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The levels of ®Ge have been investigated using in-beam y-ray spectroscopy techniques
via the *®Ni(!°B,pn)%®Ge reaction. The energies, relative intensities, angular distributions,
and directional correlation ratios of the y rays were measured. The proposed level scheme
exhibits three positive parity bands and one negative parity band. The positive parity levels
to the 8% yrast and the quasigamma band energies are compared with interacting-boson-
model calculations. Two-quasiparticle-plus-rotor model calculations suggest that the (87%)
and (10%) states at 5534.5 and 6504.8 keV, respectively, are members of the (gq,)?
quasiproton band; the 77, (97) states are members of a more completely aligned band of
(89/2,f'ss2) quasiproton configuration and the 5~ state at 3684.0 keV is a more partially
aligned state of (gy,2,p3,2) configuration.

NUCLEAR REACTIONS *Ni(1°B,pn), E('°B)=31 MeV; measured
E,, I,, y(6), DCO; deduced *Ge levels, J, m and y branching; per-
formed IBA and two-quasiparticle-plus-rotor model calculations.

I. INTRODUCTION

Systematic studies' of even-even nuclei in the
A =70 region have revealed multiple band struc-
tures including ground-state bands, gamma-type vi-
brational bands, positive and negative parity two-
quasiproton and quasineutron bands, and evidence
for the coexistence of the spherical and deformed
shape in the same nucleus. This region is a rich
testing ground of nuclear models. To extend our
knowledge further from stability we have investi-
gated the nuclear structure of %Ge via the
58Ni(1°B,pn) reaction using standard in-beam y-ray
spectroscopic techniques. Results of earlier studies
as well as those of two other simultaneous investiga-
tions?~7 are compared with our work.

We have observed the (8%) member of the
ground-state band the (8%) and (10%) members of
another positive-parity band and a y-type vibration-
al band. Interacting boson model® calculations were
made, and they nicely reproduce the positive parity
levels to the yrast (8%) level and members of the y-
type vibrational band to the 5% levels. As observed
in ®Ge (Ref. 9), decoupling of two protons by
Coriolis antipairing force and alignment of the an-
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gular momentum of the excited quasiparticles on
the gg/, orbital closer to the core angular momen-
tum are believed to be the origin of the positive par-
ity band built on the (85) state at 5534.5 keV.
Two-quasiparticle-plus-rotor model'® calculations
were also made. These calculations support the in-
terpretation of the even-parity band and indicate
that the 7~ and (97) states have about 95% contri-
bution from the (gy,5,fs5,2) proton configuration,
and the 57 state at 3684.0 keV has about a 97% of
(89,2,f3,2) proton configuration.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The *Ge nuclei were produced by the compound
nuclear reaction **Ni(!°B,pn) with a '°B bombard-
ing energy of 31 MeV at the Oak Ridge National
Laboratory EN tandem accelerator. A thin target
of thickness ~200 ug/cm? with natural Ni backing
was used for the reaction. Angular distributions
¥(8), y-y coincidence and -y directional correlation
measurements were performed at a beam energy of
31.0 MeV. The y rays were observed with two
Ge(Li) detectors with resolution of 2.5 keV at 1330
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keV and efficiencies of 18% of a 7.6 cm X 7.6 cm
Nal detector.

The singles y-ray spectrum observed at 55° with
respect to the beam direction is shown in Fig. 1.
Most of the y rays of *Ge are labeled with energies
in keV; the 511.0 keV y ray does not belong to %Ge.
It is evident from Fig. 1 that the spectrum is very
complex and is contaminated by y rays from other
reaction channels. Theoretical calculations of cross
sections for different possible channels predict that
the production of ®Ge nuclei is only about 4% of
the total cross section.!! The 338.6-, 886.5-, and
981.1-keV ¥ rays were highly contaminated, and
they could not be resolved in our study. The y-y
coincidence measurements were made with two
Ge(Li) detectors positioned at 0° and 90° to the
beam direction with a target to detector distance of
5 cm. The coincidence events were stored on a
CDC 3200 computer through the buffer memory of
a PDP11 computer as a 1024 X 1024 matrix. Coin-
cidence spectra were obtained by setting windows
on the peaks and on their neighboring background
regions. Selected coincidence spectra are shown in
Figs. 2(a) and (b).

The y-y coincidence relations are expressed in
Table 1. The energy levels of %Ge were deduced
from these coincidence relations. The energies and
relative intensities of the transitions were deter-
mined from the y-y coincidence and angular distri-
bution measurements.

Gamma-ray angular distribution measurements
¥(6) include data taken at 0°, 55°, and 90° relative to
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FIG. 1. Singles gamma ray spectrum from the **Ni
(1°B,pn) reaction at a beam energy of 31.0 MeV. Ener-
gies in keV are given above the peaks of %Ge (except
511).

the incident beam direction. A second Ge(Li) detec-
tor was placed at 135° to serve as a monitor for nor-
malization purposes. The current integrator values
measured using the target assembly as a Faraday
cup were also used for the same purpose. In order
to extract the angular distribution coefficients A,
the experimental data were fitted to a polynomial:

W(0)= 2 QkAkPk(COSB),
k=0,2,4

where W (0) is the normalized y-ray intensity at the
angle 0 to the beam direction and Q; is the solid an-
gle parameter. The angular distribution coefficients
were corrected for the finite solid angle of the detec-
tors.

The angular distribution coefficients, the spin se-
quences, and the multipolarities are summarized in
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FIG. 2. (a) Selected coincidence spectra corrected for

background. (b) Selected coincidence spectra corrected
for background.
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TABLE 1. Coincidence relation for the gamma-ray transitions in $3Ge. Underline means strong coincidence lines. ?
means not observed because of the weak branching ratio, high background, and/or low efficiency.

Gate Energies of gamma-ray peaks found in coincidence spectra

(keV) (keV)

338.6 521.4, 736.0?, 886.5, 949.4, 956.9-957.8, 1032.6, 1216.8, 1510.3,
1692.9?, 1768.9, 1840.8?

521.4 338.6, 736.0, 886.5, 949.4, 956.9-957.8 981.1, 1032.6, 1216.8,
1287.3, 1510.3, 1692.9, 1768.9, 1840.8

736.0 338.6, 521.4, 802.1, 949.4, 956.9-957.8, 981.1, 1032.6, 1241.5,
1287.3, 1548.5

802.1 736.0, 956.9, 1241.5

850.5 956.9, 1216.8

886.5 338.6, 521.4, 949.4, 956.9, 981.1, 1287.3, 1840.8

949.4 338.6, 521.4, 736.0, 886.5, 956.9-957.8, 1032.6?, 1216.8, 1510.3,
1692.97, 1768.9?, 1840.8

956.9} 338.6, 521.4, 736.0, 802.1, 850.5, 886.5,

957.8 949.4, 956.9-957.8, 970.4, 981.1, 1032.6, 1144.1, 1216.8, 1241.5,
1287.3, 1481.8, 1510.3, 1548.5, 1654.8, 16929, 1705.0, 1768.9, 1840.8

970.4 956.9, 1216.8, 1481.8, 1879.0

981.1 521.4, 736.0, 886.5, 956.9-957.8, 1032.6?, 1216.8, 1510.3, 1692.9?,
1768.9?, 1840.8?

1032.6 338.6?, 521.4, 736.0, 949.4?, .956.9-957.8, 981.17, 1287.3?, 1692.9

1144.1 956.9, 1216.8, 1481.8, 1705.0

1216.8 338.6, 521.4, 850.5, 949.4, 956.9, 970.4, 981.1, 1144.1,
1287.3, 1481.8, 1510.3, 1654.8, 1705.0, 1879.0

1241.5 736.0, 802.1, 956.9, 1692.9

1287.3 521.4, 736.0, 886.5, 956.9-957.8, 1032.6, 1216.8, 1510.3, 1692.9?,
1768.9?, 1840.8

1481.8 956.9, 970.4, 1144.1, 1216.8, 1705.0, 1879.0,

1510.3 338.6, 521.4, 949.4, 956.9, 981.1, 1216.8, 1287.3

1548.5 736.0, 956.9

1654.8 956.9, 1216.8

1692.9 338.67?, 521.4, 802.1, 949.4?, 957.8, 981.17, 1032.6, 1241.5,
1287.3?, 1548.5?

1705.0 956.9, 1144.1, 1216.8, 1481.8

1768.9 338.67?, 521.4, 949.4, 956.9-957.8, 981.1, 1287.3

1840.8 338.6, 521.4, 886.5, 949.47?, 956.9, 981.1, 1287.3

1879.0 956.9, 1216.8, 1481.8, 970.4

Table II. The alignment parameters and the o/J
values are summarized in Table III. The distribu-
tion width o for the population for magnetic sub-
states “m” was defined by assuming the Gaussian

distribution.?

Directional-correlation ratios from oriented nu-
clei (DCO) were extracted from the y-y coincidence
measurements. The experimental DCO ratio is de-
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TABLE II. Angular distribution coefficients of ¥ rays in Ge.

E, (keV) A, A, Jr JF E/M & a,
521.4 0.341(21) —0.089(35) 7- 5- E2 0.77(5)
736.0 —0.037(19) —0.026(29) 2 2f E2, M1 25(%) 0.41%)
802.1 —0.330(37) 0.066(60) 3+ 27 E2, M1 —2202) 0.44(4)
850.5 0.051(32) 0.109(36) 37,5~ 4+
956.9 0.237(13) —0.066(19) 2+ o+ E2 0.33(2)
970.4 0.40(15) —0.01(19) (10%) (8%) (E2) 0.96(3,)

1032.6 0.272(19) —0.071(27) 4 2+ E2 0.53(4)
1216.8 0.256(18) —0.047227) 4+ 2+ E2 0.50(4)
1241.5 0.409(46) —0.245(75) 5+ 3+ E2 0.86(10)
1287.3 0.16(14) —0.06(15)

1481.8 0.282(45) —0.096(46) 6+ 4+ E2 0.62(10)
1510.3 —0.071(24) 0.013(36) 5- 4+ E1l, M2 0.10(2) 0.61(%)
1768.9 0.26(7) —0.10(12) 4 21 E2 0.51(13)
1840.8 —0.14(6) 0.02(9) 3= 2+ E1, M2 0.04(7) 0.46(33)
1654.8 —0.35(6) 0.12(9) 37,5~ 4+

*8%= | il IA+1113i ) /gl I i) |2

fined as R =W (90°,0°)/W(0°90°), where the two
angles refer to the first and second members of the
v ray cascade for the respective choice of angles.
The theoretical DCO ratios were calculated with a,,
ay, and 8 values obtained from the angular distribu-
tion measurements. The experimental and theoreti-
cal DCO ratios are given in Table IV.

Spin and parities have been assigned to most of
the low energy states, based on the angular distribu-
tion measurements; these are consistent with the
DCO ratio measurements as well as with the sys-
tematics of the 4 =70 region. The level energies,

energies, and intensities of transitions, and the
spin-parities are summarized in Fig. 3.

III. SPIN AND PARITY ASSIGNMENT
A. 956.9(1)-keV level
The 2+ —07 transition energy of ®Ge has been
given in Ref. 3 as 957.4 keV. Our analysis of the

957-keV doublet as a single peak yields A4,,4,
values of 0.237(13) and —0.066(19), respectively.

TABLE III. Attenuation coefficients extracted from the %Ge y-ray angular distributions.

Level E a ay (o /J), (o/J), as’
(keV) (keV) JT—Jf (exp.) (exp.) (exp.) (exp.) (calc.)
956.9 956.9 2t o+ 0.033(2) 0.038(12) 0.69(3) 0.64(4) 0.028(4)
1692.7 736.0 2+ 2t 0.41(3}) 0.06(3*) 0.60(%) 25) 0.05(3)
2173.7 1216.8 4+ 2+ 0.50(4) 0.13(8) 0.49(3) 0.49(%%) 0.13(3)
2495.0 802.1 3+ 2f 0.44(4) 0.11¢(}]) 0.55(4) 0.52(3) 0.09(2)
2725.6 1032.6 4 2 0.53(4) 0.19(8) 0.47(4) 0.44(7) 0.15(3)
2725.6 1768.9 4+ 2t 0.51(13) 0.26(%) 0.47(12) 0.38(3) 0.14(1%)
2797.7 1840.8 3= 2t 0.46(33) 19 0.53(13) 0.0(8) 0.10(}")
3655.5 1481.8 6+ 4+ 0.61(10) 0.40(19) 0.39(7) 0.3209) 0.24(3?)
3684.0 1510.3 5— 4+ 0.61(3}) 1.00(3) 0.40(13) 0.0(3%) 0.23(1%)
3736.5 1241.5 5+ 3+ 0.86(10) 0.86(1%) 0.23(])) 0.13(19) 0.62(35)
4205.4 521.4 7- 5- 0.77(5) 0.41(7) 0.29(4) 0.31(3) 0.46(1%)

“Calculated from the a, values in the column 4 and assuming a Gaussian distribution for the population of the magnet-

ic substates.
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TABLE IV. Experimental and theoretical DCO ratios in *Ge.

E n (keV) E 7, (keV) Spm sequence Rpco (exp) Rpco (theor.)?
521.4 1510.3 T~ —5"—4t 0.54(7) 0.57(5)
521.4 1216.8 7™ —=5"—4+ 527 1.08(13) 1.00
802.1 736.0 3t 2t 2f 1.60(57) 1.58(8)
802.1 956.9 3t 2F 52 0t 1.53(58) 1.56(15)

1032.6 736.0 4f —»2F 2+ 0.63(19) 0.66(6)
1216.8 956.9 4+t 2% 0% 1.03(13) 1.00
1241.50 802.1 5t -3+ 2f 0.40(22) 0.31(5)
1241.50 736.0 5t 3+ 2 of 0.50(30) 0.60(5)
1241.50 956.9 5t 3+ 2fF 20t 0.68(22) 0.60(5)
1287.3 521.4 1.57(38)

1287.3 1510.3 0.75(35)

1481.8 1216.8 6t —4+t 2+ 1.00(21) 1.00
1481.8 956.9 6T —41t 2% 0" 1.07(27) 1.00
1510.3 1216.8 574+t 2% 1.63(19) 1.66(7)
1510.3 956.9 57 —4%t 2% 507 1.72(21) 1.66(7)

Calculated by using a,, a,, and 8 values from the angular distribution measurements; uncertainties arise from the un-

certainties in the a,, a4, and 8 values.

These data confirm the earlier 2% assignment®’ for
this state.

Contributions from the 957.8 keV ¥ rays of the
above doublet and the radioactive feeding from ®As
to the 21 level in ®Ge, if any, would have had some
influence on the 4,,4, coefficients. The evidence
indicates that there was little or no radioactive de-
cay feeding from the %As to 2 level in %®Ge, as ex-
pected from the theoretical cross section, and that
the 957.8-keV y-ray intensity contribution is small.
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B. 1692.9(1)-keV level

The 1692.9-keV level is depopulated by a 1692.9-
keV transition to the 0% level as well as by a 736.0-
keV transition to the 2% level. The first transition
excludes the assignment of 3 and 2. The sys-
tematics in the 4 =70 region favor a spin of 27 for
this level. The angular distribution fit for the
736.0-keV transition establishes a spin of 2. For
spin 2, two good fits were found at two different

5492,7(2)

3736.5(5) . (5%)

1241.5(5) 3241,6(2)
hein

3* 1548,5(2)
.8(3)

1692,9)
5.15)

FIG. 3. The energy level diagram of %Ge obtained from the present experiment. The relative intensities are given

below the energies of transitions.
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values of 8. The fit found at 8=—0.37 and
a,=0.70 was discarded because this a, was too
large for this level. These results establish a spin-
parity of 2% for the 1692.9-keV level.

C. 2173.7(1)-keV level

The angular distribution measurement of the
1216.8-keV ¥ ray, which depopulates this level, al-
lows spins 2 and 4 for this level. But, an assign-
ment of spin 2 requires an a, of 0.75, which is in-
consistent with the a,’s of the neighboring levels.
Therefore, a spin 4 assignment was favored. The
experimental DCO ratio strongly supports this as-
signment, thus confirming the previous assignment®
of 4% to this level.

D. 2495.0(1)-keV level

The positive value of the 44 coefficient and the
large negative A, coefficient obtained from the an-
gular distribution measurement of the 802.1-keV y
ray, which depopulates the 2495.0-keV level, indi-
cate that it is a AJ =1 transition. Even though the
statistical uncertainty in the DCO ratio in this case
is large, it supports an assignment of spin 3 to this
level. Since the mixing ratio of the 802.1-keV
AJ =1 transition was found to be —2.2(2), a posi-
tive parity has been assigned to this level.

E. 2725.6(1)-keV level

A chi-square analysis of 4,,4, and DCO ratio
for the 1032.6-keV transition yields spin 4 for the
2725.6-keV level. This level has been previously
tentatively identified as a 4% state.” Our assign-
ment of spin-parity 4% is supported by the angular
distribution of the 1768.9-keV ¥ ray, and as well by
the fact that the attenuation coefficient a, obtained
for this level for the two transitions depopulating it
are equal within a relatively small error.

F. 2797.7(3)-keV level

The large negative value of 4, for the 1840.8-keV
v ray, that deexcites the 2797.7-keV state, elim-
inates spins 2 and 4, and allows either 1 or 3. A
chi-square analysis of the 4,,4, values favors very
strongly the spin 3, and the systematics in this re-
gion agree with this assignment. The best fit was

found for a small value of §=0.04(7) which indi-
cates < 1% quadrupole contribution. Systematics
favor an E1 assignment for the 1840.8-keV y ray
and therefore negative parity for the level. Thus,
the level at 2797.7-keV has been assigned a spin-
parity of 3.

G. 3024.2(2)-keV level

The A,,4, values for the 850.5-keV ¥ ray are in
agreement with spin-parities of 3~ and 5~ for the
3024.2-keV state.

H. 3241.6(2)-keV level

No spin assignment could be made for this state
because of the large uncertainties in the 4,,4, coef-
ficients of the 1548.5-keV y ray. This y ray peak
was located in a complicated region (see Fig. 1) and
was part (the low energy component) of a high in-
tensity contaminant.

I. 3655.5(2)-keV level

Systematics of the medium mass region favor a
spin-parity assignment of either 6% or 5~ to this
level which feeds the 2173.7-keV, 4% state. A chi-
square analysis of 4,,4, values of the 1481.8-keV
transition shows that spins 4 [§=1.1(2)] and 6 are
allowed. The two DCO ratio values, neglecting the
uncertainty, are strongly in support of spin-parity
assignment of 6% to this state. If the large uncer-
tainty in the DCO ratios are considered, the 4%
[DCO ratio=0.93(6)] remains as a possibility.

As the 4,,4, values and the systematics of this
region favor the 6% spin-parity assignment very
strongly, and the DCO ratios support this assign-
ment, the 3655.5-keV state has been assigned spin-
parity 67. In Ref. 7 this level was tentatively as-
signed as 6.

J. 3684.0(2)-keV level

This level is depopulated by three transitions with
energies of 1510.3, 886.5, and 957.8 keV, respective-
ly, to 4{, 37, and 45 levels. It is unfortunate that
angular distribution analysis could not be carried
out on the last two of these y rays for the reasons
specified earlier. The y-decay pattern of this level
to levels of known spin-parity exclude spin values 1
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and 6 for this level. The 4,,44 values for the
1510.3-keV transition allow only spin values of 3
and 5. The DCO-ratio values also were found to
agree with the theoretical values for these two spins
within the experimental errors. Finally, a chi-
square fit was made with 4,,4, and the DCO ratios
of the 1510.3-keV transition included, as a function
of 8. This fit favored spin 5 by a factor of 10 to 1
over spin 3. The best fit was obtained for spin 5 at
8=0.10. This result is in agreement with the sys-
tematics in this region. The small 6 and systemat-
ics support an E1 transition. So the level is as-
signed a spin-parity of 5.

K. 3736.5(5)-keV level

The A,,4, values of the 1241.5-keV y ray that
deexcites this level to the 3% level at 2495.0 keV al-
low spins of 3 and 5. The systematics and y-decay
mode strongly favor a 5% assignment over 3*. The
DCO ratio measurement with the 1241.5-keV y ray
also supports the 5+ assignment.

L. 3828.5(7)-keV level

As in the case of the 3024.2-keV state, a unique
spin assignment could not be made to this level; 3~
and 5~ assignments are allowed by the A,,4,
values of the 1654.8-keV 7 ray.

M. 4205.4(2)-keV level

Based on the 4,,4, values of the 521.4-keV y ray
that deexcites this state to the 3684.0-keV 5~ level,
and the DCO ratio of this transition, spins and pari-
ties of 5~ and 7 are allowed. Systematics favor
strongly a spin-parity 7~ over 5. Thus, we have
assigned 7~ to this state.

N. 4544.0-, 5186.5-, 5360.5-, 5492.7-, 5534.5-,
and 6504.8-keV levels

Because the 338.6- and 981.1-keV y rays were
strongly contaminated, the spins of levels at 4544.0
and 5186.5 keV could not be established. Systemat-
ics would favor a 9~ assignment for the 5186.5-keV
level.

Poor statistics and complications in spectra in the
vicinity of the 1705.0-keV ¥ ray peak (see Fig. 1)
hindered the analysis of the angular distribution

data. Systematics strongly suggest that the 5360.5-
keV level depopulated by this transition should be
an 8% level, and such an assignment is tentatively
made for this level. A tentative assignment of (81)
to the 5534.5 keV level also was made following the
same line of thought.

The complexity in the y spectrum around the
1287.3-keV peak has introduced very large uncer-
tainty in the A4,,4, values. Nevertheless, these
values in conjunction with the DCO ratio measure-
ments favor a spin-parity assignment of 7~ to the
5492.7 keV level, but do not exclude 6~ and 8—. It
should be noted that the 45,44 coefficients and the
DCO ratio are also consistent, if the large error is
considered, with a 9~ assignment; this level is as-
signed 9~ tentatively in Ref. 7.

Finally, the A,,4,4 values of the 970.4-keV transi-
tion depopulating the 6504.8 keV level suggest that
it is an E2 transition. The highest level observed,
therefore, has been assigned, tentatively, spin-parity
of (107).

IV. INTERACTING BOSON APPROXIMATION
CALCULATIONS

Calculations have been performed for the energy
levels of ®Ge based on the interacting boson ap-
proximation model (IBA) of collective states.® The
experimental levels and the corresponding calculat-
ed levels are given in Table V, and depicted in Fig.

TABLE V. A comparison of interacting boson ap-
proximation model calculated energies with experiment
in %Ge.

Spin Exp. energy (keV) Theor. energy (keV)
27 957 974
25 1693 1657
3+ 2495 2507
4 2174 2189
45 2726 2727
5+ 3737 3750
6% 3656 3647
8; 5361 5347

(8%) 5535 5845

(10%) 6505 7290
3- 2798 2882
5- 3684 3603
7~ 4205 4294

(97) 5187254932 5788
11~ 7242

#Possible candidates.
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FIG. 4. Interacting boson approximations (IBA) fit to
the experimental energy levels in %Ge.

4. Except for the (87,) and the (10%) levels, all the
other positive parity states were used in the fitting.
The IBA parameters obtained for the best fit are
given in Table V1. It should be emphasized that the
energy of the first excited O state, had it been ob-
served, would have restricted the ¢y parameter very
much; since it is not yet observed, the ¢, parameter
was allowed to vary to obtain the best fit for the
levels which were believed to be collective in nature.

TABLE VI. IBA parameters for “Ge.

Positive Negative
parity parity
(MeV) (MeV)

€=0.97359 €,=2.88300
co=—0.87564 X1=—0.25300
¢y =—0.29022 X,=—0.26550
cy=—0.24218 X3=—0.13758
X4=0.28475
Xs=0.15883
F3=-0.02803

EPSD =0.40600

Thus, the energy predicted for the 0 state should
not be considered seriously.

The agreement between the IBA energies and the
experimental energies for all the positive parity lev-
els up to the 87 level is quite good. The energies
predicted for the 85 and 107 states are 310 and 784
keV, respectively, higher than the experimental en-
ergies. This result clearly indicates that the collec-
tive model of interacting s and d bosons does not
hold for the experimental 85 and 10% states, which
must have another origin.

The plot of the moment of inertia (2.# /#*) versus
the square of the rotational energy'? for the positive
parity levels in ®Ge, Fig. 5, shows that the back-
bending begins only at the 85 level. This change
supports the interpretation that the 8; state is a
member of the ground band and the 87 and 10*
states are not. The experimental 85 and 107 levels
can be understood in terms of a rotation aligned
band built on a two quasiparticle excitation, as dis-
cussed in the next section.

The IBA model not only generates the ground
state band, the highest allowed angular momentum
states for a given number of d bosons, but also gen-
erates the quasigamma vibrational band. In the
IBA model, these levels are regarded as allowed an-
gular momentum states which are lower than the
highest allowed for a given number of d bosons.
The 2% bandhead is a two d bosons (L =2) state,
while three d bosons generate the 6% ground state
level and the 31, 4T levels of the quasigamma vi-
brational band. The 5% level of the quasigamma
band cannot be formed from three d bosons
(2n4 —1 is not allowed); it is a four d bosons state.

Although it appears that the fit of the negative-
parity level energy requires eight parameters, they
are equivalent, effectively, to only four parameters,
€s, k, ', and EPSD, where « is the strength of the

IN
o
1

295 Amev-)

N
=3
T

0.6
(huw2mev?)

FIG. 5. Plot of the moment of inertia versus square
of effective rotational energy for the positive parity cas-
cade in *Ge.
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quadrupole d-boson-quadrupole f-boson Q;°Qf in-
teraction; «’ is the strength of the L, Ly interac-
tion,'* where L, is the angular momentum of a d
boson and Ly is that of an f boson; and EPSD
corresponds to the higher order term. The parame-
ters F'3 and X5 3 4,5 in Table VI can be expressed in
terms of «, «'.

While the energies for the 37, 5—, 7~ levels ap-
pear to agree with IBA levels rather well in Fig. 4,
in fact, they deviate as much as 90 keV from the ex-
perimental levels (see Table V). Moreover, the 9~
level predicted at 5788 keV is far above any of the
possible candidates observed, even after including
the higher-order term. Actually this should not be
surprising. Because only the 37, 57, and 7~ candi-
dates are available to be used in the IBA fit and
there are four parameters, a good fit need not be
meaningful. However, failure to fit the levels in
such a case is serious. The large 37-5~ energy gap
compared to the smaller 57-7~ gap suggests that
the 5~ state and the state above it are members of a
different band. Thus, an IBA fit to this unusual
37-57-7 energy spacing may be expected to be
poor and to predict wrong energies for the higher
states.

One would expect a negative-parity two-
quasiparticle band beginning at 57, based on the ob-
servation’ of such bands in ®Ge. Our interpreta-
tion is that the 5~ level at 3684.0 keV is, in fact, the
beginning of a two quasiparticle aligned band that
includes one particle in a g/, orbital as described in
the next section.

As seen above, the interacting boson approxima-
tion model reproduces excellently the low-spin, po-
sitive parity, low-energy levels which are highly col-
lective in nature. However, it is known that there
are additional levels that are not included in this
model at present that involve single-particle config-
uration. For a description of all the states, the IBA
should incorporate the single particle Hamiltonian
as well.

V. TWO-QUASIPARTICLE-PLUS-ROTOR
CALCULATIONS

The observations that the second (8%) and the
(10%) levels are well below the energies predicted by
the IBA collective model and that the transition en-
ergy of 970.4 keV between these levels is very close
to the yrast 2t —0% transition energy, indicates
that, as in %Ge, the Coriolis decoupling of paired
particles and the alignment of the angular momen-
tum of these quasiparticles with the core angular

momentum plays an important role in the high-spin
region. Thus calculations were carried out for 6Ge
in the two-quasiparticle-plus-rotor model. First, the
ground-state band of %Ge was fitted with a variable
moment of inertia model calculation.’® As shown
in Fig. 6, the energies to 8;" are very well repro-
duced for values of .#,=0.731%x10"3 keV~! and
C =0.402 % 10® keV>. The Nilsson levels, as a func-
tion of deformation, for protons and neutrons are
given in Figs. 7 and 8, respectively. The spherical
shell model quantum numbers are given, in these
figures, at zero deformation (§=0) and the asymp-
totic quantum numbers are given at §=0.20. It is
reasonable to assume that 8=0.1 for %Ge, since
8=0.10 had been determined for ®Ge through life-
time measurements of its states.’

The Fermi level energies in the Nilsson level plot
for protons and neutrons systems are located at
about 45.1 and 44.5 MeV, respectively. It is also
easy to note that the energies of the g/, levels for
protons, on the average, are about 0.3 MeV closer to
the Fermi level than for neutrons. Furthermore, as
%Ge is more neutron deficient, the neutron pairing
energy is about 0.1 MeV less than that for pro-
tons.!® These facts are reflected in the two-
quasineutron-plus-rotor calculations which predict
the 85 and 107 levels at more than 500 keV above
the experimental levels.

Our calculations indicate that the (85) (5535
keV) and (10%) (6505 keV) states are (go,,)* two
quasiproton levels with calculated 85 bandhead at
5566 keV and 107 level at 6479 keV. In order to fit
the data, a gap energy of 0.54 MeV was used in our
calculation. The effect of the Coriolis antipairing
force, which increases rapidly with increase of an-
gular momentum, can be seen clearly from the
reduction of the gap energy (measure of pairing en-
ergy) to 0.54 MeV from the ground-state pairing en-
ergy of (A=12/V/4)=1.48 MeV. The following
Nilsson g9/, configurations were used to construct
the basis states: + (404), = (413), 7 (422),

*
(1o% 66

-] -
29-p exp. (971

E(MeV)
IS
~

4*

_— 2

0
° EXP. VMI

FIG. 6. Two-quasiproton-plus-rotor model levels with
the ground state band fit of VMI model.
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O v, 72413)
N-3, K<0.07, 4+0.31 v2(301)

5/2(303)

5/2(422)
¥2(301)
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32(312)

1/2(440}
1/2(310)
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FIG. 7. Proton Nilsson levels for %Ge nucleus.

2*431), and +* 440).
It is very important to note that quantum

mechanically, single-particle angular momenta can- -

not be perfectly aligned to that of the core, because
nucleons carry integral spin of % The only possible
way to create K =0 states would be to have two
particles in the same Nilsson level. But, the
Coriolis antipairing force would be acting to break
this pair by exciting one particle to a higher Nilsson

level. Since %+(440) and %+(431) states are closer

MeV
51p

504 g;Ge neutron

N-=4, K-0.06, -0 .50
49 N3, K*0.04, M+0.55 7/2(413)
120301

5/2(422)
3/2(301)
5/2(303)

3/2(431

1/2(440)
1/2(310)
3/2(312)
7/2(303)

v2(321)
5/2(312)

0 0.04 0.08 5 002 048 0.0

FIG. 8. Neutron Nilsson levels for *Ge nucleus.

to the Fermi level than the other states, the basis
states of K =1 and 2 would also contribute signifi-
cantly to the above 85" and 10+ states. Our calcula-
tion of the wave functions shows that the K =0,1,2
basis state contributions are, respectively, about
23%, 39%, and 23%.

The energy of the 981.1-keV transition to the 7~
level suggests that the level at 5186.5 keV is a 9~
state and the 77 level is a more completely aligned
member of a two-quasiproton negative-parity band.

TABLE VII. Comparison of two-quasiproton calculated levels with experiment in %Ge.

Spin Theor. energy Exp. energy
(keV) (keV)
3- 3439 2798
5~ 3682 3684
6~ 4022
7 4253, 4509 4205, 4544*
8~ 4964
9~ 5141, 5640 51872, 5493*
10~ 6154
11- 6296
8+ 5566 5535
10+ 6479 6505
12+ 7661
14+ 9058

#Possible candidates.
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TABLE VIII. Two-quasiproton level parameters for ®Ge,

1585

Positive Negative
Parameter parity parity
Fermi energy 45.07 MeV 45.07 MeV
Gap energy 0.54 MeV 0.54 MeV
Fo 0.731x 1073 keV-~! 0.92Xx 1073 keV!
C 0.402 % 10® keV? 0.33% 108 keV?

The 5~ level could result from the same particles
with less alignment being coupled to the core.

The difference in energy between the Nilsson lev-
els and the Fermi level was considered in choosing
the following Nilsson configurations for the con-
struction of the basis states:

+
37(422), 37(431), +1(440) gy, levels
T(303), 37(301), 3 (310) fs, levels
T(312), 37 (321)

3
2
-2— P32 levels .

In fitting the negative-parity band starting at 5—,
the parameters .#; and C were allowed to vary as
much as 25% from the values obtained from the
VMI fit of the ground-state band, since promotion
of a pair of particles can change the moment of in-
ertia of this band compared to the ground band.
The energies obtained from the two-quasiproton-
plus-rotor model calculations are given in Table VII
and the parameters are given in Table VIII.

Two-quasiproton-plus-rotor calculation repro-
duces the 5=, 7~ levels, and predicts our tentatively
assigned 97 level, very satisfactorily. This agree-
ment is displayed in Fig. 6. Furthermore, it
predicts a second less aligned band with 7~ and 9~
levels at 4509 and 5640 keV, respectively. These en-
ergies deviate by 35 and 147 keV, respectively, from
the second experimental band energies of 4544.0
and 5493.7 keV. However, the quasineutron level
calculation, in fact, also reproduces these levels
nearly as well with 77 and 9~ states at energies
4588 and 5452 keV. In the above model, cross tran-
sitions from proton states to neutron states or vice
versa, would be expected to be very weak, unless
there is reasonable amount of mixing. The strong

branching from this upper level to the lower band
which is assigned as a two quasiproton band indi-
cates that the second band is either a proton band or
is a 7-v mixed band. Thus, the actual nature of
these levels can be interpreted only after comparing
the transition matrix elements and the experimental
results.

In the fit to the 5—, 77, and (97) levels, the
wave-function calculations show that, indeed, the
57 level is less aligned than the 7~ or (97) ones.
Alignment in these states can be expressed by the
contributions from the basis states of K =0,1,2.
For the 7= and (97) states the contributions of
K =0,1,2 basis states are, respectively, about 31%,
45%, and 19%, and that for 5~ are 16%, 41%, and
32%. Furthermore, the calculation reveals that
about 86% of the 7—, (97) states arise from the
85,2 +fs,, configuration and 97% of the 5~ state
arises from the gy, +p3/, configuration.

In light of these results, we suggest that the 7~
and (97) states are members of a more completely
aligned (g9,2,fs5,2) two-quasiproton band, and the
5~ state is more partially aligned (go,5,p3,2) two
quasiproton state.

It is clear that the experimental levels involve
both collective and single-particle motions. For a
model to explain all of the band structure seen in
Ge, it must include collective and single-particle
descriptions.

The research at Vanderbilt University was sup-
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