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The structure of %Ga, %Ga, 79Ga, As, 72As, 3As, 7#As, and 75As was studied via
(p,ny) (and in some cases) (a,ny) reactions. In-beam y-ray, two-dimensional yy-coincidence,
internal conversion electron, and y-ray angular distribution spectra, as well as o(E| gy Ep)
relative reaction cross sections were 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, y-ray branching and mixing ratios have been deduced. Energy
spectra, electromagnetic moments, reduced transition probabilities, y-ray branching ratios,
and one-nucleon transfer reaction spectroscopic factors were calculated in the framework of
interacting boson model (IBM), interacting boson-fermion model (IBFM), and interacting
boson-fermion-fermion model (IBFFM) for about 20 nuclei in the Ga-As region (5*—67Zn,
6568, 68—T3Ge, 70—74A5). The odd-odd nuclei were described on the basis of consistent
parametrization deduced from the even-even core and the two neighbouring odd-A nuclei.
Reasonable description of experimental data has been obtained. The energy splitting of
proton-neutron multiplets in odd-odd Ga and As nuclei is discussed also with the use of the
parabolic rule which is associated with IBFFM in the low perturbation order. The energy
spectra of gﬁSew, ;ZSCM, ;gAsm, ;‘;As‘“ supermultiplet nuclei were 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 have been reasonably described using only
7 fitted parameters. The existence of supersymmetry was supported also by one-nucleon
transfer reaction data, electromagnetic properties, as well as by IBFM, IBFFM and SUSY
model wave functions of the levels considered.

Hsyuena crpykrypa smep %Ga, %8Ga, 70Ga, 0As, 72As, 73As, "As n "®As uepes
peakuuH (p,nY) 4 (B HEKOTOPRIX citydasx) (ot,7ry). M3MEpeHs! CeKTpHI Y-nyueii, JBYMEPHBIX
YY-COBIANCHH, 3ICKTPOHOB BHYTPEHHEH KOHBEPCHH M YIIOBOTO acTpeneieH s Y-Tydel, a
TaKXxe G(Eyp, Ep) OTHOCHTE/IBHBIE TONEpeYHble ceveHus peakuuit ¢ nomowsio Ge(HP),
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Ge(Li) y-IeTeKTopoB U cBepXnpoBodilero MarauTHoro Si(Li)-criektpomerpa a/eKTPOHOB
TP pa3TUYHBIX HEPrusx GomGapuupyommx yacTull. [Ipetokentble HOBLIC CXEMbI YPOB-
Het conepxar 300 (Mexny Humu 70 HOBBIX) ypoBHeid. TIpUBEACHB! CIIMHBI, YETHOCTH, KO-
shPULMEHTH! Y-Pa3BETBICHHS ¥ CMEIIMBARUS. PaccuyuraHsl SHEPreTHYECKHE CIEKTPEL,
3IEKTPOMATHUTHEIE MOMEHTHI, [PUBENEHHbIC BEPOATHOCTH MEPEXONOB, KO3(DhHULIMCHTHI
Y-pasBeTRIEHUA M CHIEKTPOCKOMHYCCKHE (PaKTODPHI B PaMKax MONENM B3aUMOZEHCTBYIOIIUX
Go3onos (epmuonos) (MBB (®)) mng = 20 augep B obnactn Ga-As (6%677y, 65—68(3,
68—73Ge, 70—74A5). HeuerHo-HedeTHBIE A7pa ONUCHIBAKTCS [1aPAMETPAMH, NOTIYJEHHBIMH
U3 1pPUCIIOCOGNEHUs. K BKCIIEPUMEHTANBHBIM JIaHHBIM O CBOMCTBAX sjipa 4ETHO-YETHOTO
OCTOBA W JIBYX COCENHHUX 4flep C HEYETHBIMH MaCCOBBIMH ancnamu. TlonydeHo pasyMHOE
OMUCAHUE IKCIIEPUMEHTABHBIX NaHHBIX. DHEPIETHYECKOE PaclierieHHe NPOTOH-HEATPOH
MYIBETUIIIETOB B HEYETHO-HEUeTHBIX suipax Ga u As obcyxniaeTcs ¢ IOMOLUbLo napaGonuie-
CKOTO TpaBriIa, accomuuposantoro ¢ MBB B HU3KOM MOpsfiKe BO3MYILCHHs. PaccuMrtaHbl
9HEPreTHUECKUe CIIEKTPbl CYNepMYJIFTHILIETA 748e, 15Se, As u "*As Ha 6aze Teopun
U (6/12) ® U, (6 /12) cyriepcummerpuu (CYCH). Onucannl pacyersl 44 ypoBHeEH 4eThIpEX
PAIMUHBIX S1ep C UCMOJIb3OBAHHEM TOJNBKO CEMM HOATOHOUHBbIX mapamerpos. Cymiectso-
BaHHME CYNEPCHMMETDHM [ONTBEPKNEHO NAHHBIMH PEAKUMH OOHOHYKJIOHHBIX Tepenay,
BIEKTPOMATHUTHEIMM  cBolicTBaMu, a Takke MBB® u CYCH BonHOBbIMH (PYHKLMAMH
00CyX1aeMbIX YPOBHEH.

1. INTRODUCTION

The main intention of the present work was a detailed in-beam y- and
electron-spectroscopic study of the odd-odd Ga and As isotopes and a consistent
description of the structure of the Zn, Ga, Ge, and As nuclei in the framework
of the interacting 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 measurements. The beams
of the Debrecen isochronous cyclotron enabled excitation both of particle and
collective states, and the high resolution, high efficiency Ge(HP) detectors and
unique superconducting magnetic electron spectrometer, constructed in the
Institute of Nuclear Research, assured 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 70.7274As we have performed
interacting boson-fermion-fermion model calculations for the first time. These
calculations gave consistent and detailed description of the energy spectra and
electromagnetic properties of the corresponding even-even, odd-A and odd-odd
Zn, Ga, Ge, and As nuclei.
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Fig.1. Nuclei, investigated in this program experimentally, are indicated by eight
mass numbers in solid frames. Mass numbers in doited frames: theoretical
calculations; Z: atomic, N: neutron numbers; mass number underlined with a
thick line: stable nucleus

The new experimental data, obtained on "3As and "*As, offered possibility
of checking the supersymmetry predictions for 74Se, Se, PAs, and "*As
nuclei.

2. EXPERIMENTAL METHODS AND RESULTS

We have studied the excited states of the Ga and As nuclei in the proton
and o-particle beams of the Debrecen 103-cm (and in some experiments of the
Jyvaskyla 90-cm) isochronous cyclotrons via (p, ny) and (o, ny) reactions. The
targets were prepared from enriched Cu, Zn, and Ge isotopes. The description
of the spectroscopic channels of the Debrecen cyclotron can be found in Refs.
[1,2].

High-resolution Ge (HP and LEPS) detectors were used for y- and a
superconducting magnetic lens plus Si(Li) spectrometer (SMLS) for electron-
spectroscopic measurements. The SML spectrometer, which was described in
detail in [3], has high transmission, good energy resolution, and low
background.

In order to obtain «complete» spectroscopic information, Y-ray (Ey, IY)’

Yy-coincidence, internal conversion electron and Yy-ray angular distribution

spectra, as well as relative reaction cross section (Sm(ELEV, Ep) were measured
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at different bombarding particle energies. Level schemes, spin-parity values,
y-branching and y-mixing ratios have been deduced. Great attention was paid to
the reliability and consistency of the obtained data. For example, the level spins
have been determined with three different methods: a) from the decay properties
and internal conversion coefficients of transitions, b) from Hauser-Feshbach
analysis of the (p,n) reaction cross sections, and c) from fy-ray angular
distributions. Configuration of levels has been determined from all available
data: from nucleon transfer reaction studies, log ft values of PB-decay,
electromagnetic moments, transition probabilities, Y-branching ratios,
predictions of parabolic rule calculations, etc.

As a result of experimental work about 880 (among them 440 new) y rays
have been identified, 280 (including 240 new) O internal conversion
coefficients and ~ 300 (among them 70 new) levels have been determined in
66,68.7OGa and 70,72.73,74,76As nuclei. ]

The results have been published in the following gapers: %6Ga [4,13}, 8Ga
[5.6.13], 7%Ga [7], "0As (8], "2As [9,13], "3As [10], "*As [11—13], and 7®As
[14). These works contain detailed description of the experimental methods and
results, deduced new level schemes, and their discussion. The level spectra were
based mainly on 7yy-coincidence relations, as well as on energy and intensity
balance of 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 neighbouring even-even and odd-A nuclei. The systematics

of the OT, 2’1“, 4’1', 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, respectively. The main configurations of states are
also indicated in Figs.3 and 4 on the basis of one-nucleon transfer reaction and
other available data.

The systematics of neutron quasiparticle energies and occupation prob-
abilities in the Ni-Se region are shown in Fig.5.

In order to get preliminary estimates for the configurations of the low-lying
levels of odd-odd Ga and As nuclei, we have performed parabolic rule [16]
calculations. These calculations proved very useful for the prediction of the
energy splitting of different proton-neutron multiplets in odd-odd In [1] and Sb
[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
limitation on the applicability of the parabolic rule. Nevertheless, it can be used
for the first orientation, as indeed the IBFFM calculations showed later.
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Fig.2. Energies of 2{, 4} and 37 states of the even-even Zn, Ge and Se nuclei. Data were
taken from the corresponding Nuclear Data Sheets

As the parabolic rule and its applications to In and Sb nuclei were described
in detail in [16, 1 and 2], here we show only the results obtained on the relative
energy splitting of proton-neutron multiplets in T0As ( Fig.6) and %6:98.70G,
70.72,7476 A5 nuclei (Fig.7). In these predictions the same proton and neutron
occupation probabilities were used, as later in the IBFFM calculations (see
Section 4).
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Fig.3. The low-lying levels of odd-A 65-%9Zn and 95-7!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 9-73Ge and %%-75As nuclei. Data were taken
from the corresponding Nuclear Data Sheets and original papers
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Fig.5. Experimental quasi-particle energies (Ej) and occupation probabilities as a
function of the neutron number (N) (points) and the corresponding BCS theoretical
results (curves). Data were taken from Fournier et al. [15]. Values used in the present
calculations are shown by circles (o) for Ga and crosses (xX) for As odd-odd nuclei
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Fig.6. Approximate relative energy splitting of different p — n multiplets in 70As, as

predicted by the parabolic rule. The abscissa is scaled according to J(J + 1), where J
is the spin of the state

4. INTERACTING 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 properties on the basis of the interacting boson(-fermion-
fermion) model.

4.1. Hamilton operator. The Hamiltonian of the model is [17—20]:

Higrrm = Higpp() + Hyg gy, (v) ~ Higp + Hyppg(nv), @ -

where HIBM denotes the IBM Hamiltonian for the even-even core nucleus

[21—22], HIBFM(n) and HIBFM(V) are the IBFM Hamiltonians for the
neighbouring odd-even nuclei with an odd proton and odd neutron,
respectively [23—25], and HRFS(TW) is the Hamiltonian of the residual
interaction.

The Hamiltonian of the core has the following form [26—28]
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Fig.7. Approximate relative energy splitting of different proton-neutron multiplets in
some odd-odd Ga and As nuclei as a function of J(J + 1). J is the spin of the state.
The predictions were based on the parabolic rule

Hpy = hlﬁ’ +h,{(d¥d ™) (N~ NN -N= 112+ he) +
+ ho[(d*d ) (N - N2 + ket Yk, l@*dhdd),], )
=024

A
where N is the d-boson number operator and N is the total number of s and d
bosons. The relation of {h} parameters to the parameters defined in Ref.[21]
is as follows:

1
hlzed—es+(:lg—u2—u0)(N— 1),

AN
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The IBFM Hamiltonian employed here is of the form [27]
Higpm(©@) = Higy + 2. &, () + Hg(o0), “4)
i

where o stands for odd proton (0t ==x) or neutron (ox=v). The second and
third terms are the quasiparticle and boson-fermion (particle-vibration)
interaction Hamiltonians, respectively.

Hp(®) = X, A; {(d dylci (e, (@)]y}y +
j N

+2 T QI (o)E @) )o +
idy
+ XAy G @) 0d" g )
U
with
Aj:Ao‘j5_(21'+ 1), ©)
I‘jri2 =T, \/5_(ujluj2 - vjlij) Gl gy @

V5
Ajrjzjs =-2A, 753—*'1_ (ujlvj3 + vjlujs)(ujsvj2 + vj3uj2) X

SIARAUNATARAY (8)

0 =d+\lN—1’\\l+\/N—1/\>c~i +x(d*d) )]
2 Tp 11 2
The Hamiltonian of the residual interaction was taken in the form
Hgps(Mv) = 4nVed(r, — 1) &(r, — R) -3 V_ (0,0,) +
3(0'n- r. o, rm/)
2 -, 0)| (10)

r
b1

tens

3
where r,=T,~Tr, RO =1.2VA fm. HRES(nv) includes surface delta, spin-spin
and tensor interactions.

Hamiltonian (1) was diagonalized in the proton-neutron-boson basis:
WG J gy 7 dl;J), where j and J,, stand for the proton and neutron angular
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moments coupled to j_, n, is the number of 4 bosons, [ is their angular-
p I Mg g

momentum, and J is the spin of the state. The computer codes, used in the
calculations, were written by Brant, Paar and Vretenar [29].

4.2. Method of calculation. Parametrization. In the first step of calcula-
tions we have fitted the {hl. } parameters of the Higum Hamiltonian (2) to the

energy spectrum of the corresponding core nuclei (®*Zn, %7Zn, %8Ge, "°Ge, and
2Ge).

The total boson number is given by the number of valence shell pairs. For
example, in gan% (the core of g?GaW) N =5, since in this nucleus there are one
proton plus four neutron bosons, relative to the Z=N=28 double magic
nucleus. In the case of ;g(}e38 (the core of ;%As”) and géGe” the calculations

were performed both with N=7 and N = 4. Both calculations, with renormaliza-
tion of the other parameters, gave similar results for the energy spectra and
electromagnetic properties [9]. Thus in the further calculations for Mas, 72As,
74As, and neighbouring 9 nuclei we have used reduced total boson numbers, by
renormalizing the IBM parameters. This strongly reduced the scope of
computations for odd-odd nuclei, without a substantial effect on the properties
of the low-lying states.

The % and vibrational charge (eV1B) parameters were fitted to the electro-
magnetic moments and reduced B(E2) transition probabilities of the core nuciei.
5671 exhibits level scheme, which is characteristic of a spherical vibrator.
In this case the h, and h; parameters were chosen to be equal to zero. In other

nuclei we have employed parametrization, which corresponds to a transition
between the U(5) and SU(3) 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 step of calculations we have adjusted the parameters of
Higpm(™) (4—38) to the experimental data of the corresponding odd-Z, even-N

nuclei. The proton quasiparticle energies and occupation probabiliiies were
taken mostly from proton transfer reaction data and/or pairing force (BCS)
calculations.

The A7 monopole, I';" dynamical quadrupole, and Aj exchange boson-
fermion interaction strengths were fitted to the low energy spectra of 63Ga,
67Ga, 71As, and TAs, respectively. (The level spectrum of As was very
scarcely known). The gs" and g‘gns effective gyromagnetic ratios have been

determined from the fitting to the electromagnetic moments and reduced B(E2),
B(M1) transition probabilities (y-branching ratios).
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Table 1. Parameters of the IBFFM calculations

Parameters g?Gaas ngan ggASw ;_%As,w 1AS,)
Core, MeV h, 0.8 1.039 0.9 0.88 0.68
hy 02 0 -0.15 03 025
hy 0 0 0.06 0.12 0.1
by 0.1 0.147 0 0.2 0
by 0.15 -0.2292 05 0.4 0.3
By, 03 0.5595 -0.08 -0.08 -0.08
Total boson NP, N 4 5 3 4 (or7) 4
x 0.5 05 1323% | -1323% ] 1323
e VIB 1.35 1.35 0.8 0.8 0.8
Quasi-proton E(np 372) 0 0 03 0 0
energy, MeV E(nf 572) 0.75 0.75 0 0.41 0.41
Enp 172) 0.615 0.615 0.3 0.74 0.74
E(ng 92) 1.3 2.2 1.55
E(nd 572) 5.2 4.55
Occup. Vi(rp 372) 0.6 0.6 0.607 0.607 0.579
probability yanrsmy | 007 0.07 0.309 0.309 0.341
Vi{np 122) 0.09 0.09 0.131 0.131 0.118
Vi(ng 972) 0.07 0.07 0.06
V(nd 5/2) 0.01 0.01
Quasi-neutron E(vp 3/2) 0.09 0.49 0.60 0.95 0.95
energy, MeV E(vf572) 0 0 0 0.53 0.53
E(vp 172) 0.83 0.03 0.2 0 0
E(vg 972) 1.69 1.36 0.9 0.2 0.2
E(vd 572) 3.2 32
Occup. Vvivp32) | 073 0.89 0.80 0.941 0.957
probability 25y | 0.48 0.73 0.75 0949 | 0962
Vivp 172) 0.11 0.25 0.16 0.327 0.624
Vi(vg 92) 0.08 0.04 0.09 0.09 0.217
V2vd 572) 0.01 0.01
Strengths of AT 0.05 0.05 0.05 0.05 0.05
boson-fermion
interaction, MeV T‘!.‘ 0.48 04 0.4 0.5 05
AT 1.4 0.5 0.5 0.5m+ 0.5
1.57—
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66 68 70 72 Thp
Parameters 31085 3103y 33783 338839 33884
A(V) 0 0 0 0 0
1‘?; 0.02 0.15 0.2 0.557 + 0.55
0.45n —
A(V) 1.63 13 13 1.30n + 1.3n+
5.50m — 551~
Effective gr 04g™ O | 04g™/ | 040g™ m+ | 07" 0.7g ™
gyromagn, ratios ’ : ’ ’
0.655 ™ n -
gr 1.56 1.59 ¢ 0 3.340 3.372
tens
g) 09g¥ V| 05" m+ 04g> | 07g¥ | 07gY
0.9gx"f -
gv ¥k -1.07 -1.09 4 0 -4.40 -4.48
tens
Strengths of Vs -0.4 -0.4 0m+ On+ On+
residual
interaction, MeV 04m- 06m- 067w~
Voo 0.4 04 04n+ 0 0
03n-
V ens -0.01 0.015 0.015 0.015 0.015

=15, e'=05¢ gf=1, g’ =0, gp=2ZA1in all cases

¥1323=\7/2

1+ and T — stand for positive and negative parity states, respectively

#*The tensor gyromagnetic ratio, g oY, [59,60] is similar to the one used in ref.[61]

Ly ) g, (free) =-1.09

_1_ 2 T . .
0 (gl (free) =159 A 5

O g™ = g™ (free) = 5.5857
V g =gV (free) = -3.8263

In the third step of calculations we adjusted the AY, Ij,and Ay parameters
of HIBFM(V) (4—8) to the low-energy spectra of the corresponding even-Z,

odd-N nuclei: 65Zn, 67Zn, 69Ge, 71Ge, and *Ge. The proton quasiparticle
energies and occupation probabilities were close to the calculated BCS values

of Ref[15], and to the systematics of experimental data (Fig.5). The g‘; and
gt’ens parameters were fitted to the electromagnetic properties.

Finally the Vg, Vg

5 and V  parameters of the residual interaction (10)

were fitted to the experimental data of odd-odd nuclei. The core parameters and
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occupation probabilities remained unaltered in all cases. We remark that in
T0As, T?As, and "*As readjustment of quasiparticle energies, boson-fermion
interaction strengths and effective gyromagnetic ratios was needed in order to
have better agreement with the experimental data. Such a renormalization seems
to be in accordance with general observation in the regions of soft nuclei: the
dynamical deformation can be sizeable, if one nucleon is added. Consequently,
the parameters may change sizeably from those derived from the neighbouring
nuclides. 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 experimental data in Figs.8 (64Zr1, 65(}3), 9(6SZn, (’6Ga), 10(66Zn, 67Ga),
1187zn, %8Ga), 12(53Ge, %°Ge, "%As), 13(°Ge, 'As), 14("'Ge, 7?As),
15(%Ge, *As), and 16("3Ge, *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 assigned to
the experimental levels usually on the basis of energy, spin, parity, one-nucieon
transfer reaction data (if they exist), decay properties, and wave functions.

The main components of the wave functions of some low-lying states in
%6Ga and "As are shown in Tables 2 and 3, respectively. Usually the wave
functions are very complex. There are states, which have more than six hundred
components. Nevertheless, in some cases the states are dominated by only one
proton-neutron multiplet. Thus it is worth to compare the experimental and
IBFFM energy spectra aiso with the predictions of the parabolic rule (Figs.6 and 7).

The “53/2"-?5/1 muitiplet. As an example, let us discuss the energy splitting

66.6870Ga and 7%7?As. The parabelic rule predicts

of the 7 p, .V f; , maultiplet in

an open-up parabela for the energy splitting in 6Ga and open-down one in

%¢Ga (Fig.7). This is in accordance with the experimental facts, because the 17,
. & p

2% 3% and 47 states of the multiplet can be identified with the 44 and 109 keV

17+ 13, 66 keV 2, 162 keV 37, and 415 keV 47 states in *°Ga and 0 keV 17,

175 keV 2}, 376 and 676 keV 3} + 3}, and 496 keV 47 states in ®3Ga (Figs.9
and 11). The IBFFM calculations are in accordance with the classification of the

parabolic rule, because the 17+ 13, 27, 37, and 4 states in 56(3a, as well as 17,

2}, 37 +3}, and 47 states in *Ga have dominating (or at least very strong)

1:53 Vs, components. The inversion of parabola is connected with the fact,

that the f;, neutron is particle-like in $$Ga, (V2> 0.5) and hole-like in
68 2
$Ga,, (V2> 0.5).
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Table 2. Main components (>4%) in the IBFFM wave functions of some
low-lying states in %Ga. The basis states are I(j_j ), n,;J) (see the text).
The last column displays the corresponding amplitudes in the wave functions

Jr Uy d) Iy gl A Jr Upr ) Joyr g1 A

or (312.5/2) 212 062 | 2 (3/2,5/2) 2,00 0.35
(312,32) 0,00 0.23 (312,3/2) 2,00 0.45
(312,3/2) 2,12 0.43 (312,52) 3,12 -0.24
(1/2,52) 212 026 (3/2.3/2) 312 -0.41
(112,312) %12 030 | o3 (3/2,3/2) 0,00 0.36
(12,512) 232 -0.22 (1/2,112) 0,00 -0.25

i (3/2,52) 1,00 0.54 (512,5/2) 0;00 -0.53
(31,52) 120 -0.24 (512,512) 0:20 028
(3/2,312) 2,12 0.31 (3/2,5/2) 212 -0.43
(1/2.512) 212 0.24 (112,3/2) 212 0.21
(312.52) 312 041 | 4 (112,5/2) 312 021
(312,312) 312 023 (3/2,5/2) 4,00 0.62

2t (312,512) 2,00 0.62 (512,5/2) 4,00 0.37
(112.5/2) 2,00 -0.25 (3/2,5/2) 420 -0.26
(312,512) 212 -023 (5/2,5/2) 5:12 0.39
(312,512) 2,20 027 | s (172,9/2) 5,00 0.63
(112,52) 312 027 (5/2,9/2) 5,00 -0.38
(512,5/2) 412 -0.26 (112,9/2) 5,20 -0.30

& (312,52) 1,00 051 (512,9/2) 7,12 0.35
(3r2,52) 120 021 | 7 (112.92) 5,12 032
(3/2,5/2) 2,12 030 (512,912) 7,00 0.74
(312.312) 2,12 -0.24 (5/2,9/2) 7,12 -0.26
(112,32) 212 -0.26 (5/2,9/2) 7,20 -0.39
(312,32) 3,12 033

3t (312,502) 300 -046
(32,312) 3,00 0.20
(112,52) 3;00 0.50
(112,52) 3,20 -0.23
(5/2,5/2) 5,12 0.43
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Table 3. Wave functions of some low-lying states of 7’As. Only the strongest
components are given. The basis states are I(j_j )i, .7, J) (see in text)

J* U d) Jingl AL | R Gy ingd Al
OT (5/2,5/2) 0;00 0.83 3: (3/2,5/2) 3;00 0.79
(); (1/2,1/2) 0;00 0.70 4? (5/2,5/2) 4:00 0.77
pl‘ {3/2,5/2) 1,00 0.73 4; (3/2,5/2) 4,00 0.56
1; (5/2,5/2) 1,00 0.66 (5/2,5/2) 5;12 0.48
1; (1/2,1/2) 1,00 0.66 2; (5/12,9/2), 2,00 0.76
2’{ (572,5/2) 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

(3/2,512) 2:00 041 4; (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

’ 3T (1/2,5/2) 3;00 051 (1/2,9/2) 5;00 0.49

(5/2,512) 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; (5/2,1/2) 3,00 0.78

The 7”73/2\’]?5/2 multiplet is seen in 0Ga also, and the energy splitting

exhibits an open-down parabola, in accordance with the prediction of the
parabolic rule [7].

The members of the multiplet © ﬁSﬂv ]:5/2 in "%As are fragmented into

: : + A+ + ~ 7
different states. Nevertheless in the 17, 3;, and 47 states the = P3pVish

components are dominating (Table 3).

On the basis of lifetime measurements and other considerations Hubner
[44] came to the conclusion that the 1“1L state of 7?As has either the pg}zv j;/lz
or npg}ZVpl ,, configuration. The IBFFM calculations give ni)'3 /vas/z as the

dominating configuration for this state. The parabolic rule predicts an open-
down parabola for energy splitting of the n 53 YV fs, multiplet, with a minimum

energy for the 1% state. The 4™ member of this multiplet may be the 4, state.
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The 2% and 3% members are fragmented into different states (e.g., 2;', 2;', etc.,

see Table IX in [9]).
The T p,,vp, , doublet. In the case of doublets, for example in  p, VP, ,

the energy splitting does not depend on occupation probability, so the shape of
splitting of the given multiplet is very similar for all investigated nuclei (see
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Fig.7). The 1* and 2* members of the T p,,VP,, doublet are well seen in 0Ga

[7]1 and 7*As [11]. In both cases E(1*)<E(2"), in accordance with the
predictions of the parabolic rule and IBFFM calculations (for T4As; see IT and

2] states in Fig.17).
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Some members of the nfsﬂvfsﬂ multiplet were identified in "9As and 72As.

According to the parabolic rule the lowest-lying 0" states in_ OAs are
expected to be relatively pure, and they belong to the nf v fs, and/or

nﬁmv 51/2 quasiparticle multiplets. Many low-lying 1* levels are expected and

a strong configuration mixing among them. The same is true for the 2* and 3*
states. The lowcst-lying 4;( state belongs to the nf,,Vv f; , multiplet, and it is

pri)bably well separated from the 4% members of the = pypVfs, and
fs,V Py, multiplets.

The IBFFM calculations (Fig.12 and Table 3) show, that the OJ{ 345 keV

and 4“; ground states of "0As have n}?mvfs/z as dominating configurations. The

7z 7 : + 1+ At 9+ + at :
nfmvfsa components are fragmented in the 11, 12, 21, 22, 31, 32 states with

other components. The 07 state decays by a strong M1 transition to the 17 state,
as expected. The low-lying 5* member of the 1rf5/2vf5/2 multiplet is missing in

the experimental spectrum,.

According to Bertschat et al. [45] the best agreement between the predicted
and measured g-factors of the 3] state at 214 keV in 72As is obtained, if one

assumes the T f v f /é and T fs,v p, , configurations. Our IBFFM calculations

indicate mixed configuration for this state, with 11:1?5 /2\']?5 , configuration being
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the strongest one. The parabolic rule predicts an open-up parabola for the
splitting of the multiplet, with a minimum energy for the 3* (or 4*) member.

Some members of the nfs/zv §9/2 multiplet were observed almost in all

investigated odd-odd Ga and As nuclei.
On the basis of the parabolic rule we may expect that the 2|, 3, 6], and
7, states in 70As are relatively pure and belong very likely to the nfs YV ggfz

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 ’OAs have been reasonably well reproduced by the IBFFM
calculations. The 27, 37, 6], and 7 levels are rather pure and belong mainly to
the nfS/zV ggfz multiplet (Table 3). The 699 keV 3, level decays by MI

transition to the 27 state, in accordance with expectation for the neighbouring

members of the same multiplet. The 4;, 4-, and 5; states have mixed

5,
TP,V 8yp and T fsV gy, multiplets as the main configurations.

According to the parabolic rule the energy splitting of the n]?s/zv §9/2
multiplet shows an open-down parabola with a minimum energy for the 27 state
in 7?As, too. On the basis of magnetic dipole moment measurement by
Hogervorst et al. [46] one may conclude that the 27 ground state of 72As has
predominantly a T f,v §9 ,, configuration. The IBFFM calculations confirm
these results: in the 27 ground, 3] and 7] states the dominating configuration is
nf;/_,v §9/2 (Table IX in [9]). In a recent publication, Doring et al. [47] assigned

to the 562.8 keV level 7 spin and parity (instead of the former assignment
(6)). This state may be the 77 member of the 7 f; v 'g'gf2 multiplet (Fig.14).

The 27 and 7~ members of the 71:}?5 LV &g, multiplet could be identified also
in %8Ga (Fig.11 and [6]), "°Ga [7]; and the 2~ member in 7*As (Fig.16 and
[11]).

The 4~ and 5~ members of the T p, .V 8, doublet were seen in %8Ga [5,6],
LN [8} and T2As [9], although they are mixed with other components.

According to the parabolic rule E(47) < E(57) (see Figs.6 and 7), in agreement
with the experimental data and IBFFM calculations (Fig.11 for 68Ga, Fig.12 and
Table 3 for 70As, and Fig.14 and Table 1X in [9] for "“As).

In the low-lying 57 and 6 states components of the T p,,V g, multiplet
were seen in 8Ga {Fig.11 and {5,6]) and 0Ga 7}
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Table 4. d-boson composition of the IBFFM wave functions
of some low-lying states in %6Ga

I "y
0 1 "2 3 4

or 0.065 0.750 0.072 0.110 0.003
1* 0.344 0.466 0.121 0.065 0.004
2 0.502 0.282 0.172 0.038 0.006
1 0.339 0.460 0.132 0.064 0.005
3t 0.504 0.303 0.146 0.043 0.004
2 0.381 0.396 0.163 0.054 0.006
0} 0.473 0.313 0.168  0.040 0.006

For each state JF, the numbers in the Table present the value of
Ejnjvjmléz[(jnjv)jm, nyI;J] for each of possible values of d-boson number:
ny=0,1,2, . N

The d-boson composition of the IBFFM wave functions of some low-lying

states in %0Ga is given in Table 4. The OT ground state of %Ga is basically of

one-d-boson typé. The total contribution of sizeable one-d-boson components is
75%. We note that this is an effect of boson-fermion interaction, similar to the
Jj—1 anomaly, which was studied previously in the cluster-vibration model for
odd-even nuclei [48] and appears also in IBFM for odd-even nuclei [24].

The low-lying triplet of 73Ge 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 Igg/)_, 12;5/2) and l§9/2, 12;7/2) one-d-boson multiplet states. The 5/2%

lowering is produced by the dynamical quadrupole interaction (and admixture
of dS/z 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 5. Here we present calculated moments only for those states

which have at least one experimentally measured moment (either electric
quadrupole or magnetic dipole).
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Table 5. Experimental electric quadrupole (Q) and magnetic dipole (W)
moments of Zn, Ga, Ge, and As nuclei compared
with IB(FF)M theoretical results

Nucleus| J*© E, Q(eb) nw,) Main
keV config.
Exp. [49] Calc. Ref. Exp. [49] Calc.  Ref.
g’gzn w| 27 992 | -0.124(12) | -0.07 +0.84(18) +0.94 One
d-boson
—-0.143(21) +0.92(20)
g(S)Zn s | 572] 0 -0.023(2)* | -0.003 +0.7690(2) | a)+1.38 v fS/).
b)+0.84
327 115 +0.10 -0.78(20) a)-1.49 vp3R2
b)-0.82
32; 207 ~0.06 +0.73(25) | a)+0.52 vi5n®2*
[4] b)+0.43  [4]
92t 1066 -1.73(49) a)-1.80 vg 972
b)-1.03
g’?Gaa s| 2t 66 -0.15 +1.011(18)* | a)}+1.03 np 32vF 52
b)+0.72
77 1464 |  +0.78(4)" -0.40 +0.903(21) | a)}-0.06 f 5/2VE 972
b)+0.70
9t 3043 -0.35 +4.23(90) ap5.12
b)+4.59
ggzn w | 21 1039 -0.064 +0.94(22) +0.91 One d-
) boson
2(7)2"%7 52, 0 +0.150(15)* +0.07 +0.8754790(84)| +1.35 va/Z
12; 93 +0.587(11) +0.72 vp 12
327 185 -0.04 [6] +0.50(6) +0.13  [6] vf 52802
92t 604 = +0.3[32} -0.20 -1.097(9) -1.02 vg 972
?ZG% 3, O +0.195% +0.07 +1.8507(3) +2.08 np 372
2?130337 1% 0 |+0.0277(14)%" | +0.0082 +0.01175(5) | -0.0134 1r1'33/2vf5/2
7 1230 0722 |-0.514 +0.707(14) +0.67 nf~5/2v§9/2
236c37 527 0 0.024(5)" +0.04 +0.735(7) 0.73 vfs2
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Nucleus | J= E, Q(eb) B, Main

keV config.
Exp. [49] Calc. Ref. Exp. [49] Calc. Ref.

ggAs” 4t 0 +0.094(24) [-0.023 (8] +2.1061(2) +2.1 [81 nfS/ZVfS/Z

7 888 +0.75(5) [50] | +0.77 nf5/2v§9/2
;(2)(;538 2T 1039 +0.03(6) or |-0.197 +0.936(52) | +0.914 One
+0.09(6) d-boson
71 - 5
3 Gesg | 127 0 . +0.547(5) +0.445 vpl/2
527 175 +1.018(10) | +0.987 va/Z

927 199 +0.34(5) -0230 [9] -1.0413(7) | -1.221 [9] vg92

TAsy | 527 0 -0.021(6) |-0.156 (H1.6735(18) | +1.010 nf5/2
92t 1001 -0.365 +5.15(9) | +5.985 g2
Bps, | 27 0 | -008204) (0132 -2.1566(3) | ~1.809 f 5/2v§9/2
3 214 +0.229 +1.580(18)* | +1.525 nf 5/2vf 572
BGe,, | 27 834 | -013(6) |-0209 +0.798(66) | +0.888 One d-
boson
BGe, | 92t 0 | -017326) |-0.165 ~0.8794677(2) | -1.204 Vg2

st 13 | -04(3)or |+0230 -0.0941(25) | -1.091

+0.22 [58]

BAsy, | 527 67 —0.112 [11]] +1.63(10) | +0964 [11}| mwfs52
92t 428 -0.392 +5.234(14) | +5.955 )
TAsy | 27 0 +0.111 -15973) | -1393 7 S/2VE9/2
4 259 +0417 +3.238(40) | +3.793 np3/2vf 572

a) gy =0.9g} (free), b) g¥=0.5 g} (free)

h) does not include Knight-shift correction

k) i/ Q<0 (signs of Y and Q are different)

st) «Sternheimer» or other polarization correction included
u) no polarization correction included

As Table 5 shows, the signs of moments were correctly reproduced in 37
cases of the total 39. (The exceptions are the electric quadrupole moments of

T0As 4T and "°Ge 2}' states). In 11 cases the signs of moments were not
determined experimentally. The calculations gave definite predictions for signs,

and allowed one to predict more than 200 moments which were not measured
up to now (see Refs. [4,9,11]).
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The calculated and available experimental B(E2), B(M1) reduced transition
probabilities and y-branching ratios for 8Ga transitions are given in Table 6.
Similar data have been obtained also for ®°Ga [4], 2ps 9], and T4 As [11]
transitions. As Table 6 shows, there is a reasonable agreement between theory
and experiment, at least all 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“; - IT transition.

Table 6. Calculated E2 and M1 transitions between the low-lying levels
in %8Ga and comparison with available data. The assignment of calculated
to experimental levels is according to Fig.11

AR 102 B(E2) (e?b?) 10 B(M1) (42) .
IBFFM IBFFM Exp. [34] IBFFM Exp. [34] IBFFM Exp. [34]
21 0.13 1.822 20.014 100 100
o2t 0.03 0.130 55 5.5
-1 0.04 0.221 100 100
21 0.25 0.024 0.1
-2 0.002 0.044 119 30
S 0.00006 0.056 100 " 100
328 0.01 0.008 1077
-1 0.0004 107
2t 0.44 1.593 20.005 100 100
-1t 0.03 20.05 0.1 45
43 0.40 1.389 20.038 100 100
-2 0.01 0.0008
2 0.03 >0.01 0.3 46
153 0.09 0.006
-2 0.48 : 0,050 26 4.2
>1% 0.23 0.036 50 1.0
—2F 0.03 0.134 100 100

-1t 0.002 0.004 10.5 20
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JEE 10?2 B(E2) (¢*b?) 10 BM1) (1) .
IBFFM IBFFM Exp. [34] IBFFM Exp. [34] IBFFM Exp. [34]
ot 13 0217 0.08

-2} 0.02 ' 0.001

-1 0.925 60 15

-2 1.01 2.8

— 0.116 100 100
250 0.00007 3x 10712

- 13 0.08 0.009 0.01

-4t 0.004 5% 107

-3t 0.23 0.271 21 0.9

-2 0.04 0.444 35 5.0

13 0.005 0.050 8.3 5.8

-2t 1.34 0.0003 9.8 13.4

-1 0.20 0.044 100 100
35528 0.12 0.377 0.7

-1 0.25 0.003

-4 0.22 0.00002 0.004

-3t 0.19 0.0003 0.1 93

-2 0.05 0.065 _ 25

-1 0.09 0.05

-2t 0.19 0.561 100 100

-1 0.04 0.6 28
4;_;3; 1.06 0.167 2.1

-2} 0.01 0.003

-4 0.06 0.583 >0.0014 100 100

-3t 0.58 0.257 > 0.0004 121 90

St 0.02 0.1

2
2F 0.60 , 24 20
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IARYE 10 B(E2) (¢’b?) 10 BOM1) (u2) L
IBFFM IBFFM Exp. [34] IBFFM Exp. [34] IBFFM Exp. [34]
243 0.32 4 x 1078

-3 0.03 0.009 0.02

-2} 0.26 0.062 0.6 2.4

>0t 0.001 0.00005

-1 0.12 0.034 0.6

-4t 0.21 0.03

-3 0.66 0.029 1.9 8.6

-2 0.002 0.013 0.6 4.6

-1 0.006 0.032 2.2 105

-2 0.0003 0.026 3.8 4.7

e 0.93 0.291 100 100
452 2.69 2021 100 100
3747 1.01 1.212 1.1

-2 2.10 5.934 100 100
5,37 0.004 10°¢ )

-4 0.19 0.579 100 100
7n- 5; 0.21 100 100
5757 427 1076

-5; 0.18 0.304 12

-3 1.36 0.03

S 4] 0.32 1.533 100 100
6757 0.04 0.072 0.06 <17

-7 0.02 0.076 0.1

-5; 0.47 5019 100 100

47 0.96 22 8
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In Table 7 we present the experimental and calculated spectroscopic factors
for (d,t) transfer reaction, populating the low-lying levels in ®8Ga [6]. Four

levels (the 17, ZT, 2;-4- 3*{, and 4T states) are excited with large spectroscopic

factors. According to the calculation, the low-lying 17, 2‘;, 3”1*, and 4T states have

the largest spectroscopic factors, in qualitative agreement with experiment. We
have calculated spectroscopic factors for the 75As(p,d)MAs and
73Ge(3He,d)74As reactions {11], too.

Table 7. Spectroscopic factors for $3Gau(d,1)$3Ga,, transfer reaction
populating the low-lying levels in %8Ga

. c’s

Jr IBFM Exp. [33]
IBFFM Pin P fin 89n Pint P fsn 89p

]T 0.012 0.003 3.333 0.09 0.44
2T 0.023 0.002 3.230 0.11 0.96
1’2' 0.308 0.015 0.170 0.21
2 0.344 0.430 0.063 } 0.30 } 139
3T 0.114 2.772
4*1‘ 3.227 2.18
1; 0.055 0.283 0.032 . 0.18
07 0.403 0.18 0.2
2; 0.004 0.210 0.007 0.33
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
37 0.020
53 0.476
5- 0.003

67 0.360
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Summarizing the results: we have described the energy spectra and
electromagnetic properties of even-even core isotopes, odd-A neighbours, and
odd-odd nuclei in a consistent way. For example in the 647n, 65Zn, 65Ga, and
6Ga 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) parameters. As the parameters of calculations

mostly show only rather small variation for the neighbouring quartets (see
Table 1), the method allows consistent description of a larger group of nuclei.

For odd-odd As nuclei a renormalization of parameters was needed, when
we added one nucleon to the neighbouring single-odd nuclei. Such
renormalization seems to be a consequence of the softness of nuclei in this
region. The appearance of an additional nucleon may change the dynamical
deformation sizeably.

4.4. Comparison with earlier theoretical calculations. Theoretical
interpretation of the structure of the %Ga and %®Ga nuclei was completely
missing before our works [4—6].

Using the number conserving BCS quasi-proton-quasi-neutron model,
Ten-Brink et al. [51] have calculated the energy spectra of 70.72,74,76 A5 and
electromagnetic properties of 7072 A5 nuclei. They used a Schiffer force for the
effective proton-neutron residual interaction. It was supposed that the odd-odd
As nuclei are spherical and the lowest states have the lowest seniority (two).
The phonon degrees of freedom were neglected.

Kimura et al. [52] calculated the level spectrum of s, using harmonic
oscillator wave functions and a proton-neutron residual interaction of the form:

V(x,=r,)= V(1 -+ ofo, o )18 T, 1 ).

In our IB(FF) calculation it was taken into account that

a) the Zn and Ge core nuclei may have a small effective deformation (the
h2 and h3 parameters 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 lowest spin states (0%, 17).

The experimental energy spectrum of T4As is compared with the results of
the present IBFFM and former theoretical calculations in Fig.17. There are
about 48 experimentally observed states in '*As below 800 keV. The present
IBFFM calculations reproduce 46 levels, while the former calculations [51] give
only 18 levels. A comparison with the former theoretical results, obtained on
2ps, is given in [9]. Many nuclear moments and reduced transition prob-
abilities have been calculated for the first time in our works [9,11].
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5. SUPERSYMMETRY IN 74Se, Se, 7*As AND 7“As NUCLEI

Based on the vibrational symmetry limit of the interacting boson-fermion
model Vervier et al. [53], Cule and Paar [54] and Van Isacker and Jolie [55]
have developed formulae for the description of level schemes of nuclei around
76

As.

The new, more complete level schemes of 7*As and 73As obtained in our
work [11], 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 of 74Se, 7SSe, 73As, and 74As) are interrelated and are
described by the same Hamiltonian. The main advantage of this symmetry based
approximation is that the eigenvalue problem can be solved analytically.

According to Van Isacker and Jolie [55] the eigenvalues of the
Hamiltonian, the energies of the excited states are given by the following
formula:

E=A_, Y N/(N+7- 20)+A Y, N (N, +7-2i)+
i i
+A, 2, NN +7-20)+B, Y, n+
i i

+B, Y nn+6 = 2i) + C [v,(v, +3) + vy(v, + )] +

!

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

where Ni, Nm, N‘.v, Ry Vi Vg, L, S, J are quantum numbers and Am/, An, Av,
Bl, 82 C, D, E, F are parameters, which are not determined by the symmetry.
Formula (11) was obtained for the U(5) limit of the Un(6/12)® Uv(6/12)

supersymmetry (SUSY) (proton particle, neutron hole case and
[Ni]¢[N+1,15]). (Somewhat different formula has been derived for

[N,.]=[N+1,15], but only few levels belong to this group representations
below 600 keV).

First we fitted the ;)arameters of formula (11) to the levels of the even-even
743e, odd-A 7Se, and "3As nuclei by a least squares method. Quantum numbers
were assigned to the states of the supermultiplet on the basis of energies, spins,
parities, decay properties, available one-nucleon transfer reaction spectroscopic
factors, as well as IBF(F)M and SUSY wave functions of the levels considered.
The obtained parameters were as follows: A +A =55 A, +A =26,

B, =525, B, =0, C =4, D=-28, a high negative value for E, and F =41 (all in
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Fig.18. Upper part: Experimental energy levels of 74Se [56] in comparison with
the SUSY calculations. Lower part: Experimental energy levels of 7As [40,10]
in comparison with the IBFM and SUSY calcuiations

keV). Then we used these parameters to generate the level spectrum of T4ps.
(The A, was taken- zero, after testing its role in the generated T4As spectrum.)

The experimental and calculated energy spectra are compared in Figs.18
and 19.

The supersymmetry calculations describe 44 levels of four different nuclei
reasonably well with 7 fitted parameters only. However, problem appears with
additional 1% and 3* states in the low-energy SUSY spectrum, and the
assignment of some SUSY states to experimental ones cannot be made
unambiguously.

The supersymmetry calculations and results are described in detail in [12].
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Fig.19. Upper part: Experimental energy levels of 7>Se [57] in comparison with
the SUSY calculations. Lower part: Experimental energy levels of 7*As [11] in
comparison with the IBFFM [11] and SUSY [12] calculations. If the
assignment of calculated levels to experimental ones is made on the energies
only, it is marked with —- —
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