diffuse to the site of a localized elec-
tron. The hole and extra electron recombine,
leaving an excited trivalent actinide ion. De-
cay of this ion to its ground state results in
the observed thermoluminescence. When
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An3+-CaF;, crystals are irradiated at 300°K,
the actinide ion is oxidized to the tetravalent
state. Subsequent heating allows electrons
which had become trafped in the lattice to re-
combine with the An%+tions. The decay of the
newly formed An3% ion to its ground state re-
sults in the observed thermoluminescence.
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Fig. 2. Thermoluminescence of Ln3+—CaF2.
All irradiations were at 77°K for 30 min in a

! 0Co source. The dotted lines indicate the
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ZERO-FIELD SPLITTINGS OF TRIPOSITIVE Cm IN SrCl, AND ThO,

W. Kolbe, N. Edelstein, M. M. Abraham,” and C. B. Finch"

The actinide ions with half-filled shells
(Cm3t and Am?2%; Ac core, 5f7) exhibit cubic
crystal field splittings in CaF) and SrCl,
which are at least two orders of magnitude
larger than their lanthanide analogs. 1,2 These
splittings were determined from an EPR mea-
surement of the g value anisotropy of the I'y
ground state caused by Zeeman mixing of the
T"g excited state. In this paper we report
similar measurements for Cm3% in Th02'3 and
SrF5, and for Am tin SrF,. In addition we
have measured the g value anisotropy of the
thermally populated I'; excited state of the
ground J = 7/2 manifold of Cm3% in SrCl,.

In the latter case this measurement together
with the earlier one, 2 establishes the values
of the crystal field parameters by and bg.

The crystals used in these experiments
were grown as described previously. 1,2 Mea-
surements were made using a Varian Associ-
ates model E-12 35-GHz bridge. The mag-
netic field was produced by a 12-inch electro-
magnet which was rotatable about a vertical
axis, and was measured by an Alpha Sci-
entific NMR gaussmeter monitored by a fre-
quency counter. For measurements at 4.2°K
the samples were immersed in liquid helium.
The excited state I'7 measurements were
done at a temperature of approximately 25°K
which was obtained by flowing cold He gas
over the sample and cavity.

For actinide ions, spin-orbit coupling ef-
fects are large and only J, the total angular
momentum quantum number, remains as a
good quantum number. In the absence of the
mixing of various J levels by the crystal field
(a very good approximation in this case) the
J = 7/2 ground state splits up into 2 doublets,

T'¢ and I'7, and one quartet, I'g. The Zeeman
term causes an admixture of the I'g state into
the I'¢ and I'7 levels with the result that these
formally isotropic states exhibit an anisotropy
which can be related to the zero-field crystal
field splittings. The applicable Hamiltonian
is

4

je=g g H- T4 B4(02 +50)

0 4

+ B, (0, - 210) . (1)
The magnetic field was rotated in a plane

approximately normal to the [110] crystalline
axis and the data were fitted at each point by
a least-squares routine which diagonalized the
8 X 8 matrix generated by the Hamiltonian of
Eq. (1). To compensate for crystal misalign=
ment, the three angles necessary to specify
the orientation of the magnetic field with re-
spect to the crystal axes were also varied.
We believe the small discrepancy between our
present data and earlier work is due to a slight
crystal misorientation. Table I lists the values
for the crystal field splittings of all 5f7 ions
measured to date.

The measured I'; - I'g splitting for Crn3+
in SrCl, agrees with the previously estimated
values obtained from intensity measurements
taken as a function of temperature. From the
measured splittings, we calculate for Cm3+
in SrClp:

b, =

4 ()OB4 = - 0.66+0.03;

b

6 1260B6=—0.077:I:0.006.

The data presented here follow. the trends

Table I. Zero field splittings of the 5f7 ions in various crystals.
De-T'g  TgI'g
Crystal Ion (cm~ 1) (cm—i) gy Reference
SrCl, Cmii 5.143+£0.05 45.3+£0.4 1.928%0.002 This work
SrF2 Cm3+ 11.2+0.4 1.9257+0.001 This work
CaF2 Cm3+ 13.4£0.5 1.926+0.001 1
ThO2 Crn2+ 15.5+0.3 1.9235+0.002 This work
SrCl2 Am 5.77+0.48 1.9283+0.0008 2
SrF, AmZ: 15.240.4 1.9254£0.001  This work
CaF Am 18.6+£0.5 1.926 +£0.001 1

2
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observed for the analogous ions (4£7) in the
lanthanide series. The relative magnitudes
of the crystal field splittings are similar for
the two series. The main difference is the
much larger absolute magnitude of the split-
tings in the 5f7 ions. As shown previously a
large part of this splittin% is due to inter-
mediate coupling effects. 1 For Cm3+ in all
the crystals (assuming bg < < by) the point
charge model predicts the correct sign for byg.
However, the measured by for Cm3+ (and
Gd3*) in SrCl, is of the opposite sign to that
predicted by this simple model. Presumably
the mechanisms discussed by Wybourne4 and
othersb for the lanthanide ions are applicable
here and are responsible for these discrep-
ancies.

Footnotes and References

“Oak Ridge National Laboratory, Oak Ridge,
Tennessee,.

1. N. Edelstein and W. Easley, J. Chem.
Phys. 48, 2110 (1968).

2. M. M. Abraham, L. A. Boatner, C. B.
Finch, R. W. Reynolds, and H. Zeldes, Phys.
Rev. B1, 3555 (1970).

3. M. M. Abfaham, C. B. Finch, and G. W.
Clark, Phys. Rev. 168, 933 (1968).

4. B. G. Wybourne, Phys. Rev. 148, 317
(1966).

5. B. F. Kim and H. W. Moos, Phys. Rev.
161, 869 (1967).

BIS(1,3,5,7- TETRAMETHYLCYCLOOCTATETRAENE) URANIUM (1V) AND
BIS(1,3,5,7-TETRAMETHYLCYCLOOCTATETRAENE) NEPTUNIUM (1V);
PROTON MAGNETIC RESONANCE SPECTRUM AND THE QUESTION OF

f-ORBITAL COVALENCY

A. Streitwieser, Jr.,* D. Dempf,* G. N. LaMar,* D. G. Karraker,‘r and N. Edelstein

Our previously published1 analysis of the
observed large upfield shift for bis(cyclo-
octatetraene)uranium (IV), (COT),U,
uranocene, indicated a large positive net con-
tact shift that suggests some form of covalency;
however, in the absence of data relating to the
type of ligand MO (0 or m) containing the delo-
calized spin, no attempt was made to evaluate
the possible role of f-orbitals in such cova-
lency. Methyl substitution provides a useful
technique for characterizing the spin-con-
taining ligand. For spin in w-orbitals it is
well known that an attached ring proton and
methyl proton exhibit contact shifts of com-
parable magnitude but of opposite sign; for
spin in in-plane or ¢ -orbitals, these shifts
are of the same sign with the ring proton shift
3 to 5 times larger than the methyl shift. 2 To
apply this approach to the uranocene case we
have prepared and characterized bis(1,3,5, 7-
tetramethylcyclooctatetraene)-uranium (IV)
and neptunium (IV), (TMCOT); U and
(TMCOT)2Np. These compounds were pre-
pared in a similar fashion to the parent com-
pounds3; 4 except the TMCOT ligand prepared
as described by de Mayo and Yip® was used.
The TMCOT compounds had similar prop-
erties to the COT compounds except for
greater solubility in organic solvents. An
attempt was made to prepare (TMCOT),Pu,
but it appeared that Pu(IV) was reduced by the
ligand to Pu(III).

The proton NMR spectrum of a THF -dg
solution of (TMCOT)2U was recorded as a
function of temperature on a Varian HA-100
operating in the HR mode with variable fre-
quency modulation. Two peaks with intens-
ities of 3:1 were observed and can be assigned
to the methyl and ring protons, respectively.
The observed shifts at room temperature,
referenced against TMCOT, are given in
Table I together with that observed for
(COT),U. The ring proton shifts and their
temperature dependences gre virtually the
same for both complexes. The proton NMR
spectrum of a toluene-dg solution of
(TMCOT);Np was recorded at 37°C. The cor-
responding proton peaks of the methyl group
(linewidth ~2000 Hz) were much broader than
for the U complex. The shifts are listed in
Table I.

The known structure7 of (COT),U and an
extrapolated structure based upon ionic radii
for (COT),Np plus the assumption of a freely
rotating methyl group were used to calculate
the geometric factors. 8 The calculated di-
polar shifts of the various protons were sub-
tracted from the experimental shifts to give
the net contact shifts listed in Table I. The
hyperfine coupling constants Ay are also
given. The derived contact shifts are of
opposite sign for the methyl and ring protons
and their ratios [_—0.5 for (TMCOT)U and
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Chemical shifts and hyperfine coupling constants for

(TMCOT)ZU, (COT)ZU in THF, and (TMCOT)ZNp in toluene

(TMCOT), U (COT),U (TMCOT), Np
ring-H methyl-H ring-H ring-H methyl-H
Shifts®
Observed +41.3 + 6.0 +42.6 +41.5+2 - 9.9
Dipolar + 7.9 +23.6 + 7.9 + 5.2 +13.2
Contact +33.4 -17.6 +34.7 +36.3%2 -23.1
AP +0.98 - 0.52 +1.02 + 0.95 - 0.61

#Shifts in ppm, referenced against the uncomplexed diamagnetic
TMCOT and COT. U data given at 298°K, Np data at 310°K.

b

Hyperfine coupling constants in MHz;

estimated accuracy +25%.

-0.6 for (TMCOT)Np] are indicative of sys-
tems having considerable 7 spin density. 10
These results strongly suggest that the spin
density in our ligands is primarily in 7-MO's;
indeed, application of the McConnell equation,
A = QP/2S, with Q = - 63 MHz, indicates in
excess of 0.1 unpaired electron per ligand
ring. Although the coupling constants are
approximately the same for U(TMCOT), and
Np(TMCOT),, the U complex has only two
unpaired electrons {three for the Np complex)
which suggests stronger covalency for
U(TMCOT);. 11 The high magnitude of this
delocalized spin density compared with that
observed in more ionic lanthanide and actinide
complexes implies a high degree of covalency
and raises the question of f-orbital involve -
ment in such covalency.

Direct delocalization of f-electrons into a
vacant ligand 7-MO would give proton shifts
of opposite sign to those observed.® A more
plausible mechanism is charge transfer from
filled ligand w-MO's to vacant f-orbitals; be-
cause of exchange interaction the transfer of
spin parallel to the spin on the metal ion is
energetically more favorable and would leave
net positive spin density on the ligand as ob-
served. Donation of ligand electrons into
empty 7s, 7p, or 6d orbitals will also produce
the correct sign but it is less likely because
of their relatively high energies. Exchange
polarization of filled metal orbitals will also
give the correct sign but the magnitudes cal-
culated and observed for other lanthanide and
actinide compounds!3 appear to be much
smaller than in the uranocenes. The present
interpretation is consistent with the M&ssbauer
isomer shift in (COT)ZNp5 and does not dis-
agree with the simple MO formulation pre-

sented earlier. 3,14 We hope that a more de-
tailed model will result from further experi-
mental and theoretical studies in progress.
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HIGH-RESOLUTION MdSSBAUER SPECTROSCOPY WITH THE 6.2-keV GAMMA RAYS
181
OF Ta

G. Kaind" and D. Salomon

There are only two M3ssbauer levels with
lifetimes in the microsecond region for which
gamma resonance has been observed: the
93-keV state of 67Zn (T4 /2=9.3 ]J.SGC)i and the
6.2-keV state of 181Ta (’1/1/2=6.8p.sec). 2 In
both cases the natural widths of the recoilless
Y rays are comparable (U=h/7 = 4,9X10-11ev
for ©7Zn and "= 6.7X10-11 &V for 181Ta). The
ultimate resolution which may eventually be
obtained in a Mdssbauer measurement of hy-
perfine interactions (of electric monopole,
magnetic dipole, and electric quadrupole
type) is mainly determined by the natural line-
width of the M8ssbauer resonance and by the
size of the nuclear parameters involved
(A <r2> » M, and Q, respectively). Since all of
these parameters are rather large for the

Ta resonance, and especially much larger
than those of the ©7Zn resonance, the 6.2-keV
Yy transition of Ta is the top candidate for
high-resolution M3ssbauer spectroscopy
applied to hyperfine interaction studies.

The present paper reports on a major im-
provement towards this goal: we have for the
first time observed large isomer shifts of the
Mb&ssbauer absorption line between sources of
181w diffused into single crystals of the 3d,
4d, and 5d transition metals, and absorbers
of Ta metal, KTaO3 and TaC. Single crystals
were used to insure high-purity hosts and to
preclude preferential diffusion along grain
boundaries. The observed isomer shifts cover

a range of 104 mm/sec, corresponding to

16 000 times the natural linewidth Wy =2T

= 2h/7, or 1500 times the total minimum ex-
perimental linewidth obtained up to now.

Part of the results of this work has already
been published.

The measurements were performed at room
temperature with a sinusoidal electromechani-
cal velocity drive® and a 2048-channel multi-
channel analyzer. The experimental technique
and the procedure used for preparing the
sources were similar to those described pre-
viously. ? In the present experiment, however,
the 181W activity, after deposition on the
single-crystalline metal samples, was reduced
in an atmosphere of H, at 850°C prior to dif-
fusion under high vacuum at temperatures up
to 2400°C. The resulting W concentration is
estimated to be less than 1 at7o for all sources.
The Ta metal absorber (4 mg cm? thick) was
the same one used in our previous work. 2 The
KTaO, absorber (5 mg/cmz) was prepared
from %inely powdered 99.9% pure KTaO; by
sedimentation in a polystyrene-benzene solu-
tion on a 1/4-mil-thick Mylar foil. The same
preparation technique was used for the TaC
absorber.

Some typical velocity spectra-are shown in
Fig. 1. Dispersion-modified Lorentzian
lines2: O were least-squares fitted to the spec-
tra. The large range of the observed isomer
shifts is clearly exhibited. Table I sum-
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Fig. 1. Absorption spectra of the 6.2-keV
v rays of 181Ta: (a) absorber: TaC,

(b) absorber: KTaO3, (c) absorber: Ta
metal; all three measured with a 181W(_V[)
source; (d) absorber: Ta metal, source:

81W(Mo). Adjacent points were added for
the plots, and the solid curves represent the
result of the least-squares fit.
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marizes the experimental results. The er-
rors quoted for the isomer shifts include a
possible 0.5% inaccuracy of the absolute ve-
locity calibration of the drive. The quoted
isomer shifts are given relative to a Ta metal
absorber: in all cases where they have been
measured with the respective sources versus
a Ta metal absorber they are given with op-
posite sign from the measured Doppler shifts.
The amplitudes of the dispersion term 2§,
resulting from the least-squares fits, agree
for all spectra within statistical error with
our previously published value of
2£=0.30£0.01.°

A graphical representation of the observed
isomer shifts is given in Fig. 2. The isomer
shifts measured for Ta in lattices of the

transition metals cover a range of 36 mm/sec.

807 Ta in transition metal
Ta compounds

lattices
Ta C }T
60
=
E IO_
€
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-304  Rh
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Fig. 2. Graphical representation of observed
isomer shifts. (XBL 721-2247)

As can be seen, those found for the cubic 5d
metals (Ta, W, Ir, and Pt) are rather small,
while those obtained for the cubic 4d metals
(Nb, Mo, Pd, and Rh) cover a wider range
from -15.26 mm/sec (Nb) to -28.80 mm/sec
(Pd). The value found for the 3d element V
is again larger (-33.6 mm/sec). A calibra-
tion of the 181Ta isomer shifts has not yet
been established. From a comparison with
isomer shifts measured for other M&ssbauer
v rays of isotopes of the 3d, 4d, and 5d transi-
tion elements, especially of °>7Fe, 99Ru,
1931r, and 19I7Au, the following conclusions
may be drawn: :

1) The change_of the mean square nuclear
charge radius A% (r2) = (r2>e - {x?) is
negative for the 6.2-keV y transition, &nd of
the order of -10-2 fm2. The negative sign is
also favored by the measured ratio of the
electric quadrupole moments of the excited
state and the ground state
(Qe/Qg = 1.13320.010 12), from which it fol-
lows, %hat the intrinsic quadrupole moment of
the excited state is smaller than that of the
ground state.

2) As in the cases of Ru metal and Ir
metal, © the isomer shift found for Ta metal
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Table I. Summary of experimental results for tion states (III, IV, V), with the pentavalent
the isomer shifts IS (given relative to a Ta state being the most stable.
metal absorber) and the total
experimental linewidths W The superior resolution which can be ob-

tained in applications of isomer shift mea-
surements with the 6.2-keéV y rays to solid

Source lattice w IS state or chemical problems is demonstrated
[mm/sec] [mm/sec] in Table II. There we compare the presently
observed total ranges of isomer shifts, the
v 7.7 £2.6 -33.6 +£0.7 natural linewidths Wos and the current best
experimental linewidths W for those M&ssbauer
Nb 0.30 +£0.04 -15.28%0.10 transitions that have good resolution for iso-
Mo 0.22 +£0.03 -22.50+0.13 mer shift studies. As can be seen, the ideal
resolution (represented by Q4) as well as the
Rh 3.2 £0.5 “28-8()*0-25 presently reached experimental resolution
Pd 2.7 +0.6 -27.55+0.25 (represented by Qp) are for the 18174 reso-
nance more than an order of magnitude higher
Ta . 0.184£0.006 -0.075%0.004 than for all other M&ssbauer resonances
w 0.142+0.002 -~0.860+0.008 presently in use.
Re 0.60 £0.04 -13.99%0.09 Acknowledgment: The authors would like
Ir 1.60 +£0.12 - 1.84+0.10 to thank Prof. D. A. Shirley for his constant
interest in this work, and Dr. N. H.
Pt 0.50 +0.08 + 2.81£0.06 Krikorian, Los Alamos Scientific Laboratory,
for the supply of high-purity TaC.
Absorbers - 8.11 0.15 PPy ga-p y
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ELECTRIC QUADRUPOLE SPLITTING OF THE 6.2-keV GAMMA RAYS
oF 18175 IN RHENIUM METAL

G. Kaindl* and D. Salomon

From the preceding paper the extreme
sensitivity of the 6.2-keV y resonance of 81T,
to small changes of the total electron density
at the nucleus is obvious. 1 Its inherent reso-
lution for magnetic hyperfine studies has al-
ready previously been demonstrated by mea-
surements of the magnetic moment of the ex-
cited state in externally applied magnetic fiel<
of the order of 1.5 to 3.0 kOe. 2+ 3 Likewise a
very high resolution is expected for the mea-
surement of electric quadrupole interactions
(EQI) due to the large electric quadrupole mo-
ment of the ground state of 81Ta,

Q(7/2) = + (3.9£0.4)b. 4 The present paper re-
ports on a measurement of the electric ciuad-
rupole splittinF of the 6.2-keV y rays of 81ra
in sources of 181W diffused into single-crystal
rhenium metal. This is the first application
of the 181Ta y resonance to nuclear quadrupole
interaction studies. From the completely re-
solved split spectra, the sign and magnitude

of the electric field gradient (EFG) at the
181Ta site in rhenium metal, the ratio of the
quadrupole moments of the excited state to
that of the ground state, and the isomer shift
of 181Ta(&e_) relative to Ta metal are de-
rived.

The experimental technique employed was
very similar to the one described in the pre-
ceding paper.* From a high-purity single
crystal of rhenium metal (p300/p4.2= 10 500), 5
oriented to within 1° by reflection of coherent
light on an etched surface and subsequently
by the Laue backscattering method, thin disks
(about 1 mm thick) were cut with a spark cut-
ter parallel and perpendicular to the [ 0001]

axis. The 181W activity was diffused into the
Re metal disks at a temperature of 2500°C in
high vacuum (10-7 Torr). The same Ta metal
absorber and the same M&ssbauer spectrom-
eter were used as in our previous work.

The velocity spectra obtained are presented
in Fig. 1. As the 6.2-keV transition has pure
E1 character with the spin sequence 9/2-1/2,
the hyperfine spectrum resulting from an
EQI alone consists of 11 hyperfine components,
of which 7 are Am = + 1 transitions, 3 are
Am = 0 transitions and 1 is a mixed transition.
In the diagrams of Fig. 2 the dependence
of the line positions on the ratio of the quad-
rupole moments Q(9/2)/Q(7/2) is presented
for an axially symmetric EFG, with the di-
rection of observation perpendicular (a) and
parallel (b) to its axis. By observing the
emission spectrum parallel and perpendicular
to the [0001] axis of the single-crystal
181w (Re) sources, the assignment of individ-
ual transitions to the observed lines could be
done uniquely.

Both M&ssbauer spectra were simultane-
ously least-squares fitted with a superposition
of dispersion modified Lorentzian lines:

)

i=1,11 [v—vo(i)]

} ,

Afi) (W/2)
24 (w/2)°

N(v) = N(«) {1 -

v-vo(i)

X['1+2§ W]
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Fig. 1. Velocity spectra of the 6.2-keV y rays
of 181 Ta in rhenium metal versus a Ta metal
absorber, with direction of observation
arallel (¢) and perpendicular (b) to the
0001] axis , respectively.
(XBL 7111-4691)

where the amplitude 2 § of the dispersion term
was set equal to 2§ = 0.30. 3 [ N = number of
counts, W = experimental linewidth (FWHM),
v = Doppler velocity, A(i) and vq(i) = amplitude

and position of the ith component, respectively].

The z component of the axially symmetric elec-
tric field gradient eq, Q(9/2)/Q(7/2), the iso-
mer shift IS, W/2; and for each of the two
spectra, N(») and an amplitude factor A,
describing the total summed effect, were
used as free parameters for the 8-parameter
fit. Within statistical accuracy the measured
spectra are in agreement with the assumption
of an axially symmetric EFG, expected from
the point symmetry of the hexagonal rhenium
lattice.

The results of the least-squares-fit analysis
are presented in Table I, with negative signs
for IS and e2qQ(7/2), since the measured in-
teractions occurred in the source. The ob-
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Fig. 2. Dependence of the line positions ex-
pected for the 9/2(E1)7/2 ground state transi-
tion in 181Ta on the ratio of the quadrupole
moments Q(9/2)/Q(7/2) for an axially sym-
metric electric field gradient: (a) perpendicu-
lar to the axis of the EFG, and (b) parallel
to it. The widths of the lines are proportional
to the intensities of the components.

(XBL 7111-4750)

served linewidth W = 0.60£0.04 mm/sec re-
flects a considerable line-broadening, only
part of which is due to geometrical broadening
{about 0.1 mm/sec for the solid angle

Q = 47/500 used). Because of the line-
broadening,the total resonance effect Ay,
summed over all components, is rather small
(~1%) in both spectra.

With the electric quadrupole moment of the
7/2% ground state Q(7/2) = + (3.9%0.4)b, 4
values for the electric quadrupole moment of



Table I. Summary of experimental results
obtained by a simultaneous least-squares
fit of spectra (b) and (c). :

-(14.00+0.10) mm/sec
1.133+£0.010

~( 2.45%0.02) 107 % ev
0.60£0.04 mm/sec
1.30+0.18% Spectrumi(b)
0.94£0.18% Spectrum(c)

isomer shift IS
Q(9/2)/Q(1/2)
eq Q(7/2)
linewidth W
effect Atot

the 6.2-keV state and for the EFG eq at the
181Ta nucleus in rhenium metal can be de-
rived. Using our experimental value

Q(9/2)/Q(7/2) = 1.133£0.010,
we obtain .
Q(9/2) = + (4.4%0.5)b

for the quadrupole moment of the 9/2  excited
state and

eq = - (5.5£0.5)X10"7 V/cm?

181

for the EFG at Ta(Re) at room temperature.

The ground state and the 6.2-keV state of
181Ta have been classified as intrinsic Eroton
states with the Nilsson assignments 7/2%[404]
and 9/2-[514], respectively. ®© Assuming the
same intrinsic quadrupole moment for both
states, the Nilsson model predicts a value of
Q(9/2)/Q(7/2) = 1.17, which is slightly larger
than our experimental value of 1.133£0.010.
Neglecting band mixing, we obtain for the
ratio of the intrinsic quadrupole moments Qq
a value of Q4(9/2)/Qy(7/2) = 0.97+0.01.

Our value for the EFG at 181’I‘a in rhenium
metal may be compared with the results of
nuclear specific heat’ and nuclear acoustic
resonance® measurements for pure rhenium
metal. In agreement with our result, the sign
of the EQI was reported negative. 7 From the
quadrupole coupling constant for 185Re in
rhenium metal and the quadrupole moment of
the ground state of 185Re[Q(1]§5Re) =
+(2.3£0.9)b 91, a value of eq=- (4.9£1.9)

X 1017 V/cm?2 can be derived for the EFG in
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rhenium metal at 4.2°K. This value is in
good agreement with our room-temperature
result for 181Ta(§3), though of less accuracy
due to the large error in the value for
Q(185Re). The only other 5d element for which
the EFG has been measured as an impurity in
rhenium metal is osmium: eq = - (3.3%0.6)
X 1017 V/cm? at 4.2°K. 10 In all three cases
the EFG's are negative; for a quantitative
comparison, however, a measurement of the
EFG of Ta(Re) at 4.2°K is highly desirable.

It may be noted that a measurement of the
temperature dependence of the EFG of Ta(Re)
can be achieved over an unusually large tem-
perature region by using the 6.2-keV y reso-
nance of 181Ta.

We would like to thank Prof. D. A. Shirley
and Dr. H. Haas for valuable discussions,
and Dr. B. B. Triplett for the rhenium metal
single crystal.
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NMR ON ORIENTED 196y AND 198Au IN NICKEL

F. Bacon, G. Kaindl,* H.-E. Mahnke, T and D. A. Shirley

Induced magnetic hyperfine fields at dilute
impurities in the ferromagnetic host lattices
Fe, Co, and Ni have been measured for alarge
number of elements, I and play a significant
role for hyperfine interaction studies. Despite
this the theoretical understanding of the origin
of these fields is still rather poor. Until re-
cently the fields were considered as arising
entirely from a Fermi contact interaction. By
a study of the hyperfine anomaly between the
first excited state and the ground gstate of

Ir in Fe® as well as Co and Ni, ~ using the
Md8ssbauer effect, non-contact contributions to
the effective hyperfine fields were derived. A
similar approach was made for Au(Fe),
by studying the hyperfine ané)gnaly be-
tween the ground states of 198auand 19%Au in
iron with the NMR-ON technique. For an
understanding of these non-contact fields, an
accurate study of their variation for Fe, Co,
and Ni is of crucial importance. We have
therefore used the NMR-ON technique to deter-
mine the non-contact part of the induced hyper-
fine field for Au(Ni).

Using the NMR -ON technique, we have deter-
mined the magnetic hyperfine interactions pH/I
for the 2~ ground states of 196 A4 and 198Au in
nickel, and compared them with the one mea-
sured for 197Au(ﬁ_i) by the NMR spin-echo
method.® Since the magnetic moments of all
three nuclear states have been determined with
great precision,®> 7 we can derive from our
data values for the hyperfine anomalies
1964 197Ni and 197A 198 ; for Auin a nickel
lattice; since in addition1>c1he hyperfine anom-
alies *A for these pairs of isotopes have also
been measured with great precisiéon] for pure
contact interaction (free atoms), °’ ' we can de-
termine contact (H.) and non-contact (H,.) con-
tributions to the hyperfine field fyom the tyo
different hyperfine anomalies A c and 1A Ni*
The two anomalies are related by

1.2 . (2) _ 1,2 (2)

A Hegr = A He
where H(Z) = HE:Z) + H(Z) is the total hyperfine
field at iseg{o e 2. ne

p

The carrier-free 196Au and 1C)8Au activities,

produced by bombardment of a Pt target con-
taining 36.2% 196Pt and 44.4% 198Pt with 18-
MeV deuterons, and subsequent chemical sep-
aration, was electroplated on a high-purity
nickel foil. After repeated melting of the
nickel in an Hy atmosphere, a thin foil (~20 000
A) was produced and contact-cooled by the cop-
per fin of an adiabatic demagnetization appara-
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Fig. 4. Frequency dependence of the intensity
of the 442 keV y rays, observed along the polar-
izing field direction, for increasing (a) and de-
creasing (b) frequencies, respectively. The rf
field was modulated with 100 Hz over a band-
width of 1.4 MHz, and the total time span be-
tween adjacent points was 4.25 min,

(XBL 721-2153)

tus, which uses CMN as a cooling salt. Gamma
rays were detected along the external polarizing
field of 1 kOe with a Nal(Tl) detector.

A typical result of the NMR-ON experiment
is presented in Fig. 1, where the frequency
dependence of the intensity of the 412-keV vy
rays, following the ( decay of 1984 is plotted
for increasing (a) and decreasing (b) rf fre-
quency. Despite the fact that the frequency was
varied in steps of 1 MHz with a total time span
of 4.25 min between adjacent data points, the
resonance curves measured for increasing and
decreasing frequencies are shifted against each
other. This is due to the rather long nuclear
spin-lattice relaxation time T,, which was de-
termined as T, = 3+1 min, using a single ex-
ponential fit. Similar resonance curves were
measured simultaneously for theiézé-kev Y
rays, following the EC de c%y of A'Lé. Since
the magnetic moment of 1964 and 19%Au differ
by only 0.33(26)% 6 and also the hyperfine anom-
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aly 1964 1980 Wgs found to be zero within the
limits of error, ® we give the average of 1:8%
resonaé'lce frequencies derived from the Au
and 1954y data:

v =58.4+0.3 MHz.

Using u(196) = 0.5823(14) n.m. and p(198)=0.5842
(4) n.m. for the 2 ground states of 196Au and

98_Au, 6, we derive a value for the magnetic
field

196, 198
eff

With the magnetic field determined by the spin-
echo method for a sample of lesz than 2 at.%
197Au(_1§I_i_), Hé?f7= - 294 +6 kOe, ° we derive

|H | = 262.3+1.3 kOe.

197,198
KN Ni = t12.1£2.3%

for the hyperfine anomal;; 197A198 in nickel. 7
The comparison with 19 A 198= +8.53+0.08%
leads to a non-contact field of

H =+ 110+ 70 kOe,
nc

with the contact fields being

197 196, 198 _
c c

H = -404 +£70kOe and H
The rather large error is mostly due to the 2%
error in the value for Hé?7. It is our hope that
this value can be improvetf by using a smaller

Au concentration in nickel.

. The present result is compared with all the
other available.data on the non-contact parts of
hyperfine fields in Fe, Co, and Ni in Table I.
The error bars are still too large to draw con-
clusions, but in all cases the non-contact fields
are positive, and there seems to be some in-
dication that they increase from Ni to Fe.
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Table I. Summary of experimental results for
non-contact contributions to the induced hyper-
fine fields at Au and Ir in Fe, Co, and Ni.

=-372 £70kOe.

Impurity Host lattice Nnc Ref.
[kOe]
Au Fe +270+70 4
Au Ni +410 £ 70 Present
work
Ir Fe +335+200 2
Ir Fe +155 £ 90 3
Ir Co +149x80 3
Ir . Ni + 52 +50 3
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MAGNETIC HYPERFINE FIELDS AT BISMUTH IN IRON AND NICKEL

F. Bacon, H. Haas,* G. KaindI,Jr and H.-E Mahnke*

Magnetic hyperfine fields on impurities in
ferromagnetic host metals have been studied
in the past for a large number of elements, but
so far only very few experimental data are
available for the heavy elements with Z > 80.
Recently the discrepancy in the measured fields

for lead in Fe (Co and Ni) has been clarified by
means of the time-differential peliturbed angu-
lar correlation technique (DPAC)~ and by chan-
neling experiments.2 In this context the fields
at bismuth became of increased interest. We
report here on measurements of the magnetic
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fields at bismuth in Fe and Ni bg thermal equi-
librium nuclear orientation of % 4p;

The 204Bi %%tivity (T1/2% = 14.3 h) was pro-
duced by the 2 Pb(p, 3n) 4R reactié)dl with
30-MeV protons on a 99.8‘7/% enriched 6PbSO4
target. The carrier-free 04p; activity, ob-
tained by anion exchange separation, was pre-
cipitated with 50 mg Fe(OH)3 carrier, heated

to form the mixed oxides, and reduced in hydro-
gen at 800°C. The samples were quickly melted
in a hydrogen stream without excessive loss of
activity and quenched to room temperature in
less than 10 sec. The 20 Bi(Ni) sample was pre-
pared in a similar way. A

Together with a 6OCo(Fe) thermometer the
Bi samples were attached with Bi-Cd solder to
the copper fin of an adiabatic demagnetization
apparatus. Using CMN as a cooling salt, the
lowest temperatures reached were 0.005°K. A
superconducting Helmholtz pair, operated in
persistent mode, was employed to magnetize the
samples in a field of 4 kOe. Gamma ray spec-
tra parallel and perpendicular to the polarizing
field were taken during the warm-up of the sam-
ples over a typical period of 8 hours with high-
resolution Ge(Li) detectors. After background
and decay corrections, the anisotropies were
ob‘cained2 zf the 899-, 912-, and 284-keV Y
lines of Pb as well as for the 90Co Yy lines.
Figure 1 shows the temperature dependence of
51(1)94 anisotropy of the 984—]2(8X Yy transition in

Pb measured with the Bi(Fe) sample. The
data were least-squares fitted for a nuclear
spin I =6, using the hyperfine interaction | uH]
and an amplitude factor as free parameters. All
the measured samples were also investigated at
room teré‘lé)frature by DPAC of the 1274-keV
state of Pb (T4/2 = 290 nsec), using the 942
to 375-keV vy cascade, in order to check the sam-
ples. 1In all cases the same fields as previously
observed for sources of ™MPb in Fe and Ni
were obtained. The insert in Fig. 1 shows as an
example the spin rotation of & 1274-keV state
as observed with one of our Bi(Fe) samples.
The modulation frequency obtained from a least-
squares fit corresponds to an internal field atthe
Pb nucleus of 4262 +5 kOe, in very good agree-
ment with the result quoted in Refs. 1 and 3.

Due to the intermediate 9~ state in 204Pb
(T4/2 = 66.9 min) the anisotropies of the 899-
and 942-keV vy lines do not necessarily have to
show the same temperature dependence as the
one of the 984-keV y transition. 3?6145 transi-
tion is not fed by the 9 state, of Pb, while
about 60% of the 912-keV vy transition and less
than 15% of the 899-keV vy transition occurs via
the 9 state. However, the effects of a reorien-
tation of the 9 state on the temperature depen-
dence of the anisotropies of the 912-keV and
899 keV vy rays can be neglected, because ofthe
much smaller hyperfine interaction expected

T T T T T
040
T
B o,zoL
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1
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/ Delay  (ns)
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17T (K™
Fig. 1. Temperature dependence of W(0)- 1

for tEeO‘§84 keV y rays,
ized Bi(Fe) source. The inserts W the
spin rotation of the 1274 keV state of “0*Pb,
measured with the same sample at room tem-
perature. The solid curves are the results of
least-squares fits. (XBL 7112-4942)

emitted from the polar-

for this state as compared with the 204 p;
ground state. Within statistical accuracy the
least-squares fits of the anisotropy curves for
the three y lines yield the same values for the
magnetic s%l(}ﬁting. As a 516121 result the mean
values for Bi(Fe) and Bi(Ni) are given in

Table I.

The results of recent channeling experiments
on T1, Pb, and Bi impurities in an iron lattice
provide evidence that the hyperfine field of 262
kOe measured for Pb(Fe)is associated with the
substitutional site for lead. We therefoéfe may
conclude from our DPAC results for 20 Pb(Fe),
measured on the same samples as used for our
gahentation work, that our field value for

Bi(Fe)is also associated with the substitu-
tional site. The same argument applies for
Bi(Ni).

Our value for the hyperfine field for 204Bi(§_i):
can be compared with the result of a previous
IPAC measurement on 1Bi(Ni), using an

227Ac:(ﬁi) source: Hpge=+ 160 =30 kOe. > This

Table I. Magnetic hyperfine fields on Bi in
iron and nickél at temperatures T <0.41°K.

luH | H

Host hf
-18
(10 erg) {(kQe)
Fe 25.4+2.9 1180 + 130
Ni 7.0+0.8 325 % 35
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value is smaller than our result by a factor of
2. The ratio of the hyperfine fields found in the
present experiment for Fe and Ni hosts agrees
very well with the ratio of the magnetic mo-
ments per atom of the ferromagnetic host lat-
tices. If we assume the positive sign for our
field values, they agree rather well with the
predictions from the phenorenological theory
of Balabanov and Delyagin,” namely +935 kOe
for Bi(Fe) and +255 kOe for Bi(Ni), respec-
tively.

We would like to thank Prof. D. A. Shirley
for valuable discussions.
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NUCLEAR MAGNETIC RESONANCE ON ORIENTED PLATINUM-195m IN IRON

F. Bacon, G. Kaindl," H.-E. Mahnke, and D. A. Shirley

Nuclear magnetic resonance on oriented
nuclei (NMR-ON)* provides precise informa-
tion on the magnetic splitting of nuclear sub-
levels (WHggg/I). On the other hand, the mag-
netic hyperfine interaction (uHgff) results from
an analysis of the temperature dependence of
y-ray anisotropies. By a combination of both
measurements the spin of the nuclear state can
therefore be obtained directly. The present
paper reports on the first application of this
method to an isomeric state, in determining
the spin of the 259-keV state (Ty/ = 4.1 d) of

Pt. In addition, the magnetic moment of
the isomeric state and the mixing ratio of the
98.8-keV vy transition of 195pt were derived.

The 195mpt activity was produced by neu-
tron irradiation of 57% enriched Pt metal
in a neutron flux of 2.5%x-101 n/crn‘2 sec for a
period of two weeks. Thin foils (= 20,000 A
thick) containing 1 at.% Pt in an irgn matrix
were prepared after melting the 19°mpt ynder
a hydrogen atmosphere with high-purity jron,
already containing a matched amount of ®YCo
activity, to be used for thermometry. The
low temperature technique was the same as
described in the previous paper. For the NMR-
ON experiment an rf field Hy was applied per-
pendicular to Hg.y, and the amplitude of Hy
was measured by a pickup coil.

Figure 1 shows the results of the NMR-ON
experiment. The temperature of the sample_,1
increased during the run from 1/T =145+5K
to125 +5 K~ 1, causing the sloping background

noticeable in Fig. 1b. Despite a total time
span of 3.5 min between adjacent data points,

the resonance curves measured for increasing

vs decreasing frequencies in steps of 1 MHz

are shifted relative to each other by more than
1 MHz. This is due to the rather long nuclear
spin-lattice relaxation time Tj for 19 MmPpt(Fe),

which _ was determined in a separate exper-

iment“ to be T'= 10+ 1 min at a temperature
of 1/T = 150 +5K-1, using a single-exponen-
tial fit.> The observed resonance effect re-
presents a 30% destruction of the y-ray anisot-
ropy. The same resonance curves were simul-
taneously observed for the 129-keV y rays of
5pPt. The possibility of heating by a coil res-
onance was excluded since the y-ray anisotropy
of the 158-keV y rays, originating from the de-
cay of 199 Au that was also present in our sam-
ple, did not show any frequency effect. From
the results in Fig. 1 we determine the res-
onance frequency as

pHege/h -1 = 89.5£0.5 MHz.

In a separate experiment the temperature

dependence of the anisotropies of the 99-keV

and 129-keV y rays of 195pt were measured at

angles of 0 and 90 degrees relative to the polar-
izing field. During the warmup of the samples

over a typical period of 7 h, spectra were taken
continuously for periods of 15 min. The anisot-
ropy of the °YCo y lines was used for thermom-
etry. The data shown in Fig. 2 are the results
of three individual demagnetizations "of the same
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Fig. 1. Frequency dependence of the 99-keV

y-ray intensity, observed in the direction of
the polarizing field Hgoyy = 1 kOe, for (a) in-
creasing and (b) decreasing frequency, re- |
spectively. The rf frequency was modulated
with 100 Hz and a bandwidth of 1 MHz, and the
rf amplitude was 0.8 Oe. The time span be-
tween neighboring points is 3.5 min.

(XBL 7112-4940)

195Mpt source. The anisotropy curves were
least-squares fitted with

W(8) = 1 +z

k=2,4

B, U F QP

Vi F R k(<:os(9).

In the analysis of the anisotropy of the 129-
keV y rays the influence of the 129.6-keV M4
v transition was taken into account. With the
branching ratios of Ref. 4, and the conversion
coefficient agx =1.76£0.19 for the 129.8-keV
E2 transition?, and ath = 1230 for the 129.6 M4
transition, the ratio of the vy intensity of the
M4 transition to that of the E2 transition at 129
keV was found to be 0.029. Using this value,
the anisotropy curve of the 129-keV vy rays,
shown in Fig. 2b, was fitted with pHeff as a
single parameter, and various values for the
spin I of the isomeric state. As expected the
results obtained for pH are independent of
the assumed spin within the limits of error,
clearly demonstrating that from anisotropy

206

) (YH)N

curves only a value for the magnetic moment
can be obtained. Only for a spin I=13/2 does
agree with (yH) . The sensitivity
of the method is shown gy a plot of the ratio

.(YH)N /(YH)NMR versus the assumed sp1n,

given 1n the insert of Fig. 2.

The anisotropy curve of the 98.8-keV y rays
(Fig. 2a) was least-squares fitted with the
E2/M1 mixing ratio 8§ (in the definition of Bie-
denharn and Rose, Ref. 7) as the single free
parameters, taking p-H/I from the NMR ex-
periment. This leads to a value of

§ = -(0.16 £0.02)

for the mixing ratio of 98.8-keV y transition.
The absolute value of 6 is 1n8good agreement
with previous measurements®:7, but the neg-
ative sign is opposite to the one given by Ref.

9.

For a derivation of the magnetic moment of
the 13/2" state we use the hyperfine field
Hpf = -(1280 £ 26) kOe, measured for the 1/27-

T T T T
l95mP1 (E) 4
14+ E
.2} (0) 99 keV B
' ]
1.0 i
(rH) o ]
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1.0} r . 1
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Fig. 2. Temperature dependence of the y-ray

anisotropy W(6=0) -1 of the (a) 99-keV and
(b) 129-keV y rays of 1 5Pt(Le) for Hg.q= 4
kOe. The solid curves are the results of least-
squares fit procedures (see text). In the in-
sert the ratio (yH) /(yH) is plotted ver-
sus the value of the assumelg spin.

(XBL 721 -2226)
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ground state of 195p¢t in iron. 10 This leads
to

w(13/2) = (+) (0.597+0.045) n. m.
for the magnetic moment of 195MPt, with the
negative sign assumed from systematics. The
error is mostly due to the 2% uncertainty in
the value for the hyperfine field. A correction
for a possible hyperfine anomaly between the
13/2% isomeric state and the 1/2 ground state
has not been appheq;5 n the n hborlng odd
mercury isotopes Hg and 1 Hg, however,
the hyperfine anomahes between the 13/27 iso-
meric states and the 1/2° ground states have
been measured 11. 19 m 5 - 40.91 +0.02%
and 19TmMA197 - {59740, 07% A hyperfine
anomaly of this size can also be expected be-
tween the analogous states of Pt. Thus the
quoted value for u(13/2) should perhaps be de-
creased by 1%.

Qur result for the spin of the isomeric state,
I=13/2, confirms the spin assignment made
on the basis of the M4 mult1polar1 (3/ of the 129.6-
keV isomeric transition. SMpt 4 neu-
tron configuration 113/2 f5t/ 4 outside of
the N =82 core and the filled > and hg/z neu-
tron shells is expected, since t e pj 3/2
f5/2, and iy3/7 levels lie very close toge
and hence the neutron pairs are expected to f111
the states of higher angular momentum first
due to the pairing energy. Following the c%re-
polarization approach of Arima and Horiel
we obtain for this neutron configuration a valu
of -0.64 n.m. for the magnetic moment, in
rather good agreement with our experimental
result. The magnetic moment may be com-
pared with the known magnetic moments of

other 13 2 sgtf.tes in neighboring even-odd nu-

clei 11, = -1, 041643) n.m. ],

195Hg %go 2) n.m. w=-1.0112(3)
n.m.|, and -0. 975(39) n. m 1. Going

from Pt to Hg, the effect on the magnetic mo-
ment of two additional protons that are filling
up the d3/p shell, is obviously quite drastic
and much larger than expected on the basis of
the single-particle model with configuration
mixing.
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MAGNETIC MOMENT OF THE 12" ISOMER OF 196a,"

F. Bacon, G. Kaindl,'r H.-E. Mahnke,*

High-spin isomers with large magnetic mo-
ments and long lifetimes are especially suitable
for the technique of thermal equilibrium nu-
clear orientation. Using the induced large hy-
perfine fields in iron, high saturation of the nu-

and D. A. Shirley

clear polarization can be easily reached. 1
Thus, the determination of the magnetic hyper-
fine interaction from the temperature depen-
dence of the y-ray anisotropy becomes indepen-
dent of uncertainties in factors influencing the
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absolute magnitude of the anisotropy. This
technique was applied to a measurement of the
magnetic moment of the 127 isomer of 196Au
(Ty/2 = 9.7 h) to test the interpretation as
[7hi4/2, vig3/2]1412" shell-model configuration?

The carrier-~free 196mAu activity was pro-
duced by the Pt(d, 2n) reaction with 18-MeV
deuterons on isotopically enriched platinum
foils and suébsequent ethyl acetate-HCI] solvent
extraction. Thereafter, the TMAu was
electroplated in high-parity iron or nickelfoils
already containing carrier-free °YCo used for
thermometry. Foils of 196May 60CoFe (or
Ni) were then made from the electroplated
foils by melting, rolling, and annealing. These
foils were contact-cooled by the copper fins of
an adiabatic demagnetization apparatus, which
used cerium magnesium nitrate, to temper-
atures in the 8 millidegree K range. Polariza-
tion was obtained by applying a 4-kOe field
parallel to the plane of the foil.

During the warmup period of the foils,
counténg data for thg 148- and 188-keV y rays
of 196™MAy and the °Oco Y rays were measured
at 0- and 90~ degree angles relative to the po-
larizing field with high-resolution Ge(Li) de-
tectors. After background and decay correc-
tions, a least-squares fit of the data to the
angular distribution function

W(8) = 1+ Z

k=2,4

BkUkaQkPk(co s0)

~ gave the results for the magnetic hyperfine in-
teraction, pH, listed in Table I. The ratio of
the magnetic hyperfine interactions for iron
and nickel agree within error with the ratio of
the hyperfine field of 197Au in iron and nickel.
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Fig. 1. Temperature dependence of 1 - W(0)
for the 148-keV y rays of 19 MAuFe (circles)
and MAuNi (squares). (XBL 719-4341)

Figure 1 shows the temperature depe(%lence of

- W(0) for t}ie 6148-keV Yy rays for 1 MAuFe
(circles) and 9 mAu_IlTi (squares). The solid
curve is the result of a least-squares fit with
two free parameters,the hyperfine interaction
and an amplitude factor, to the ?Biég}gtropy data.
Whereas the dashed curve, the AuNi data,
is a one-parameter fit of yH with the amplitude
factor fixed from the 196MAyFe fit. The dif-
ferent procedure was necessary because, in
the latter case, saturation is not fully reached
and therefore the two parameters would be
completely correlated. The importance of
reaching full saturation is thus clearly demon-
strated.

A value for the magnetic moment of the 12°
state can be determined from the measured
values of pH by taking into account the hyper-

Table I. Summary of experimental results for two different samples of
19(m“Au(F_‘_e) (a and b) and one sample of 1961'1'1Au(ﬁi), obtained from the
temperature dependence of the anisotropy of the 148-keV vy rays.

Host lattice 6
(deg)
Fe 0 (a)
Fe 90 (a)
Fe 0 (b)
Ni 0

| | H |, e rage
[‘10-18 erg] [10—18 erg]
31.8+1.6
27.3+£3.1 30.6+1.2
30.0x2.4
6.0 £0.4
6.4%0.4
7.4%0.7
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fine anomalies known to exist for other gold
isotopes.&-"7 Using the Bohr-Weisskopf‘cheory8
extended to odd-odd nuglei, we find that the cal-
ig})afgedﬁ)réomalies, 196ma 197 = _42.29% and
A = -2.3%, agree t? \aiitmg 20% with

the measured ones for 196,197, Au. From
the measured hyperfine field of 197A4 and

98Au in iron,® the corrected values for the
magnetic moment lead to a weighted average
value of p= +5.35+0.20 n.m. for the 12 state.
Theoretically, this state should have the shell-
model configuration (mhyy /3, v 113!2) 12°.
The magnetic moment of such a state is easily
calculated. The proton contribution to the nu-
clear moment can be calculated following the
spin polarization procedure of Arima and
Horie? which yields p=6.7 n.m. The neutron
configuration as an i 3/p state is experimen-
tally well eﬁgasblished and we take the measured
moment of MHg (p=1.03 n.m. 10
tribution. One then gets the coupled moment
for this configuration as p=5.67 n.m., in good
agreement with the measured value, assuming
the positive sign. The experimental value for
the magnetic moment of the 12 state therefore
provides strong evidence for the correctness of
the assumed shell-model configuration.

We wish to thank Mrs. Winifred Heppler for
preparing the carrier-free gold activity.

Footnotes and References

“Condensed from Phys. Letters 378, 181(1971).

TMiller Fellow, 1969-1971.

) for its con-

INATO Fellow on leave from the Hahn-Meitner
Institute, Berlin, Germany.

1. D. A. Shirley, Ann. Rev. Nucl. Sci. 16,
89 (1966).

2. A. H. Wapstra, P.F. A. Goudsmit, J.F. W.
Jansen, J. Konijn, K.E.G. Lobner, G. J.
Nijgh, and S. A. de Wit, Nucl. Phys. A93, 527
(1967).

3. J. F. Emery and G. W. Leddicotte, Nucl.
Sci. Series, NAS-NS 3036 (1961).

4. T. A. Koster and D. A. Shirley, Table of
Hyperfine Fields, UCRL-20411 (1970).

5. P. A. Vanden Bout, V. J. Ehlers, W. A.
Nierenberg, and H. A. Shugart, Phys. Rev.
158, 1078 (1967). '

6. R. A. Fox and N. J. Stone, Phys. Letters
29A, 341 (1969).

7. S. G. Schmelling, V. J. Ehlers, and H. A,
Shugart, Phys. Rev. C2, 225 (1970).

8. A. Bohr and V. F. Weisskopf, Phys. Rev.
77, 94 (1950).

9. A. Arima and H. Horie, Progr. Theor.
Phys. 12, 623 (1954).

10. P. A. Moskowitz, C. H. Lin, G. Fulop,
and H. H. Stroke, Phys. Rev. C4, 620 (1971).

SPIN AND MAGNETIC MOMENT OF THE 18.7-h ISOMER OF 2004y

F. Bacon, G. Kaindl,” H.-E. Mahnke,T and D. A. Shirley

It has been suggested that the recently dis-
covered 18.7-h isomer of Au” is analogous
to the 12 state of Au on which we reported
earlier.“ We used nuclear orientation tech-
niques combined with NMR-ON to test this as-
sumption by determining the spin and magnetic
moment of MAw.

The- 2OOAu isomer was produced by the
198P’c(oz, pn) reaction with 35-MeV « particles
on a Pt metal target containing 1986& in an en-
richment of 44.4% . Samples of 200mpy in
iron and nickel were prepared in a similar way
as described in Ref. 2, in which we also gave
a description of the experimental setup and pro-
cedure used for measuring nuclear orientation.
For the NMR-ON experiment an rf field was
applied to the sample perpendicular to the ex-

ternal magnetic field.

The anisotropy as a function of temperature
was measured for the six strongest y lines
(181, 256, 368, 498, 580, and 760 keV) follow-
ing the B decay of 200mpy. As a typical ex-
ample, Fig. 1 shows the temperature depen-
dence of the anisotropy of the 368-keV y tran-
sition of 200mAu(Fe) (circles) and 200mAyu(Ni)
(squares). The solid lines represent least-
squares fit of the data by

W(6) =1 +'Z

k=2,4

U, F) B, Q P, (cos6).

Since very little is known about the multipolar-
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L 1
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1. Temperature dep§88ence of 1- W(0)
for t]%%é68 -keV y rays of M Au(Fe) (circles)
u(Ni) (squares).
(XBL 7112-4965)

ities of the transitions involved, the products
UpF(k=2,4) w weks determined by fitting 0° and
90° spectra of mAu(Fe) simultaneously.
With these values of U Fk the fit procedure for
the nickel data assuming various spin values
§1elded the hyperﬁne interaction pHg e for
OomAu(Nl ) given in column 2 of Table I.

Figure 2 sh%\gs the result of the NMR-ON
experiment on Au(N1) The summed
counting rate of the 498-, 580-, and 760-keV
Y rays observed along the external field is
plotted versus the rf field was frequency mod-
ulated with 100 Hz over a bandwidth of 1 MHz
and had an amplitude of 0.5 mOe. The res-
onance frequency was determined to be

Mo

=97.7+0.2 MHz.
pl

No resonance was detected with the modulation
frequency switched off, ruling out the possibil-
ity of a warming up of the sample by a coil res-
onance. Agreement between the NMR-result

Table I.
curves for 200

T T T T L T
821 -
S
Qe
X
[d
€
3
S
80 -
200may (i)
781 —
L | | | 1 !
85 90 95 100 105 1o
Frequency [MHz]
Fig. 2. Frequency dependence of the summed
1ntens of the 498-, 580-, and 760-keV y rays
Au(N1) observed along the external
f1eld Hgyy = 1 kOe. (XBL 7142-4963)

(uHe /1) and the value of the hyperfine inter-
action (pHeff) determined from the anisotropy
data is obtained only for a spinI = 12 (see
column 3 of Table I).

With the recently measured hyperfine field
for 198Au in Ni Hy¢ = -(262.5+1.3) kOe, > we
derive a value for _the magnetic moment of the
isomeric state of 200Au of

w=£5.86+0.03 n.m.

The aégreement in spin and magnetic moment
p(1 MAw) = (+) 5.35+0.20 n.m. 2] strongly
supports the sugée sted analogy to the 12 iso-
meric state of

Summary of fit results for uH,¢s obtained from the anisotropy
MAu(Ni), assuming various values for the spin of the iso-

meric state.

I P{‘I gf (HH)NO/(HH)NMR
(10 erg)
11 7.73+£0.23 1.073 £ 0.030
12 7.81+0.23 0.995 + 0.030
13 7.89%0.23 0.934 £ 0.030
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A TEMPERATURE-INDEPENDENT SPIN-LATTICE RELAXATION TIME
IN METALS AT VERY LOW TEMPERATURES”

F. Bacon, J. A. Barclay,T W. D. Brewer, D. A. Shirley, and J. E. Temple’(on§

Nuclear magnetic resonance in oriented
nuclei (NMR/ON), in which resonance is de-
tected through the distribution of nuclear radi-
ations, was suggested by Bloembergen and
Temmer® and first observed in nuclei oriented
by thermal equilibrium methods by Matthias
and Holliday. 4 It was used to study relaxation
in ferromagnetic metals,” a phenomenon that
has also been studied by nonresonant methods.4

In 1964 Cameron:e_t_a_l.s suggested that, for
nuclei relaxing in a metal through interaction
with conduction electrons, the spin-lattice re-
laxation time T4 will approach a constant value
at temperatures low enough that the magnetic
quantum yH is larger than kT. This effect was
observed by Brewer et al., who reported it in
abbreviated form in 1968. A summary of a
detailed theoretical discussion of this result is
given below.

Let us assume that spin-lattice relaxation
occurs via an interaction with the conduction
electrons, of the form

- = A
AL-S =AS 1 + S8, +s1.], (1)

and that first-order perturbation theory is ap-
plicable. Here S is an effective electron-spin
operator that can be related to either the or-
bital or spin operator of conduction electrons,
or to both. The discussion below is quite gen-
eral, requiring only that the nuclei relax by
exchanging energy with a degenerate Fermi
gas, via magnetic dipole transitions. If the
nuclear energy levels are equally spaced by hv
and the |m = -I) state lies lowest, we may write
for the transition probabilities between states
Im) and Im +1)

2
m’m+1=B|<m+1lI+Im>|

X g\ f(e) [1-1f(e-hv)] de,
/0

2
Weidm C Bl(m|1 |m+1)|

X Sw fle) [1-£f(e + hv)] de. (2)
0

Here B is a constant that contains various
numerical factors including the density of states
at the Fermi energy, and f(€) is the Fermi-
Dirac distribution function

(€ - €_)/kT
fey=fe T LagTh

where L denotes the lattice. After evaluating
the matrix elements and the integrals we find

x
W m T Bhv{I(I+1)- m(m+1)/[e ~-1],

-X

w Bhy[I{I+1) -m(m+1)/[1-e , (3)

m+1, m

L

where xp = hv/kTL. It is easily shown, by
choosing I1=1/2, substituting into Eq. (3), and
comparing with the rate equations in the high-
temperature limit, that B=(2kC)'1, where C
is the high-temperature Korringa constant
(T4T = C).

The appearance gf the Bose-Einstein distri-
bution function 1/[e” L - 1] in Wy, 44 suggests
that the above transition probabilities should
possess an interesting analogy with the radi-
ation problem. Of course this is also expected
because the states Im) and |m+ 1) could be con-
nected by the emission and absorption of pho-
tons. We can rewrite Wiy4+4, m as follows:

X

W g = (Bv/2KC)L(I+1)-mim+4)) [1 /(e Loye1]

“ Wi, m+1” (hv/2kC)[I (I +1)- m(m +1)].

Thus the downward transition probability
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contains two parts, a temperature-dependent
part which is equal to the upward probability
(in analogy to stimulated emission and absorp-
tion) and a temperature-independent part, anal-
ogous to spontaneous emission. Here temper-
ature plays a role analogous to the occupation
of the radiation field in photon processes. The
appearance of stimulated and spontaneous
transition probabilities is in fact a general )
property of transitions whose quanta of excita-
tion obey Bose statistics and are thus more

likely to enter states that are already occupied.

That the quanta exchanged in magnetic relaxa-
tion obey Bose statistics is clear not only from
Eq. (3) butfrom the fact that a relaxation pro-
cess is accompanied by a conduction electron
spin-flip, i.e., an "excitation'" of spin 1. This
is even more apparent in the case of quadrupole
relaxation, in which relaxation processes are
accompanied by emission or absorption of lat-
tice phonons that clearly obey Bose statistics.
At absolute zero there are no more lattice pho-
nons to absorb, but a nucleus can still relax by
exciting a phonon; i.e., spontaneous emission
remains.

It is useful to define a set of parameters
{pm} that measure the deviation of the diagonal
density-matrix elements pp, from their equi-
librium values pﬁn,

Since ¢_ =0 at equilibrium, the master equa-
tion may be written

bmzz (pnwnm— Pm Wmn (4)
n

Under the (A/2)[S, I_+S_I,] interaction,only
transitions to the states n=m=1 are allowed.
It is instructive to regard p,, and p, as com-
ponents of (21 +1)-dimensional vector with
entries labeled in the order m=I, I-1,:-- -I
(or we can use the corresponding label X which
runs from zero to 2I). Then Eq. (4) can be
written

=

p=Fp, (5)

where F is a '"tridiagonal'' matrix with non-
zero elements:

E .= Wm’m_1+ Wm’ NVEE WA(I+1) - m(m -1)]
-xp
+[I(I+'1)-rn(rn+1)]e },

= WL +4) - m(m- 1],

m, m-

T, (T=0)=2KC/hv

A

. T L
k§1|7¥ ! ! Korringa's law, |
AT 1-1 c/T |
¢ |
£ |
£ |
| c |
Fast r o |
= |
3 5 D
j[' E T ! T, (T=0)=Tu=kC/hvI
i
—F— -1 T.F rZ '
Slow: ]
KT\ Y ! I | L
0! 1 2 Xx— 3
| |
T e H/k T "= ny/ 2k

(a)

Fig. 1.

(b)

Comparison of relaxation time T4 and

T). Diagram (a) at left represents relative
rates of transitions between levels, showing
"bottleneck' effect of slower rates between
topmost and bottommost pairs of levels, which
leads to an effective relaxation time close to
T, at relatively high temperatures. Diagram
(b) at right shows temperature behavior of T
and T}, illustrating the saturation of the latter

at a relatively high-temperature Tl

By sim-

ilar triangles one sees that T(P)/T“) = 21.

(XBL 714-3374)
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-X

F =W = WI(I+1)-m(m- 1)]e L

m, m-1 m-1, m
“Xp o4 -x
Here W=hv[2kC(1-e Y]* 7 The factor e
in the "upward' transitions assures that de-
tailed balance obtains at equilibrium.

The general solution of Eq. (5) has the form

— -Ft —
p(t) = e p(0). (6)
= - - =N
If F has orthonormalized eigenvectors n
and corresponding eigenvalues k, (A=0 1---2I),
then a matrix U with columns of the eigenvec-
tors 'q( diagonalizes
= - 1 == = = e _
) F U =K, where K)\ = k)\é)\m

Using [=I, Eq. (6) can be rewritten as

pit) =0 BT o), (7)

or, in component form,

Rt oo,
p_(t)=)T_, e Z Uy P (0). (8)

N m'

At yery low temperatures xp —~«, Q>0
and F approaches the limiting form

I 0
-1 2I-1 0
1-21  31-3.
=  _  hv ‘
FLT_ “kC
0
1-21 1 0
-I 0
//
The matrix F is singular, and thus non-
diagonalizable. _&‘ge roots k) of its character-

istic equation |Fr - k\1| = 0 may be used,
however, to find the limiting values of the _
eigenvalues of the general transition matric F
at low temperatures. These roots are simply
the diagonal elements of Fy . Thus the low-
temperature limiting decay constants are, for
integral I: 0 &alpfearing once), I(hv/kC), (2I-1)
(hv/kC), * - 1) (hv/kC) (each appearing
twice). The two smallest nonzero rate con-
stants, having the values hvI/kC will tend to
determine the rate of change of all observables

60Co Co (cubic) -/

75} : ,{‘
/T

100

{sec)
®

20t
| oF
O 1 1 L
10 50 100 150
/7 (k)™

Fig. 2. Relaxation data for 60Co§_9 at low
temperature. The multiexponential fit T

points are indicated by circles. The single-
exponential fit T| points are shown as triangles.
The dashed curve shows the expected hyperbolic
tangent dependence of T4. The solid curve is_
simply an empirical curve drawn through the T,
data. (XBL 714-3378)

as the lattice temperature approaches absolute
zero, provided that secular equilibrium is es-
tablished. In most practical experimental
situations the initial conditions will lead to sec-
ular equilibrium rather quickly, and T},as ob-
tained from a single-exponential analysis,will
closely approach its low-temperature limiting
value

Lim T!=kC/hwl =T
T->0 1 W

at a relatively high temperature. We shall call
T  the magnetic spin-lattice relaxation time.
In the low-temperature limit T plays a role
which is similar to, but more general than, that
of T4 in the high-temperature limit.

The physical situation is depicted in Fig. 1.
The experimental realization of a constant
Ti' is illustrated for the typical case of Oco
in a lattice of cubic cobalt in Fig. 2.
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THE INTERNAL MAGNETIC FIELD OF MERCURY IN NICKEL -

H.-E. Mahnke”

Magnetic hyperfine fields at mercury in
ferromagnetic host metals have already been
determined using time-integral perturbed an-
gular correlation techniques (IPAC). 1 The
determination of the effective field (Heff) in an
IPAC experiment, however, is based on the
assumption that the angular correlation mea-
sured, c.g., in diamagnetic surroundings, is
perturbed only by He¢f and is not attenuated by
other processes; also, such field values only
represent averages with respect to time and
lattice location. Therefore time-differential
(DPAC) measurements not only improve the
accuracy but also check the assumptions on
which the interpretation of an IPAC result is
based.

The DPAC experiment was performed on the
2.4-nsec state in 199Hg in nickel using the
3/27(50 keV)5/27(158 ke V)1/2" ¥ T2y cascade
which follows the B~ decay of 19%9Au. The 5/2"
state has one of the shortest half-lives ever
used for time-differential studies. Carrier-
free Au activity was obtained in the stand-
ard ethyl acetate separation from neutron-
activated Pt, and was electroplated onto nickel.
Foils prepared from melted samples were mag-
netized between the pole tips of a permanent
magnet (Hext = 2 kQe).

Figure 1 shows a typical modulation spec
trum measured with a 4-detector system. The
solid line represents a least-squares fit of the
data by R(t) = a+b cos 2(0 - th). The Larmor
period was determined as

TL =25.8%+1.3 nsec.

Using the known g factor of g = +0.404:t0.0322’3
hyperfine field for mercury in nickel, corrected

for Hgyy, of

th = - (124 £ 12) kOe
is derived, where the negative sign was con-
firmed by measuring a modulation spectrum
with 135° detector geometry. Actually the g
factor of the 2.4-nsec state was determined
in a time-integral PAC experiment using
19 T1(Au) sources;” but since the angular cor-
relation coefficients were determined in the
same source, possible systematic errors were
avoided. The amplitude of the observed mod-
ulation agrees with an estimated value based
on the angular correlation coefficients for the
v-vy cascade and the experimental factors like
solid angle and time resolution which reduced
the ideal angular correlation appreciably. It

|99Hg (N_')

' r)‘ 5

o =
(1 4
| |
o 5 10
Delay t [ns]
Fig. 1. Spin precession spectrum of 199Hg
(5/2 state) in nickel. (XBL 7112-4966)



215

can therefore be concluded that all mercury 1. F. C. Zawislak, D. D. Cook, and M.
nuclei produced in the 199au decay are Levanoni, Phys. Letters ?39_1_3, 541 (1969).
affected by the same field and that this field

is associated with the substitutional position 2. V. S. Shirley, in Hyperfine Interactions in
in the nickel lattice. Excited Nuclei, edited by G. Goldring and

R. Kalish (Gordon and Breach 1971), p. 1255.
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ON THE INFLUENCE OF MOLECULAR GEOMETRY, ORIENTATION, AND
DYNAMICS ON ANGULAR CORRELATION PATTERNS
FROM ROTATIONALLY LABELED MACROMOLECULES”

D. A. Shirley

In order to determine the sensitivity of lation between the two _quanta y, and y,, emit-
gamma-ray angular correlation patterns from ted in the directions k4 and kj, respectively,
solute macromolecules labeled with '"rotational is given by
tracers'' such as McCd, a theoretical study
was made of the behavior expected under cer- . e—t/’TN .
tain conditions. A nucleus of spin 5/2, acted W(ki’ ky,t) = = [1 +A22T2(k1, k,, t)], (1)
upon by an axially symmetric electric field TN
gradient, and bound to a rod-like macromol-
ecule, was considered. Under static condi- where the response function T‘Z(k1,k2,t) has
tions (no molecular rotation), the time-depen- the form
dent correlation pattern is quite sensitive to
molecular orientation and, for oriented mol- I 12 2
ecules, to the angle between the axis of the nE, ) = Z Z
field-gradient tensor and the molecular axis. 2V T .
A general equation and results for selected q m mo-mq
geometric configurations are given. When mo 2 2
lecular rotation is allowed, a classical model 3i(m~-m' )th 96, & )=:< v9(6., 6.)
is applicable if the rotation is sufficiently slow. X e 2V17 22T e
This model is used to calculate relaxation (2)

curves for several geometrical configurations
under the condition thatthe macromolecules
rotate about their long axes. These curves are
found to have considerable diagnostic value.

Here w_. is the fundamental quadrupole fre-
quency.

For I = 5/2, the explicit expression for the

. response function is
Let us consider a system, such as a macro- P

molecule in solution, that is labeled with a nu-
cleus bound to a specific site such that it ex-
periences quadrupole coupling. We assume 2
further that the nucleus decays from an initial

nuclear level to an intermediate level of spin I,
emitting a y quantum (y4). While in this inter-
mediate level the nucleus interacts with extra-
nuclear fields. The interaction, described by

a hyperfine-structure Hamiltonian K, starts

acting at the instant of formation of the inter-

mediate level (time t = 0) and continues to act

until this level decays by emission of the sec-

ond y quantum (y;). ,The r%uclear mean-life 7y

[3 coszei— 1][3 cosZG2 -1]

U PN

t) =

+3 cvose1 sin 91 cos 62 sinB2 sin 92 COS(¢2‘¢1)

(1- coszei]

INE

2 5
X [ cos wtt=Zcos Zwot] +

2 9 5
X [1 - cos 92] cos 2(<1>2-<1>1)[14 cosw t 47 cos3wot] .

is usually in the 10'8—10 sec range in cases Here w = 6w, and the z axis is taken along the
for which the rotational tracer method is most symme%ry di?ection of the electric field gradi-
useful.” Both y, and y, are detected and re- ent tensor. This will be called the atomic
corded, as is the time interval between their frame, and the Cartesian axes in this frame will
emission. The three processes involving the be denoted by xyz.

intermediate level —formation, perturbation,
and decay—are separable. The angular corre- In rotational tracer experiments the tracer



216

nuclei are bound to macromolecules. We con-
sider cylindrically symmetrical molecules,

with the molecular coordinate frame xyz chosen
with the symmetry axis along Z. The molecules
are taken to be oriented at angle 6 with respect
to an external field E, and the angle between Z
and z is denoted by . Two experimental geom-
etries were considered:

K, =-k, (G try 1!
1=k, (Geometry 1)

&
.

and

= — -
Elk —-k2

1 (Geometry 2').

—>

The relgtionships among the directions E , E,
Z, and z are shown for Geometry 2! in Fig. 1.
By using the cosine law and averaging over
angles, general expressions were derived for
the statistical response functions TH(t)4' and

T5(t)p1. Curves were plotted for four cases:
Case I: ENZ Iz,
- — -
Case I: EiZ1laz,
Case III: E 1 2’ I} ;,
—- — -
Case IV: El Z1lz=z.

By combining these four cases with Geometries
1' and 2', a total of eight configurations can be
constructed. These are designated by the nota-
tion I1', I2', etc. The angles describing these
eight configurations are set out in Table I.

Table I. Classification of the configurations.
Configuration f ) 91 Static curve
I1 0 0 0 A
12! 0 0 /2 B
o1 w/2 0 /2 B
mz2 w/2 0 0-m c
111 1! 0 w/2 /2 B
111 2! 0 /2 0-m C
v 1 w/2 w/2 0-w C
Iva! w/2 w/2 0-m D

The eight configurations yield only four distinct
curves. These curves, labeled A, B,C, and D,
have the forms

?‘Z(t)A =1,

qu

Ky

——

8, :

Geometrical relationship of vectors
(XBL 7011-4148)

Fig. 1. €
in Geometry 2

?‘Z(t)B:% % cos wot +%2 cos 3wot,

T:Z(t)c:-%.—z1 %Z—Z cos wot +%%c052w0t
+ 4‘2158 cos 3w t,

Tz(t)D=74526 %%coswt+64cos2wt
+ 3é’é4 cos 3m0t.

These four curves A through D are distributed
among configurations I1' through IV2' as indi-
cated in the last column of Table I. They are
plotted in Fig. 2 for intercomparison. In asses-
sing the diagnostic value of T(t), we note that
either Geometry, 1! or 2', would suffice to dis-
tinguish among Cases I, Cases II or III, and
Case IV, but that II and IO are undistinguishable.

Further differentiation among the configura-
tions is possible in the long-correlation-time
limit. By introduction of a classical (adiabatic)
model and the use of random-walk techniques,
relaxation curves of the form
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T>(t) for statically oriented molecules.
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= 11 3 cr 2 5
TZ(t)IIIZ' =33 +§ e [7 cos c%t +7cos Zwot]
4t
9o 5
tgz e [14 coswot +Ecos 3w0t],

for example, were calculated. These curves
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Fig. 3. Relaxation curves for various config-
urations. (XBL 7011-4149)

are shown in Fig. 3. Their diagnostic value is
obvious. Clearly relaxation studies will yield
further information about macromolecules.
Thus gamma-ray angular correlations appear
to hold considerable promise for the elucidation
of certain static and dynamic properties of bio-
logical systems.

Footnote

" Condensed version of a paper that appeared in
J. Chem. Phys. 55, 1512(1971).
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K-ELECTRON BINDING ENERGY SHIFTS IN FLUORINATED METHANES
AND BENZENES: COMPARISON OF A CNDO POTENTIAL MODEL
WITH EXPERIMENT”

D. W. Davis, D. A. Shirley, and T. D. Thomas®

Shifts in 1s electron binding energies can
yield valuable information about electronic
charge distributions in molecules. The origins
of core-level binding-energy shifts are well
understood, and the shifts have been interpreted
with various degrees of sophistication,?:2 from
valence-bond models to ab initio calculations on
hole states.” Good correlations between mea-
sured shifts and other parameters have been ob-
tained in nearly every case. Until now, how-
ever, a hiatus has existed between experiment
and theory that has, in most cases, rendered
a completely satisfactory interpretation im-
practical. Only ab initio calculations have
yielded quantitative predicted shifts that were
both in agreement with experiment and free of
empirical parameters. Although it is adequate
to use ground state orbital energies from ab
initio results together with Koopmans' theorem
to predict shifts, the expense of these calcula-
tions hampers their use in investigations in-
volving large numbers of sizable molecules.

It would be desirable to be able to predict core-
level binding-energy shifts from one of the
simpler 'intermediate-level' molecular orbital
approaches, such as the CNDO model.

In this report we describe a possible solutinn
to the above problem. For four fluorinated
methanes and six fluorinated benzenes good
agreement was obtained within each group be-
tween observed shifts in the carbon and fluo-
rine 1s binding-energies and shifts in the elec-
trostatic potentials at the carbon and fluorine

nuclei, as calculated from CNDO wave functions.

To a good approximation, shifts in the Coulomb
potentials experienced by the nuclei and by the
1s electrons are equivalent. Since both CNDO
calculations and the integrations required for
evaluating the potentials require very little
computer time, it appears feasible to predict
core-level binding-energy shifts by this method
for essentially any case of interest.

The measurements were made as described
previously.? The calculations were done as
follows:

(1) For each molecule a CNDO calculation
was carried out, yielding molecular orbitals
J; expressed in terms of atomic orbitals ¢;,
bj= FCy; &

(2) The contribution of the occupied valence
orbitals of the molecule to the electrostatic
potential energy, V, at each carbon and flu-
orine nucleus was evaluated. The portion of
this energy arising from occupied valence

orbitals on the parent atom was, in each case,
evaluated directly by calculating matrix el-
ements of r~1. The portion arising from the
other atoms in each molecule was evaluated in
two different ways, each based on CNDO pop-
ulations: a point charge calculation, and eval-
uation of r~ % integrals by retaining only the
diagonal matrix elements between atomic orbi-
tals at the same center. The reason for choos-
ing these approaches will be discussed in a
later publication. The numerical results of the
two calculations are quite close.

(3) The difference between the binding ener-
gies of electrons in 1s orbitals of a given el-
ement in two different sites was taken as (minus)
the difference between the potential energies V
calculated for the two sites, AE = - AV. Baschd
has discussed the validity of this approach.

Theory and experiment are compared in
Table I. Agreement within each group (meth-
ane derivatives and benzene derivatives) seems
to be comparable to that obt?i%edZ from ground
state ab initio calculations. **~’ " This is not
too su—r_prising, as we have calculated the quan-
tity of interest (AEp) directly, rather than as
a small difference between two large energies.
There has been other evidence that the CNDO
approximation gives orbital populations con-
sistent with observed binding-energy shifts.
For example, a plot of binding energies vs
CNDO !'atomic charges' shows about the right
slope. 2 A point-charge analysis based on
CNDO populations also shows a good correla-
tion with experiment after suitable empirical
parameters were determined by least-squares
fitting. 1 The CNDO-potential described here
has not bgen used previously to predict shifts.
Schwartz™ used the same approach with ex-
tended-Hiickel wave functions, obtaining shifts
that were much larger than experiment, in
agreement with the well-known fact that the
Hiickel model exaggerates polarization effects.
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Table I. Carbon and fluorine 1s electron binding-energy shifts.

AE(carbon 1s), in eV® AE(fluorine 1s), in eVb
Compound Calculated, Calculated, Experimental® Calculated, Calculated, Experimental®
(point charge) diagonal plus (point charge diagonal plus
p-p' elements p-p' elements
fluorobenzene, CFd 2.30' 2.84' 2.43(4) 0.07 0.16 -0.04(10)
Cy 0.337¢ 0.36" 0.39(3)
o-difluorobenzene, CF 2.49“‘ 2.93\" 2.87(6) 0.08 0.15 0.33(15)
Cy 0.72" 0.64 0.72(4)
m-difluorobenzene, Cp. 2'68.., 3.26* 2.92(6) 0.48 0.55 0.26(41)
Cy 0.29 0.47 0.70(5)
p-difluorobenzene, CF 2.38 2.88 2.74(6) 0.29 0.35 0.26(15)
CH 0.63 0.65 0.76(4)
1,3,5-trifluoro- CF 3.21 3.85 3.02(9) 0.70 0.91 0.47(13)
benzene, Cy 0.50 0.48 0.56(13)
hexafluorobenzene 3.75 4.45 3.57(9) 1.75 1.82 1.34(10)
methyl fluoride 2.58 2.97 2.8(2) —-- --- ---
difluoromethane 4.99 5.58 5.55(5) 1.07 0.82 0.73(5)
fluoroform 7.32 8.54 8.3(2) 2.09 1.60 1.7(2)
carbon tetrafluoride 9.52 14.14 11.0(2) 3.11 2.37 2.6(2)

&Carbon shifts in fluorinated methanes and benzenes are referred to methane and benzene, re spectively. The two
scales disagree by 0.9 eV.

bAll fluorine shifts are referred to methyl fluoride.

®Error in last place given parenthetically.

dHere CF and CH are carbons directly bonded to fluorine and hydrogen, respectively.

?Astezl‘nisk denotes weighted average over inequivalent carbons. Experimentally only one CF and one CH peak was seen
in each case.
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HIGH-RESOLUTION X-RAY PHOTOEMISSION SPECTRUM OF THE
VALENCE BANDS OF GOLD”

D. A. Shirley

Electronic band structures are of fundamen-
tal importance in understanding properties of
metals. A knowledge of the valence-band den-
sity of states of a metal can in principle yield
considerable information about that metal's
band structure. X-ray photoemission exper-
iments, in which valence electrons are ejected
from the specimen by photons from a mono-
chromatic source and energy-analyzed in an
electron spectrometer, yield spectra that are
closely related to the valence-band density of
states. The extent to which these photo-
emission spectra and the density of states
can be directly compared is still somewhat
uncertain, however.

In this paper the high-resolution x-ray photo-
emission spectrum is compared with lower-
energy photoemission spectra and with band-
structure results. The following questions are
at least partially answered:

30— S " T " T

Thousands of counts

E'EF (eV)

Fig. 1. Comparison of the corrected exper-
imental spectrum I & with broadened density-
of-states function p(E) from the relativistic
KKR band-structure calculation of Connolly
and Johnson. (XBL 7111-4854)
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Fig. 2. Comparison of I's' with broadened
density-of-states function p(E) from the
relativistic APW band-structure calculation
of Christensen and Seraphin.

(XBL 7111-4857)

(1) Do ultraviolet photoelectron spectroscopy
(UPS) results approach x-ray photoelectron spec-
troscopy (XPS)data as the uv photon energy in-
creases toward the upper end of the readily
available energy range (~40 eV)?

(2) It is meaningful to compare XPS spectra
directly with valence-band densities of states,
or are matrix-element modulation effects so
large as to obviate such comparisons?

(3) Can XPS spectra establish the necessity
for relativistic band structure calculations in
heavy elements?

(4) Are XPS spectra sensitive enough to dis-
tinguish critically among different theoretical
band-structure calculations?
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Table I. Comparison of gold d-band parameters.

Description AEB(eV)a AEd(eV)d EF - Ed(eV)c Reference

KKR 0.79 5.25¢ 1.89¢ 3
(5.18) (1.93)

RAPW 0.54 5.54 1.56 8
(5.58) (1.41)

RAPW 0.78 . 4.90 2.21 7
(4.92) (2.20)

RAPW 0.85 5.07 2.17 4
(5.12) (2.04)

Interpolation 0.92 5.67 2.34 5
(5.64) (2.18)

Experiment --- 5.24 2.04 This work

4FWHM of Poisson broadening function by which theoretical band-

structure histogram were multiplied.
PFWHM of d-band.

CEnergy difference from Fermi level to a point halfway up the higher-

energy d-band peak.

Values in parentheses were taken from smoothed curves.
parentheses were evaluated before smoothing.

Values without
Accuracy is 0.1 eV.

A gold single crystal of 99.9% purity was
cut to provide samples with (100), (110), and
(111) faces. These were polished, etched,
and annealed. Spectra were taken, at room
temperature_and in a sample chamber pumped
to about 10-7 Torr, on a Hewlett-Packard
ESCA spectrometer. This spectrometer em-
ploys monochromatized aluminum Ka4 » (1486
eV) radiation: it should in principle be possible
to reduce the frzeviously obtainable instrumen-

tal resolution '~ of 1.0 eV by a factor of 2 or
more. The observed spectrum in fact shows
a definite improvement over earlier spectra.

After background and scattering corrections
were made, the results were compared directly
with several broadened theoretical density-of-
states functions. The following conclusions
were drawn: (i) Relativistic band structure
calculations are required to fit the spectrum.
(ii) Both the KKR calculation of Connolly and
Johnson” (Fig. 1) and the RAPW calculation by
Christensen and Seraphin™ (Fig. 2) give density
of states results that (after broadening) follow
the experimental curve closely. (iii) Full
Slater exchange is required: fractional (2/30or

5/6) exchange 5-7 gives d-band densities of
states that are far too wide. (iv) Eastman's
40.8-eV ultraviolet photoemission spectrum
is similar to the x-ray spectrum, suggesting
little dependence on photon energy above 40eV.

(v) Both (ii) and (iv) imply an absence of strong

matrix-element modulation in the photoemis-
sion spectrum.
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SPLITTING IN NITROGEN AND OXYGEN 1s PHOTOELECTRON PEAKS IN
TWO PARAMAGNETIC MOLECULES: SPIN DENSITY IMPLICATIONS”

D. W. Davis and D. A. Shirley

Multiplet splitting of core-level peaks in
x-ray photoelectron spectra, arising from ex-
change interactions between unpaired core and
valence electrons, has been re}i:orted previ-
ously for molecular Of and NO1,2 and for com-
pounds of Mn and Fe. > 4 In every case the
magnitude of the multiplet splitting, AE, was
found to be in good agrgement with approximate
theoretical estimates, ” and it was concluded
that the splitting was qualitatively understood.
Better theoretical values for AE(NO) are now
available, however. These values were de-
rived from ''frozen orbital'! Hartree-Fock
calculations on NO itself6, 7 and also from di-
rect Hartree-Fock calculations? on the four
NO? final states that can be formed by re-
moving a single 1s electron from NO(2H1 )
In this note we report high-precision expéri-
mental values for AE(NO). In addition, values
of AE are reported for di-t-butylnitroxide.
These latter data illustrate the efficacy of x-
ray photoelectron spectroscopy in measuring
spin density distributions in polyatomic free
radicals.

All samples were run as gases on the
Berkeley iron-free double-focusing nNZ
spectrometer, as described earlier. The
current stepping interval of 0.1mA was equiv-
alent to 0.14 &V for the N 1s peak and 0.13 &V
for the O 1s peak. Sufficient data were taken
to achieve good statistical accuracy (i.e., up
to 6000 counts in the peak channel). At least
two spectra were taken for each case, to
demonstrate reproducibility. Careful least-
squares fits were made, using both Gaussian
and Lorentzian peak shapes, in order to ex-
tract values of AE from the unresolved peaks.
The values of AE so obtained were essentially
independent of the peak shape chosen. They
were also insensitive to whether the doublet
intensity ratio was fixed at 3 or allowed to
vary. The final values, which are quoted in
Table I, were all derived from Lorentzian fits,
with the intensity ratio fixed at 3. A compari-
son run on N, gas gave a symmetrical N 1s
peak of width 0.974+0.025 &V FWHM.

The NO splittings given in Table I show
good agreement with the Hartree-Fock final
state calculations, 7 which are, however,

0.06 éV (or three standard deviations) low in
each case. The frozen orbital calculations6.7
also give fairly good estimates for AE, al-
though the final-state calculations are dis-
tinctly favored by our data.

In a free atom whose valence electrons are
coupled to spin S, the multiplet splitting of the
1s peak can be estimated as

AE = 2S+ 1)H_,
b4

where H, is the 1s electron-valence electron
exchange integral. In a free radical the un-
paired electrons are bound in molecular or-
bitals that are distributed over the atoms. In
the crudest approximation, using an LCAO
basis set and neglecting all two-center inte-
grals (including overlap), the total population
of unpaired electrons can be approximately
partitioned among the atoms, with a fraction
f; assigned to the ith atom. In this approxima-
tion we would expect multiplet splitting

AE' = £.H'(25+1)
1 X

for the ith atom. Using this relation, and
assuming that H}IEI x HQ , we may infer from
Table I that most of the unpaired spin in the
pIl antibonding orbital of NO is on the N atom.
With some refinement, multiplet splittings
may give a more direct measure of spin den-
sity distributions than do hyperfine structure
constants.

The splittings in di-t-butylnitroxide, when
compared to those in NO, suggest that the spin
density on the oxygen atom is essentially un-
changed, but that the N atom loses spin density
in the larger molecule, apparently to the alkyl
groups. This is not surprising, as the un-
paired electron is presumably in a delocalized
antibonding orbital. By contrast the large re-
ductions in binding energy of both the N 1s and
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Table I. Binding energies and splittings of 1s electrons (in electron volts).
Measured AE from
a Binding Linewidth splitting, final-state AE from frozen AE (expt)
Case energy (FWHM) AE calculations orbital estimates hedman et al.
b
No( M 41L30)" §932)¢ 1.412(16) 1.359 1238 1.26° 1.5
( 1) 410.1(5)

NO( ' 543.6(3)  §.91(2)  0.530(24) 0.48% 0.73¢  o0.77° 0.7
NO ) 543.1(5)

1
dtb NO( 11} 406.9(5) 1.13(4) 0.539(42)
dtb NO(C11) 406.4(5)
atb No(' ) 536.7(5)

30
dtb NO("I) 536.2(5) gg(3)  0.448(26)
Methyl C 290.3(5) 1.16(5)
Tertiary C 291.4(5)

%The atom losing a 1s electron is underlined. Assumed final-state symmetry is denoted parenthet-

ically, and ' dtb" means " di-tertbutyl."

bStandard deviation in the last digit is given parenthetically. Absolute values of binding energies

are accurate to only 0.5 €V.

“In fitting each group, linewidths were constrained to be equal.

dRef. 1.

CRef. 6.

the O 1s electrons in di-t-butylnitroxide dem-
onstrate quite conclusively a net flow of elec-
tron charge from the alkyl group to the NO
group. This conclusion is corroborated by
increases in the binding energies of 1s elec-
trons in the tertiary carbon atoms, as com-
pared to the usual values of 290.2 €V for the
tertiary alkyl carbon, indicating oxidation of
these carbon atoms.

We are indebted to Dr. M. P. Klein for the
sample of di-t-butylnitroxide.
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A COMPARISON OF VALENCE-SHELL AND CORE-IONIZATION POTENTIALS
OF ALKYL IODIDES

J. A, Hashmall,* B. E. Mills, D. A. Shirley, and A. Streitwieser, Jr.

It has recently been shown that the lone-
pair ionization potentials (IPs) of alkyl iodides,
bromides, and chlorides correlate well the
Taft's ¢ * values (as used with the Hammett
equation)! and even better with each other.
Similar correlations have been found between
the iodide lone-pair IPs and those of a series
of other alkyl substituted groups. -’ Figure 1
plots and Table I lists the iodine 5p1/2 IPs?
of a series of alkyl halides as well as the
shifts in IP of the iodine 3d5/p level (relative
to a trifluoromethyl iodide reference) with
which we wish to compare them. These latter
values were obtained with the Berkeley iron-
free spectrometer™ using Mg Ko x rays
(1253.6 €V) on a mixture of sample and ref-
erence gases. Figure 2 gives examples of
spectra in the best and worst cases.

Inspection of Fig. 1 will indicate that the
core 3d5/2 IP is more sensitive to variations
in the alkyl group than is the 5p4 / level. This
can be understood if one realizes that the
change of substituent group results in a change
of electron density in the C-I bond and that
this bond is, on the average, closer to the
3d5/2 orbital than to the 5p1 2 with conse-
quent greater effect on the core level. This
is illustrated in Fig. 3.
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Fig. 1. Relative iodine 3d5/2 binding energy
vs iodine 5p4 /7 binding energy, and least-
squares straight line fit (slope = 1.22+0.05)
of all points except that for HI (A).

(XBL 747-3928)

Table I. Summary of the iodine 5p1/2 binding
energies and relative 3d5/2 binding energies
for alkyl iodides.

5Py /2 35/,
binding energya chemical shifts
R in RI (eV) (eV)
Methyl 10.14 1.10+£0.03
Ethyl ©9.93 1.36+0.03
n-propyl 9.83 1.45+0.04
n-butyl 9.81 1.49£0.04
n-pentyl ) 9.78 1.51+0.03
i-propyl 9.75 1.57+0.03
t-butyl 9.64 1.73£0.05
Hydrogen 11.05 0.20+0.04

2Al11 errors = 0.02 eV.

bRelative to trifluoromethyl iodide.
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Fig. 2. Resolved photoelectron spectra of

iodine 3d5/2 electrons from trifluoromethyl
iodide with (a) tert-butyl iodide and

(b) methyl iodide. Radiation was Mg K«

X rays. (XBL 717-3929)
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Fig. 3. Diagram of the C-I bond length in
relation to the average position of the 5p and
3d electrons. Note that r,,_., the distance
between the center of the G-I bond and the ex-

pected position of the 5p electron, is consider-

ably longer than Tp-d- (XBL 717-3930)

Figure 1 also shows that 5py /, IP of HI is
larger than might be predicted from the alkyl
results. Indeed, the HI 5p4 /7 binding energy
is about 0.14 &V greater than expected because
the orbital is unable to hyperconjugate. In the
alkyl iodides, hyperconjugation is possible
with the 0 orbitals of the alkyl group, re-
sulting in destabilization of the iodine 5p

226

levels. This effect is of the same order as
that calculated by Brogli and Heilbronner. 5
There is the further implication in the fit of
all of the alkyl iodides to a single line that the
hyperconjugative interaction with C-C bonds
must be approximately the same as with C-H
bonds.

The present example demonstrates the
unique advantages of using both valence-shell
and core photoelectron spectroscopy to eluci-
date the causes for chemical shifts of ioniza-
tion potentials. We are continuing our studies
of ionization potentials, using these comple-
mentary techniques.
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X-RAY PHOTOELECTRON SPECTROSCOPY OF THE FLUORINE K LEVEL
IN SIMPLE FLUORIDE COMPOUNDS”

R. G. HayesT and N. Edelstein

Since x-ray photoelectron spectroscopy
came into relatively common use two or three
years ago, a rather large number of studies
of core-level binding energies in solid com-
pounds has appeared.® The primary object of
such studies has been the correlation of core-
electron binding energies with parameters
such as the oxidation state or the charge of the
atom bearing the core level.
have met with some success despite the fact

that the binding energy of a core level is known

not to be a local property of the system, but
depends on attributes of the system away from
the atom bearing the core level. It has been
shown, from calculations on atoms and small
molecules, that the binding energy of a core
level can only be calculated accurately from

Such correlations

independent calculations of the total energy of
the ground state of the system and of the state
containing a hole in the core level. Such an
elaborate calculation is necessary because the
electronic system relaxes on core ionization.
It is also known, however, that, at least in
some systems, the binding-energy shifts of a
core level correlate well with the orbital en-
ergies of the core level in the ground state of
the various molecules, which means that the
change in energy due to relaxation is nearly
independent of the system in which the atom
with a core vacancy is found. Thus, for a
comparison of the energies of a given core
hole state among various systems, one may’
use the orbital energy of the core orbital.
Finally, it has been shown, and it is clear



Table L. ¥ Fluoride 1s binding energies, point-charge potentials, and corrected potentials at fluoride
sites of various ionic fluorides.

EL(F)

Compound (Au NVII = 94.0 &V) EB_EB(NaF) VP. C. Vcorr Vcorr_vcovrr(NaF)
LiF 686.3 0.9 12.45 8.34 -0.3
NaF 685.4 (0.0) 10.89 8.64 (0.0)
KMgF3® 686.5 1.1 11.69 10.86 2.22
hanéb 686.1 0.7 12.61 11.30 2.66
CaF, 686.3 0.9 1535 11.01 2.37
SrF, 685.7 0.3 14.48 12.77 4.13
BaF, 685.2 -0.2 13.53 10.67 2.03
LaF§ 685.3 -0.1 9.20(I) 2.54 -6.10

11.29(II) 4.52 -4.12

8.1 8(III) 3.28 -5.36
YbF§ 686.7 1.3 10.40(1) 5.58 -3.06

11.24(11) 6.53 -2.11
UF4e 685.4 0.0 (11.5) (9.5-AV ) 0.9-AV_

>"‘All units are eV.

aCrysta.l structure from R.” W. G. Wycoff, Crystal Structures, Vol. II (John Wiley, New York,

1965), p. 390.

bCrystal structure from J. W. Stout and S. A.

lead, J. Am. Chem. Soc. 76, 5279 (1954).

CCrysta'l structure from A. Zalkin, D. H. Templeton, and T. E. Hopkins, Inorg. Chem. 5,

1466 (1966).

dCrystal structure from A. Zalkin and D. H. Templeton, J. Am. Chem. Soc. 75, 2453 (1953).

eCrystal structure from A. C. Larson, R. B. Root, Jr., and D. T. Cromer, Acta. Cryst. 17,

555 (1964).

There are seven distinct kinds of fluorides. Their point-charge potentials range from 11.24 to

12.03 V.

from general agreements, that the dependence
of the orbital energy on surroundings is given
quite accurately by the electrostatic potential
at the nucleus bearing the core level due toall
the other nuclei and electr%ns other than the
core electrons of interest. ™ At this point we
can discuss attempts to correlate core binding
energies with charges. The potential at a nu-
cleus will beproportional to the charge onthe
atom having that nucleus only if the potential
due to the rest of the system is proportional
to the charge on the atom in question. Fur-
thermore, the constant of proportionality will
be the same for all systems having the atom
in question only if the effect on the potential
of transferring charge from the atom of inter-
est to the rest of the system is the same for

all systems. It is not likely that such would
be the case, so one should attempt a more
careful analysis of the relationship between
core binding energies and charges.

Before discussing the analysis of binding
energies in solids further it is well to make
some observations about the studv of core
binding energies in solid materials. The
quantity one would wish to measure is the en-
ergy necessary to remove an electron into the
vacuum. This quantity is not accessible, how-
ever, as has been pointed out. 1 Instead, one
can measure the binding energy of the sample
with respect to the vacuum level of the spec-
trometer material or, if one knows the work
function of the spectrometer material, with



respect to the common Fermi levels of spec-
trometer and sample. Since, in a pure insu-
lator, the Fermi level lies in the middle of
the gap, the difference in vacuum levels can,
in principle, be obtained if the gap is known
and if the photoelectric threshold of the insu-
lator is known, as well as the work function of
the spectrometer material. These quantities
are in general not known. Also the presence
of impurities, or of damage centers, in the
insulator can move the Fermi level and make
the above arguments invalid.

The simplest approach to the analysis of
core-level binding energies in solids, similar
to the calculations of potentials which have
been carried out for molecules, is one in
which the potential due to other atoms is ap-
proximated by the point-charge Madelung po-
tential. The contribution of electrons on the
atom in question can then be handled by calcu-
lating the binding energy of the core level in
the free atom and various free atom and setting
the difference in orbital energy equal to the
difference in potential. Such calculations have
been discussed. 2
rudimentary than the corresponding calcula-
tions in molecules, though, which do not use
the point-charge approximation and which, in
fact, include multi-center integrals.

Any attempt to refine the simple point-

charge calculation, in order to assess the mag-

nitude of the corrections or to compare the
agreement of the calculations with experiment,
requires the study of substances of simple
structure, since otherwise the corrections be-
come difficult, if not impossible, to carry
out. It is important, of course, to study the
same atom in a number of environments be-
cause it is only binding-energy shifts that we
are able to obtain. Finally, one needs rea-
sonably good wave functions for all the atoms

in the various compounds. Our choice of com-

pounds for the study of binding energies and
their correlation with calculated potentials has
been the simple fluorides.

The compounds we have studied are avail-
able commercially. Spectra were from pow-
ders, except those from CaF'p, SrF;, BaF,,
and LaF3, which were from pieces of single
crystals. The crystals, in general, gave
narrower lines.

All spectra were studied on the Berkeley
iron-free spectrometer by using a thin layer
of gold evaporated over the sample as a ref-
erence. The binding energy of the Ny of
gold with respect to the Fermi surface was
taken to be 84.0 ev. 8

The data were recorded on magnetic tape
and were then analyzed by fitting the data in

They are clearly much more

the least-squares sense, using a program de-
scribed elsewhere. 9 The uncertainty in the
binding energy in the least-squares fit was
typically about £0.05 eV. In duplicate runs of
the same compound on different days, how-
ever, the results scattered by about £0.3,
which may be taken as the precision of our
data for practical purposes.

The binding energy of the fluorine K level
in the various compounds we have studied ap-
pears in Table I.

Table I also includes the results of an an-
alysis of the expected binding energies,
assuming the compounds to be completely ionic.
The analysis was performed by, first, cal-
culating the point-charge Madelung potential
at the fluoride site (or sites, if there were
several inequivalent fluorides), using a mod-
ification of the program described by
Pickens. These results, referred to the
fluoride ion of NaF (in which the point charge
Madelung potential is 10.89 v. ) appear in
column 4 of Table I, labeled Vpoint charge"

The results of the point-charge Madelung
potential calculation were corrected approxi-
mately for the fact that the atoms are not, in
fact, point charges. The pairwise potentials
between the fluoride ion of interest and all
other ions within 4 A of the reference fluoride
ion were calculated exactly, assuming the two
atoms to be described accurately by free-ion
Hartree-Fock functions. The functions used
for the heavier cations were minimum-basis-
set functions calculated for the free ions.

The salient fact about the experimental
fluoride-ion binding energies is their con-
stancy. As one sees, the binding energies
of fluoride in the various compounds we have
studied are the same to within about 1.5 V.
The calculations reflect this constancy only
in part. Among the compounds of lighter ele-
ments, for which better wave functions are
available (NaF, CaF2, LiF, MnF,, and
KMgF3), the rms deviation of the calculations
from the measured binding energies is 1.27 V.
This is hardly more than the expected uncer-
tainty in binding energies due to solid state
effects, but it is somewhat disconcerting that
all the calculated shifts, except that of LiF,
are too large. Furthermore, the point-charge
Madelung calculations give nearly as good an
account of the trends in binding energies. The
rms deviation of the point-charge predictions
from the observations is 1.56 V, but this is
dominated entirely by the large deviation from
CaF2. On the whole, the agreements of both
the point-charge calculations and the more
elaborate calculations are not significantly
better than the simpler calculations and the
data show no evidence of significant covalency.
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Table II. Linewidths of the fluorine K level
and of the Au reference level in various
fluoride compounds.

AEF AEAu

(eV) (eV)
NaF 2.12 2.19
LiF 2.38 2.27
CaF, 1.72 2.51
SrF2 1.59 1.98
BaF2 1.43 - 2.88
LaF3 1.29 2.75
YbF3 1.91 2.91
UF4 1.77 2.06

The only systems displaying substantial
negative deviations are LaF3 and YbF3, which
could be corrected by assuming fluorine
charges of -0.43 and -0.72 respectively. The
rare-earth fluorides are not considered to be
especially covalent, though. On the other hand,
UF, is expected, on chemical grounds, to be
rather covalent, but there is no evidence for
covalency from the fluoride binding energies.
We have no wave function for U4+, but the cor
rection can hardly be larger than 1 €V per
uranium and each fluoride has two uranium
neighbors. The result is sure to come with-
in 1 €V of the observations.

It would appear that the negative deviations
are an artifact produced in systems with small
cations by errors in the F-F potential. LiF
is a less severe example of such a component.

The structures of low symmetry permit
crystallographically inequivalent fluorides,
which have different potentials, as shown in
Table I. The presence of more than one kind
of fluoride is nowhere apparent in the data.
No compound showed more than one peak from
the fluoride 1s. There is not even a hint of
broadening of the peaks of YbF3, LaF3, or
UF,4. The widths of the fluoride peaks are
hard to correlate in any quantitative way be-
cause the factors influencing the width of a
peak are hard to unravel, but the widths of
the fluoride peaks in several compounds,
along with the widths of the gold peaks, shown
in Table II substantiates our point. All
widths are full widths at half maximum from
fits of the data to Gaussian lines.

Our data suggest that all the fluorides we

have studied are very highly ionic. The de-
viations of the binding energies from the pre-
dictions of a completely ionic model are with-
in the combined uncertainty of the measure-
ments and the calculations in most cases.
There are, however, a few disconcerting
facts. The constancy of the observed binding
energies is rather surprising, and the fact
that compounds with crystallographically dis-
tinct fluorides, calculated to be subjected to
different potentials, show no evidence of more
than one type of fluoride, is equally discon-
certing. We must assume that in these com-
pounds the electronic structure adjusts itself,
in ways more subtle than described by our
calculations, to yield a potential at the fluo-
rides which is very nearly the same among
various compounds.

We conclude that the compounds must all
be quite ionic and that our calculations are not
sufficiently subtle to reproduce the details of
the potential at the fluorides, which is very
nearly independent of compound and of crystal-
lographic inequivalence.
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CHEMICAL SHIFTS OF CORE-ELECTRON BINDING ENERGIES IN OSMIUM COMPOUNDS

G. Kaindl”

The recent development of x-ray photo-
electron spectroscopy (ESCA)1 has made it
possible to measure binding energies of
atomic core electrons with a precision that
can detect shifts arising from differences in
the chemical environment of the atom under
study. These chemical shifts of core-elec-
tron binding energies (CS) are related to the
isomer shifts (IS) of Mbssbauer y rays. The
IS is proportional to the difference of the
total electron density at the nucleus, which
may vary through direct contributions of the
valence electrons and indirectly by their
shielding effects on s-type core electrons.
The binding energies of core electrons, on
the other hand, vary by effects of the molec-
ular charge distribution on mainly the Coulomb
potential acting on the core levels. The pres-
ent paper reports on a study of chemical
shifts of the 4f binding energies of Osmium in
a series of divalent through octovalent
Osmium compounds. 2 The complementary
relationship between CSs and ISs is dis-
cussed on the basis of a comparison of the
CS data with M&ssbauer ISs of the 36.2-keV
v rays of 1890s, measured for the same
series of Os compounds. 3,4

The standard features of the experimental
technique employed are described elsewhere.b
The samples studied were prepared by dusting
the finely powdered Os compounds onto double-
sided adhesive tape. Mg-Ka x rays were used
to irradiate the samples, and the momentum
distribution of the expelled photoelectrons
was analyzed using the LLBL iron-free spec-
trometer. Special care was taken to correct
for the effects of electrical charging of the
samples on the kinetic energy of the photo-
electrons. Pseudoshifts of the photoelectron
lines of up to 1.5 €V due to these charging
effects were found. They were corrected for
by depositing a thin layer of Au (about 5 A
thick) on top of each sample, and using the
Au 4f lines for reference. Such a thin layer
of Au does not noticeably influence the photo-

electron spectrum of the underlying material,
besides diminishing slightly its intensity. No
changes in the line positions of the Os 4f lines
were found as a function of the thickness of
the Au layer from ~ 5 to ~20 A within 0.5 &V.
Instead of Au we have also used Pt as a de-
posit, and the CS's determined in this way
agree with those determined with Au deposits
within 0.05 éV. During this work the results
of a similar study on charging effects, also
using the method of nogle metal deposition,
came to our attention.

Figure 1 shows some typical photoelectron
spectra of the 4f levels of Os in K4[OS(CN)6] s
Kz[OsClé] , and K| OsO3N] The experimen-
tal results are summarized in Table I; a
graphical representation of the CSs relative
to K4[OS(CN)6[ is given in Fig. 2. The
quoted error bar of 0.1 eV represents the
highest scattering of CS values found during
repeated independent measurements. The
following conclusions can be drawn from the
data:

1) The chemical shifts can be arranged ac-
cording to the formal oxidation state of Os,
which may therefore be regarded as the main
parameter to influence the binding energy.

2) On an average the 4f binding energy of
Os increases by ~ 1 eV per unit increase in
the formal oxidation state.

3) Possible differences in the contribution
of the Madelung energy of the positive hole
formed in the photoelectric process> to the
observed shifts are obviously small enough
for this series of highly covalent compounds,
in order not to obscure the observed syste-
matics.

Even though a quantitative interpretation
of the observed shifts would have to involve
MO calculations, a comparison with the re-
sults of relativistic free-ion Dirac-Fock cal-
culations ! reveals some interesting features.
Using Koopman's theorem, the Dirac-Fock
calculations show that upon removal of one 5d
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Fig. 1. X-ray photoelectron spectra of the

4f levels of Os in K4[Os(CN)6] s K2[05016] s
and K[ OsO3N_]. The line positions corrected
for charging effect are given by the dashed
lines. (XBL 7011-4116)

electron the 4f binding energy of a free Os ion
increases by 14 to 19 €V, depending on the 5d
configuration. The small size of the experi-
mental shifts (~ 1 eV), even after taking in-
to account the contribution of the Madelung
energy, reflects the fact that only a small
fraction of an electron charge is actually re-
moved from the Os atom when increasing its
formal oxidation state by one. This is in
agreement with what is expected from the
principle of electroneutrality for these highly
covalent compounds.

231

cS
[ev]

Os (VM ~ ———k[o0s 04N]

—— K,[0s 0,(0H),]

+4
Os (VI)
— K, [0sCIgN ]
+3F
(NH,), [0s Clg]
K,[Os Clg)
Os (M)
+2L-

—— (NH,), [0s Brg]

os(m) [ *'F——(butanis [0s(NCS)g)

o 0 K4 [OS(CN)G]
s (II) I: :—r-l[os(dipyr)3](C| 04)2

Fig. 2. Graphical representation of the CSs
of the 4f binding energies of Os, relative to
that of K4[Os(CN)g], for all of the Os com-

pounds ‘studied. (XBL 713-3186)

The experimental relationship between the
CSs and the M8ssbauer .ISs is given in Fig. 3,
where the ISs of the 36.2-keV y rays of
1890s are plotted versus the CSs of the Os
4f binding energies. The dashed curve repre-
sents the relationship resulting from the re-
sults of the free-ion Dirac-Fock calculations
for different 5d configuration of the Os ions,
with arbitrary scales on both axes.
Qualitatively, such a free-ion-like picture
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describes the overall features of the observed
correlation rather well. A very similar con-
clusion has been drawn on the basis of d-
electron shielding arguments from the syste-
matics of M3ssbauer isomer shifts for com-
pounds of the d-transition elements.4 Devi-
ations from this simple free-ion like corre-

Table I.
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lation are expected from the influence of
covalency effects, like backbonding. Back-
bonding is especially pronounced for CN-,
NOT, and (dipyr) ligands, which posses empty
n* orbitals, that can form w* bonds with metal
orbitals of the right symmetry. In the re-
sulting MOs the d-electron density at the
metal will be considerably reduced. This d
transfer from metal to ligand is coupled with
a synergic ¢ -charge transfer from ligand to
metal, increasing the covalency in the ¢ bonds,
in agreement with the principle of electroneu-
trality. Both coupled charge transfers will
increase the total electron density at the nu-
cleus, by a decrease of the shielding effect of
the d electrons and by a direct contribution of
the atomic s-type population of the g-bonding
orbitals, respectively. In contrast to this,
the effects of the two synergically coupled
charge transfers on the 4f binding energy have
opposite signs, and therefore will not change
it much. This explains the position of the
points for K4[Os(CN)g[ and [Os(dipyr)s]
(C104), in the plot of Fig. 3. Obviously co-
valency effects have rather different effects
on the systematics of M&ssbauer ISs and
ESCA CSs giving rise to a complementary
relationship between both.

The author is indebted to Drs. D. A.
Shirley, Ursel Zahn, F. E. Wagner, J.B.
Mann, and Mr. G. A. Apai.

Chemical shift (CS) of 4f binding energies

of osmium for various osmium compounds relative
to K4[ Os (CN)6] .

Formal oxidation Chemical shift

Compound state of osmium CS, in eV
K[ OSO3N] Os (VIII) 45.64+0.10
K,[0s0, (OH),] Os (V1) +4.13£0.10
KZ[OsC15N] +3.35£0.10
K2[0sc16] Os(IV) 4+2.54+0.10
(NH4)2[OsC16] 42.58+0.10
(NH4)2[OsBr6] +1.76 £0.10
(but4N)3[Os(NCS)6] Os (111) 40.91£0.10
[os(dipyr)3] (C10,), Os (1) -0.07+0.10

0.0

K4[Os(CN)6]
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THE CRYSTAL STRUCTURE OF VANADYL SULFATE TRIHYDRATE

H. Ruben, A. Zalkin, and D. H. Templeton

A recent nuclear magnetic resonance study1
of the coordination of vanadyl complexes in
solution indicated that the vanadyl oxygen and
four waters of coordination form a square
pyramid in which the vanadium atom lies
somewhat above the equatorial plane, and it
also suggested that a fourth oxygen coordinates
weakly to the vanadium and is in a position
opposite the vanadyl oxygen. A crystal struc-
ture determination was undertaken to see if
these conclusions would be consistent with the
geometry in a hydrated vanadyl salt crystal.
The salt we used for this study, vanadyl sul-
fate trihydrate, was a selection of convenience
rather than design, since it was available
commercially. The resulting structure de-
termination confirms the postulated coordina-
tion geometry of Wuthrich and Connick, ! and
in particular the presence of a weakly coordi-
nated water. Recently Ballhausen, Djurinskij,
and Watson? reported the crystal structure
determination of vanadyl sulfate pentahydrate,
and our results are also in good agreement
with theirs on the vanadium coordination ge-
ometry.

Crystals of VO(SO4)- 3H,O were obtained
‘from Fairmount Chemical Company, in a
bottle labeled VOSO4. The crystals are blue
and form fairly regular faces in a typical
prismatic monoclinic form. The crystals
are hygroscopic and required encapsulation
in glass capillaries for examination. Sharp
extinctions were observed under the polarizing
microscope. The space group is P21/c with

VOS043H,0

cell dimensions a = 7.390+0.002,

b = 7.471£0.004, c = 12.212+0.004 A, and

E = 108.80+£0.03°, at 23°. A density measure-
ment by flotation in a bromoform-ethylene
chloride mixture gave a value of 2.03 g/cm3.
The calculated x-ray density, assuming four
formula units per unit cell, is 2.11 g/cm3.
There is one formula unit in the asymmetric
cell. There were 3080 0-260 scan data
collected with an automatic diffractometer,
using Cu Ka x rays and a scintillation counter.

The positions of vanadium, sulfur, and
three oxygen atoms were deduced from a
three-dimensional Patterson function. A
Fourier analysis based on phases calculated
from the partial structure revealed the po-
sitions of the remaining non-hydrogen atoms.
After several cycles of least-squares refine-
ments, a difference Fourier was calculated
from which all six hydrogen atoms were lo-
cated. Refinements were continued with an-
isotropic temperature factors for the non-
hydrogen atoms. The final R value is 0.030
for 1128 data, and 0.035 for all 1246 data (in-
cludes zero weighted data); R, is equal to
0.035, and the standard deviation of a reflec-
tion of unit weight is 0.98.

The vanadium atom is in the interior of a
distorted octahedron consisting of the vanadyl
oxygen, the three water oxygen, and two sul-
fate oxygen atoms. Figure 1 shows this octa-
hedron. The vandium atom is displaced
0.36 A from a least-squares plane consisting

Fig. 1. Coordination octahedra about vanadium
in vanadyl sulfate trihydrate.

(XBL 693-334)
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Fig. 2. Stereoscopic view of the dimer sub-
structure in vanadyl sulfate trihydrate.
(XBL 693-324)

Fig. 3. Hydrogen bonding scheme and
vanadyl-oxygen environment in vanadyl sul-
fate trihydrate. (XBL 693-328)
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Fig. 4.

of atoms (1), 0(4), 0(7), and 0(8), and is
displaced in the direction of its vanadyl oxygen.
The V - 0(6) distance, which is at least 0.2 A
longer than any of the other V - 0 distances

in the octahedron, corresponds to a weak co-
ordination in the axial position opposite the
vanadyl oxygen.

The sulfate ion has the expected tetrahedr-’
geometry; the average S-0 bond distance is
1.470 A (uncorrected for thermal libration)
with an average deviation of 0.008 A. When a
librational correction is made, assuming the
oxygen atoms to ride on the sulfur atom, the
average becomes 1.479 A with an average de-
viation of 0.007 A.

A novel dimer substructure consisting of
two formula units is found in this crystal.

Stereoscopic view of the hydrogen
bonding in vanadyl sulfate trihydrate.
(XBL 693-327)

Two vanadyl octahedra are alternately linked
to two sulfate tetrahedra about a crystallo-
graphic center of symmetry. Figure 2 shows
a stereographic view of the dimer. The in-
dividual dimers are bound to each other by an
intricate system of hydrogen bonds which in-
volves all of the hydrogen atoms in the struc-
ture. Figure 3 shows a schematic diagram of
the hydrogen bonding. Figure 4 shows a ster-
eoscopic view of the bonding network.
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THE CRYSTAL STRUCTURE OF (C,Hg)4,NCo(B,C,Hg),, A SALT OF THE
COBALT DERIVATIVE OF THE (ByC,Hg) 2 CARBORANE LIGAND"

D. St. Clair,’r A. Zalkin, and D. H. Templeton

A new polyhedral trangition metal complex
containing the (B7C2H9)'2 ligand was pre-
pared by Hawthorne and George, 1 who deduced
its structure on the basis of NMR data and
chemical analysis. The anion, Co(B;CaHg)z ",
2,2'-commo-bis[ nonahydro-dicarba-2-cobalta-
closo-decaborate] (1-), is shown without hy-
drogen atoms in Fig. 1. It is a sandwich com-
pound of cobalt (formal oxidation state +3)
with two carborane polyhedral fragments.

Carbon is in position 1 and in either position
6 or position 9 (Fig. 1). Positions 6 and 9
are chemically equivalent in each cage, but
enantiomeric, and isomerism is possible de-
pending on the relationship of the carbon
atoms in the two cages of a complex.

We have made an x-ray diffraction analysis
of the structure of tetragonal crystals of the
tetraethylammonium salt of Co(B7C,Hg)y™-
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Disordered
B and C

Fig. 1. Skeletal drawing of the Co(B-,C

anion.

Hq)o
(XBL 6816-6081)

Fig. 2. Crystal structure of the tetraethyl-
ammonium salt of Co(B7C2H9)

%XiBL 6811-6118)

This study confirms the structaral features
found by Hawthorne and George, 1 but fails
to resolve the isomer problem because dis-
order is present.

The crystals are tetragonal, space group
P4/n, with a = 16.556(6), ¢ = 8.580(4) A at
24°C. The density measured by flotation,
1.13 g/cm3, agrees with 1.15 .g/crn3 calcu-
lated for four molecules of [(C2H5)4N]
[Co(B7C2Hg)2] per cell

The structure determination, based on
measurements of 926 independent, non-zero
reflections, was not straightforward. By a
combination of Fourier, least-squares, and
trial-and-error methods we located all of the
atoms except hydrogen and convinced our-
selves that disorder exists. Carbon atoms
are either at position 6 or at position 9 in
each cage, and half of the tetraethylammonium
ions have a choice of configurations. We
failed to determine the hydrogen positions.
For the final structure, R was reduced to

0.097 with anisotropic thermal parameters.

The structure of the anion may be de-
scribed in terms of the bicapped square anti-
prism. Two vertices (positions 1 and 10),
and bonds to them, may be described as polar.
The other positions may be described as
tropical, and bonds among them as tropical
or equatorial. The tropical bonds connect
positions 2, 3, 4, and 5, or 6, 7, 8, and 9.
Average bond lengths (excluding atoms in-
volved in disorder) are: Co-C = 1.93,

Co-B = 2.15, B-C (polar) = 1.60, B-B (polar)
=1.73, B-B (tropical) = 1.88, B-B (equatorial)
1.83 A.

i

Figure 2 indicates the packing of the mo-
lecules in the crystal. The disorder in the
cages has little effect on the external shapes
of the anions. The disordered cations, in-
dicated by broken lines, may be as shown or
may be inverted. In either case, the positions
in this projection are the same.
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THE CRYSTAL AND MOLECULAR STRUCTURE OF METHYL PHEOPHORBIDE
WITH APPLICATIONS TO THE CHLOROPHYLL ARRANGEMENT IN
PHOTOSYNTHETIC LAMELLAE"

M. S. Fischer,Jr D. H. Templeton, A. Zalkin, and M. Calvin

Lack of sufficiently large crystals has
hindered x-ray diffraction studies of chloro-
phyll. We became interested in methyl pheo-
phorbide a (C36H38N405, Fig. 1) because of
its structural similarity to chlorophyll and
the availability of crystals. It differs from
chlorophyll a only by having two hydrogen
atoms rather than magnesium in the center
and a methyl ester rather than a phytyl
(C20H39) ester on a side chain. The crystal
structure was determined from measurements
of diffraction intensities of 1662 independent
non-zero reflections.

The unit cell dimensions (at room tempera-

ture, ~23°) are a = 8.035:*:0.004,

b = 28.531£0.020, ¢ = 7.320+0.004 A, and

B =110.96+0.06°. "A density of

1.25+0.01 g/c:rn3 was obtained from flotation
in aqueous solutions of ZnBrZ, KBr, and Nal.
The calculated density is 1.285 for a formula
weight of 606.7, Z =2, and V = 1567 A3.

The structure was found by a trial-and-

error method and was refined by least squares.

Final parameter shifts were less than 0.1 ¢
with R = 0.053. The highest peak in a final

AF map is 0.15 e/A3. Extensive calculations
by Fourier methods convinced us that the two
hydrogen atoms at the center of the molecule
are distributed among four positions (on the
four nitrogen atoms), but probably not with
equal probability. Bond distances were de-
termined to an accuracy of about 0.01 A (ex-
cept for hydrogen).

The central ring system is nearly flat
(Fig. 2), while the side chains are not. The
packing of the molecules in the crystal is
shown in Fig. 3. Parallel molecules, tipped
16° from the b axis and related by a and c
translations, are packed in a pseudohexagonal
array. Such layers, related by the screw
axes, are stacked in the b direction. Within
the layer, the plane of each molecule is 3.49
and 3.52 A from the planes of its nearest
neighbors.

On the basis of these results and other
physical evidence,we have speculated con-
cerning the structure of chlorophyll as it ex-
ists in the plant. Figure 4 shows the config-
uration in a proposed model.

Ia

Fig. 1.

Three resonance structures of two

tautomers of methyl pheophorbide a.

(XBL 696-727)
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Fig. 4. Stereoscopic view of a proposed

@ @ model of a chlorophyll-water polymer which
@ might exist in photosynthetic lamellae. Only
the first carbon atom of each phytyl group is

@ shown. (XBL 6910-5918)

Fig. 2. Deviations (X100 in A) of atoms from

a plane. (XBL 698-1332) Footnotes

*Gondensed from UCRL-19524; to be pub-
lished in J. Amer. Chem. Soc.

TPresent address: Department of Physiologi-
cal Chemistry, Medical School, University of
Wisconsin, Madison, Wisconsin.

Fig. 3. Stereoscopic view of the crystal
structure of methyl pheophorbide; a axis
horizontal, b axis vertical. (XBL 698-1331)
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CRYSTAL AND MOLECULAR STRUCTURE OF CHLOROMERCURINAPHTHALENE-1-
SULFONYL FLUORIDE, A POSSIBLE PROTEIN LABEL,
AND CRYSTAL DATA FOR THE 4, 1-ISOMER

M. S. Fischer,* D. H. Templeton, and A. Zalkin

Fenselau et al. ! have proposed that chloro-
. mercurinaphthlenesulfonyl fluorides,
C109HgHgCISO2F, be employed as heavy-atom
labels for x-ray structural work on proteins.
The sulfonyl fluoride, the reactive group of
the label, has been demonstrated to react with
the hydroxyl group of the serine residue of the
active site of the protein chy'rnotrypsin.2 In
the synthesis of several of the isomers, an
amino group is converted to a diazonjum salt
and then replaced by the chloromercuric group.
A single-crystal x-ray analysis was under-
taken to determine whether or not the actual
isomer was the expected one and to obtain a
detailed structure that would be of use in struc-
ture studies of so-labeled protein crystals.
Samples of the 4,1- and 7, 1- derivatives
were crystallized from dioxane; both are
monocliniec. The cell dimensions for the 7,1
derivative are a = 9.725(3), b = 6.836(3),
c =8.351(3) A, and B = 90.99(3)° in space
group PZi/m. The 4,1 derivative is in space
group C2, Cm, or CZ/m and has dimensions
a=17.50(6), b = 4.92(2), ¢ = 13.143(5) A, and
3 = 104(1)°. Densities were determined by
flotation in mixtures of 1, 2-dibromoethane
and 1,1, 2,2-tetrabromoethane and are
2.64%0.02 g/c:rn3 for both derivatives. We
measured 1055 intensities of the 7,1 deriva-
tive with a card-controlled diffractometer,

using 6-26 scan technique and Mo Ka x rays.
The heavy-atom structure was solved with the
use of the three-dimensional Patterson func-
tion; the light atoms were found in subsequent
difference Fourier maps. Some disorder dif-

ficulties were encountered with respect to the
sulfonyl group, and the results seemed to in-
dicate that a fluorine and an oxygen occupy

positions across a mirror plane such that one

Fig. 1. Numbering scheme for 7-chloro-
mercurinaphthalene-1-sulfonyl fluoride.
(XBL 6910-5731)

Fig. 2.

Stereoscopic view of the packing of
7-chloromercurinaphthalene-1-sulfonyl
fluoride looking down the b axis.

(XBL 6910-5730)
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must assume 50% occupancy for each. The
molecule is shown diagrammatically in Fig. 1
with the disorder indicated. The atomic co-
ordinates were refined until the maximum
shift was less than 1% of its standard devia-
tion. The final R value is 0.0269 for the 1034
observed and 0.0281 for the 1055 zero and
nonzero data.

We have confirmed that the crystal is com-
posed of molecules of the 7,1-isomer of
chloromercurinaphthalenesulfonyl fluoride as
was originally expected. The molecule lies
on the mirror plane, a special position of
space group P21/m. The molecules pack in
sheets in the ac plane. The naphthalene rings
in the sheets are related by centers of sym-
metry in such a way that there is almost com-
plete overlap of rings in adjoining sheets (see

Fig. 2). The sheets are separated by a dis-
tance of 3 c 3.418 A. The Hg-Cl and Hg-C
distances -are 2.303(3) and 2.033(8) A respec-
tively, and the near-linear C1-Hg-C bond
angle is 179.3(3)°.
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“Present address: Dept. of Physiological
Chemistry, Medical School, University of
Wisconsin, Madison, Wisconsin.
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TWO ISOSTRUCTURAL CYCLOOCTATETRAENE DIANION 7-COMPLEXES OF THE
5f TRANSITION SERIES: THE CRYSTAL AND MOLECULAR STRUCTURE OF
URANOCENE, U(CgHg), AND THOROCENE, Th(CgHg),

A. Avdeef,” K. N. Raymond,” K. O. Hodgson and A. Zalkin

Following the initial characterization of
bis (cyclooctatetraenyl) uranium {uranocene)
by Streitwieser and Miiller-Westerhoff,1 the
synthesis and chemical properties for a num-
ber of 4f and 5f transition-series T complexes
containing cyclooctatetraene dianion (COT-2)
have been reported. 2-6 1t was originally
postulated that uranocene has a w-sandwich
structure and that symmetry-allowed overlap
of the 5f orbitals with the ligand molecular
orbitals could contribute to the bonding. 1 our
preliminary report! showed the structure of
uranocene to be a true m-sandwich complex
with Dgy molecular symmetry. The question
of f-orbital participation in bonding has since
become the subject of much renewed interest
and speculation. Mé&ssbauer studies on
bis(cyclooctatetraenyl) neptunium- and proton
magnetic resonance studies of uranocene8 and
the substituted uranocene, bis(1,3,5, 7-
tetramethylcyclooctatetraene )uranium, © ap-
pear to confirm the presence of at least some
™ interaction between ligand molecular orbi-
tals and metal 5f orbitals. Little is known of
the structures of these w-carbocyclic com-
plexes and knowledge of the precise molecular
structure is necessary in order to interpret
their spectral and magnetic properties. The
recently reported structure of
[ce(CgHg)Cl- 2 OC4Hgl is the only other
structural report for an actinide or lanthanide
compound containing COT-2. 9

After the characterization of uranocene,

the analo%ous thorium complex was syn-
thesized. ¢ Its physical and chemical prop-
erties were so-different from those of
uranocene that there was question as to
whether the complex had the same m-sandwich
structure. A structural study was begun in
order to determine if the two complexes were
indeed isostructural.

Single crystals of both compounds suitable

 for x-ray analysis were obtained by vacuum

hot tube sublimation of the pure powdered
material. The highly oxygen-sensitive crys-
tals were sealed in thin-walled quartz capil-
laries under a dry argon atmosphere; a small
amount of Kel-F grease was used as an ad-

_hesive.

The uranocene crystal selected for data
collection was a deep-green regular parallele-
piped. The monoclinic cell parameters are
a=7.084, b=28710, c =10.631 A, and
B = 98.75°. The calculated density is 2.29
g/cm? for two molecules in the unit cell of
space group P24/c. Intensity data were col-
lected manually by using the stationary-crys-
tal stationary-counter method with Mo Ka
x rays. A total of 543 non-zero unique reflec-
tions, I >0 (I), were obtained and corrected
for absorption.

A bright-yellow crystal of thorocene whic