PHYSICAL REVIEW C

VOLUME 16, NUMBER 4

9Ge and "'Ge using the °Ge(d , 1) and "°Ge(d , p) reactions*+

J. A. Bieszk,* Luis Montestruque, and S. E. Darden
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556
(Received 23 May 1977)

Differential cross sections and vector analyzing powers were measured at an incident deuteron energy of 16
MeV for the °Ge(d,)**Ge reaction and at 12 MeV for the °Ge(d,p)’'Ge reaction. The data are generally
well reproduced by the distorted-wave Born approximation except for the forward-angle analyzing-power data
for (d,t) transitions to 1/2° states in ®*Ge. Several spin assignments in **Ge are made from the vector
analyzing power of the Ge(d,t) reaction. A high-resolution study of the °Ge(d,p)”'Ge reaction identified
over 50 7'Ge levels as well as a number of additional states corresponding to contaminants in the target.
Assignments of [, were made to 44 levels in "'Ge. On the basis of analyzing-power measurements at 16° and
20°, values of J” could be assigned to 29 levels, of which 15 are new assignments. A number of tentative
J ™ assignments are also made. Some of the results of the present work are relevant to the weak-coupling
interpretation of ®7'Ge by Eberth et al. Some | = 0 and 2 transitions were observed in "°Ge(d,t) but the
1, = 0 cross-section data are not well fitted by the distorted-wave Born approximation. A sum-rule analysis was
made and results are compared with previous work and with the predictions of the simple pairing theory.

NUCLEAR REACTIONS "Ge(d,t)%°Ge. Measured o(v) and Ay (0), 0y,
=15°—80°, E=16 MeV. ""Ge(d, p)"'Ge. Measured 0(0), 0ap=15°=90°,
Ay (0), t,,=16°, 20°. E=12 MeV. DWBA analyses. Extracted J ™ and
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I. INTRODUCTION

The mass region around germanium was form-
erly considered to consist of nuclei of spherical-
vibrational character. Forssten et al.' have dis-
cussed high-spin positive-parity states in ® ™ 3Ge
in terms of a weak-coupling vibrational model
which accounts for a number of levels, but not all
positive-parity high-spin states. Eberth ef al.?
have also used the weak-coupling model to explain
positive-parity states in Ge and states of both
parities in *Ge. Their results indicate the pres-
ence of both particle and collective features in
6 7Ge. However, some experimental facts re-
lating to the odd-A Ge isotopes are not well ex-
plained by the weak-coupling model. In particular,
the existence of low-lying 3" and - states, some
lying below the lowest 2—* state, are unaccounted
for. Kregar and Elbek® encountered difficulties
in the description of the even Ge isotopes in terms
of a vibrational model. In particular, the pres-
ence of a low-lying 0* state in °Ge and in "*Ge is
hard to understand in terms of this model.

Heller and Friedman® applied a deformed core
model with an effective pairing-type residual
interaction and rotational -particle coupling®’ to
odd N nuclei in the 1g,,, shell. They have suc-
ceeded in reproducing some of the general fea-
tures of the spectra of both positive- and negative-
parity levels of these nuclei.

Experimentally, the odd-N Ge isotopes have
been investigated by neutron-transfer studies,®™®

16

y-ray experiments,">'7"1® and § decay.?*** The
recent (3,;)) measurements of Yoh, Darden, and
Sen'! in this laboratory permitted spin and parity
assignments to be made to a number of states in
%75 7Ge, While states up to excitation energies
of ~2.6 MeV were studied, the limited energy re-
solution of these measurements prevented the
assignments of spins to many of the states. One
surprising result of this work was the assignment
of J"=1"to a level in "'Ge at 1.698 MeV which is
populated fairly strongly (S ~0.2) in the (d,p) re-
action. No Z' states have previously been observed
to be strongly populated in (d, p) reactions to any
of the odd Ge isotopes.

Neutron-pickup studies on the Ge isotopes have
been limited mainly to (p,d) reactions,**"!° and
no pickup reactions initiated with polarized par-
ticles have been reported. At the time the present
work was begun, the structure of ®*Ge was not as
well known as that of the other odd-A Ge isotopes.
Discrepancies exist among earlier investigations,
and *Ge cannot be studied by the (d,p) reaction.

Only one high-resolution study of the
Ge(d,p)"Ge reaction has been made, which is
the work of Goldman,® with a resolution of 25 keV.
A number of discrepancies exist between Gold-
man’s work and the very high-resolution (p,d)
work of Show efal.’® Since Goldman’s work
was published, high-resolution studies of
27 75Ge(d, p)"* "™ ""Ge have been published by
Hasselgren® and by Kato.!® The availability of
these data facilitates the identification of contam-
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inant groups in the "°Ge(d,p) spectrum, and a re- 600 LA R E L R A A
investigation of the "°Ge(d,p) reaction with good I 7°Ge (d t )

resolution, including the measurement of vector B ' 0.374

analyzing power (VAP), should clarify consider- Ed =16 l:AeV

ably the structure of *Ge. Since the distorted- 400 8-=40 1
wave Born approximation (DWBA) was found by
Yoh et al.M to be quite reliable in predicting the
sign of the (d,p) VAP at forward angles, it should 200t g.s. .
be possible to make spin assignments to many
states on the basis of VAP measurements at a
few forward angles.

The DWBA has been somewhat less successful
in reproducing (d,¢) VAP data for energies above
the Coulomb barrier than it has for the (d,p) re-
action. In analyses of the " ®2Ni(d, )22 and the
"°Ar(z7 ,1)?® reactions the DWBA was able to re-
produce the general shape of the VAP for /=1 and
J'= %' transitions in Ni, but failed to predict the
shape of the VAP data for transitions to I~ states
in the Ni isotopes. For *°Ar(d,¢)**Ar, the DWBA
predicts the shape of the VAP for /=3 states bet-
ter than it does for /=1 transitions. It should be
of interest to study the (d,{) reaction on Ge iso-
topes to test the ability of the DWBA to reproduce
the data in this mass region, and to investigate
the reliability of spin assignments based on the
j dependence of (d,¢) VAP data by studying transi- Y
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In summary, the aims of the present study are: C":‘ NEL
(1) to study the structure of *Ge and ™Ge by means FIG. 1. Spectrum of the "°Ge(d, t )%°Ge reaction. The
of the °Ge(d, t) and 7°Ge(d p) reactions, respec- upper portion of the figure shows a spectrum obtained
’ ’ ’

using a counter telescope. The lower spectrum was ob-
tained in the spectrograph and covers the excitation en-
ergy region in °Ge between 0.70 and 2.2 MeV.

tively, and (2) to see to what extent the (d,t) reac-
tion data can be understood within the framework
of the DWBA.

spectrograph spectra had a resolution of about
18 keV full width at half maximum (FWHM) for

II. EXPERIMENTAL DETAI
= LS the (d,t) reaction and about 20 keV FWHM for the

Targets used for this work consisted of isotopi- (d,p) reaction.
cally enriched GeO, evaporated onto 10-ug/cm? C Absolute normalization of the cross-section data
foil backings. Rutherford scattering experiments was made by a comparison to Rutherford scatter-
indicated that the target thicknesses were approx- ing. The uncertainty in the absolute calibration is
imately 150 ug/cm?. The enrichment of the tar- a result of a number of factors, including the
gets was 84.6% in "°Ge. statistical error, any error due to peak fitting,

Cross sections for the (d,¢) transitions to the uncertainty in determining the angle, and any er-
first four states in ®Ge were measured using ror in the assumption that the scattering is Ruther-
AE-E telescopes. The technique employed was ford at 40° in the lab with E;=3 MeV. Optical-
similar to that employed in previous (d,¢) mea- model calculations indicate that in this case; the
surements.?® The resolution obtained with the cross section differs from the Rutherford cross
counter telescopes was typically 60 keV. section by less than 1%. The estimated overall

Cross-section data were taken in the 100-cm uncertainty in the absolute (d,¢) cross sections is
spectrograph for both the (d,¢) and (d,p) reactions, generally between 15 and 20%.
using a position-sensitive proportional counter. Fifty- um NTA Kodak nuclear emulsion plates
Typical spectra for the (d,¢) reaction are shown covered with 0.25 mm of Mylar to stop inelastically
in Fig. 1. The upper part of Fig. 1 shows a spec- scattered deuterons were used for the spectro-
trum obtained using a counter telescope, while graph measurements of the °Ge(d,p)"'Ge VAP at
the expanded spectrum shown in the lower part of 16° and 20°. Figure 2 shows an example of these

the figure was taken in the spectrograph. The spectra for 6=20°. The resolution is about 18 keV.
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FIG. 2. Proton spectrum from the 70Ge(d,p)"(_’ie reaction obtained using nuclear track plates. Group numbers cor-
respond to those given in Table IV. Asterisks indicate the ends of plates where tracks were not recorded.

Since the target contains only 85% "°Ge, additional
spectra were taken to identify states due to iso-
topic contaminants in the °Ge target. These spec-
tra were taken at 20° and 45° using thin targets,
and excitation energies were determined for all
states as excited states in "'Ge as well as if they
were excited states in the final nucleus of any
contaminant present in the target. A resolution

of approximately 12 keV was obtained in these
spectra. Contaminants were identified by isotopic
shifts as well as by comparison with the excitation
energies of any states known to be excited strongly
in the (d,p) reactions of the contaminants.

Three or four counter telescopes were used for
the (d,?) VAP measurements. During the course
of these measurements and the (d,p) VAP mea-
surements, the beam polarization was calibrated
by a measurement of asymmetry for a reaction
of known analyzing power. Calibration standards
used in this study were C(d,d,) at 12.1 MeV
[¢T,, (6, . = 34.8°)=0.419+0.004],% and *2C(d, p,) at
15 MeV [A,(6,, . =59.9°)=-0.54+0.05].

III. RESULTS AND ANALYSIS
A. Choice of optical-model parameters

Results of the measurement of the deuteron
elastic cross section and VAP and the optical-
model calculation resulting from use of the search
program SNOOPY II are presented in Fig. 3. Initial
deuteron parameters used in the search were
those used by Yoh et al.'! in fitting "°Ge(d,d) data

at E,=12 MeV. Deuteron parameters used in the
present work are given in Table I.

Triton optical-model parameters were taken
from the Becchetti-Greenlees global triton param-
eters.?® Variations of well depths and geometries
were undertaken in an attempt to achieve good
DWBA fits for (d,?) transitions to states in ®Ge
having representative values of [, and j,, speci-
fically the ground state, 0.374-, 0.813-, 0.995-,
1.468-, and 1.763-MeV states. No significant

Ge (d,d,)
Ed=|6 MeV

{
P

»

‘\“lllll
T |

0.6
0.4}

0.2}
iT, o )

-0.2|-

-0.4}-

-0.6L—
)

20 40 60 80 100 120 140
Bc.m. (deg)

FIG. 3. Cross section and vector-analyzing power for
"Ge(d,d)"’Ge measured at E; =16 MeV. The solid curves
are optical model fits corresponding to the parameters
given in the first row of Table I.
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TABLE I. Optical-model parameters. All energies are in MeV; radii and diffuseness parameters are in fm.
Particle Reaction Energy ? 14 7 ay w Y ay Vo Yso ago ¥
d NGe(d,d)""Ge 16.00 109.0 1.06 0.81  11.30 1.3¢ 0.85 6.28 059 0.22 1.25
¢ "Ge(d, )%Ge 10.73 162.6 1.20 0.72 8.26® 1.40 0.84 2.50 1.20 0.72 1.30
d "Ge(d, p)''Ge 12.00 113.0 1.06 0.80  13.00 138 075 5.70 0.70 0.50 1.30
p VGe(d, p)"'Ge 17.10 56.9 1.17 075 11.00 1.32 0.57 6.20 1.01 0.75 1.25
P 2Ge(d, p)"Ge 16.45 55.8 1.17 0.75  10.14 1.32 0.61 6.20 1.01 0.75 1.25
P "Ge(d, p)"®Ge 16.18 55.8 1.17  0.75 9.81 132 0.61 6.20 1.01 075 1.25
p %Ge(d, p)""Ge 15.58 59.86 1.17 0.75  10.83 1.32  0.63 6.20 1.01 075 1.25

2Equivalent laboratory bombarding energy for the triton and proton parameters, the energy dependence given in

Refs. 26 and 29 were used.

b=

improvement over the fits obtained with the Bec-
chetti-Greenlees parameters was found. Calcula-
tions were also made using recent Los Alamos
triton parameters®” derived from elastic cross-
section and VAP data on *Cr and *°Zr. However,
the calculations using these parameters and varia-
tions thereof resulted in poorer fits to the (d,¢)
data than those obtained using the Becchetti-Green-
lees parameters. The final set of optical-model
parameters used is given in Table I.

Attempts to fit the (d,p) data by using deuteron
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FIG. 4. Results for the Ge(d, ¢ )%°Ge reaction leading
0.233-, 0.374-, and 0.995- MeV states.

The curves are DWBA predictions.

parameters determined from the folding-model
prescription of Harvey and Johnson®® were not as
successful as fits using deuteron parameters ob-
tained by Yoh ef al.!! in fitting "?Ge(d,d)"*Ge data
at £,=12 MeV. Proton parameters used in the
DWBA calculations were essentially those used
by these authors!! in their analysis of Ge(d,p).
The energy dependence of the parameters sug-
gested by Becchetti and Greenlees® was used.
Proton optical-model parameters used in the (d,p)
calculations are given in Table I.

B. The "°Ge(d.t)*°Ge reaction

The "°Ge(d, t)**Ge cross-section and VAP data
are shown in Figs. 4-7. The excitation energies
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FIG. 5. Results for the Ge(d, t )®°Ge reaction leading
to the 0.0- 1.159-, 1.306-, 1.414-, and 1.611-MeV states.
The curves give the DWBA predictions.
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FIG. 6. Results for the "’Ge(d, t )%°Ge reaction leading
to the 0.813-, 1.468-, 2.091-, 2.106-, and 2.145-MeV
states. The curves show the DWBA predictions.

given for states in **Ge are those of Show et al.'®
The cross-section and analyzing-power data for
the doublet at 1.468 MeV (Fig. 6) as well as the
combined analyzing power of the 2.091-, 2.106-,
and 2.145-MeV triplet (Fig. 6) were fitted as
multiplets. A composite cross section G was cal-
culated using the relation

G(6)=a,0,(0)+a,o0,(6), (3.1)

where a, and a, were obtained from a least-squares
fit of the data to the DWBA calculations for (J7),
and (J"), transitions. In Eq. (3.1), 0,(6) and 0,(6)
are the cross sections calculated by the DWBA.
For the (d,t) reaction, the coefficients are related
to the spectroscopic factors by a=(3.335,)/(2J + 1),
For the (d,p) reactions discussed in the next sec-
tion, a=1.53S;. The composite analyzing power

A, was generated from the expression

A,(6)=[a,0,(0)4,,(6)+ 2,0,(D)A4,,(8)) /5(6).  (3.2)

The 3* states could not be separated from other
states in the VAP spectra, hence no comparison
between 3* VAP data and calculations could be
made. A summary of the results for the
°Ge(d,t)**Ge reaction and a comparison to other
work are presented in Table II.

The principal uncertainties in the spectroscopic
factors listed in Table II are uncertainties in the
absolute normalization, uncertainties in the nor-
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FIG. 7. "Ge(d,t)%Ge results for the 1.438-, 1.537-,
1.724-, and 1.763-MeV states. The curves show the
DWBA predictions.

malization of DWBA calculations to the data, and
the uncertainty associated with ambiguities in the
optical-model parameters. Ambiguities associated
with the DWBA calculations will include uncertain-
ties in the radial wave function of the transferred
neutron used in the calculations. This effect has
been discussed by Pinkston and Satchler®® and may
have a substantial effect on the magnitude of a
spectroscopic factor if the state of interest is far
from its corresponding centroid. In the best
cases, involving strong, isolated states which are
well reproduced by the DWBA, the uncertainty in
S is estimated to be about 25%. For states deter-
mined by peak fitting or by least-squares fitting

of a multiplet, the uncertainty in the spectroscopic
factor is estimated to be as high as 50% for the
weaker members of a doublet.

C. Ge(d,p)’'Ge reaction

Cross-section data for "*Ge states up to approx-
imately 4 MeV in excitation have been taken in the
angular range from 16°to 90° in the 100-cm spec-
trograph. Figures 8-12 show the (d,p) cross-
section and VAP data. Excitation energies were
determined from the high-resolution thin-target
spectra referred to above. States seen in only one
of the two high-resolution spectra have their exci-
tation energies enclosed in parentheses. The un-
certainty in these energies is generally 3 keV for
states seen in both measurements, and 5 keV for
states seen in only one measurement. For those
states falling on the plate edge, excitation energies
could not be determined from the high-resolution
spectra, and the energies of Show et al.'® were
used. A summary of results for "°Ge(d,p) and a
comparison to previous work are presented in
Table IV.

The uncertainties shown for the cross-section
and vector-analyzing-power data in Figs. 8-12 are
for the most part statistical. For the VAP data,

a 4% uncertainty associated with plate-scanning
efficiency is also included.
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TABLE II. Summary of results for the ""Ge(d, #)¥°Ge reaction.

Present work Ge(p,d) Ge(p,d) "Ge(r,a)

E, Show et al. (Ref. 15) Hsu et al. (Ref, 13) Fou et al. (Ref. 12)
(MeV) 1 J S 1 J S ! J S 1 J S
0.0 3 5 3.24:0.81 3 3 3.80 3 3 2.56 3 5 3.4
0.087 1 X1 0.61+0.15 1 0.56 1 > 0.50 ® ¢ o8
0.233 1 ) 0.07+0.02 1 0.10 1 ¥ 0.09 (1) 3) 0.2
0.374 1 3 1.67+0.42 1 1.67 1 3 1.64 1 3 3.9
0.398 4 > 0.95 4 3 0.8
0.813 2 > 0.09+0.02 2 3 0.09 1,3 0.06,0.29

1,4 0.05,0.26

0.995 1 5 0.25+0.06 1 3 0.32 1 0.26 1 3 0.7
1.159 1 (3)  0.04x0.01 1 3) 0.6
1.306 1 3 0.05+0.01 1 34 0.08 1 0.10
1.414 3 3)  0.17£0.06 3 3 0.28  (3) 0.35
1438 (0 (3  0.01:0.01
1.468 4 7 0.66+0.23 4 . 0.09

3 $) 0.21£0.07 3 ¥ 0.96 3) 1.12
1.537 1 () 0.02:0.01 1 3 0.03
1.611 3) 2) 0242008 3 : 0.25
1.724 1 3 0.07 +£0.02 1 k] 0.03
1.763 (0) (%) 0.02+0.01 0 % 0.12 (Probably a misprint; the graphs show S to be

much smaller)

2.091 0 + 0.02+0.01 0 1 0.02
2.106 1 () 0.11:x0.04 1 3 0.16 @ 0.17
2.145 4 () 0.29+0.07 4 > 0.30

IV. DISCUSSION

A. °Ge(d, 1) reaction
1. 1, =1 transitions

Data for [, =1 transitions are shown in Figs. 4
and 5. The strongest /,=1 transitions are to the
0.087- and 0.374-MeV states. The VAP data pro-
vide a clear distinction between the two possible
jn values and confirm the previous spin assign-
ments to these states. However, at forward angles
the VAP data are not well reproduced by the
DWBA. This lack of agreement at forward angles
between measured and calculated analyzing powers
has also been observed in the nickel isotopes.??
Nevertheless, the overall qualitative agreement
between measured and calculated VAP over most
of the angular range permits unambiguous spin
assignments to be made for these transitions. The
cross-section data also appear to follow the j,

dependence around 70° which it predicted by the
DWBA calculations. A similar j, dependence in
l,=1 cross-section data has been observed in
Ge(p,d) reactions by Show et al.'®

Cross-section and VAP data for the transition
to the 0.233-MeV level are in fairly good agree-
ment with the calculations and confirm the 3~ spin-
parity assignment of this state. It is interesting
that the first minimum in the cross-section data
for the 0.087-, 0.233-, and 0.374-MeV states is
not as pronounced as in the calculations, yet this
minimum is well described by the DWBA for I[=1
transitions to more highly excited states.

The 0.995-MeV state clearly has J=3". Except
for the VAP data forward of 30°, the data are well
reproduced by the DWBA calculations.

The 1.306-MeV VAP data indicate a clear pref-
erence for the J= 3~ assignment. VAP data for
the 1.159-MeV level exhibit the same behavior as
those of the 1.306-MeV state in the angular region
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FIG. 8. Cross-section and VAP data for {, =1 transitions in the 7(’Ge(d,p)“Ge reaction. The curves show the predic-
tions of the DWBA. Data for three contaminant transitions are also shown.

35°-60°, and indicate a tentative j,=3 assignment
for the former level.

2. 1, =3 transitions

A strong transition to the ground state and weaker
transitions to the 1.414- and 1.611-MeV states
were observed to have [,=3 character and are
shown in Fig. 5. The ground-state VAP data allow
an unambiguous choice of spin and confirm the
previous %' assignment to this state. The DWBA
calculation reproduces the phase of the VAP data
and also the magnitude except in the region near
50°. These data are very similar to 3~ analyzing-
power data observed by Huttlin et al.?? in the Ni
isotopes. Cross-section data for the 1.414- and
1.611-MeV states show disagreement with the
calculations in the region of the first minimum,
similar to that observed for the /=1 transitions.
Some of the disagreement around 50° in the data
for the 1.611-MeV level is produced by a con-
taminant that could not be completely separated
from the 1.611-MeV state. Although a firm /=3

assignment can hardly be made to the 1.611-MeV
state on the basis of these data, they do support
the 3~ assignment to this level made by Show

et al}®

3. 1=2 transition

Cross-section data for the transition to the
0.813-MeV level are best fit with /,=2, in agree-
ment with the results of Show et al.!® and with the
3 assignment of Isoya et al.}” Hsu et al.'® expected
only /=1, 3, and 4 transitions {0 occur and there-
fore treated this level as one of two possible doub-
lets, either an I=1,3 doublet or an /=1, 4 doublet.
The fit to the data with an /,=2 calculation is quite
good for angles less than 30°, as was also found
for the (p,d) data. The discrepancy between the
calculated and measured cross sections in the
region of the first minimum is similar to that ob-
served in the [=1 and /=3 transitions. The VAP
data appear to be shifted in phase from the predic-
tions of the DWBA calculation but provide a clear
indication of j,= 3.
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FIG. 9. Cross-section and VAP data for [, =2 transitions in "°Ge(d, p)"'Ge. The curves show the predictions of the

DWBA.

4. 1, =4 transitions, 1, =0 transitions, and multiplets

The (p,d) measurements of Refs. 13 and 15
showed an /=4 transition to a £ state at E,
=0.398 MeV. In the present work, this state could
not be resolved from the strong group correspond-
ing to the 3~ level at 0.374 MeV. Using the spec-
troscopic factor of 0.95 quoted in Ref. 15 for the
0.398-MeV level, one would expect an enhance-
ment in the cross section for the 0.374-MeV group
in the angular range 30°-40° of about 0.2 mb/sr.

It is clear from the data shown for this group in
Fig. 4 that an =4 contribution of this magnitude
could easily be present and probably explains most
of the discrepancy with the DWBA for angles near
30°.

States at 1.468 and 2.145 MeV were also found to
have /,=4 angular distributions and are shown in
Fig. 6. The high-resolution work of Show et al.'®
has revealed a doublet of /=4 and /=3 levels at
1468 and 1477 keV, respectively. Anl,=3, 3" ad-
mixture would explain the deviation of the cross-

section data from the /,=4 calculation and would
contribute a positive analyzing power (Fig. 5) to
the negative £* VAP, resulting in the composite
analyzing power given by the solid curve in Fig.
6. The composite cross section and VAP given by
the solid curves correspond to a mixture of 65%
1€,/, and 35% 1f;,. The (p,d) results of Show
et al. indicate that the /=3 cross section is ap-
proximately four times the /=4 cross section.
Hsu ef al.'® also assign the 1.477-MeV state /= 3.
However, their cross-section data do not fall off
as quickly with increasing angle as their /=3 cal-
culations predict, so it appears that their data
include a contribution from a higher [, transition.
In the present work, the /=4 transition is almost
twice as strong as that for /=3. Since one expects
comparable results from the (p,d) and (d,¢) reac-
tions, this rather large dependence of relative
spectroscopic factor on reaction type is puzzling.
Transitions with /,=0 were seen at 1.438, 1.763,
and 2.091 MeV. The 1.438-MeV state has not
previously been assigned a value of /,, but has a
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FIG. 10. Cross-section and VAP data for I , =0 and [ , =2 transitions in "°Ge(d, p)"'Ge. Data are also shown for a
number of contaminant transitions. The curves show the predictions of the DWBA.

cross section similar to the 1.763- and 2.091-MeV
states. For the latter two transitions, the [,
assignments are based on the results of Ref. 15.

The 2.145-MeV state could not be separated
from the 2.091- and 2.106-MeV levels in the ana-
lyzing-power measurements. The cross section
for excitation of the 2.091-MeV state is small
compared to those of the 2.106- and 2.145-MeV
states, especially for angles greater than 35°,
where the calculated /=0 VAP is appreciably dif-
ferent from zero. Consequently, an analysis of the
VAP data in terms of an I=1, [=4 doublet is suffi-
cient. Calculations were made using Eq. (3.2) for
each of the four possible spin combinations.

The composite A, curve for the 37,7 combina-
tion of spins is not shown in Fig. 13, but is a
curve that is positive for all angles with values of
A, as high as 0.40. The statistical accuracy of
the data do not permit a distinction between the

other three spin-parity combinations. However,
on the basis of shell-model systematics, the spins
and parities of the 2.106- and 2.145-MeV states
can be tentatively assigned at 3" and £*, respec-
tively.

Eberth et al.? have assumed the 1.306-MeV state
to be the 2~ member of a multiplet arising from
the coupling of 1f;,, neutron to a quadrupole pho-
non. The present results show that neither the
1.306-MeV state nor probably the 1.159-MeV state
can be identified with this level. However, the
0.995-MeV state could be considered as a candi-
date, since this 3" level is in the excitation energy
region of the expected weak-coupling state.

Eberth et al. also interpreted several positive-
parity levels in ®®Ge as members of a multiplet
corresponding to the coupling of a 1g,,, neutron
to a quadrupole phonon and identified the 3* mem-
ber of this multiplet as the 0.813-MeV level. If
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also included for some contaminant transitions.

this state is a member of the proposed multiplet,
the less-than-ideal fit to the data assuming a sin-
gle-step reaction process may reflect a significant
probability for forming the state in a two-step
process involving pickup of a g4/, neutron from a
2* excited °Ge core. Eberth ef al. were unable

to identify the Z* and £ members of the proposed
|29®|£") multiplet. The 1.468-MeV state might
be considered a candidate for the £* member,
since this level would be expected to have an ex-
citation energy near 1.5 MeV. If this identification
of the 1.458-MeV level as the £* member of the
weak-coupling multiplet is correct, it should de-
cay prefereniially to the lower-lying £* level.
Forssten et al.! observe a reasonably intense ¥
transition of the right energy (E,~1070 keV) which
they tentatively assign to a higher-spin level at
2475 keV. Their measured angular distribution
for this ¥ ray also appears to be consistent with a
£*~ ¢ transition, so that the y-ray data lend some
support to the idea that the 1.468-MeV level is the
£* member of the |2*® |2*) multiplet.
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5. Sum-rule analysis

In order to study the gross structure of shell-
model states being filled in the Ge isotopes, a
sum-rule analysis was carried out. Centroids for
the distributions of spectroscopic strength for
states of a given / and j were calculated along
with the summed strengths, 22,5,(j). For a given
J*, the centroid is given by E ES /Z‘S{ Values
of centroids and fullnesses predlcted by the simple
pairing model® were calculated using the equa-
tions

E,=[(€; - \)?+ A%]*/2 _ constant, (3.3)
1 (e,=2)
V;2=(z)(l—mw>, (3.4)

where €; is the single quasiparticle energy, A is
the Fermi energy, A is the gap parameter. Values
of €, for the 2p,,, 1f;n, 2p,p, and 1g,,, orbitals
were interpolated from the values of Kisslinger
and Sorenson.* The value of €, , was taken to

be 2.8 MeV, the value used in Ref. 11. The value
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the "Ge(d, p)"'Ge reaction. The graphs include levels
for which only tentative assignments have been made.

of the constant in Eq. (3.3) was set equal to A,
following the method of Ref. 14. A was extrapolated
from the Kisslinger and Sorenson values of A vs

A for the Ge isotopes. A was recalculated taking
into account the change in €, and the extrapolated
value of A. Results of the analysis are given in
Table III along with the (p,d) results of Refs. 13
and 15.

The present results are in approximate agree-
ment with the pairing model predictions, but it is
clear that the simple theory underpredicts the
fullness of the p, ,, shell and appears to overpre-
dict somewhat the fullness of the p,,, shell. It
also is evident that a significant amount of 2p,,,
and 1f;, strength exists above E,=2.1 MeV and
is missed in the present measurements. The

TABLE III. Comparison of "Ge(d, )*Ge data with simple pairing theory.

2s; E;

Shell-model Present Pairing Present Pairing
orbital work Ref. 13 Ref. 15 theory work theory
2375 2.03 2.8-3.2 2.0 3.40 0.56 0.56
1f5/0 3.86 5.16 5.10 5.22 0.24 0.67
2p1 /5 0.86 0.6-1.0 0.73 0.30 0.35 0.57
1g9/9 1.902 1.0 1.40 1.40 1.04% 0.59
2d5/2 0.09 .. 0.12 e ... DI
38179 0.05 0.02

2Includes S for the 0.398-MeV level from Ref. 15.
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8o/, Summed strength given in Table III includes
the value of S for the 0.398-MeV level given in
Ref. 15. The rather small amount of (2d,,,)? and
(3s,,,)? configurations in "Ge indicated by the
present results is quite consistent with the (p,d)
results of Ref. 15.

B. Ge(d,p)"'Ge reaction

The (d,p) cross sections of the present work are
generally 20-25% lower than those obtained by
Yoh ef al.'* Better agreement is found for strong
states, for which background subtraction is not
very important, which implies that at least part
of the discrepancy between the two measurements
arises from differences in the amount of back-
ground subtracted in extracting yields. Absolute
normalization of the cross section was obtained
from the absolute normalization of the "°Ge(d, ¢)
reaction data. From Rutherford scattering on
"Ge, the target thickness was determined using
the isotopic abundance quoted by the isotope sup-
plier, the known solid angle of the spectrograph,
the measured charge, and the reaction yield. The
(d,p) spectrum of 16° was remeasured periodically
during the course of the 0(6) measurements to
check for target deterioration. No measurable
target deterioration was observed. The estimated
overall uncertainty in the absolute cross sections
is about 15%.

In the discussion that follows, the results are
grouped according to the I value of the transition.

1. 1, =1 transitions

In general, the DWBA calculations reproduce the
cross-section data well, but tend to predict lower
magnitudes of VAP than those observed (Fig. 8).
However, the data provide a clear choice between
j values, except for the 2.041-, 3.311-, and the
3.571-MeV states. Only the VAP data for the *Ge
and “°Ge ground states can be compared with the
data of Yoh ef al.!' The two measurements are
in agreement, although a value of A,(6) almost
twice as large as that obtained by Yoh ef al. was
measured at 16° in the present work.

The I,=1,2 doublet at approximately 0.500 MeV
was sufficiently well resolved to permit extraction
of separate cross sections. In agreement with
Goldman,® the two states were found to have com-
parable cross sections. The data for the 0.501-
MeV state indicate a 3~ assignment, confirming
the tentative assignment of Yoh ef al.'*

VAP data for the 0.707-MeV state have been re-
solved from the contribution of the "*Ge 0.066-MeV
contaminant and are in fair agreement with the
DWBA calculations. Yoh ef al. were unable to re-
solve these states, which explains the discrepancy

DARDEN 16

between their measured and calculated VAP.

A 3~ state is found to exist near 1 MeV excitation
in %7 7Ge, so that a similar state might be ex-
pected at this excitation in "Ge. The VAP data
for the 1.286-MeV level show this state to be 3~
consistent with the systematics of the other Ge
isotopes.

The [,=1 assignments to the 2.742-, 2.896-, and
3.311-MeV states must be considered tentative.
The data follow the trend of the calculation, but
the deviation of the measurements from the pre-
dictions at several angles precludes a firm 7,=1
assignment to these states. VAP data for the
3.311-MeV level would indicate a spin of 3 for an
1,=1 transition, hence this state is tentatively
assigned 3°.

2. 1, =2 transitions

Thirty transitions for which /,=2 were seen and
the data are shown in Figs. 9 and 10. Cross-sec-
tion and VAP data for the transitions are generally
well represented by the DWBA. Yoh ef al.}! have
seen five of these transitions in their investiga-
tion, and were able to make 3* assignments to the
0.526-, 1.203-, 1.556-, 2.277-, and 2.644-MeV
states in "'Ge.

It is somewhat surprising that the 0.526-MeV
state, which is the strongest /,=2 state observed
in Ge(d,p), is considered to be the 3* member
of a [2*)@|%) multiplet by Forssten ef al.! and
Eberth et al.? One might expect a state of this
nature to be weakly populated by a one-step mecha-
nism and to display most of its strength in a two-
step process, in which case a poor fit to the data
by the DWBA might be expected. However, the
cross-section and VAP data are well fit by the
DWBA. Of course, the |2"@|1g,,) configura-
tion can still be dominant in the wave function of
this state, since the (d,p) spectroscopic factor is
only 0.1.

Show et al.'® report an [,=3 cross section for
the 1.203-MeV state. They observe a weakly pop-
ulated doublet that can be fitted either by an 7,=3
state or an [,= 2,3 mixture. Malan et al.,'® using
the ™Ga(p,n)"'Ge reaction have seen a 7-keV
doublet at this energy and report that the lower-
energy member can have J=2, 2 %), while the
higher-energy member hasJ"=2". The present
work shows the 1.203-MeV level to be definitely

5+
2

Goldman® tentatively assigns the 1.474-MeV
state to be /,=3. Although one would expect a
pickup reaction to populate an /,=3 level, Show
et al. do not see this state. While the agreement
with the DWBA calculations is not as good as for
other states, the data are most consistent with a
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3" assignment for this state. Examination of Gold-
man’s data reveals that the data for the 1.47-MeV
state have a larger cross section at forward angles
than those of the other [,=3 states. Perhaps what
Goldman observed was the combined cross sec-
tion for the [,= 2 state at 1.475 MeV and the [,=0
state at 1.453 MeV, since the secondary maximum
of an /,=0 cross section somewhat resembles an
1,=3 shape.

The 2.345-MeV state is assigned [,=2 by this
study and [,=1 by Show ef al.!®> who see a strong
transition to a state at this energy. This level is
not strongly populated in the (d,p) reaction, but
the forward-angle data are reasonably well fitted
by a calculation for /,=2 and are out of phase with
the predictions for /,=1. Some of the strength
of this state can be attributed to the 1.006-MeV
state of "°Ge(d, p) which is also an [,= 2 transition,
so that the spectroscopic factor for this state must
be considered an upper limit. However, the °Ge
target contains only 2% °Ge, so that the "Ge
1.006-MeV level can only account for about one-
third of the observed strength.

The 3.286-MeV state has been assigned [,=1 by
Show et al., although this assignment is made on
the basis of rather limited data. The forward-
angle data shown in Fig. 9 are well fitted by an
l,=2 cross section. However, an [,=1 calcula-
tion also fits the cross-section data if the 30° and
35° points are excluded. This state is therefore
tentatively assigned /,=2 or 1. The VAP data indi-
cate a 3" assignment (I,=2) or a 3~ assignment
(1,=1).

Since there are only eight data points for the
3.767-MeV state, only a tentative I,=2,J"=3*
assignment is made to this state. The 3.899-
MeV state is tentatively assigned a J* of 3" on the
basis of the VAP at 16°. Goldman® was unable to
resolve the states at this excitation energy, and
his 3.90-MeV state probably contains contributions
from several states. Show ef al.'® observe an
l,=1 state at 3.900 MeV. Examination of the
3.899- and 3.910-MeV cross sections shows that
the data disagree with the /=2 predictions at far
forward angles and also near 40° in the case of the
3.910-MeV transition. These are the angular re-
gions in which the maxima of an [, =1 transition
occur. Hence, an /,=1 transition to the level seen
by Show et al. may be contributing to the 3.899-
and 3.910-MeV cross sections. If the 3.899- and
3.910-MeV states are both 3°, it is not surprising
that Show et al. did not observe them since the
ground state of "°Ge is not expected to contain any
significant amount of (d,,,)* configuration.

Examining all the /=2 transitions, one sees
the energy dependence of the cross section and
the analyzing power. As the energy of the outgoing

proton decreases, the magnitude of the cross-
section oscillations decrease and the 3* analyzing
power near 20° becomes more negative. As seen
in the calculations of Ref. 11, the predicted VAP
tends to become more negative and less oscilla-
tory in structure as the excitation energy of the
state increases.

A weak j dependence in the cross-section data
between 3* and 3" states appears to be present for
the 2.881-MeV states. A similar j dependence has
been seen in a "Se(d, p) study by Macefield, Mid-
dleton, and Pullen.??

3. 1, =0 transitions

Thirteen [/, =0 transitions were seen in this work,
and eleven of these are shown in Fig. 10. In gen-
eral, most of the cross sections are well repro-
duced by the DWBA calculations. Some disagree-
ment between measured and calculated VAP exists
but is not surprising in view of the sensitivity of
the 7,=0 VAP to spin-dependent distortions.

Part of the strength of the transition to the 3.087-
MeV group is apparently produced by the 2.459-
MeV state in "*Ge which is also an [,=0 transi-
tion. If all the strength of this composite group
were attributed to the 2.459-MeV state in "Ge,
the cross section for this transition would have
to be several times larger than that measured by
Yoh et al.'* Hence it is concluded that an 7,=0
IGe state as well as the "*Ge 2.459-MeV state
contribute to the observed [,,=0 distribution. The
spectroscopic factor for the "'Ge level should be
considered as an upper limit for the strength of
this state.

A state at 3.232 MeV has been assigned /,=0,
but is not shown in Fig. 10. A 3.23-MeV level has
been seen by Goldman® and a 3.232-MeV level by
Show et al.,'® but neither have been given I, assign-
ments.

Goldman assigns [,=0 to a state at 3.62 MeV.
The present cross-section data for the 3.633-MeV
level (Fig. 12) are not characteristic of a particular
l,. The VAP data are more positive than those of
other /=0 states in the same excitation energy
region,

4. 1,=3, 4 transitions

In general, the cross sections for /,= 3,4 transi-
tions (Fig. 11) are reasonably well reproduced by
the DWBA calculations. Unfortunately, the 0.747-
MeV state fell upon a plate gap in both the 16° and
20° VAP measurements, so no VAP data were
obtained.

The spectroscopic factor quoted by Yoh et al. !
for the 199-keV level is at least 20% too large,
since the contribution from the cross section to
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the 0.176-MeV state was not taken into account in
their analysis. A J"=3" assignment can be made
to the latter level, although the magnitude of the
VAP is much greater than that predicted by the
DWBA.

The 1.375-MeV state is tentatively assigned
1,= 3, although a value of /,=2 cannot be ruled out.
An [, =2 assignment fits the first few points of
the cross-section distribution, but the data as a
whole agree better with /,=3. Since the 1.375-
MeV state and the 1.346-MeV states were observed
as a doublet, it is possible that in fitting the most
forward angles some of the [,=0 strength was
assigned to the 1.375-MeV state, giving too large
a cross section at the most forward angles. The
preferred assignment of J"=7" to this state on the
basis of the VAP data is somewhat surprising,
since the 1f,,, subshell is expected to be essen-
tially full in this mass region. However, the
spectroscopic factor is only about 0.01.

The cross section for the 1.695-MeV level is
well fit by an [,= 4 calculation, but the VAP data
indicate J*=%", in conflict with the " assignment
of Yoh et al.'* A reexamination of the data of
Yoh et al. revealed that the published uncertainties
for the two most forward-angle VAP measure-
ments are too small by about a factor of 2. The
errors should overlap zero and hence no definitive
Jjn value is indicated by their forward-angle data.
Moreover, Yoh et al. found it necessary to use an
unusually deep proton potential well (V=65 MeV)
to reproduce their VAP data for this state. On
the basis of the present work, this state must be
assigned £*.

Data for the 1.941-MeV level arebest fitted by an
1,=4 distribution and the VAP data indicate a J* of
£*, Hasselgren has reported [,= 4 states between
1.5 and 2.1 MeV in "*"*"Ge with comparable
spectroscopic factors.

5. Transitions to contaminants

Data for contaminant transitions corresponding
to various /, values are given in the lower portions
of Figs. 8-12. DWBA curves were generated using
the parameters of Ref. 11 for the "> 75Ge(d, p)
reactions. These contaminant transitions help to
clarify some results of previous "°Ge(d, p) studies.
Several states reported by Goldman were at exci-
tation energies corresponding to the expected
positions of the ground-state groups of other
Ge(d,p) reactions, suggesting that these groups
are contaminants.

Using the isotopic abundances of the target ma-
terial provided by the supplier, the absolute cross
sections for the contaminant transitions are only
about half as large as the cross sections given by
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Yoh et al.'* @ values used to calculate the posi-
tion of contaminant groups were taken from Has-
selgren.’ Excitation energies quoted in Table IV
for contaminant groups are also taken from Refs.
9 and 10. Contaminant states were identified by:
(a) their excitation energy corresponding to that
of a strong state in an isotope other than "'Ge,

(b) having an [, value corresponding to the [, of
the suspected contaminant state, (c) having a
spectroscopic factor of the expected order of mag-
nitude, and (d) by having the correct J value if
VAP data are available for this state. A result
of this identification is that the 0.890-MeV state
reported by Goldman is clearly the ground state
of ®Ge. This conclusion is supported by the fact
that no evidence for a state in "*Ge near 890 keV
appears in the (p,d) measurements,'*?!®

6. Doublets

Cross-section angular distributions which cor-
respond to states that were not resolved in this
work are shown in the left-hand portion of Fig. 11.
In addition to known unresolved states, other
groups were determined to be doublets if data for
a state of known /,, e.g., a well-known contami-
nant transition, were not well fitted by the as-
signed [, or if a cross section was found to have
a significantly higher spectroscopic factor than
that measured by Yoh ef al.'* or Hasselgren.®

The 2.363-MeV group in "'Ge is clearly seen
to correspond to an /,=0 transition from the for-
ward-angle behavior. A contribution from another
state may cause the discrepancy between the
measured and calculated cross section in the
angular region around 60°.

Data for the "°Ge ground state and 0.013-MeV
level are fitted with a mixture of 90% 1¢g,,, and
10% 2d,;,, which is the mixture used by Yoh
et al.'* The VAP data have the same sign as the
data of Yoh et al., although the value at 16° has
a substantially larger magnitude.

The 2.088-MeV state in "°Ge was not reported
by Yoh et al. but was observed by Hasselgren.®
The maximum cross section observed in the pres-
ent work is approximately twice that observed by
Hasselgren. Some of the additional cross section
probably arises from the ""Ge 1.386-MeV state.
The cross section for the level in "°Ge at 0.884
MeV exhibits mainly an /,=3 or 4 contribution.
An l,=3 component would agree with the 7, =3
assignment of Show et al. to the 1.780-MeV state.
The VAP data agree with a DWBA calculation for

=3", which is the assignment made to the ">Ge
0.884-MeV state by Yoh et al.

The cross section for the transition to the °Ge
1.854-MeV level appears to contain a contribution
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TABLE V. Results of pairing calculation and sum-rule analysis for "Ge(d, p)"'Ge.

_ "Ge(d, p) TGe

25 I+ 1)S; 2, E; 22 @J+1)S(d,p)+S(d, 1)

Present work Present work Ref. 11 Theory Present work Ref.11 Theory® Presentwork Limit
2p3/9 0.88 0.22 0.24 0.15 1.56 0.77 0.56 2.91 4
1f5/2 1.61 0.27 0.19 0.13 0.22 0.92 0.67 5.47 6
2p1/9 0.74 0.37 0.40 0.85 0.30 0.32 0.57 1.60 2
1g9/9 5.34 0.53 0.87 0.86 0.54 0.20 0.59 7.24 10
2ds /5 2.34 0.39 0.59 1.89 1.51 2.43 6
3s1/9 0.74 0.37 0.82 2.37 2.32 0.79 2
2d3 ;4 0.20 0.05 0.06 3.39 3.50 0.20 4

#The quantity given is E; - A,

from another level, but the origin of this contri-
bution could not be identified.

The ""Ge 0.159-MeV state appears to involve an
1,=1 transition with some /,=2 contribution. This
cross section is approximately three times the
l,=1 cross section obtained by Yoh et al.,'! but
the origin of this discrepancy is not clear.

Data for the 0.495- and 1.783-MeV states of
""Ge are reasonably well reporoduced by [, =2
DWBA calculations. The 0.495-MeV level falls
within 15 keV of the *Ge 1.841-MeV state. Since
the proportional-counter resolution was approxi-
mately 20 keV, the latter state is expected to
contribute to the measured cross section for the
former. A similar situation is expected for the
""Ge 1.783-MeV state, since it lies within 13 keV
of the "Ge 3.102-MeV level in the spectrum.

7. Unassigned transitions

Data for a number of unassigned transitions are
shown in Fig. 12. The cross sections for the
1.154- and 1.595-MeV levels are relatively fea-
tureless. Levels at 1.160 and 1.600 MeV have
been listed in the compilation,*® but no additional
information is available.

The 2.210- and 3.380-MeV cross sections are
equally well reproduced by either an /,=0 or an
1,=3 calculation, since no forward-angle data
were obtained for these states. The VAP mea-
surement for the 3.380-MeV level agrees better
with a 3™ assignment, but the poor statistics pre-
vent a definite assignment from being made.

A large number of groups seen in the thin tar-
get spectra taken with nuclear plates in the spec-
trograph were too weak or not sufficiently well
resolved in the proportional-counter spectra to
permit angular distribution measurements to be
obtained. These states are listed in Table IV by
excitation energy.

8. 7Ge(d,p)”'Ge Sum-Rule Analysis

A pairing-model calculation and sum-rule ana-
lysis similar to that carried out for the (d,¢)
reaction was performed for the (d,p) reaction.
The same parameters as those used in the (d,t)
calculation were used for the pairing-model cal-
culation. Results of this analysis are given in
Table V. As with the (d,¢) results, there is only
qualitative agreement between theory and the re-
sults of the present work. The measured centroid
of the 2p,,, subshell is substantially higher than
the pairing model predicts, and the 2p,,, and
1f,,, subshells appear to be emptier than pre-
dicted, while the 2p, ,, and 1g,,, subshells appear
fuller. Apparently the neutron strength is spread
even more uniformly over the 2p,,,, 1f.,,, 2p,,,,
and 1g,,, orbitals than the pairing model predicts.

Comparison of the results of this work to that
of Yoh ef al.!' shows substantial differences in
the summed spectroscopic factors for the 1f,
and 1g,/, subshells. For the 1g,/,, subshell, the
difference in strength is a consequence of different
optical model parameters used in the DWBA cal-
culations, as well as the fact that the cross sec-
tion for the 0.199-MeV state reported by Yoh
et al. is approximately 40% larger than the cross
section of the present work. The spectroscopic
factor obtained for this state in the present work
is only half that reported by Yoh ef al. Moreover,
the combined summed spectroscopic strengths
(2J+ 1)S; for the 2p,,,, 1f5p, 2P, p, and 1g,,, sub-
shells amount to only 8.57, which is far short
of the expected value of 12,

The same problem is evident from a comparison
of the combined summed strengths for (d,p) and
(d,t) reactions given in Table V with the sum-
rule limits given in the last column of the table.
It seems unlikely that the difference can be attri-
buted entirely to levels not included in the analy-
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sis. All of these discrepancies suggest that the
(d,p) spectroscopic factors obtained in the present
analysis may be systematically low by about 20—
30%. The measured cross sections are lower
than those of Yoh et al.'* by about 25%, but it is
also possible that part of the difficulty resides in
the optical model parameters used in the analysis.
The discrepancy does not appear to be caused by
the deuteron parameters taken from the results

of Ref. 11, although the assumption of these auth-
ors that the same set of parameters can be used
for all four Ge isotopes may be questionable.

The proton parameters are basically the
global parameters of Becchetti and Green-
lees.?

Another possible source of error in the spectro-
scopic factors is the form factor customarily
used in the DWBA calculations. This has been
discussed by Pinkston and Satchler,*® who pro-
posed a method of correction for this effect. The
correction was estimated for the spectroscopic
factors obtained in Ref. 11 and found to increase
the measured S; by 10-30% for p,s,, p,/,, and
fs,. levels. However, no significant correction
was indicated for the g,,, and d,,, levels. Applica-
tion of this correlation would improve somewhat
the agreement between the present values of S ;and
the sum-rule limit, but has no significant effect
on the g,,, strength, which is where most of the
discrepancy resides.

Distributions of spectroscopic strengths are
shown in Fig. 13. The 2d,;, and 3s, ,, strengths
are seen to be highly fragmented. This is all the
more evident when it is considered that some of
the strength for these states must lie above 4 MeV
of excitation. The amount of p,,, strength above
E ,=2.5 MeV is surprising. With the exception
of 2d,,,, most of the available strength for
a given orbital is concentrated in two or
three states. This feature has already been
noted for the other odd-A Ge isotopes by
Hasselgren.®

V. SUMMARY AND CONCLUSIONS

Differential cross sections and vector-analyzing
powers were measured at an incident deuteron
energy of 16 MeV for the °Ge(d, ¢ }**Ge reaction
and at 12 MeV for the "°Ge(d,p)"'Ge reaction. The
data were compared with the predictions of the
DWBA. Generally, the results are fairly well
reproduced by the calculations except for the for-
ward-angle VAP data for (d,¢) transitions to 3~
states in *Ge.

Several new spin assignments in *Ge were
made from the VAP of the Ge(d,{) reaction. For
states which already had definite spin assignments,
the VAP data confirm these assignments. Approx-
imately 150 levels were observed in high-resolu-
tion "°Ge(d,p) spectra in the region of excitation
of ™Ge up to 4 MeV. At least one-third of these
levels are definitely “'Ge states, while at least
22 states can be identified as belonging to Ge iso-
topes other than "'Ge. Values of [, were assigned
to 44 transitions to states in "'Ge, and j, values
were determined for 29 levels, of which 15 rep-
resent new assignments. A number of tentative
J assignments were also made.

Some of the results in the present work are rele-
vant to the weak-coupling interpretation of
7 Ge of Eberth ef al. A £* state at 1.468 MeV in
%Ge is a candidate for the missing ' member
of a |2%® |1g,,) multiplet proposed by these auth-
ors. The missing 3~ member of a |2)@| 1f,,,)
multiplet cannot be the 1.306-MeV level as pro-
posed in Ref. 2, but other candidates for
this level are proposed. The strength of the
JJ=3" transition to the 0.526-MeV level in
"!Ge does not preclude the interpretation of
this state as a member of an excited core-
particle multiplet.

A number of 7,=0 and 2 transitions are observed
in °Ge(d,t) but the I,=0 cross sections are poorly
reproduced by the DWBA. The level at 0.890
MeV listed in the A=71 compilation®® is probably
not a state in "*Ge but rather a level in "°Ge. The
present work indicates that the spin of the 'Ge
1.695-MeV level is " rather than Z* as assigned
by Yoh ei al.'!

The summed spectroscopic strength for the
Ge(d, t) reaction indicates that most of the avail-
able strength has been observed. In comparing
the summed (d,p) and (d,t) strengths to 2j+ 1 for
active orbitals in these reactions the measured
strengths tend to be low, particularly for 1g,,.

It appears that the absolute (d,p) spectroscopic
factors obtained in the present work are system-
atically low by around 25%. It appears that this
discrepancy arises at least in part from optical
model parameters used in the analysis.

The authors would like to thank Cecelia Cobian,
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taking the data, and Pat Huston, Debbie Lane,
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also acknowledged.
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