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Abstract: The electric quadrupole moment Q and the magnetic moment u (or the g factor) of low-lying states in

. 72-80 . 75-79 . . . . .
even-even nuclei ~ Ge and odd-mass nuclei "~ Ge are studied in the framework of the nucleon pair approximation

(NPA) of the shell model, assuming the monopole and quadrupole pairing plus quadrupole-quadrupole interaction.

72’74’76Ge, as well as the yrast energy

Our calculations reproduce well the experimental values of Q(27) and g(27) for
levels of these isotopes. The structure of the 2] states and the contributions of the proton and neutron components in
Q(27) and g(27) are discussed in the S D-pair truncated shell-model subspace. The overall trend of Q(2]) and g(2})

as a function of the mass number A, as well as their signs, are found to originate essentially from the proton contribu-

tion. The negative value of Q(2}) in

and configuration mixing.

?"Ge is suggested to be due to the enhanced quadrupole-quadrupole correlation
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1 Introduction

In recent years, considerable experimental and theor-
etical effort has been directed to the studies of the shell
structure of neutron-rich nuclei near the proton number
Z =28. In this region, the germanium isotopes (Z = 32)
have attracted much attention due to their complex low-
lying structure [1-20]. It shows an irregular behavior
when the neutron number varies from N <40 to N > 40,
and is accompanied with the competition between the
N =40 single-particle energy gap and the collective ef-
fects.

The low-lying states of even-even Ge nuclei were de-
scr1bed in terms of shape transmon from nearly spherical
in "’Ge to weakly deformed in "**Ge, and even soft tri-
axial in *"*Ge, with shape coexistence possibly occur-
ring in these nuclei [1-3]. To understand the structure of
these nuclei, the electric quadrupole moment Q and the
magnetic moment u (or the g factor) have been of experi-
mental interest [4 12] Among these experiments, Q(27)
in stable nuclei " °Ge was studied using multiple Cou-
lomb excitation [4-7]. The overall trend of Q(27) is from
a small positive value in "Ge (indicating a weakly pro-
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late shape) to negative values in 2T0Ge (indicating an

oblate shape). g(27) in "7Ge was measured by the integ-
ral perturbed angular correlation method [8] and the tran-
sient field techniques [9-12], and the values obtained in
different experiments are in agreement.

The above experimental measurements of Ge iso-
topes provide a challenging testing ground for theoretical
calculations. Recently, shell model calculations [13, 14]
of the low-lying structure of even-even nuclei "*7Ge
were carried out using two effective interactions (JUN45
and JJ4B) in the f5/2, p3/2, p1/2, and go;» model space. It
was shown that E(2]) and B(E2;2{ — 07) are generally
well described by these studies, but Q(27) is not. With the
JUNA4S5 interaction, the sign of the calculated and experi-
72,74,76

""Ge [13]. In the case of

the JJ4B interaction, the sign of Q(27) is reproduced for
74,76

mental Q(27) is opposite for
Ge, but is still opposite for "Ge [14]. It was sugges-
ted that such a discrepancy between theoretical and ex-
perimental Q(27) values is possibly due to the excitations
from the f;,, orbit [14]. However, further shell model
studies with larger valence space, including the proton

* Supported by National Natural Science Foundation of China (11875188), Open Project Fund of Shanghai Key Laboratory of Particle Physics and Cosmology
(18DZ2271500-2), Sichuan Science and Technology Program (2019JDRC0017), and the Doctoral Program of Southwest University of Science and Technology

(18zx7147)
1) E-mail: huijiang@shmtu.edu.cn

©2019 Chinese Physical Society and the Institute of High Energy Physics of the Chinese Academy of Sciences and the Institute of Modern Physics of the Chinese

Academy of Sciences and IOP Publishing Ltd

124110-1



Chinese Physics C  Vol. 43, No. 12 (2019) 124110

subshell f7/,, can not reduce this discrepancy [15]. In the
case of the g factor, the shell model results (JUN45 and
JJ4B) in general agree with the experimental g(ZEr ) val-
ues, but tend to underestimate the g(2}) and g(4]) values
[12].

The purpose of this paper is to apply the nucleon pair
approximation (NPA) [21] of the shell model to investig-
ate the low-lying structure of even-even nuclei 7*Ge and
the neighboring odd-mass nuclei "PGe, with the focus
on their electromagnetic properties. NPA has proven to
be a reliable and economic approximation of the shell
model [22] for studying the low-lying states of transition-
al nuclei with medium and heavy masses. It has been suc-
cessfully applied in recent years to even-even, odd-mass
and odd-odd nuclei in the regions of A ~80 [23], 100
[24], 130 [25] and 210 [26]. In addition to the studies of
realistic nuclei, this model has also been applied to study
the phase transitions of collective motions [27], and regu-
larities of low-lying states in nuclei with random interac-
tions [28]. In the NPA calculations, a phenomenological
and separable form of the shell model Hamiltonian is
widely used. It would be very interesting to study wheth-
er the discrepancy between the theoretical and experi-
mental values of Q(27) and g(2}) for Ge isotopes are re-
duced if an appropriate phenomenological Hamiltonian is
used in NPA.

The paper is organized as follows. In Sec. 2, a brief
introduction to NPA is given, including the Hamiltonian,
the transition operators, and the model space. In Sec. 3,
we discuss the validity of the optimized parameters ob-
tained in our calculations. In Sec. 4, we present our res-
ults for the electromagnetic groperties of the low-lyin
states in even-even nuclei ' *'Ge and odd-mass nuclei "
"Ge. A summary and conclusions are given in Sec. 5.

2 Theoretical framework

In this paper, the Hamiltonian is assumed to have the
following form,

0 0 2)T 2
H=Y6.C1C;+ > (GorPY - PO +Gap P P2)
s v

+ ZK(TQO' Qo + Ky Qr - Oy,

where o = 7,v corresponds to the proton and neutron de-
grees of freedom, respectively. The pairing and quadru-

pole operators are defined as follows.
O _ N N2etl i 0
Py = Z 2 (€, xCi o

Jo

2 - + \@
PP" =" o' »(C) xC} ).,

ol

Qs =) 4irf D(C) %),

Jod o
Here, q(jj) = 227 ;0(7:)’7 e 39 it (nllr*|nl'y  with

Ajy = 31+(=)""*2], and Ci? ;_. is the Clebsch-Gordan
coefficient. o

€j, refers to the single-particle energy. Here we adopt
the same values of €; as in our previous work for Zn
(Z =30) and Ga (Z = 31) isotopes [23], shown in Table 1.
Gor, Gay, kr and ky are the two-body interaction
strengths corresponding to the monopole, quadrupole
pairing and quadrupole-quadrupole interactions between
all valence nucleons. Here we use the empirical formulas
[29] for the parametrization of Go,, Gay, kK and «, as

follows. Gy =-as, G =po 2, Ko = 3XTT Knv = XMl
with 7, = =y, 282" ne =7 (%), v = 12421+ ()]
—f—f[l +2(&)71(19-0.36%)]}A~3. Therefore, there are in
total six parameters for the two-body interactions, i.e. a.,
By and y, (o~ =m,v). The two sets of parameters are listed
in Table 2. The parameters in NPA-1 are the same as in
Ref. [23]. The optimized parameters are denoted as NPA-
2. ay, By and vy, are the same for all nuclei in NPA-1 and
NPA-2.

Table 1. Adopted single-particle energies (in MeV) for protons and
neutron holes.
Jv D12 D32 fs2 8972
€j, 0.5 1.0 3.0 0.0
N, Jr P12 D32 52 89/2
0 €j. 1.3 0.5 0.0 33
1 €j. 1.3 0.4 0.0 33
2 €j. 1.3 0.0 0.5 33
3 €j. 1.3 0.0 0.6 33
4 €j. 1.3 0.0 0.7 33
5 €j. 1.3 0.0 0.7 33

The model space in NPA is constructed with the col-
lective nucleon-pairs. The pairs with spin r =0,2,4,6,8---
are defined as S, D, G, I and K pairs, respectively. Be-
cause our focus is on the electromagnetic properties of
the 2] state in even-even nuclei, our model space is con-
structed by the § and p pairs of valence protons (and
neutron holes) with respect to the doubly closed shell
nucleus 78Niso. The G, I and K pairs are found not to con-
tribute significantly to the very low states (in particular
the 27 states) of the nuclei studied in this paper.

The E2 transition operator is defined by T(E2)=
e;Qx +e,0,, where e, and e, are the effective charges of
valence proton and neutron holes, respectively. Here we
adopt e, = 1.81¢ and e, = —1.02¢, the same as in Ref. [23].
B(E2) in units of W.u. is given by
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Table 2.
tions. The parameters in NPA-1 are the same as in Ref. [23]. The

Parameters a., B, Yo (00 =m,v) of our two-body interac-

optimized parameters are denoted as NPA-2. The values of @, B,
yx for protons are taken to be the same for all nuclei in each set of
parameters. The values of 8, and 7, for neutron holes are assumed
to change with the valence neutron pair N,,.

NPA-1 NPA-2

[¢7;3 Br Yr (47 Bﬂ Yr
0.70 3.74 0.90 0.70 4.98 1.00

A Nv @y Bv Vv @y Bv Vv
80 1 0.60 4.67 0.90 0.60 5.32 0.98

78 2 0.60 4.59 0.70 0.60 5.03 0.76
76 3 0.60 4.51 0.80 0.60 4.81 0.74
74 4 0.60 4.43 0.80 0.60 4.63 1.00
75 0.60 4.43 0.80 0.60 4.43 1.00
2041 (exXnte,X,)'r]
B(EQ.;J,'—>Jf)= 3 23
2J;i+1 7 5.94%x 1070 x A4/3

with reduced matrix element X, =({f,JflIQ- i, /i)
(o0 =n,v) and r} = 1.012A4'3 fm’. |¢;, J;) is the eigenfunc-
tion of the J; state, and the symbol ¢ represents all
quantum numbers other than the angular momentum J;.
The electric quadrupole moment is related to the E2
transition operator. Its value in units of eb is

167

QU = | —=CJjag(exXn + e X1,

The magnetic moment operator is given by u= gL+
gL, +gxS+g:S,. Here, L, and S, are the orbital and
spin angular momenta, and g, and g, are the orbital and
spin gyromagnetic ratios. The orbital gyromagnetic ra-
tios are taken to be g;; = 1 and g;, = 0. Both the free and
effective spin gyromagnetic ratios are used in this paper.
The free ratios are gy, = 5.586 and g,, = —3.826, and the
effective ratios are g;; =5.586%x0.7 and g, = —3.826x%

0.7. The g factor is defined by HUID N

7 , with uy the nuc-
lear magneton. l

3 Validity of the NPA-2 parameters

Recently, the low-lying structures of even-even Zn
and odd-mass Ga isotopes with neutron numbers between
42 and 50 were calculated using NPA [23]. As these nuc-
lei are neighbors of Ge isotopes investigated in this paper,
their two-body interaction parameters (i.e. NPA-1 in
Table 2) provide a starting point (and additional restric-
tion) for adjusting the parameters of Ge isotopes. We first
make use of NPA-1 to calculate the energy levels and
electromagnetic properties of the low-lying states in
even-even ' 'Ge to see whether this parameter set can
describe the experimental data. One can see in Fig. 1

JUN45 —e—JJ4B
T T T T T

@ E,: 1

—%— Expt. —=— NPA-1

Energy (MeV)

15F 4 o .
e -
1 - - -]
1 1 1 1 1
72 74 76 78 80
A

Fig. 1. (color online) Partial low-lying excitation energy (in
MeV) for even-even nuclei Ge using the NPA-1 para-
meters. The experimental data are taken from Ref. [30]. The
shell model results (JUN45 and JJ4B) [15] are shown for
comparison.

and Table 3 that our results with NPA-1 are similar to the
SM calculations, i.e. E(2]) and B(E2;2] — 07) are in gen-
eral well reproduced, but the signs of the calculated and
experimental Q(27) for M Ge are opposite.

We refine the two-body interaction parameters, start-
ing from the parameters obtained in the NPA-1 calcula-
tions. In order to reduce the number of free parameters,
we fix a, and @, , which correspond to the monopole
pairing interaction parameters Go, and Gy,, respectively.
We adjust the parameters By, ¥, By, and y, within reason-
able ranges to get the best fit of the experimental low-ly-
ing excitation energies, B(E2), electric quadrupole mo-
ments Q, and magnetic moments u (or g factors) for both
even-even and odd-mass Ge isotopes. For nuclei with an
odd number of valence neutrons, we assume the same set
of parameters as the nearest even-even neighboring core.
The obtained optimized parameters are denoted as NPA-
2, and are listed in Table 2.

In Fig. 2, we plot the behavior of Q(27) for ™ "Ge as a
function of B, yx, By, and y,. In these plots, when one of
the parameters is adjusted, the others are the same as in
NPA-1 of Table 2. It can be seen in Fig. 2 that larger vy,
and y,, i.e. larger values of the quadrupole-quadrupole in-
teraction parameters «, and «,,, improve the agreement
between the experimental and theoretical values of Q(27).
The calculated Q(27) values are not sensitive to S.
However, it is found that larger B, improves the pre-
dicted g(2) . Smaller g, can also improve the prediction
of Q(27) values, but then the B(E2;2] — 07) values devi-
ate from the experimental data. One sees in Table 2 that

72,74
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Table 3. B(E2) (in units of W.u.) and the electric quadrupole moment Q (in units of eb) for even-even 7

2-80, . . .
Ge. A comparison is given between the ex-

perimental data, SM results (JJ4B and JUN45) [14, 15], and the results of this work (NPA-1 and NPA-2). Most experimental values forB(E2) are
taken from Ref. [30], except for B(E2;67 — 47) for Ge which is from Ref. [19], and B(E2;25 — 07)for *Ge from Ref. [20]. The measured Q val-
ues are from a: Ref. [6], b: Ref. [5], and c: Ref. [7]. Two sets of effective charges are adopted in the SM calculations (shown separated by "/"),

e, = 1.5¢ and e, = 0.5¢, and e, = 1.5¢ and e, = 1.1e. The SM results for

72,74,76 78, 80

Ge are from Ref. [14], and for " "Ge from Ref. [15].

kel state BE2: T = JF) UM
Jr I3 expt. 1J4B JUN45 NPA-1 NPA-2 expt. JI4B JUN45 NPA-1 NPA-2

Ge 2707  23.5(4) 19.88/40.01  14.55/28.27 5735  33.84 :8:3%2 +0.11/+0.19  +0.13/+0.22  +0.11  -0.13
4t 2t 37(5) 27.62/56.44  25.08/49.57 35,7  42.89 +0.03/+0.10  +0.08/+0.08  +0.02 o4
67 47 37(3h 3404  41.93 -0.03  -0.32
8y 67 42(tlh 19.18 3397 —0.58  —0.58
272 e2f) 29.34/54.78  24.70/4273 3674 4328  +0238)*  —0.11/-0.19 -0.13/-0.22  —0.14  +0.08
25 07 0.130(*)%) 1.37/1.48 1.21/1.11 1.98 0.04

“Ge 2107 33.00) 19.90/38.24  16.59/32.01  27.10 3225 :8:5282 -0.06/-0.06 +0.12/4020  +0.01  —0.16
4t 2* 41(3) 27.04/53.00  23.46/46.48 3418  40.72 -0.08/-0.09 +0.11/40.19  —0.09  —0.29
67 47 3225  38.88 -021  —0.39
2% 2F 43(6) 29.17/55.63  24.88/4329  36.60  39.60  +0.26(6)°  +0.05/+0.06 -0.12/-0.19  —0.07  +0.10
2507 0.71(11) 0.12/0.09 1.35/1.35 0.99  0.004

TGe 2F OF 29(1) 18.24/33.47  16.36/29.77 2530  26.17 :8:}32‘85 —0.15/-0.19  +0.02/+0.05 -0.12  -0.I5
4t 2v 38(9) 24.15/45.15  22.04/4093 3125 3137  -0.01(5°¢ -0.14/-0.17  -0.01/+0.01 -026 —0.27
67 47 91(*) 2735 2797 037  —0.40
2327 42(9) 22.94/41.80  25.38/4421  30.78  31.76 +0.28(6)° +0.15/+0.20 -0.001/-0.02  +0.03  +0.08
2507 0.90(22) 0.01/0.004 0.42/0.41 0.27

"Ge 2707 234 1591/27.18 14402425 2023 23.11 -0.16/-0.19  -0.11/-0.13  -0.19  -0.27
4t 27 >11 2120 26.77 036  —0.41
67 4% 2334 24.90 —048 050
252t 19(11) 17.40  19.80 -0.01  +0.19
2507 0.53(24) 0.44

%Ge 2707  13.6(27) 11.18/16.99 9.38/14.70 16.81 18.70 —0.23/-0.29 —0.23/-0.29 -029 —034
4t of 2090 2191 -0.40  —0.44
67 47 1507 15.56 041 045
2% 2t 2.35 -0.15  +0.29
2% 0F 1.13) 0.36

the optimized parameters consistent with the above ana-
lysis, i.e. the NPA-2 parameters for " Ge, have larger
Yx» Vv, and B, than in NPA-1, while 8, remains almost un-
changed.

In Fig. 3 and Tables 3-6, we present the calculated
low-lying excitation energies, B(E2), Q, and u (or g
factors) for even-even and odd-mass Ge isotopes using
the NPA-2 parameters. The experimental data and the
shell model predictions (JUN45 and JJ4B) [12-16] are
presented for comparison. One can see that our results

with NPA-2 are reasonably consistent with the experi-
mental data for both even-even and odd-mass Ge iso-
topes. For even-even isotopes, our calculated energy
levels reproduce well the energies of the 07, 27, and 4]
states. The root-mean-square (RMS) deviations of the 27,
47, 61 and 87 levels of these nuclei with respect to the ex-
perimental data are 0.09 MeV, 0.17 MeV, 0.39 MeV, and
0.83 MeV, respectively. The large RMS deviations of the
67 and 87 levels come mainly from the results for
T Ge (e.g. 6] and 8] levels in "Ge are about 0.65
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Fig. 2. (color online) The electric quadrupole moment Q(27) (in eb) for ”Ge and "*Ge as a function of the two-body interaction para-
meters Bz, vz, By, and y,. The experimental data, including Kotlinski 1990 [6] for ”Ge and Toh 2001 [7] for Ge, are shown for com-

parison.
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Fig. 3. The low-lying states in even-even nuclei 7*Ge and odd-mass nuclei " *'Ge in the NPA-2 calculations. The experimental data
are taken from Refs. [19] and [30]. The experimental levels with "()" mean that the spin and/or parity of the corresponding states are
not well established.
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Table 4. g factors for even-even 79Ge. A comparison is given between the experimental data [12], SM results [12], and the NPA results in this work.
The subscripts "free" and "eff" refer to the calculations using the free and effective spin gyromagnetic ratios, with ggef) = 0.7g(free). For the orbital

gyromagnetic ratios, we adopt in our calculations the values g;r = 1 and g, = 0.

nuclei  J* expt. JJ4Bg, JUN45;. JUNA45 4 NPA-Igiee NPA-1 4 NPA-2¢,c, NPA-24
2Ge 2t +0.421(16) +0.228 +0.271 +0.304 +0.12 +0.18 +0.27 +0.31
4f +0.39(13) +0.134 +0.236 +0.276 +0.05 +0.11 +0.18 +0.24
6 —0.09 -0.01 +0.06 +0.12
23 +0.42(21) +0.472 +0.636 +0.627 +0.49 +0.52 +0.35 +0.39
"Ge 2;’ +0.365(8) +0.260 +0.247 +0.289 +0.11 +0.17 +0.29 +0.33
4f +0.40(12) +0.180 +0.152 +0.206 +0.03 +0.10 +0.23 +0.28
6 -0.08 ~0 +0.13 +0.18
2 +0.47(10) +0.437 +0.570 +0.576 +0.45 +0.48 +0.38 +0.42
“Ge 27 +0.330(7) +0.235 +0.304 +0.347 +0.15 +0.21 +0.28 +0.33
4t +0.24(17) +0.160 +0.229 +0.286 +0.06 +0.13 +0.11 +0.17
67 —0.04 +0.04 -0.02 +0.06
2% +0.39(5) +0.480 +0.513 +0.497 +0.40 +0.44 +0.50 +0.54
BGe 2} +0.14 +0.21 +0.33 +0.37
4r —0.04 +0.04 +0.17 +0.23
6 +0.20 +0.26 +0.22 +0.28
2 +0.46 +0.49 +0.59 +0.62
“Ge 2 +0.24 +0.33 +0.44 +0.52
4t +0.39 +0.48 +0.43 +0.51
6 +0.41 +0.50 +0.45 +0.52
23 +0.23 +0.33 +0.78 +0.81

Table 5.  B(E2) (in units of W.u.) and the electric quadrupole moment Q (in units of eb) for odd-mass P PGe. A comparison is given between the ex-

perimental data [30], SM results (JJ4B and JUN45) [16] and the results of this work (NPA-1 and NPA-2). The effective charges in the SM results [16]
are e, = 1.5¢ and e, = 0.5¢. For e; = 1.5¢ and e, = 1.1e, B(E2;5/2] — 7/2) = 40.8 W.u. in JUN45 for "Ge [13].

B(E2) 0
Nuclei

state expt. 1J4B JUN45 NPA-1 NPA-2 state  expt. 1J4B JUN45 NPA-1 NPA-2

"Ge 521 =7/2f 3024 2570 2145  39.27 3207 92} +0.008  —0.031  —0.09 ~0.13
9/21 = 5/27 2.66 1.42 0.69 2.96 7/2t +0.087  -0.089  —0.10 ~0.22

9/27 —17/27 2247  19.46 27.63 27.48 5/27 +0271  -0.295 +0.09 +0.23

"Ge 9/27 - 17/2} 2143 1771 20.82 27.59 9/2} +0.176  +0.096 +0.02 +0.03
5/27 = 9/27 6.86 3.96 1.41 2.24 7/27 +0.470 +0.237 +0.07 +0.15

5127 = 7/27 585 12.90 30.56 3335 5/2F ~0.137  -0.179  +0.17 +0.22

PGe 9/27 - 7/2} 1194 1137 18.02 24.10 9/2} +0285  +0.219 +0.26 +0.29
9/27 —5/2} 3.76 3.79 8.06 5.62 7/2f +0.446  +0.415 +0.53 +0.60

5/2¢ 40012 —0.048 +0.01 -0.01

MeV and 1.13 MeV higher than the experimental data). sion of one K nucleon pair with spin eight, which is an
Such deviations are mainly due to the limitation of our alignment of two neutrons in the go/, orbit. For example,
model space (S D nucleon-pair subspace) rather than the with the same NPA-2 parameter set, our calculated 67
NPA-2 parameter set. It can be improved by the inclu- and 8} levels of "Ge would be depressed by 0.57 MeV
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Table 6. The magnetic moment y (in units of uy) for odd-mass

75,77, 79
G

e. A comparison is given between the experimental data [30], SM results

[13,16], and the NPA results obtained in this work. Here, ggefr) = 0.7gfree)- For the orbital gyromagnetic ratios, we adopt in our calculations the val-
ues gir = 1 and g, =0 . The SM result for the 1/27 state in "Ge is from Ref. [13], and the other SM results are from Ref. [16].

nuclei Jr expt. JJ4B JUN45 NPA—1 ;e NPA- 1 NPA—24e NPA-2¢
PGe 9/2¢ -0.823 —0.940 -1.73 -1.17 ~1.66 ~1.11
7127 —0.850 -0.885 -1.42 -0.98 ~1.40 -0.96
5/2¢ -0.626 —0.667 -1.09 -0.77 -1.20 -0.86
1/27 +0.510(5) +0.425 +0.68 +0.49 +0.69 +0.50
"Ge 9/2} —0.781 —0.954 -1.77 -1.21 -1.58 -1.04
7127 -0.865 -0.939 —1.44 -0.99 -1.39 -0.95
5/27 -0.947 -0.912 ~1.11 -0.79 -1.14 -0.81
1/27 +0.67 +0.48 +0.69 +0.50
PGe 9/27 -0.938 -0.978 -1.71 -1.14 -1.42 -0.88
7/2¢ -0.831 —0.854 -1.39 -0.94 -1.29 -0.85
5/27 —1.483 -1.511 -2.01 -1.62 -2.18 -1.76
1/27 +0.67 +0.48 +0.69 +0.50

and 1.82 MeV if the SDK-pair subspace is adopted,
which match better with the experimental data. For the
low-lying states, in particular the 27 states, the contribu-
tion of the K nucleon-pair is negligible, and it is ex-
cluded in our calculations. The structure of the odd-mass
systems in Fig. 3 is more complicated than of their even-
even neighbors, and our calculations reproduce well most
of the experimental levels of these odd-mass nuclei.

In order to investigate whether our NPA-2 paramet-
ers provide proper interactions for the low-lying states of
Ge nuclei, we have performed NPA calculations of their
neighboring isotope chains Zn, Ga, As and Se. We note
without details that the calculated results reproduce well
the experimental yrast levels of even-even nuclei
(78,76,7421’1 and 82,80,78

.7 76 .
lei “Zn and " 'Se (whose valence neutron-hole number is

Se), although for the open-shell nuc-

eight) our calculated 4} and 67 levels are higher than the
corresponding experimental data. This disagreement can
be easily remedied by considering the G and J pairs of
valence neutrons, similarly to the case of ™ MGe. For
odd-mass nuclei, the experimental ground state spins of
even-Z-odd-N nuclei (i.e. Zn and Se isotopes) are differ-
ent from their odd-Z-even-N neighbors (i.e. Ga and As
isotopes), and the agreement of our calculated low-lying
states for these nuclei is also reasonable. Therefore, the
calculations of the electromagnetic quantities of Ge iso-
topes are very useful to constrain and refine the interac-
tion parameters of the phenomenological shell model
Hamiltonian in this region.

4 Discussion of the electromagnetic properties

In this section, we discuss the electromagnetic proper-
tles ofthelow-lyingstatesineven-even *Geand odd-mass

Ge presented in Tables 3-6.

We first look at Q(27) for even-even nuclel The be-
havior of the measured Q(27) values in "*Ge is from a

72,74,76

positive value in "Ge to negative values in Ge. One
sees in Table 3 that our calculations with NPA-2 repro-
duce well the experimental Q(27) values in 27Ge. In
order to study their structure in more detail, we calculate
the major components of the 27 states with correspond-
ing percentages, which can be calculated as
(NPA basis|2f)2. The percentages less than 0.2 are
omitted. We use the abbreviation [(D}y»(S})yN-—n(D}ym
(SI)M‘"V) — [(Dy)™=(D,)™) to label the NPA basis. For ex-
ample, |D,) means the NPA basis |(S)H¥DI(STYM1). It is
found that the 27 states in all Ge isotopes are dominated
by one-p-pair excitation (i.e. |D,) and |D,)). In Fig. 4, we
present the percentage of dommant components |D,) and
ID;) in the 27 wave-function of " "Ge wrth the NPA-1
and NPA-2 parameters We note that for Ge, the |D,)
contribution in the 27 states with NPA-2 decreases by
17% compared with NPA-1, while the contribution of the
other major component |D;,) is unchanged. This indicates
that with NPA-2, the above reduced percentage (17%)
might come from some minor components mixed in the
2% states, such as |D2D,), |D,D32) etc. The strong quadru-
pole-quadrupole interactions (y, and y,) and the quadru-
pole pairing strength for protons B, in NPA-2 may ex-
plain such enhancement of configuration mixing in

72,74
Ge.
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Fig. 4.
ents |D,) and |D,) in the 2] wave-function for
the NPA-1 and NPA-2 parameters.

In Fig. 5, we present the proton and neutron contribu-
tions to the total Q(2]) with NPA-1 and NPA-2. The
structure of the 2} states is consistent with our analysis of
the Q(27) results. Wlth NPA-1, Q(27) for Ge are posit-
ive, because of the strong positive contribution of the
neutron excitation (mainly the |D,) component), as shown
in Fig. 4. The NPA 2 parameter set quenches the |D,)
component for >MGe, which leads to an almost zero con-
tribution of the neutron excitation, and thus negative
0(27) values. We recall that the experiments [5-7] also
suggested a negative Q(27) , contrary to the shell-model
calculations [13,14]. The major difference between the
NPA-2 and NPA-1 calculations is that NPA-1 introduces
less configuration mixing in >"Ge when the N = 40 sub-
shell is near, while NPA-2 quenches the |D,) component

—*—proton —$—Cal. ¢ Toh 2001
—A—neutron §  Kotlinski 1990 % Lecomte 1980

0.2F T T T T T JF T T T T T E
(a) NPA-1

(b) NPA-2

72 74 76 78 80 72 74 76 78 80

Fig. 5. (color online) The proton/neutron contribution to
0(2}) (in units of eb) for even-even Ge isotopes in (a) NPA-
1 and (b) NPA-2. The total calculated Q(2}) values are de-
noted by "Cal.". The experimental data include Kotlinski
1990 [6], Lecomte 1980 [S], and Toh 2001 [7].

and introduces stronger configuration mixing, as de-
scribed above. Therefore, the success of NPA-2 in repro-
ducing the sign of Q(2}) in MGe may suggest that Ge
isotopes actually do not loss configuration mixing or col-
lectivity near the N =40 subshell, and that a shell-weak-
ening effect or deformation can be expected.

We now turn to the g factors of even-even Ge iso-
topes. Our results for the 27, 47, 67, and 27 states with
NPA-1 and NPA-2 are presented in Table 4. The sub-
scripts "free" and "eff" refer to the results using the free
and effective spin  gyromagnetic ratio, with
gsem = 0.7g4(ree)- One can see in this table that our results
with NPA-1 generally reproduce the measured g(2)
factors, but underestimate the g(2{) and g(4}) factors,
similarly to the shell-model calculations [12]. Our results
with NPA-2.¢ give a better description of the experiment-
al data, especially for the g(27) factors.

The g(27) factor in NPA is expressed as

8(2+)_ Ca m<2+”gl7rL +gle +gJ7TS +gw V||2+> It can be
rewritten as g(2) = g.(27) +&,(2]) = g5(2]) + g1(27), with

22

8x(21) = 222 NginLn + 8:xS £l127).
22

82 = 222 llgi Ly + 8w SI2)),
22

82D = 22 lgsuS n + 8S 12D,
22

gi2) = 221°<2+||gl,,L +anL 2P,

Here, g:(27), &(27), gs(27), and g/(27) refer to the proton,
neutron, spin, and orbital contributions to the total g(27)
factor, respectively. We calculate these four contribu-
tions and present our results with the effective spin gyro-
magnetic ratios in Fig. 6.

In Fig. 6, the positive sign of the total g(27) origin-
ates from the proton contribution. The neutron contribu-
tion is negative and relatively small. It is found that the
proton contribution has larger positive values with NPA-2
than with NPA-1, so that the calculated total g(2]) with
NPA-2 is closer to the experimental data. As we have dis-
cussed before, the configuration mixing of |D,), |D,) and
other components are stronger with NPA-2. The domin-
ant effect of the proton contribution in Fig. 6(b), as well
as the dominant proton character of Q(2}) in Fig. 5(b), in-
dicate the importance of collective effects in these nuclei.
This is consistent with the result that the simple collect-
ive estimate of Z/A is in better agreement with the ob-
served g factors [12].

In Table 4, we present our calculated g factors with
the two kinds of spin gyromagnetic ratio, with ggem =
0.7gs(free). Our results with the free spin gyromagnetic ra-
tio are always smaller than with the effective spin gyro-
magnetic ratio. To understand better this result, we
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Fig. 6. (color online) The proton, neutron, orbital and spin

contributions to the total g(27) for even-even Ge isotopes
with (a) NPA-1 and (b) NPA-2. Our results are obtained us-
ing the effective spin gyromagnetic ratios (g = 5.586%0.7
and g, =-3.826x0.7). The total g(2}) is represented by
purple rhombus. The experimental data are from Ref. [12].

present the spin and orbital contributions to g(27) in Fig.
6. It is interesting that the orbital (or spin) contributions
almost coincide with the proton (or neutron) contribu-
tions, except for *Ge. This is because the spin contribu-
tion of the proton is very small (about 0.01 for IO TGe
and —0.08 for SOGe), and in our calculations the orbital
gyromagnetic ratio of the neutron is taken as g, =0.
Therefore, the resultant orbital contributions are due to
protons, with relatively large and positive values. The
spin contributions are mainly from neutrons, with relat-
ively small and negative value. As a result, our g factors
with the free spin gyromagnetic ratio are smaller than
with the effective spin gyromagnetic ratio.

We finally come to our results for B(E2), the electric
quadrupole moment Q and the magnetic moment y , cor-

. : 75,77,79
responding to the partial yrast states for odd-mass Ge
isotopes, presented in Tables 5-6. Odd-mass nuclei are
more complicated than their even-even neighbors, and the
experimental data for these nuclei are relatively scarce.
One can see in Tables 5-6 that our results agree well with
the available measurements for " Ge.

In NPA, the signs of u(5/27,7/21,9/27) and u(1/27)
for 7" "Ge are negative and positive, respectively. In
the dominant NPA configurations, the unpaired neutron
in the 5/27, 7/2{, 9/27 states is in the vgg, orbit, and that
in the 1/27 state is in the vpy, orbit. Therefore, the signs

of u(5/27,7/27,9/27) and u(1/27) are related to the neut-
ron single-particle motion, whose Schmidt single-particle
u values are p(gos2) ~ —1.91 and u(p1/2) = +0.64, respect-
ively.

5 Summary

In this paper, we presented the calculations of the
low-lying structure of even-even ”%Ge and odd-mass
"PGe isotopes in the framework of the nucleon-pair ap-
proximation (NPA) of the shell model, with the focus on
the electric quadrupole moment Q and the magnetic mo-
ment u (or the g factor). We employed the monopole and
quadrupole pairing plus quadrupole-quadrupole interac-
tion in the P1/2, P3/2, f5/2, and 89/2 model space with re-
spect to the doubly closed shell nucleus *Ni for both the
valence protons and neutron holes.

We performed our calculations using two sets of two-
body interaction parameters. The first one, denoted as
NPA-1, is the same as for Zn and Ga isotopes [23]. The
other is the optimized parameter set, denoted as NPA-2.
The present calculations provide constraints for the para-
meters of the phenomenological shell model Hamiltonian.
The optimized parameter set for ”MGe has a larger quad-
rupole-quadrupole interaction for both neutrons and pro-
tons, and a larger quadrupole pairing strength for protons,
than NPA-1. Our results with NPA-2 reproduce well the
experimental data, especially for Q(27) for ?747%Ge and
g(27) for *7Ge.

We studied the main components of the 2} states in
’Ge in terms of the NPA pair basis. It was found that
configuration mixing is stronger in ™ 7Ge with NPA-2.
We investigated the proton and neutron contributions to

the total Q(2]) moments and g(27) . The negative Q(2}) in
72,74

72-8

Ge, as well as the systematic evolution of g(27) with
the mass number A, essentially originate from the proton
component. The good agreement of Q(27) and g(27) with
NPA-2 demonstrates that strong configuration mixing in
" Ge plays an important role in these low-lying states.

We presented tabulated values of B(E2) , the electric
quadrupole moment Q and the magnetic moment u (or
the g factor) for some low-lying states in both even-even
and odd-mass Ge isotopes. The experimental data for
these nuclei are relatively scarce. Our results could be
very useful for future studies of nuclei in this region.
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