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The structure of 66Ga, 68Ga, 70Ga, 70As, 72As, 73As, 74As, and "®As is studied via (p,n7y) [and in
some cases (a,ny)] reactions. In-beam 7y-ray, two-dimensional yy-coincidence, internal-
conversion electron, and y-ray angular-distribution spectra, as well as o(E gy ,E,) relative reaction
cross sections are measured with Ge(HP), Ge(Li) y and combined superconducting-magnetic

plus Si(Li) electron spectrometers at different bombarding-particle energies. The proposed new
level schemes contain 300 (among them 70 new) levels. Level spins, parities, and y-ray
branching and mixing ratios are deduced. Energy spectra, electromagnetic moments, reduced
transition probabilities, y-ray branching ratios, and one-nucleon transfer reaction

spectroscopic factors are calculated in the framework of the interacting boson model (IBM), the
interacting boson—fermion model (IBFM), and the interacting boson—fermion—fermion

model (IBFFM) for about 20 nuclei in the Ga—As region (%*%"Zn,55-%Ga,5%-Ge,’* As). The
odd—odd nuclei are described on the basis of a consistent parametrization deduced from

the even—even core and the two neighboring odd-A nuclei. A reasonable description of the
experimental data is obtained. The energy splitting of proton—neutron multiplets in

odd—odd Ga and As nuclei is discussed by the use of the parabolic rule associated with the
IBFFM in low perturbation order. The energy spectra of 14Se40135ea ,ZgAsw ,g‘;As‘u supermultiplet
nuclei are calculated on the basis of the U, (6/12)®U,(6/12) supersymmetry (SUSY)

theory, using a simple closed energy formula; 44 states of these four different nuclei are reasonably
described with only seven fitted parameters. The existence of supersymmetry is supported

also by one—nucleon transfer reaction data, electromagnetic properties, and IBFM, IBFFM and
SUSY model wave functions of the levels considered. © 1995 American Institute of

Physics.

1. INTRODUCTION

The main intention of the present work was to make a
detailed in-beam - and electron-spectroscopic study of the
odd-odd Ga and As isotopes and to give a consistent de-
scription of the structure of the Zn, Ga, Ge, and As nuclei in
the framework of the interacting boson (boson—fermion—
fermion) model [IB(FF)M]. The nuclei investigated in this
program are shown in Fig. 1.

The experimental work was motivated by the fact that
the level systems of the investigated odd—odd nuclei (and
especially the level spin and parity values) were known very
scantily. For example, in %8Ga unambiguous spin—parity data
had been determined only for three levels before our mea-
surements. The beams of the Debrecen isochronous cyclo-
tron enabled excitation of both particle and collective states,
and the high-resolution, high-efficiency Ge(HP) detectors
and unique superconducting magnetic electron spectrometer,
constructed at the Institute of Nuclear Research, assured a
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good possibility for complex y- and electron-spectroscopic
in-beam studies.

A theoretical interpretation of the ®Ga and %Ga level
schemes was formerly completely missing. In the case of
70.7274A 5 we have performed calculations in the interacting
boson—fermion—fermion model for the first time. These cal-
culations give a consistent and detailed description of the
energy spectra and electromagnetic properties of the corre-
sponding even—even, odd-A and odd-odd Zn, Ga, Ge, and
As nuclei.

The new experimental data obtained on *As and "*As
offered a possibility of checking the supersymmetry predic-
tions for *Se, "Se, BAs, and "*As nuclei.

2. EXPERIMENTAL METHODS AND RESULTS

We have studied the excited states of the Ga and As
nuclei in the proton and a-particle beams of the Debrecen
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FIG. 1. Nuclei investigated in this program experimentally are indicated by
eight mass numbers in solid frames. Mass numbers in dotted frames: theo-
retical calculations. Z: atomic; N: neutron numbers; mass number under-
lined with a thick line: stable nucleus.

103-cm (and in some experiments of the Jyvaskyla 90-cm)
isochronous cyclotrons via (p,nvy) and (a,n y) reactions. The
targets were prepared from enriched Cu, Zn, and Ge iso-
topes. The description of the spectroscopic channels of the
Debrecen cyclotron can be found in Refs. 1 and 2.

High-resolution Ge (HP and LEPS) detectors were used
for a y and superconducting magnetic lens plus Si(Li) spec-
trometer (SMLS) for electron-spectroscopic measurements.
The SML spectrometer, which was described in detail in Ref.
3, has high transmission, good energy resolution, and low
background.
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FIG. 2. Encrgics of 2|, 4/ , and 3, slates of the even-—even Zn, Ge, and Se
nuclei. Data were taken from the corresponding Nuclear Data Sheets.
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In order to obtain *“complete” spectroscopic informa-
tion, yray (E,.,l,), yy-coincidence, internal-conversion
electron, and <y-ray angular-distribution spectra, as well as
the relative reaction cross section 0, (E gy .E ») were mea-
sured at different bombarding-particle energies. Level
schemes, spin—parity values, and y-branching and 9-mixing
ratios have been deduced. Great attention was paid to the
reliability and consistency of the experimental data. For ex-
ample, the level spins have been determined with three dif-
ferent methods: a) from the decay properties and internal-
conversion coefficients of transitions; b) from a Hauser—
Feshbach analysis of the (p,n) reaction cross sections; c)
from 7y-ray angular distributions. The configuration of levels
has been determined from all available data: from nucleon-
transfer reaction studies, log ft values of 8 decay, electro-
magnetic moments, transition probabilities, y-branching ra-
tios, predictions of parabolic-rule calculations, etc.

As a result of experimental work about 880 (among
them 440 new) vy rays have been identified, and 280 (includ-
ing 240 new) ay internal-conversion coefficients and ~300
(among them 70 new) levels have been determined in
66.68.70Ga and 70727374767 ¢ nuclei.

The results have been published in the following papers:
%Ga (Refs. 4 and 13), ®*Ga (Refs. 5, 6, and 13), °Ga (Ref.
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FIG. 3. The low-lying levels of odd-A ©%Zn and ® "'Ga nuclei. Data were
taken from the corresponding Nuclear Data Sheets and original papers.
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FIG. 4. The low-lying levels of odd-A °-7°Ge and ®~"As nuclei. Data were
taken from the corresponding Nuclear Data Sheets and original papers.

7), "°As (Ref. 8), "?As (Refs."9 and 13), "As (Ref. 10), "*As
(Refs. 11-13), and ®As (Ref. 14). These papers contain de-
tailed descriptions of the experimental methods and results,
deduced new level schemes, and their discussion. The level
spectra were based mainly on <yy-coincidence relations, as
well as on the energy and intensity balance of the transitions.

3. SYSTEMATICS OF THE EVEN-EVEN AND
SINGLE-ODD NUCLEI IN THE Zn—-Se REGION

If we want to describe the structure of odd—odd nuclei,
we need to know the energy levels of the neighboring even—
even and odd-A nuclei. The systematics of the or, 2t 47,
and 3| states of the even—even Zn, Ge, and Se nuclei is
shown in Fig. 2. The low-lying levels of the odd-A Zn, Ga
and Ge, As nuclei are presented in Figs. 3 and 4, respec-
tively. The main configurations of states are also indicated in
Figs. 3 and 4 on the basis of the one-nucleon transfer reac-
tion and other available data.

The systematics of neutron quasiparticle energies and
occupation probabilities in the Ni—Se region are shown in
Fig. 5.

In order to get preliminary estimates for the configura-
tions of the low-lying levels of odd—odd Ga and As nuclei,
we have performed parabolic-rule'® calculations. These cal-
culations proved very useful for the prediction of the energ
splitting of different proton—neutron multiplets in odd-odd
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FIG. 5. Experimental quasiparticle energies (E;) and occupation probabili-
ties as a function of the neutron number (N) (points) and the corresponding
BCS theoretical results (curves). Data were taken from Fournier et al.'’
Values used in the present calculations are shown by circles (O) for Ga and
crosses (X) for As odd—odd nuclei.

In (Ref. 1) and Sb (Ref. 2) nuclei. In the Ga and As isotopes
rather strong configuration mixing is expected among the
close-lying identical spin—parity states, which may imply a
limitation on the applicability of the parabolic rule. Never-
theless, it can be used for the first orientation, as indeed the
IBFFM calculations showed later.

As the parabolic rule and its applications to In and Sb
nuclei were described in detail in Refs. 1, 2, and 16, here we
show only the results obtained on the relative energy split-
ting of proton—neutron multiplets in "°As (Fig. 6) and
66.68.70Ga, 707274T6A5 nuclei (Fig. 7). For these predictions
the same proton and neutron occupation probabilities were
used, as later in the IBFFM calculations (see Sec. 4).

4. INTERACTING BOSON AND BOSON-FERMION-
FERMION MODEL CALCULATIONS

In order to get deeper and more detailed insight into the
structure of the low-lying odd—odd Ga and As states, we
have calculated the level energies and electromagnetic prop-
erties on the basis of the interacting boson (boson—fermion—
fermion) model.
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The Hamiltonian of the model is

H grem=Hgpm(7) + Higpm(v) — Hipm+ Hges( 7)), (1

where H g, denotes the IBM Hamiltonian for the even—even
core nucleus,?'?? H gpy(m) and Higpy(v) are the IBFM
Hamiltonians for the neighboring odd—even nuclei with an
odd proton and odd neutron, respectively,”> > and H ggg(7v)
is the Hamiltonian of the residual interaction.

The Hamiltonian of the core has the form?628

+hs[(d*d*d)o(N—N)"*+H.c]

+ D hgl(dtdt)(dd) o, V)]
1=02,4

where N is the d-boson number operator and N is the total
number of s and d bosons. The relation of the {h} parameters
to the parameters defined in Ref. 21 is as follows:
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TABLE 1. Parameters of the IBFFM calculations.

Parnmeters 16, NGy, WAy, 1iAYy 13As,
Core, MeV A, o8 1039 09 0388 0.68
A, 02 0 015 03 -0.25
Ay 0 0 0.06 012 0.1
Ao o1 0.147 0 02 0
Ay, 015 0.2292 KX 04 03
A, 03 0.5593 -0.08 -0.08 ©0.08
Total boson N°, N ‘4 5 3 4| 4
X 0.5 0.5 S1323° | 1323 | .1.323¢
c P 135 138 0s 0s [X]
Quasi-proton E(xp V2) 0 0 03 0 0
energy, MeV £ $2) 07s 0.5 0 0.41 0.41
E(xp 12) 0618 0615 03 074 0.74
E(xg 92) 13 22 1.55
E(xd 5/2) 52 455
Occup. vVixp V2) 06 0.6 0607 0.607 0.579
probability  Laersay | 007 007 0309 | 0309 | 0341
Vg 12) 009 009 0.131 0.131 0118
Virg 972) 007 007 006
Vind 5/2) oot 0.01
Quasi-neutron E(vp V) 009 049 060 0095 095
energy. MeV E(vf $/2) 0 0 0 053 053
Etvp 172) 08} 003 n2 0 0
E(vg 2) 169 136 09 02 02
E(vd 52) 32 32
Occup vivp 32) 073 0389 080 0941 0.957
prodability  yiyrsn) | 048 0.n 0.7 0949 | 0962
Vivp ) 011 0.25 016 0327 0.62¢
vive ¥2) 0.08 0.04 0.09 009 0217
vivd 2) ool 001
Strengths of Ad 00s 0.05 00s 0.05 0.05
boson-fermion
interaction, MeV - 048 04 04 0s 05
A3 14 0s 0s 0Sx+ 05
1Sx-
Ay 0n 0 n 0
r 0n2 01s 02 0SS+ | 0SS
045x -
Ay 163 13 13 130+ | 13x+
ssox-| SSx-
Effective ' 04g%' 9| 04g®f | 040g*/x+| 07g% | 07g%f
gyromagn. ratios
065g" x -
PR 1.56 159 ¢ 0 3.340 1m
8’ 09¢*/ V| 03g¥/x+ 0.4g"/ o7e/ 01e
09g"/x -
P -1.07 -1.09 8 0 -4.40 448
Strengths of Vs 04 04 O+ Orx+ Ox+
residual
interaction, MeV 04x- 06x- 06x -
Voo 04 04 04x+ 0 0
03x-
Vene 001 0o01s 0015 0013 0.015

e"=1.5¢,¢"=0.5¢, g7=1, g/=0, gxg=Z/A in all cascs.

*1.323=7/2.

7+ and 77— stand for positive- and negative-parity states, respectively.

**The tensor gyromagnetic ratio, giw (Refs. 59 and 60) is similar to the on¢ used in Ref. 61.

© 35(r2) g (free)=1.59; A35(r2 g (frec) = —1.09.
Og™ = ¢™(Irec)=5.5857.

Vghd=g"(lree)= -

-3.8203.
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hlzed_es+ Tuz_uo)(N'_l),
1 -
hz_ﬁ Vg, h3=0,,

1
h4L: \/2L+ 1

1 1
ECL~—\/?MZ+EMO). (3)

The IBFM Hamiltonian employed here is of the form?’

Hll;lfM(U):H113M+Z €(a)+Hpla), (4)
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where « stands for an odd proton (a=m) or neutron (a=7v).
The second and third terms are the quasiparticle and boson—
fermion (particle-vibration) interaction Hamiltonians, respec-
tively, and

HBF(a)=§ Af(d*dyole} (@)é(@)]ol
+2 T {0d ) (0 (@l

+ 2 Al (@d][é(@)d ] don (9

J1j2J3
with
A=Ag5(2j+1), 6)
L5, =ToV5(usu; —v; v, ) GlY ollia), (7)

I

5
Ajlj2j3:_2A0 7_-2j3+1 (ujIUj3+Uj1uj3)
X(uj3vj2+vj3uj2)'<j3||Y2||.jl><j3”Y2”j2>9 (®)

Q,,=di NN—N+N—Nd,,+ x(d*d),,, . )
The Hamiltonian of the residual interaction was taken in
the form

Hggs(mv)=4mV 58(r,—1,)8(r ,—Ro)— V3V yo(0,- 7))

3( Oy rrrv)( ag, l.'rrV)
Vtens 2
L%

where r_,=r_—r,, Ry = 1.23/A fm; Hggg(v) includes
surface delta, spin—spin, and tensor interactions.

The Hamiltonian (1) was diagonalized in the proton—
neutron—boson basis: |(j;,j,)imysnal;J), where j. and j,
stand for the proton and neutron angular momenta coupled to
Jmw» N4 18 the number of d bosons, [ is their angular momen-
tum, and J is the spin of the state. The computer codes used
in the calculations were written by Brant, Paar and
Vretenar.?

(0'”' O'v) > (10)

4.2. Method of calculation. Parametrization

In the first stage of the calculations we fitted the {A;}
parameters of the H gy Hamiltonian (2) to the energy spec-
trum of the corresponding core nuclei (64Zn, 667n, %Ge,
0Ge, and "*Ge).

The total boson number is given by the number of va-
lence shell pairs. For example, in $$Zn4 (the core of $3Gay;)
we have N=35, since in this nucleus there are one proton and
four neutron bosons, relative to the Z=N=28 doubly magic
nucleus. In the case of J9Gesq (the core of J3As;9) and J3Ges,
the calculations were performed with both N=7 and N=4.
The two calculations, with renormalization of the other pa-
rameters, gave similar results for the energy spectra and elec-
tromagnetic properties.9 Thus, in the further calculations for
OAs, 7?As, ™As, and nine neighboring nuclei we have used
reduced total boson numbers, by renormalizing the IBM pa-

Fényes et al. 352



TABLE II. Main components (=4%) in the IBFFM wave functions of some low-lying states in “Ga.
The basis states are |(j,f,) )z .nql:J) (sec the text). The last column displays the corresponding

amplitudes in the wave functions.

- I’ (jx’jv) jxv: "d’ A J" (jx'jv) jx\'; nd’ A

oy (3/2.512) 2:12 0.62 2 (3/2,5/2) 2:00 0.35
(3/2,312) 0:00 0.23 (3/2,312) 2:00 0.45
(312,3/2) 2:12 043 (3/2,5/2) 3;12 -0.24
(112,512) 2:12 -0.26 (312,312) 312 -0.41
(172.312) 212 0.30 0; (3/2,312) 0:00 0.36
(3/2,512) 2:32 -0.22 (1/2,1/2) 0:00 -0.25

1M (312,512) 1:00 0.54 (5/2,512) 0:00 -0.53
(3/2.5/2) 1,20 -0.24 (512.5/2) 0:20 0.28
(312,372) 2:12 0.31 (312.512) 2:12 -0.43
(172.5/2) 2:12 024 (172.3/2) 2:12 0.21
(3/2,5/2) 32 0.41 41 (172,5/2) 312 -0.21
(3/2,3/2) 32 -0.23 (32.5/2) 4,00 0.62

2? (3/2,512) 2:00 0.62 (5/2.512) 4:.00 0.37
(1/2,5/2) 2:00 -0.25 (3/2,5/2) 4:20 -0.26
(3/2,512) 2;12 -0.23 (5/2,512) 5.2 0.39
(3/2,512) 2:20 -0.27 5] (1/2.9/2) 5:00 0.63
(1/2,512) 312 -0.27 (512.9/2) 5:00 -0.38
(5/2,5/2) 4:12 -0.26 (112,912) 5:20 -0.30

34 (3/2,512) 1.00 051 (512.9/2) 7.12 0.35
(3/2,512) 1:20 -0.21 7 (1/2,972) 5:12 0.32
(312,512) 2:12 0.30 (512.92) 7.00 0.74
(3/2,312) 2:12 -0.24 (5/2.912) 712 -0.26
(172,312) 2;12 -0.26 (5/2,912) 7:20 -0.39
(3/12,372) 312 0.33

37 (3/2,52) 3.00 -0.46
(3/12,312) 3.00 0.20
(1/2,5/2) 3.00 0.50
(1/2,512) 3:20 023
(5/2,5/2) 5.12 0.43

rameters. This strongly reduced the volume of computations
for odd—odd nuclei, without a substantial effect on the prop-
erties of the low-lying states.

The yx and vibrational charge (¢¥'®) parameters were fit-
ted to the electromagnetic moments and reduced B(E?2) tran-
sition probabilities of the core nuclei.

The nucleus *Zn exhibits a level scheme which is char-
acteristic of a spherical vibrator. In this case the parameters
h, and h; were chosen to be equal to zero. In other nuclei we
employed a parametrization which corresponds to a transi-
tion between the U(5) and O(6) dynamical symmetries, but
somewhat closer to the U(5) character.

The core parameters employed in the calculations are
given in the first part of Table 1.

In the second stage of the calculations we adjusted the
parameters of Hzpm(m) [Egs. (4)—(8)] to the experimental
data of the corresponding odd-Z, even-N nuclei. The proton
quasiparticle energies and occupation probabilities were
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taken mostly from proton-transfer reaction data and/or
pairing-force (BCS) calculations.

The Ag monopole, I'] dynamical quadrupole, and AJ
exchange boson—fermion interaction strengths were fitted to
the low-energy spectra of %Ga, ’Ga, 7'As, and "As, respec-
tively. (The level spectrum of %As was scarcely known.) The
effective gyromagnetic ratios g, and g, were determined
by fitting to the electromagnetic moments and reduced
B(E2), B(M1) transition probabilities (y-branching ratios).

In the third stage of the calculations we adjusted the
parameters Ag, [y, and A of Hgm(») [Egs. (4)—(8)] to the
low-energy spectra of the corresponding even-Z, odd-N nu-
clei: ©Zn, Zn, “Ge, "'Ge, and *Ge. The proton quasipar-
ticle energies and occupation probabilities were close to the
calculated BCS values of Ref. 15 and to the systematics of
the experimental data (Fig. 5). The parameters g! and g,
were fitted to the electromagnetic properties.

Finally, the parameters V5, V., and V ,, of the residual
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TABLE IIl. Wave functions of some low-lying states of "’As. Only the strongest componcents are

given. The basis states are |(j.j,)jm 1t4l3J) (see the text).

J* G dy) Jeingd AL e G di) jimgd Wl
0: (5/2,5/2) 0.00 083 3t (3/2,5/2) 3.00 0.79
0; (172,112) 0.00 0.70 47 (5/2,5/2) 4.00 0.77
17 (372,5/2) 1.00 0.73 4; (3/2,5/2) 4,00 0.56
l; (5/2,512) 1.00 0.66 (5/2,5/2) 5.12 0.48
1; (172,12) 1.00 0.66 2] (5/2,9/2) 2:00 0.76
2‘|’ (5/2,5/2) 2:00 0.51 3; (5/2,9/2) 3.00 0.75

(1/2,5/2) 2:00 0.45 4] (1/2,9/2) 4:00 0.52
2; (5/2,5/2) 2:00 0.56 (5/2,9/2) 4.00 0.41

(3/2,5/2) 2:00 041 45 (5/2,9/2) 4.00 0.65
2; (5/2,1/2) 2:00 0.63 5; (5/2.9/2) 5.00 0.56
3’]’ (1/72,5/2) 3.00 0.51 (1/2.9/2) 5.00 0.49

(5/2,5/2) 3.00 0.48 6|‘ (5/2.9/2) 6.00 0.70
3; (5/2,5/2) 3.00 0.63 7? (5/2.9/2) 7.00 0.75
3; (5/2.172) 3.00 0.78

interaction (10) were fitted to the experimental data on odd—
odd nuclei. The core parameters and occupation probabilities
remained unaltered in all cases. We remark that in 7OAS, 72As,
and "*As readjustment of the quasiparticle energies, boson—
fermion interaction strengths, and effective gyromagnetic ra-
tios was needed in order to obtain better agreement with the
experimental data. Such a renormalization seems to be in
accord with a general observation in the region of soft nu-
clei: the dynamical deformation can be sizable if one nucleon
is added. Consequently, the parameters may change notice-
ably from those derived from the neighboring nuclides. A
similar feature was found, for example, in the A =130 region.

The parameters applied for the IBFFM description of the
properties of the odd—odd nuclei are summarized in Table 1.

4.3. Results. Discussion

The calculated energy spectra are compared with the ex-
perimental data in Figs. 8 (%Zn,%Ga), 9 (%Zn,%Ga), 10
(®Zn,%Ga), 11 (7Zn%Ga), 12 (%*Ge, Ge,°As), 13
(M™Ge,'As), 14 ("'Ge,%As), 15 ("Ge,As), and 16
(Ge,”*As). Although the level schemes are usually very
complicated (especially in odd—odd nuclei), reasonable
agreement has been obtained between experiment and theory.
The calculated states are usually assigned to the experimen-
tal levels on the basis of the energy, spin, parity, one-nucleon
transfer reaction data (if they exist), decay properties, and
wave functions.

The main components of the wave functions of some
low-lying states in ®Ga and "’As are shown in Tables I and
I, respectively. Usually, the wave functions are very com-
plex. There are states which have more than 600 compo-
nents. Nevertheless, in some cases the states are dominated

354 Phys. Part. Nucl. 26 (4), July--August 1995

by only one proton—neutron multiplet. Thus, it is worth com-
paring the experimental and IBFFM energy spectra also with
the predictions of the parabolic rule (Figs. 6 and 7).

The mp5,,vfs, multiplet. As an example, let us discuss
the energy splitting of the 75 ,,,vfs,, multiplet in *%%™Ga
and *7?As. The parabolic rule predicts an open-up parabola
for the energy splitting in %Ga and an open-down one in
8Ga (Fig. 7). This is in accord with the experimental facts,
because the 1*, 2%, 3", and 4" states of the multiplet can be
identified with the 44- and 109-keV lfh+1;r , 66-keV 27,
162-keV 3/, and 415-keV 4] states in %Ga and 0-keV 1},
175-keV 2, 376- and 676-keV 3} +37, and 496-keV 4
states in ®Ga (Figs. 9 and 11). The IBFFM calculations are
in accord with the classification of the parabolic rule, be-
cause the 17 +15, 2], 37, and 4, states in ®°Ga, as well as
the 17, 21,37 +37, and 4/ states in ®®Ga have dominant (or
at least very strong) 7p,vfs,, components. The inversion
of the parabola is connected with the fact that the f~5,2 neu-
tron is particle-like in $$Gays (V2<0.5) and hole-like in
$iGay; (V2>0.5).

The mp,,vfs,, multiplet is also seen in °Ga, and the
energy splitting exhibits an open-down parabola, in agree-
ment with the prediction of the parabolic rule.’

The members of the 77[33,21;];5,2 multiplet in As are
fragmented into different states. Nevertheless, in the 17, 3},
and 4; states the TP3y st/z components are dominant
(Table III).

On the basis of lifetime measurements and other consid-
erations Hiibner** came to the conclusion that the 17 state of
2As has either the awpyavfss or the wpyivp,,, configura-
tion. The IBFFM calculations give p,,,vfs/, as the domi-
nant configuration for this state. The parabolic rule predicts
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FIG. 9. Experimental energy spectra of %7n (Ref. 31) and %Ga (Ref. 4) and
the corresponding theoretical IBFM and IBFFM results.*

an open-down parabola for the energy splitting of the
P32V 512 multlplct with a minimum energy for the 1*
state. The 4* member of this multiplet may be the 4, state.
The 2* and 3" members are fragmented into different states
(e.g., 21, 27, etc.; see Table IX in Ref. 9).

The 7p4,,vp ,, doublet. In the case of doublets, for ex-
ample, in P4, vp )y, the energy splitting does not depend
on the occupation probability, so that the shape of the split-
ting of the given multiplet is very similar for all investigated
nuclei (see Fig. 7). The 1* and 2* members of the
P3,vP ), doublet are clearly seen in °Ga (Ref. 7) and
74As (Ref. 11). In both cases E(1Y)<E(27"), in agreement
with the predictions of the pdmbolic rule and IBFFM calcu-
lations (for 7*As; see the 1 and 2I states in Fig. 17).

Some members of the wt;,zvfm multiplet were identi-
fied in "’As and "As.
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According to the parabolic rule, the lowest-lying 0*
states in °As are expected to be relatively pure, and they
belong to the wf5,2vf5,2 and/or mp,,,vp,, quasiparticle
multiplets. Many low-lying 17 levels are expected, with a
strong configuration mixing among them. The same is true
for the 2+ and 3% states. The lowest-lying 4, state belongs to
the ’7Tf5/2Vf5/2 multiplet, and it is probably well separated
from the 4" members of the np;,zvfm and 7rf5/2vp3,2
multiplets.

The IBFFM calculations (Fig. 12 and Table III) show
that the 0] 345-keV and 4] ground states of "’As have
'n-f;,z vf;,z as dominant conhgumtlons The 'Trfg/z V/;,z com-
ponents are fragmented in the 1}, 15, 21, 27,3, 37 states
with other components. The 0] state decays by a strong M |
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transition to the 1 state, as expected. The low-lying 5"
member of the wf;,,z Vf5/2 multiplet is missing in the experi-
mental spectrum.

According to Bertschat ef al.,*® the best agreement be-
tween the predicted and measured g factors of the 3| state at
214 keV in ?As is obtained if one assumes the Tfs/ 2V s/
and 7fs,,vp |, configurations. Our IBFFM calculations in-
dicate a mixed configuration for this state, with the
7Tf5/2 vf'_w configuration as the strongest one. The parabolic
rule predicts an open-up parabola for the splitting of the
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results.®

fss Vf5/2 multiplet, with a minimum energy for the 3* (or
4") member.

Some members of the 7'rf~5,2 v8gs, multiplet were ob-
served in almost all the investigated odd—odd Ga and As
nuclei.

On the basis of the parabolic rule we may expect that the
21,37, 6, and 7; states in "°As are relatively pure and
probably belong to the wf5/2 Vg4, multiplet (see Fig. 6). In
the low-lying 4, and 5 states there is probably a stronger
configuration mixing. As Fig. 12 shows, the low-lying
negative-parity states of "°As have been reasonably well re-
produced by the IBFFM calculations. The 27, 3], 6], and
7, levels are rather pure and belong mainly to the
fs;2v80/, multiplet (Table I1T). The 699-keV 3, level de-
cays by an M1 transition to the 2 state, in accordance with
expectations for the ncighboring members of the same mul-
tiplet. The 4/, 4; . and 5 states have mixed 7p ,,vg,,, and
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fn-fs,z vgy,, multiplets as the main configurations.

According to the parabolic rule, the energy splitting of
the 7 f5/,Vg9,, multiplet shows an open-down parabola with
a minimum energy for the 2~ state in 2As. On the basis of a
measurement of the magnetic dipole moment by Hogervorst
et al.* one can conclude that the 2~ ground state of 2As has
predominantly a wfs,zvgm configuration. The IBFFM cal-
culations confirm these results: in the 2| ground, 3; , and 7,
states the dominant configuration is wfs 12V8o, (Table IX in
Ref. 9). In a recent publication Doring et al.*" assigned to the
562.8-keV level values 7 for the spin and parity [instead
of the former assignment (6)]. This state may be the 7~
member of the 7fs/, 8o, multiplet (Fig. 14).

The 27 and 7 members of the 77]?5,21/579/2 multiplet
could be identified also in ®*Ga (Fig. 11 and Ref. 6) and °Ga
(Ref. 7); and the 2~ member in 7*As (Fig. 16 and Ref. 11).

The 4~ and 5~ members of the wp | ,,v&y,, doublet were
seen in %Ga (Refs. 5 and 6), "’As (Ref. 8), and *As (Ref. 9),
although they are mixed with other components. According
to the parabolic rule, E(47)<E(5") (see Figs. 6 and 7), in
agreement with the experimental data and IBFFM calcula-
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tions (Fig. 11 for %Ga, Fig. 12 and Table III for As, and
Fig. 14 and Table IX in Ref. 9 for "2As).

In the low-lying 5~ and 6 states, components of the
TP 1/,V8 oy, multiplet were seen in ®Ga (Fig. 11 and Refs. 5
and 6) and "°Ga (Ref. 7).

The d-boson composition of the IBFFM wave functions
of some low-lying states in ®®Ga is given in Table IV. The 0/
ground state of %Ga is basically of one-d-boson type. The
total contribution of the sizable one-d-boson components is
75%. We note that this is an effect of the boson—fermion
interaction, similar to the j—1 anomaly, which was studied
previously in the cluster-vibration model for odd-even
nuclei*® and appears also in the IBFM for odd—even nuclei.2*

The low-lying triplet of 3Ge positive-parity levels, 9/2%,
5/2%, and 7/2% (see Fig. 16), is associated also with the J = j
—1, j—2 anomaly due to lowering of the |§9/2,12;5/2) and
|80,2,12;7/2) one-d-boson multiplet states. The 5/2" lowering
is produced by the dynamical quadrupole interaction (and
admixture of the ds, configuration from the shell above),
while the 7/2" lowering is due to the exchange interaction.

The electromagnetic moments and the corresponding
IB(FF)M results are given in Table V. Here we present cal-
culated moments only for those states which have at least
one experimentally measured moment (either electric quad-
rupole or magnetic dipole).

As Table V shows, the signs of the moments were cor-
rectly reproduced in 37 cases of the total of 39. (The excep-
tions are the electric quadrupole moments of the As 4, and
0Ge 2} states.) In 11 cases the signs of the moments were
not determined experimentally. The calculations gave defi-
nite predictions for the signs, and allowed us to predict more
than 200 moments which have so far not been measured (see
Refs. 4, 9, and 11).

The calculated and available experimental B(E2),
B(M 1) reduced transition probabilities and <y-branching ra-
tios for %8Ga transitions are given in Table VI. Similar data
have been obtained also for ®Ga (Ref. 4), ?As (Ref. 9), and
74As (Ref. 11) transitions. As Table VI shows, there is rea-
sonable agreement between the theory and experiment; at
least all the leading branches are correctly reproduced. The
y-transition probabilities depend critically even on weak
components of the wave function; we note a disagreement
for the 3] —1] transition.

In Table VII we present the experimental and calculated
spectroscopic factors for the (d,t) transfer reaction populat-
ing the low-lying levels in 68Ga.® Four levels (the 1], 2,
27 +37, and 4] states) are excited with large spectroscopic
factors. According to the calculation, the low-lying 1,+, 2?,
37, and 4] states have the largest spectroscopic factors, in
qualitative agreement with experiment. We have also calcu-
lated spectroscopic factors for the BAs(p,d)As and
BGe(*He,d)*As reactions.!!

Summarizing the results, we have described the energy
spectra and electromagnetic properties of even—even core
isotopes, odd-A neighbors, and odd—odd nuclei in a consis-
tent way. For example, in the %47n, (’5Zn, 65Ga, and %°Ga
quartet more than 400 nuclear data (energy levels, moments,
reduced transition probabilities, y-branching ratios, etc.)
have been calculated, using <25 (more or less freely fitted)
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%Ga. 3
;3 "4
0 1 2 3 4

o} 0.065 0.750 0.072 0.110 0.003
|: 0.344 0.466 0.121 0.065 0.004
2 0.502 0.282 0.172 0.038 0.006
13 0.339 ~ 0.460 0.132 0.064 0.005
3: 0.504 0.303 0.146 0.043 0.004
2; 0.381 0.396 0.163 0.054 0.006
0; 0.473 0313 0.168 0.040 0.006
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parameters. As the parameters of the calculations mostly
show only rather small variations for the neighboring quar-
tets (see Table I), the method allows a consistent description
of a larger group of nuclei.

For odd—-odd As nuclei a renormalization of the param-
eters was needed when we added one nucleon to the neigh-
boring single-odd nuclei. Such a renormalization seems to be
a consequence of the softness of the nuclei in this region.
The appearance of an additional nucleon may change the
dynamical deformation appreciably.

4.4. Comparison with earlier theoretical calculations

Theoretical interpretation of the structure of the ®Ga and
%8Ga nuclei was completely missing before our work.*~¢

Using the number-conserving BCS quasiproton—
quasineutron model, Ten Brink et al3! calculated the energy
spectra of 7%727476A5 and the electromagnetic properties of
0.72As nuclei. They used a Schiffer force for the effective
proton—neutron residual interaction. It was assumed that the
odd—odd As nuclei are spherical and that the lowest states
have the lowest seniority (two). The phonon degrees of free-
dom were neglected.
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FIG. 15. Experimental energy spectra of "’Ge (Ref. 39) and "As
(Refs. 10 and 40) and the corresponding theoretical IBM and
IBFM results.'"

Kimura et al>? calculated the level spectrum of 72As,
using harmonic-oscillator wave functions and a proton—
neutron residual interaction of the form

Vp"(lr,,—rnl):Vo[(l —a)+a(0',,¢rp)]6(|r,,—rp|).

In our IB(FF) calculation the following facts were taken
into account:

a) the Zn and Ge core nuclei may have a small effective
deformation (the parameters A, and 44 may differ from zero);

b) the boson degree of freedom is important and cannot
be neglected;

c) the tensor residual interaction may play an important
role in the description of some of the lowest-spin states
*,1).

The experimental energy spectrum of *As is compared
with the results of the present IBFFM and with previous
theoretical calculations in Fig. 17. There are about 48 experi-
mentally observed states in "*As below 800 keV. The present
IBFFM calculations reproduce 46 levels, while the earlier
calculations® give only 18 levels. A comparison with the
previous theoretical results for 2As is given in Ref. 9. Many
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nuclear moments and reduced transition probabilities have
been calculated for the first time in our work.>!!

5. SUPERSYMMETRY IN "“Se, 7°Se, °As, AND "*As
NUCLEI

On the basis of the vibrational-symmetry limit of the
interacting boson—fermion model, Vervier et al.,53 Cule and
Paar,>* and Van Isacker and Jolie®® have developed formulas
for the description of the level schemes of nuclei around
0As.

The new, more complete level schemes of #As and "As
obtained in our work'' offered a new possibility of checking
the validity of the supersymmetry scheme. According to this
scheme, the energy spectra of four nuclei (in the present case
74Se, PSe, As, and 74As) are interrelated and are described
by the same Hamiltonian. The main advantage of this
symmetry-based approximation is that the eigenvalue prob-
lem can be solved analytically.

According to Van Isacker and Jolie,55
the Hamiltonian, the energies of the excited states, are given

the eigenvalues of

by the formula
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E=A.,,2 N(N;+7=2i)+A,>, N;y(Nip+T1—2i)
i i

+4,2, Ni(N;y+7-2i)+B, 2 n+By > n,
] ] 13

X(n;+6—2i)+C[v,(v,+3)+v,(vy+1)]

+DL(L+1)+ES(S+1)+FJ(J+1), (11)

where N;,N;, .N;,,n;,v,,v,,L,S,J are quantum numbers
and A,T,,,A,, »A,.B,B,,C,D E F are parameters, which are
not determined by the symmetry. The formula (11) was ob-
tained for the U(5) limit of the U ,(6/12)® U ,(6/12) super-
symmetry (SUSY) (proton particle, neutron hole case and
[N;]#[N+1,1°]. (A somewhat different formula has been
derived for [N;]=[N+1 ,13], but only a few levels belong
to this group representation below 600 keV.)

First, we fitted the parameters of Eq. (11) to the levels of
the even—even "*Se, odd-A "Se, and "*As nuclei by a least-
squares method. Quantum numbers were assigned to the
states of the supermultiplet on the basis of the energies,
spins, parities, decay properties, available one-nucleon
transfer-reaction spectroscopic factors, as the
IBF(F)M and SUSY wave functions of the levels considered.
The following parameters were obtained A, +A_,=55,
A, tA,,=26,B,=525, B,=0, C=4, D=-28, a high nega-
41 (all in keV). Then we used these

well as

tive value for E, and F =
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TABLE V. Experimental clectric quadrupole (Q) and magnetic-dipole () moments of
Zn, Ga, Ge, and As nuclei compared with IB(FF)M theoretical results.

Nucleus| J* E, Q(eb) nip,) Main
keV config.
Exp. [49] Calc.  Ref. Exp. (49] Calc Ref.
$2a, | 20 992 | -012012) | 007 +0.84(18) | +094 One
d-boson
-0.14321) +0.92(20)
1 - v f
Szn, | S2; 0 | 002" |-0003 +0.7690(2) | a)+1.38 vfsnR
b)+0.84
w; us +0.10 -0.78(20) | 2149 vEw2
b)-0.82
w2; 207 006 +0.73(25) | a052 vfsner
4] b}043  [4]
MT 10868 -1 73(49) a)>-1.80 vion
b»103
®Ga, | 21 66 015 +1011(18 | a+103 %5 32vf 572
b1072
7, 1464|0784 | 040 +090321) | 2006 ~f 5/2vE 972
b0 70
ot 3043 035 $423(90) | ans12
br4 59
%Zne | 2; 1039 -0064 +09422) | +091 One d-
o boson
SZn, | S2; 0 | +0.15005¢ | +007 +0.875479084)| +1.35 V52
1, 93 +0S87(11) | +0T2 vp 12
w2; 185 004 [6] +0.50(6) 013 (6] | vfsne2*
92, 604 | =10332] |-020 -1.0979 | -102 1]

7 - t -
$1Ga,, | 32; O $0.195° +0.07 +18507(3) | +208 " 2
8Ga,, | 1t 0 |$0.0277(14)%"| +0.0082 $0.01175(5)* |-00134 BV f52

7 1230 072" |-0514 +0.707(14) | +0.67 R~ S2VEIN
BGe,, | 52; O 002457 | +004 +0 735N 07 vf5n
Das, | 41 0 | 4009424y |-0023 (8] | +210612 | 21 (8] |xfSfS2
7, 888 +0.75(5) {50} | +077 *f S2VEOR2
MGey | 20 1039 +0.036) or |-0.197 +0.936(52) | +0.914 One
+0.09(6) d-boson
n - -
NGey | 127 O +0.547(5) | +0.445 vpiR2
s2; 175 +1.018(10) | +0.987 vfsn
92y 19| 10345 |[-0230 (9] | -10413D |-1221 (9] Vi
NAs, | 32; © -0.021(6) |-0.156 (+)16735(18) | +1.010 S
ot 1001 -0.365 +5.15(9) | +5.985 RFW2
Tasy, | 2; 0 | -0.08224) [-0.32 -2.1566(3) | -1.809 »f 52vE92
3 24 +0229 +1.580(18) | +1.525 »f S/2vf 512
NGe, | 2 834 -0136) |-0209 +0.798(66) | +0.888 One d-
boson
BGe,, | 92; 0 | 017326 | -0.165 —0.8794677(2) ¢ -1 204 vgon
s2; 13| -04Mor 140230 -00941(25) | -10091
+0.22 (58]
DAsy | 527 67 0012 (1] ] +16310) | +0963 [I11]| nf52
92, 428 039 +5.234(14) | +5955 g9/2
Has, | 0 +0.111 -1.597(3) | -1.393 f S/2Vg9N2
4 259 +0.417 +3238(40) | +3.793 rpIV2Vf 52

a) g'=0.9¢" (free); b) gr=0.5g7 (free). ) Does not include Knight-shift correction.
k) w/Q<0 (signs of w and Q are different). s1) ~Steinheimer™ or other polarization
correction included. 1) No polarization correction included.
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TABLE V1. Calculated £2 and M | transitions between the low-lying levels in ®Ga
and comparison with available data. The assignment of calculated to experimental
levels is made according to Fig. I1.

o 10? B(E2) (e*b?) 10 B(MI) (u) L
IBFFM IBFFM Exp. (34] IBFFM Exp [34) IBFFM Exp. (34)
2ot 013 1822 20014 100 100
132 003 0130 ss ss

-1 0.04 ' 0221 100 100
21 0.25 0.024 01

-2 0.002 0044 19 30

- 0.00006 0056 100 100
3123 001 0008 1077

-1 0.0004 107’

-7 044 1.593 20005 100 100

- 0.03 2005 01 45
4 o3 0.40 1.389 20038 100 100

-2 0.01 0.0008

a2 0.03 >001 03 46
133 009 0006

-2 0.48 0050 26 42

-1 023 0036 50 10

-2 0.03 0134 100 100

-1 0.002 0004 105 20
0y 13 0217 0.08

-2 0.02 0.001

-1 0.925 60 1s

-2 1.01 28

-1} 0.116 100 100
-0} 0.00007 3Ix 10712

-1 0.08 0.009 0.01

-4 0.004 s x 1078

-3 0.23 0.271 21 09

-2 0.04 0.444 35 5.0

-1 0.005 0.050 83 5.8

-2} 1.34 0.0003 9.8 13.4

-1t 0.20 0044 100 100
32 0.12 0.377 07

S 025 0.003

-4 0.22 0.00002 0.004

-3 0.19 00003 0.1 93

-2 0.05 0065 25

-1 0.09 0.05

-2t 0.19 0.561 100 100

-1 0.04 06 28

43 1.06 0.167 2.1

-2 0.01 0.003

-4 0.06 0583 20.0014 100 100

-3 0.58 0.257 20.0004 121 %

-2 0.02 0.1

-2 0.60 24 20
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TABLE VL. (Continued.)

Bt 107 B(E2) (¢?b?) 10 BMD () 8
IBFFM IBFFM Exp [34) IBFFM Exp. [34] IBFFM Exp. [34)
2, 4 032 1 x 1078

-3 0.03 0.009 0.02

-2} 026 0.062 06 24

-0} 0.001 0.00005

-1 0.12 0.034 06

M 0.21 0.03

-3t 0.66 0.029 19 8.6

-2 0.002 0013 06 46

M 0.006 0.032 22 10.5

22 0.0003 0.026 38 47

-1t 093 0.291 100 100
42 2.69 2021 100 100
-4 1.01 1212 1.1

-7 2.10 5934 100 100
5337 0.004 10

-4 0.19 0579 100 100
7753 021 100 100
5,7 427 10°

-3 018 0.304 1.2

-3 1.36 003

-4 032 1.533 100 100
6= 5; 0.04 0.072 0.06 <17

-7 0.02 0076 01

-] 0.47 5.019 100 100

>4 0.96 22 8

0.8

0.7

1

|

0.4

01 - 0.1
"+ 4+ "+ " -

oL THEORY g LZ . 2 Jo

401
n=" " —

——IBFFM—— —EXPERMENT— TEN BRINK,... —IBFFM— ———EXPERIMENT— TEN BRINK,..

FIG. 17. Level scheme of #As (Ref. 11), compared with the present IBFFM and previous calculations by Ten Brink er al”' The levels marked with triangles
were observed in Ref. 41 from the (c,npy) reaction.
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TABLE VII. Spectroscopic factors for the $9Gasg(d,1)$3Gay; transfer reaction populating the low-

lying levels in **Ga.

Ccis
J® IBFM Exp (33]
IBFFM P Py fin 89n Pin*Pin fsn &9
" 0.012 0.003 3333 0.09 0.44
M 0.023 0.002 31230 0.11 0.96
13 0.308 0.015 0.170 0.21
+
2 0.344 0.430 0.063 } 090 } i 30
3t 0114 2172
4 3227 218
1; 0.055 0.283 0032 0.18
OT 0.403 0.18 0.2
2 0.004 0.210 0.007 033
3} 1.050 0.278 0.05 0.42
4; 0.438 0.12
2} 0.005 0.0004 0.178 0.09
4; 0.094
3] 0.020
5; 0.476
57 0.003
6; 0.360
7 n
E, Mev EXP. 31940 SUSY CALC. !
0o 10* I
of - 5 1
S M gt ]
3t _ “ 3 3
- g_ + 6" + p
2r — @ @] T 3 e e 3 2
e T e o T E R
1f - o+ I o 2 ; 1
[ ZL - l 1 ]
ot o« o 0 Jo
V.= M ” """‘_‘1 y FIG. 18. Upper part: experimental energy levels of "“Se (Ref.
! ' 1 56) in comparison with the SUSY calculations. Lower part:
LET experimental energy levels of 7>As (Refs. 10 and 40) in com-
337940 parison with the IBFM and SUSY calculations.
E,Mev  IBFM CALC. SUSY CALC.
EXP. — S/2}
1.0rs/2% 41.0
i 5/ U2” — 323 - i
08p3:W2f -] Sy — 5125 {os
s Yz --- 1 =3
0.6f ———2% === —¥2; _ 5/2; {06
3 - —wn T vy
AR 12; 32 - 3 : o
—_ . —y %
S W25 DA sl (/2) - h
0.2} i - V2 2 —5/2y {02
V23 V252 1
[y 2-/2] —L - — — ==t " 2L -
P e et e m— Y7} I Jo
[Nyx N2y 118,01 (VAT VA
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%
3 5e,,

EXP. SUSY CALC.
E. Mev _
[ ",‘,.CII" - 32 1
| v g P 7 R |/
of BT} e i T
- ar - ’ 7 1
o YT —uy ]M
L O, — 04
w ur )
02 v V0 do2
—r; *
ol 1,
N, 10%) 181Y) (8.0%)
I
IBFFM  CALC exe [23ASa SUSY CALC
E, Mev J 2t
[ iy —g 1 .
»o& 2):__' —— ol e H ,’ -
0.5f U 2! zr"“‘ :‘—ﬂ":é} . :'_,__“__EL
S ET R ey =y v,
04} ‘. ::\’ /" Yy S“""'—} 2
-, N ot LY
3 L—l" -—:,- NS . ! x-01 ‘}__ N
03 ) S | S & SR .
1
i T =
02} -4
01}
o L L

parameters to generate the level spectrum of "4As. (The value
of A, was taken as zero, after testing its role in the gener-
ated "*As spectrum.)

The experimental and calculated energy spectra are com-
pared in Figs. 18 and 19.

The supersymmetry calculations describe 44 levels of
four different nuclei reasonably well with only seven fitted
parameters. However, a problem appears with additional 1*
and 37 states in the low-energy SUSY spectrum, and the
assignment of some SUSY states to experimental ones can-
not be made unambiguously.

The supersymmetry calculations and results are de-
scribed in detail in Ref. 12.

We are indebted to all co-authors of Refs. 4—14 for ef-
fective collaboration. The financial support of the Hungarian
National Scientific Foundation (OTKA, grant No. 3004) is
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