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From the results of prompt and B-delayed y-ray singles and y-y coincidence measurements,
twenty-four excited states and forty-six gamma transitions are identified in the level scheme of *'Ge.
Angular distributions and directional correlations of prompt ¢ ’Ge gamma rays have been measured
to obtain the spins of the *’Ge ground state and excited states at 18.2, 122.7, 243.6, 711.3, and 1019.9
keV. Parities are assigned to the first five states on the basis of fp shell systematics and observed
9’Ge gamma-ray branching ratios. The 752-keV excitation energy of the first %+ level in ’Ge is
determined from an excitation function for the *Zn(a,ny)*’Ge reaction. The angular distribution
and correlation measurements also provide E2/M 1 mixing ratios for the 104.4, 120.8, 122.7, 243.6,
589.0, and 897.5 keV ®’Ge gamma rays. The level scheme of ®’Ge and the corresponding schemes
for ®*%Ni, ®>¢7Zn, and “Ge are observed to have strong similarities at low excitation. Systematic
trends in E2 transition rates are interpreted in the context of shell and collective features of the nu-
clei. It is found that models based on a single particle coupled to a vibrational or deformed core do
not explain the observed systematics, and are an inaccurate representation of these nuclei. The sys-
tematics do agree with a many-nucleon shell model emphasizing the short-range pairing interaction
and configuration mixing for the valence neutrons.

NUCLEAR REACTIONS %Zn(a,ny), ®Cu(®Li,2ny), 3Ni(**N,an); “Ge level

scheme, Ey, y(6), yy(0), 8(E2/M1), J7. Directional correlations with an

oriented source. Ge(Li) detectors, enriched targets. Nuclear systematics, nuclear
deformation.
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I. INTRODUCTION

This paper reports the results of an investigation of the
level scheme and gamma decay of ’Ge, and an analysis of
structural and electromagnetic properties which ¢'Ge
shares with a group of similar odd-4 nuclei in the 1/-2p
shell. The motivation for such a study was twofold:
First, a planned investigation of the B+ decay of ’As re-
quired the level scheme of its B+ decay daughter *'Ge.
Second, a comparison of an early, incomplete picture of
the ®’Ge level scheme with those of %>%Ni, %>%7Zn, and
Ge at low excitation' revealed similarities and systematic
trends which indicate a basic structure common to all six
nuclei. These nuclei have configurations which can exhib-
it single and many-particle shell effects, vibrational
characteristics, and some aspects of collective deforma-
tion. Taken individually, the nuclei have been variously
analyzed in terms of the shell model® and as single neu-
trons coupled to vibrational cores.»* It was anticipated
that a study of the common characteristics and systemat-
ics of all six nuclei at low excitation might determine if
the nuclei do behave as a single neutron coupled to a vi-
brational core, or if their properties are more nearly shell
effects, and to what extent deformation contributes to
their observed behavior. A detailed level scheme for 4'Ge
was necessary to complete the set of data from which the
systematics were extracted.

Prior to the present work, the published data on “’Ge
were rather sparse. Our preliminary study of low-lying
levels using the %Zn(a,ny)’Ge reaction! had yielded a
$’Ge mass excess of —62666+12 keV, identified twenty-
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two gamma rays and four excited states (at 18.2, 122.7,
243.6, and 808.1 keV), and determined that the 18.2-keV
level decayed by an E 2 transition to the ground state. A
subsequent paper by Al-Naser et al.’ confirmed the mass
and the 18, 123, and 244-keV levels, and proposed sixteen
additional levels. The %’Ge beta-decay work by Zoller,
Gordon, and Walters® strongly suggested a ground state
spin-parity of %—; systematics of similar odd-4 nuclei ten-
tatively imply a spin sequence of +-3-3-3 for the ground
and first three excited states. Several high spin levels
above 1 MeV have been identified by Zobel et al.” How-
ever, until now the only level below 1 MeV in ¢’Ge whose
spin had been directly measured is one depopulated by a
734-keV gamma ray: Bertschat et al.® determined in a
magnetic dipole moment measurement that the transition
is from a % state with a 70 ns half-life, but were unable
to establish its excitation energy.

The ®’Ge level scheme reported here was established in
a series of gamma-ray spectroscopy measurements. First,
%’Ge gamma-rays from states populated by the B+ decay
of 7As were observed in singles and gamma-gamma coin-
cidence spectra, using the reaction

B+
S8Ni(N,an)®’As—Ge (Ref. 9) .

Next, an excitation function of the reaction
%4Zn(a,ny)*’Ge was taken in order to obtain thresholds for
fourteen of the strongest gamma transitions. In this way a
framework of ®’Ge energy levels and associated gamma
rays was obtained. The spins of the ground and first three
excited states were determined from the angular distribu-

1069 ©1983 The American Physical Society



1070

tions of five gamma rays via the reaction
93Cu(®Li,2ny)*’Ge. Finally, and again using ®Cu + °Li,
directional correlations were measured for several
gamma-ray cascades. The results provided mixing ratios
for five gamma rays and spin assignments to two levels
above 700 keV excitation.

The measured spins of the four lowest energy states of
5’Ge have been found to be consistent with the patterns
observed for the lowest energy states of %%$°Ni, 5¢7Zn,
and ®Ge. The ®’Ge data also support further systematics
in excited-state lifetimes. The nature and implications of
these systematics will be discussed within the context of
models of nuclear structure.

II. EXPERIMENTAL PROCEDURES

The experiments described here were carried out using
N and °Li ions from the Argonne FN Tandem Accelera-
tor, and “He ions from the Notre Dame FN Tandem.

In order to facilitate placing *’Ge gamma rays in a level
scheme, an excitation function for the reaction
64Zn(oz,ny)("’Ge was measured over the range 0—2 MeV ex-
citation in ¥Ge. A 1 mg/cm? enriched *Zn foil target
was used, and prompt gamma rays were observed in beam
with a 10% efficient Ge(Li) detector. The reaction has a
laboratory threshold of 9.55 MeV (Ref. 1); to obtain the
excitations function from 0 to 2 MeV the alpha projectile
energy was varied from 9.500 to 11.500 MeV in 50-keV
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intervals. Beam energy was calibrated using the known
threshold [E,(lab)=8.640 MeV] of the 193-keV gamma
ray from ®Ni(a,ny)%*Zn, which was measured with a 3
mg/cm? ®Ni foil target in a five-step excitation function
from E,=28.650 to 8.750 MeV.

Next, the reactions 63'(’SCu(6Li,2ny)67’69Ge were used to
measure the angular distributions of the 104.4, 120.8,
122.7, 243.6, and 734.0 keV “’Ge gamma rays. The *°Ge
angular distributions were used to deduce the nuclear
alignment parameter B, in the ’Ge distributions, in order
to reduce the number of free parameters (cf., Ref. 3). %°Ge
was produced via °Cu(°Li,2ny)®Ge using 15 MeV SLi
ions and a 0.5 mg/cm? enriched %°Cu foil target. The tar-
get chamber was a 4.16 cm diam aluminum cylinder with
walls 0.32 cm thick and lined around the inner perimeter
with a 50 mg/cm? gold foil acting as a beam stop. The
target was insulated from the chamber, and the chamber
was insulated from the beam line. Beam current was in-
tegrated on both the target and the chamber, which com-
pletely stopped the 15-MeV °Li ions. The integrated beam
intensity was also monitored using the yield of the prompt
1036-keV gamma ray from %7n, observed in a 10%
Ge(Li) detector fixed at 6= —90° with respect to the
beam. Yields of the 232, 287, 862, and 933 keV gamma
rays from ®Ge were measured at 0°, 45°, and 90° with
respect to the beam, using a 22 cm® semiplanar Ge(Li)

TABLE I. Gamma rays and excited states of “’Ge. E; and E 'r are the excitation energies of the ini-

tial and final states connected by E,.

E, E; E; E, E; Ef
(keV) (keV) (keV) (keV) (keV) (keV)
18.2+0.05 18.2 0 1049.6+1.0 1293.7 243.6
104.4+0.3 122.7 18.2 1131.940.3 1149.6 18.2
120.8+0.3 243.6 122.7 1151.4+0.5 1274.2 122.7
122.740.3 122.7 0 1171.3£0.5 1293.7 122.7
217.940.3 929.2 711.3 1230.7+1.0 2524.0 1293.7
225.4%0.3 243.6 18.2
243.610.3 243.6 0
248.0+0.3 1900.7 1652.9 1256.740.3 1256.7 0
327.540.7 1256.7 929.2
1274.0+1.0 1274.2 0
437.840.7 1149.6 711.3
465.0£0.7 1274.2 808.1 1294.0£0.5 1293.7 0
471.240.3 714.8 243.6 1309.2+1.0 1430.6 122.7
500.3+0.3 2597.0 2096.4 1385.2+1.0 2096.4 711.3
589.0+0.3 711.3 122.7 1443.4%1.0 22515 808.1
592.0+0.3 714.8 122.7
1576.7+1.0 1698.1 122.7
633.0%0.3 1652.9 1019.9 1657.040.5 1900.7 243.6
685.5+0.3 808.1 122.7 1698.0+0.5 1698.1 0
693.1£0.5 711.3 18.2
1912.8+1.0 2156.4 243.6
734.0+0.3 752.2 18.2
776.0+0.3 1019.9 243.6
789.9+0.3 808.1 182 2128.4+1.0 2251.5 122.7
807.0+1.0 929.2 122.7 2156.4%1.0 2156.4 0
808.1+0.3 808.1 0 2218.2+1.0 2218.2 0
2280.6+1.0 2524.0 243.6
2474.6+1.0 2597.0 122.7
897.5+0.3 1019.9 122.7
911.0+0.5 929.2 18.2

1036.4+0.3 1159.4 122.7




detector 8 cm from the target. Simultaneously, the
geometrical misalignment of the movable detector was
measured using the yield of the prompt, isotropic 87-keV
transition in ®Ge.

The %’Ge angular distributions were measured in the re-
action %3Cu(®Li,2ny)*'Ge, again using 15-MeV SLi ions.
The target was a 1.0 mg/cm? enriched ®*Cu foil, and the
experimental setup and geometry were identical to that in
the preceding ®Ge run. Integrated beam current was
monitored via the prompt 991-keV gamma ray from $Zn.
The yields of the prompt 104, 120, 122, 243, and 743 keV
%7Ge gamma rays were measured at 6=0°, 30°, 45°, 60°,
and 90° with respect to the beam.

For the directional correlation measurement $’Ge was
again produced via ®*Cu(®Li,2ny)*’Ge, using 15-MeV °Li
ions and the same target and chamber as in the angular
distribution experiment. The directional correlations of
prompt %Ge gamma-ray cascades were observed using
two 10% coaxial Ge(Li) detectors operated in coincidence.
Both detectors were in the same plane with the beam and
4 cm from the center of the target. One Ge(Li) was fixed
at 6= —90° with respect to the beam axis, and the other
was moved through the three angles §=0°, 45°, and 90°.
The geometry corrections for source and detector mis-
centering were obtained from the isotropic yields of
several B-delayed gamma rays observed in singles both
with the beam on and with the beam off. A further check
of the entire measurement was made by observing the
correlation of the well-known 807-991-keV gamma cas-
cade from ®Cu(®Li,any)*Zn.

III. RESULTS

The majority of y rays identified in the ®’Ge level
scheme were first observed either in the preliminary 'Ge
study' or following the decay of ®’As.° Table I lists all of
these y rays. It also includes y rays observed in B+-
delayed coincidence, but which did not have sufficient in-
tensity to be included in the ’As decay scheme.

LEVEL STRUCTURE OF “Ge AND ITS IMPLICATIONS FOR . . .

1071

TABLE II. Excitation thresholds of ¢’Ge y rays from
%Zn(a,ny)*’Ge, and the assigned initial excited states of ’Ge.
Measured Measured Assigned
threshold excitaton level
E, Eg® Efige Efig,
(keV) (keV) (keV) (keV)
217.9 10570+40 960+45 929.2
471.2 10280+30 690+30 714.8
589.0 10370+35 775+35 711.3
592.0 10340+£35 750+35 714.8
685.5 10470+40 870140 808.1
693.1 10295430 705+30 711.3
734.0 10345+35 750+35 752.2
776.0 <10700+45 < 1085+45 1019.9
789.9 10370+35 770+35 808.1
897.5 <10685+45 < 1070145 1019.9
1036.4 10780+50 1160£50 1159.4
1131.9 < 1080050 < 1180+50 1149.6
1171.3 10935+60 1305+60 1293.7
1256.7 10980+60 1350+60 1256.7

A. %"Ge gamma ray thresholds

The in-beam excitation function for #Zn(a,ny)%’Ge was
used to measure the energy thresholds of gamma rays
originating at levels above 250 keV in ’Ge. The produc-
tion cross section for gamma rays in this reaction is relat-
ed to the center-of-mass projectile energy E5™ according
to :

YYOC{[Ezm'—E(c)'m'(67Ge)—E*]}l+l/2 , (1)

where —E§™ is the Q value for producing ®’Ge in the
ground state, E* is the energy of the initial state in the
transition, and / is the orbital angular momentum carried
off by the neutron.

In the energy range 0 < E* <2 MeV (9.55 <E!** <11.55
MeV) it was possible to obtain excitation curves for the
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FIG. 1. The level scheme of “’Ge. The spins and parities are those determined in the in-beam gamma-ray measurements.
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gamma rays E,=217, 471, 589, 592, 685, 693, 734, 776,
789, 897, 1036, 1131, 1171, and 1256 keV. The net yield
of each y ray was obtained at each beam energy and
corrected for dead time. Assuming that / =0 near thresh-
old, these yields were fitted by linear least squares to the
integrated thick target production cross section Yi/ 3 vs
E,(lab). The resulting gamma ray thresholds are summa-
rized in Table II. The quoted uncertainties in E ., reflect
a 5-keV uncertainty in beam energy, an ~ 10-keV error
from the least squares fit, and a systematic uncertainty of
20—40 keV (increasing in time during bombardment) due
to carbon buildup on the target.

B. Excited states of “’Ge

By combining the results of the 8% decay and in-beam
measurements, 24 “’Ge excited states have been identified
and 46 gamma rays placed in the level scheme shown in
Fig. 1. (Table I summarizes the energy levels and gamma
rays.) A study of ’Ge excited states by Al-Naser et al.’
also identified the levels at 18, 122, 243, 711, 752, 929,
1020, and 1159 keV. Their data did not reveal the (weak)
685.5-keV transition, and they ascribe the 789.9-keV gam-
ma ray to “’Ga, leading them to question the existence of a
level at 808.1 keV. They did observe an 807.8-keV gamma
ray, and placed it as a transition between a 930-keV level
and the 122.7-keV level. The excitation function reported
here clearly identifies 685.5 and 789.9 keV transitions in
97Ge, and in conjunction with ®’As beta-decay data show-
ing a 685-keV gamma ray in coincidence with the 104 and
122 gamma rays, supports a level at 808.1 keV. The As
decay data also revealed a weak 808-keV transition in
coincidence with the 122.7, but did not show the corre-
sponding 217-keV gamma ray connected with the level at
929.2 keV. We suggest that the 808 peak is a doublet
comprising an 807-keV gamma ray from the level at 929.2
(weakly fed by B+ decay), and an 808-keV transition from
the more strongly [-fed 808-keV level. A satisfactory
analysis of these two transitions in prompt singles
gamma-ray spectra is hampered by the strong 807-keV
transition in ®Zn. We also suggest that the 911-keV gam-
ma ray observed by Al-Naser et al.’ and placed as a
ground state transition is in fact a transition from the
929.2-keV level to the 18.2 isomer. The fact that Al-
Naser et al. did not observe the 1131 gamma ray in coin-
cidence with the 122.7 one argues against their placement
of it as a 1256—122.7 transition; identifying it as
1149—18.2 resolves this conflict and is consistent with its
measured threshold.

C. Results for the angular distributions

The angular distribution W(6) of a y ray from a nu-
clear level aligned in a reaction is

W(e)zl+A2B2Q2P2(COSG)+A4B4Q4P4(COSO) . (2)

B describes the nuclear orientation, and Qj, is the correc-
tion for detector solid angle. The A4, are the usual angular
distribution coefficients and depend on the spins of the in-
itial and final states and the multipole mixing ratio 8 of
the transition.

Systematics of nuclei similar to %’Ge strongly suggest
that the 104, 120, 122, and 243 keV gamma rays deexcite

MARTIN J. MURPHY AND CARY N. DAVIDS 28

0.5 T T T T T
T %% ,
L 7 it 4
0.4 § GGe p
_. 03 el R
- ,/ P4
N Lo el
29} PR e
! 0.2+ /}’ e 7
0.1+ I :
OLu 1 1 1 1
Ve 3/2 5/2 7/2 9/2 1172

FIG. 2. The dipole orientation coefficients B,(I) measured
for the ®>%Cu(°Li,2ny)*"®Ge reactions, plotted versus the spin
of the aligned initial state. The point at I =5 is for the ’Ge
734-keV L =2 transition. The dashed lines indicate the approxi-
mate range of B, used to analyze the *’Ge angular distributions.

, > ,or - states. If the spin I, of the initial state is

%, then the A=4 term in Eq. (2) is zero for any final-state
spin I,. In this case there would ordinarily be an under-
determined problem of one measured quantity (4,B,0);)
and two unknown parameters (8 and B) even if I, were
known. . It was for this reason that the B, were approxi-
mately measured using the analogous 65Cu(°Li,2ny)*Ge
distributions.

The corrected yields Y (0) of the 232, 287, 862, and 933
keV %°Ge gamma rays for each of the three angles 0°, 45°,
and 90° were fit by linear least squares to

27 levels, and that these transitions can only involve 5,
7
2

Y(0)=N[14ayP;(cosf)+asP,(cosb)] . (3)

The results for B, (I;) using the mixing ratios measured by
Eberth et al.® are plotted versus I; in Fig. 2. The dashed
lines in Fig. 2 designate the approximate uncertainty in
the B;’s when applied to the case of ®’Ge (cf. Ref. 3).
(The observed spin dependence of B, agrees with the ex-
pectation that the highly excited states populated directly
in the reaction will decay via fewer deorienting transitions
to high spin states than to low spin states.)

The ¥Ge distributions were measured over the five an-
gles 0°, 30°, 45°, 60°, and 90°. Figure 3 shows the total
spectrum at 90° of gamma rays from the ®*Cu + °Li
reaction—the principal reaction products in addition to
Ge are “’Ga, %Zn, and %*Cu. Normalized yields Y (6)
were extracted for the 104.4, 120.8, 122.7, 243.6, and 734
keV %’Ge transitions.

The measured distributions of the 104, 120, 122, and
243 keV gamma rays (involving the ground state and 18.2,
122.7, and 243.6 keV levels) were tested for L =1 and 2
multipolarities in all possible combinations of spins é—, 3,
2, and ~, with the previously determined constraint that
the 18.2-keV gamma ray is an E 2 transition. The analysis
of these distributions Y (6;) was done by calculating the
theoretical distribution W (0) for each possible initial and
final spin, and for the corresponding minimum, middle,
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FIG. 3. The in-beam spectrum of gamma rays from the reaction *Cu + °Li observed in the semiplanar detector. The ’Ge transi-

tions are labeled by energy.

and maximum values of B; within the measured range,
leaving 8 as a free parameter. The X2 of each gamma-ray
distribution with respect to each possible W(6) was mini-
mized at all values of § in a grid 0° < tan™!8 < 90° and then
plotted as a function of 8. The X?’s are smoothly varying,
quadratic functions of B;, and so the dependence on B, is
well represented by the three particular values. The X2
plots of the E,,: 104, 120, 122, and 243 keV distributions
for the median values of B, are shown in Fig. 4. A spin
assignment was accepted as possible if for some 8§ and al-
lowed value of B, the X2 dropped below the 0.1% confi-
dence limit. The plots reject the possibility that the 104,
122, or 243 keV gamma rays are 5~ —5 (L =2) transi-
tions.

The spins of the first four states were further con-
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strained by the angular distribution of the 734-keV gam-
ma ray, known to originate at a % level. Al-Naser ef al.’
measured its threshold to be 760+11 keV, which is con-
sistent with the threshold reported here, and establishes it
as a transition to the 18.2-keV isomer. The 70 ns half-life
of the %+ level® rules out a multipolarity L >3 for the
734. The angular distribution of the 734 was tested for
L =1, 2, and 3 by taking §=0, allowing B,(3) to be a free
parameter, and plotting X2 vs B, for each possible mul-
tipolarity. This plot is shown in Fig. 5. The results reject
L =1, and clearly favor L =2 over L =3.

The best value for B,(3) for the 752 keV state corre-
sponds to the minimum X2, and the uncertainty in B, is
evaluated at the 31.7% confidence limit with respect to
the minimum X2. The 31.7% confidence limit for two pa-
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FIG. 4. The plots of X? vs mixing ratio 8 and spins I, and I, for the angular distributions of the 104.4, 120.8, 122.7, and 243.6 keV
¢’Ge gamma rays. The initial and final state spin combinations which were tested are indicated on the plots. (In these plots, B, is the
mean measured value.)
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FIG. 5. The plot of X? vs orientation coefficient B( —g—) for the

angular distribution of the 734-keV “’Ge gamma ray, assuming a
multipolarity of L =1, 2, or 3.

rameters and three degrees of freedom, in terms of the
minimum X2, is obtained from the F distribution accord-
ing to

X3 317=X2in[142/3F(0.317,2,3)]
=2.15%2%;,

(see Cline'®). If the 734 keV y ray is a pure L =2 transi-
tion the value

B,(3)=—0.37+0.08

obtained in this manner agrees with the other observed
orientation parameters (Fig. 2), while the value
—0.20+0.04 for L =3 is rather low. The 70 ns half-life is
also consistent with an L =2 transition, which together
with the angular distribution result provides a clear indi-
cation that the spin of the isomer is % In conjunction
with the other distributions, this establlshes the splns of
the 243.6, 122.7, 18.2, and ground states as 2 3 .

The parities of these four states can be deduced from
two general observations. The first four shells accessible
to the four protons and seven neutrons outside the *°Ni
core are (in order of increasing single-particle energy) the
closely spaced 2ps,,, 1fs,, and 2p;,,, and the more re-
moved 1g9,,. The spin of 5 indicates that the ground
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FIG. 6. The excitation energies of the first two positive-parity
states of odd-4 Ni, Zn, and Ge nuclei between 4 =63 and 73.

state involves only (m, )y ), ) configurations of

valence nucleons, which have negative parity. Thus the
ground-state parity is negative. The E2 multipolarity of
the 18.2-keV transition then requires negative parity for
the 18.2-keV level. If the 122.7-keV level were positive
parity then, regardless of the parity of the 243.6-keV level,
one of the two transitions E, =120.8 and 243.6 keV would
be E1 and one would be M 1. With rare exceptions, E 1
transitions are inhibited by factors of 10°—107, while M 1
rates in this mass region are inhibited by 10> or less.
However, the gamma-ray branching ratios for the 243.6-
keV level' show comparable strength for the 120 and 243
keV gamma rays. Thus one of them cannot be E 1 if the
other is M1, and consequently the 122.7-keV level must
have negative parity.

To show that the second (243.6-keV) 3 level has nega-
tive parity, we invoke energy systematics for positive pari-
ty states in neighboring nuclei. Figure 6 shows the J™ and
excitation energy of the first and second positive parity
states of even-Z, odd-N nuclei from %*Ni to *Ge. In all
cases the first positive parity state is 5 = and the second is

5

—2-+. All of the positive parity states for the 4 =67 nuclei

in Fig. 6 are far above 250 keV in a well-defined energy

TABLE III. The “‘Ge spins and multipole mixing ratios, from the combined results of the angular

distributions and directional correlations.

E, E; E, I; I, Multipolarity 8
104.4 122.7 18.2 27 3 M1/E2 >4
120.8 243.6 122.7 3- 27 M1/E2 <—4.9
122.7 122.7 0 37 T M1/E2 0+31%

—1. 7+0 4
243.6 243.6 0 37 +- M1/E2 0.04%3:18
—1.72%§
589.0 711.3 122.7 = 3 M1/E2 —1.1%3%
734.0 752.2 18.2 3 3- M2
897.5 1019.9 122.7 3 3 M1/E2 —0.95798

El/M2




trend. In addition, the ’Ge & * state at 752 keV occurs at
an excitation energy consistent with the first positive pari-
ty states of the other nuclei in the figure. We conclude
that the 752 keV state is the first positive parity state of
97Ge, and that all of the states up through 244 keV excita-
tion are of negative parity. + , 2737 and 2 are the
J7 assignments which have been made in the level scheme
(Fig. 1).

These spin-parity assignments confirm that the 104,
120, 122, and 243 keV gamma rays are M 1/E2 transi-
tions, and that the 734 keV gamma ray is an M2 transi-
tion. In order to extract the E2/M 1 mixing ratios §,
X?%(8) for each transition was reevaluated over the mea-
sured range of B,(3). For the %— level at 243.6 keV, B,
was taken to be —0.145+0.05 (see Fig. 2). The 3~ level
at 122.7 keV is populated 35% of the time by a 120-keV
gamma ray from the 243 level. The additional deorienta-
tion which this channel might cause was accommodated
by extending the lower limit for B,(3;122.7 keV) to
—0.06. The mixing ratios § were taken to be the values
which minimize X? for B,= —0.14, and the error limits
were evaluated at either the 31.7% confidence limit for
B,=—0.14, or at the X?> minima for the extreme values
B, t+0(B,), whichever was larger. Table III summarizes
I
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the results for the ’Ge angular distributions.

D. Gamma-gamma directional correlations
from an oriented source

The ®’Ge directional correlation measurement was by
necessity made in beam rather than with a radioactive
source. The alignment induced by the beam results in
correlations of prompt gamma rays which are fundamen-
tally different from gamma-gamma correlations observed
with randomly oriented sources. The introduction of a
preferred coordinate axis also distinguishes a variety of
detector geometries, to each of which correspond a partic-
ular set of correlation equations. Complete discussions of
directional correlations involving oriented sources (DCO)
may be found in, e.g., Krane, Steffen, and Wheeler,!! and
Ferguson.!?

The ’Ge correlations were measured with both detec-
tors in the same plane with the beam (¢; —¢,=180°). One
detector was at 8= —90° and the second was moved from
0=0° to 90°. For this configuration, the geometry in
which 6,(y,) is fixed at —90° and 6,(y,) varies is designat-
ed UP1, and the geometry with variable 6,(y,) is UP2.!!
The two correlation functions are

UPI )P;(cosB,) ,
(4)
UP2)P,(cosB ).

Wupi(6;)= 3, B, (I )A 1(7’1 AL ()IQA(Y)Oa,(v2) X 81
AAA even /
(even)

Wup,(61)= 3, By (I, )AA (YI)AAZ(YZ)QA 7@, (1r2) X 81

AAA
(even)

All of the geometry information is contained in the co-

efficients g; i ?, which are summarized in Ref. 11.

Correlations were measured for the cascades 120-104,
120-122, 589-122, and 897-122 in *’Ge, and 807-991 in
%Zn. Coincidence gates were set in the spectrum of the
fixed detector. The yield of the coincident gamma ray in
each gate and for each angle was extracted from the gated
spectrum, normalized to the integrated beam current, and
corrected for geometrical anisotropy and accidental coin-
cidences (the accidental rate was < 8% of the true coin-
cidence rate). The resulting angular yields Y, (6;) were fit
by least squares to the correlation functions

Y(0,-)=a0+a2P2(c<)56,-)+a4P4(cos0,-) .

The fitted coefficients «;(y;) and their error matrices
M =] aa,-a]-] were then analyzed by a graphical method'? to

obtain the regions in the grid 8, vs 8, corresponding to the
possible solutions for the mixing ratios.

To check both the experimental and analytical pro-
cedures, the cascade 807—991 in %*Zn was analyzed first.
This is known to be a 2+ —2%t—07 cascade, for which
8,=0. The current best value for 8, is —3.3+0.7.1* The
combination of the UP1 and UP2 correlations places six
constraints on four free parameters (8;, B, N;, N,), result-
ing in an overdetermined measurement. This measure-
ment yielded an E2/M 1 mixing ratio §;=—5+1.3 for
the 807-keV gamma ray. The alignment coefficient B, of

even /

the 1798-keV 2% level is in the range B, = —0.2+0.1 for
this solution for ;.

The *’Ge cascades 120-104 (3 —2—2) and 120-122
(3 —3—7) were analyzed next to obtain new measure-
ments of the 104 120, and 122-keV gamma ray mixing ra-
tios. For I,=+% 2 , the UP1 correlation has a,=0, so the
UP1 yields Y (0) were fit to straight lines versus P,(cos6).
The correlations were first analyzed with no constraint on
B, in order to find all possible solutions for the mixing ra-
tios. The resultmg domains of admlssxble solutions, using
0,=8%/(1+83) and Q2=8 /(1482 for the axes, are
shown as hatched regions in Fig. 7. Also indicated in
these plots are the ranges for 5(104), 8(120), and §(122)
measured in the angular distributions. §,(120) is the mix-
ing ratio common to both cascades. When the correlation
results are compared with those for the angular distribu-
tions, only 8(120) < —3.1 is consistent with all of the mea-
surements. This constrains §(122) to near zero or negative
values and 8(104) to positive values. An additional con-
straint was then applied to the correlations for both cas-
cades where 8(120) < —3.1 by (conservatively) requiring
—0.35<B,(3/2)< —0.05. The domains in the plots
which satisfy this additional condition are indicated by the
cross-hatched regions in Fig. 7.

For all three gamma rays at least one of the two values
for 8 measured in the angular distributions overlaps with
at least one of the solutions for the yy(0) correlations.
The overlapping results of the two experiments were com-
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FIG. 7. The grid of solutions for (a) Q(120) vs Q,(104), and (b) Q(120) vs Q,(122) for the 120-104 and 120-122 ®’Ge cascades.
The mixing ratios 8,p(104), §sp(122), and 8,p(120) measured in the angular distributions [converted to Q =8%14-8%)] are indicated on

the perimeters of the graph. In the second quadrants of (a) and (b) the region 0.97 < Q < 1.0 is enlarged for detail.

bined to obtain weighted means for the final values of the
mixing ratios. The final results are summarized in Table
I11.

The initial state spins of the 589-122 and the 897-122
cascades (from levels at 711.3 and 1019.9 keV) were un-
known. Neither of the cascades had isotropic correlations,
so I, =7 was ruled out. Likewise, multipolarities L >3
were excluded. The correlations of the two cascades were

analyzed for initial spin I, =(5,5,3); if for a particular
spin I; no solution for (§,,8,) was found, or if the value
for 8,(122) disagreed with the previous results, then that
spin was rejected. The results unambiguously determine
the spins of both the 711.3 and 1019.9 keV levels to be <.
Figure 8 shows the §;X 6, solutions for both cascades for
I, =3 —the mixing ratio 8,(122) is in good agreement

with the earlier results.

TABLE IV. Reduced E 2 transition rates [B (E 2)], spectroscopic E2 moments (Q %), and deformation
parameters | 8| for Ni, Zn, and Ge isotopes with 32 <N < 38.

E# QS
- 2 B(E2;i —f)

VA N (keV) J (fm?) BE2hwamsert |B]
28 32 0 o+ 14.0° 0.211
28 34 0 o+ 11.6° 0.193
28 36 0 o+ 11.5° 0.192
28 33 0 - +16.2
28 33 67 - —20°
30 34 0 o+ 22.5° 0.250
30 36 0 o+ 18.4° 0.227
30 38 0 o+ 15.3° 0.205
30 33 0 - + 29 >0.143
30 33 193 3- —12.5° >0.068
30 35 0 - —2.3° 0.104
30 37 0 3 +17° 0.176
32 38 0 o+ 20.6° 0.224
32 37 0 3 (£)2.4

2Reference 15. PReference 2. °Reference 16.
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E. Summary of results

The experimental investigation reported here has identi-
fied 24 excited states of ’Ge, and determined the spins of
the ground state and levels at 18.2, 122.7, 243.6, 711.3,
752.2, and 1019.9 keV. Systematics of similar odd-4 nu-
clei, combined with observed branching ratios for Ge
gamma rays, indicate that the first five states are negative
parity. The resultant level scheme for ®’Ge is displayed in
Fig. 1. The gamma-ray angular distribution and correla-
tion measurements have determined the E2/M 1 mixing
ratios of six gamma rays in the level scheme; these ratios
are summarized in Table III. The earlier study of low-
lying levels' measured a lifetime of 18.50+0.3 us and a
K-shell conversion coefficient agx =176+29 for the 18.2-
keV -}~ level, thereby establishing that this level decays
by an E 2 transition.

IV. DISCUSSION

The Ge isotopes constitute a complex group of nuclei,
with both the neutron and proton numbers lying between
the two major shell closures at N =28 and 50. As a conse-
quence, their structural and electromagnetic properties at
low excitation derive from both neutron and proton shell
effects, and from shape deformations connected with the
departure from closed shells. These and similar nuclei in
the fp shell are not as greatly deformed as, e.g., those in
the actinide group, and their collective properties tend to
be vibrational rather than rotational. They therefore de-
fine a transition region where neither shell nor collective
effects can be expected to predominate, and where the lim-
iting cases of the spherical single-particle shell model and

the rotational model are not valid.

In order to determine whether the low-lying excitations
of ’Ge and its neighbors are mainly shell excitations, or
mainly collective modes, we have analyzed systematics in
the structure of ¢7%®Ge, %%7Zn, and %*%Ni. In an early
comparison of their low-lying level schemes a significant
regularity was observed, and a systematic trend in the
B(E?2) values for the lowest E2 transition was found.!
[B(E2) was reduced by a factor of ~10 in going from
N =35 to 37.] It was determined in that study that the
B(E2) systematics were consistent with quasiparticle
behavior by the valence neutrons.

As an alternative possibility, the trends could arise from
changes in the shape or another collective mode of the
core. The most simple collective mode for these phenome-
na would be a neutron coupled to an active (vibrational)
and/or deformed even-even core. In order to test the
N =35 and 37 nuclei for a particle plus core structure, we
looked for correlations between the properties of the odd-
A nuclei and the shapes of their A-1 cores. Consider the
known even-A isotopes of Ni, Zn, and Ge between N =32
and 38. The measured B(E2;0"—2%) (Ref. 16) values
for these nuclei are summarized in Table IV, as are the de-
formation parameters || extracted from the B(E2)s.
Of the corresponding odd-A isotopes, spectroscopic quad-
rupole moments Q° have been measured for the °!Ni,
63.65,677n, and %°Ge ground states, and for the first excited
state of *'Ni. These moments are also listed in Table IV,
along with a calculated? value for the E2 moment of
637Zn’s first excited state. To obtain the deformations 3 of
the odd-4 nuclei (which are nonrotational, so that 3 is not
directly related to Q%), the method of Kumar!” was used to
relate the intrinsic E2 moment Q° of the deformed state
to the E2 matrix elements connecting to it; | 3| is then
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FIG. 8. The grid of solutions for (a) Q(589) vs Q,(122) and
(b) Q1(897) vs Q,(122), assuming 11:%. These are the only
solutions consistent with the previously measured 122.7 y-ray
mixing ratio 8ap 4 pco(122).

obtained directly from Q°. This procedure was used to
evaluate | B| for the 5*%%"Zn ground states and the %Zn
first excited state, using for the B (E 2;i— f) the measured
values compiled by Van Hienen.? (There are insufficient
data to determine the sign of B via Kumar’s method.)
These results are included in Table IV.

In Fig. 9 the |B|’s for even-4 Ni and for even and
odd-4 Zn are plotted versus neutron number. Calcula-
tions>!® of the Zn nuclei indicate that the even-4 isotopes
all have the same qualitative shape, so that 3 has the same
sign for 44%%%7Zn. Thus, for the even (core) nuclei all de-
formations are comparable in magnitude and show the ex-
pected smooth decrease as the N =38 subshell closure is
approached. In contrast, the deformation of the odd-4 Zn
ground states has a pronounced minimum at N =35. (The
ground state spin of ®*Zn is 3, while %%"Zn are 3 ; for
this reason the calculated? value for the deformation of
the Zn 2~ first excited state is included in the figure for
completeness.) It is clear that the odd-4 Zn isotope
change shape in a way which is quite independent of the
shapes of their 4-1 cores. This is in contradiction to a
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FIG. 9. The ground state deformation parameter B for
60,62,64Nj and ©*~%Zn, obtained from measured E2 matrix ele-
ments. Also included is B for the 3~ first excited state of ©Zn,
obtained from a shell-model calculation (Ref. 2) of the Zn iso-
topes.

model of the odd-4 Zn nuclei as a neutron plus a vibra-
tional or deformed core. Moreover, ®*Ni and **Ni possess
an equal degree of deformation, while the B(E2)’s of the
63,65Ni isomers differ by a factor of 10. Thus there is no
obvious parallel between core shape and the B(E2) trend
observed for the N =35 and 37 isomers.

V. CONCLUSIONS

The *’Ge data have established a clear similarity in the
structural and electromagnetic properties of %»%Ni,
656770, and ¢%Ge at low excitation, which indicates that
these properties derive from a common basis for all six
nuclei. In consequence, a model can be accepted as valid
for one of the nuclei only if it correctly describes the other
five as well. As remarked earlier, these nuclei define a
transitional region where shell, vibrational, and shape ef-
fects can all contribute to the overall nuclear structure. It
has been shown that the B (E2) systematics' cannot be at-
tributed to shape transitions of an 4-1 core. Moreover, the
observed changes in shape of the odd-4 Zn ground states
are not correlated with similar changes in the 4-1 cores;
this rules out any type of single particle plus core structure
for the N =35 and 37 nuclei. On the other hand, the
B (E?2) irends are consistent with basic shell model charac-
teristics in the f5,, neutron shell, as shown by the quasi-
particle calculation in Ref. 1.

We conclude that the observed systematics involving the
27 states are principally (neutron dominated) shell effects
arising from the reconfiguration of several valence nu-
cleons. However, the (known) deformation of these nuclei
cannot be neglected in a complete model, as it is respon-
sible for the magnitudes of the E2 moments and E2/M 1
mixing ratios. (That a sufficiently large shell-model space
cannot completely account for the observations is shown
in the shell-model calculation of the Zn isotopes by Van
Hienen et al.? who found it necessary to use a neutron ef-
fective charge of 2.1 to match the known quadrupole mo-
ments.) Thus a satisfactory model of nuclei in the fp shell
must involve the shell effects of several valence nucleons
coupled to a deformed core.
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