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Background: The interplay between single-particle and collective excitations in the 30 � Z � 40 and 30 � N �
50 even-even isotopes has been examined in light of recent new measurements of magnetic moments of 4+

1 , 2+
2 ,

and 2+
1 states.

Purpose: The g factors of the 4+
1 and 2+

2 states in the 72,74,76Ge isotopes have been measured for the first time
and the g(2+

1 ) values have been remeasured.
Methods: The transient field (TF) technique in inverse kinematics with a variety of targets has been applied,
following Coulomb excitation of the relevant states. The data have been analyzed within the framework of the
IBA-II model. Large-scale shell-model calculations have been performed within the p3/2, p1/2, f5/2, g9/2 orbital
space for both protons and neutrons with the JUN45 and JJ4B interactions.
Results: The measured Ge g factors were compared to the g factors of the low-lying states of the neighboring
Zn, Ge, Se, Kr, and Sr isotopes. The results were evaluated in the context of the systematics of g factors in the
A ∼ 80 region.
Conclusions: The predictions based on the classic collective model and the interacting boson model IBA-II agree
with the experimental results. No evidence for shell closure was found for neutrons at N = 38 or N = 40.

DOI: 10.1103/PhysRevC.88.014301 PACS number(s): 21.10.Ky, 21.10.Tg, 21.60.Cs, 25.40.Hs

I. INTRODUCTION

Measurements of the magnetic moments of the 2+
1 states

in most even-even nuclei have provided valuable tests of
theoretical models. In particular, such measurements, as a
function of neutron or proton number in a chain of nuclei,
can highlight features of the interplay between single-particle
and collective excitation degrees of freedom. In many cases the
details of the wave functions can be elucidated as well. The
experimental challenge arises from the difficulty to extend
these measurements to 4+

1 and 2+
2 states. The population, via

the Coulomb excitation process, of these states in medium
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weight nuclei with 30 � Z � 40 and 30 � N � 50 tends to
be of the order of 100 times smaller than that of the 2+

1 state.
Furthermore, the alignment of the nuclear spin necessary to
observe a precession of the magnetic moment in an external
or a hyperfine magnetic field is also much reduced compared
to that observed for the 2+

1 state.
The Ge nuclei measured in this study are sometimes

described in terms of collective vibrational excitations, but
they also exhibit characteristics of single-particle excitations.

The four stable even Ge isotopes 70,72,74,76
32Ge38,40,42,44 are

of special interest for several reasons. One reason is that
they span a region of possible subshell closure for neutron
numbers N = 38 or N = 40. Another reason stems from the
interplay between single-particle and collective excitations.
An extensive evaluation of the data available for the A ∼ 80
region has already been carried out in terms of collective- and
shell-model calculations [1] and will be revisited in this paper
to include the new data.

The low-lying energy levels of the even-even stable Ge
isotopes and the gamma-ray transitions between these levels
are shown in Figure 1.

In the simplest spherical shell-model picture for the ground
states of the Ge isotopes one could expect the four valence
protons beyond the closed Z = 28 core to form an inert
closed p3/2 subshell. As N gradually increases beyond the
N = 28 closed core, the valence neutrons will first fill the p3/2

and f5/2 orbitals ending in 70Ge. The next two neutrons will
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FIG. 1. Partial level schemes for the even-even stable Ge isotopes,
showing transitions observed in this work and the mean lifetimes of
the states.

occupy the p1/2 orbital and close the fp shell at 72
32Ge40. As

the neutron number increases beyond N = 40, the g9/2 orbital
will gradually fill until it closes at N = 50 for 82Ge.

The above simplified single-particle picture is sup-
ported by the measured ground-state spins of 69

32Ge37(5/2−),
71
32Ge39(1/2−), and 73

32Ge41(9/2+). However, the observed
ground states spins of 67

32Ge35, 75
32Ge43 (both 1/2−) and of 77

32Ge45

(7/2+) indicate limitations of this perspective.
Other features further challenge the simple shell-model

picture. The observed excitation energy of the 2+
1 state, about

1 MeV for N = 34, 36, 38, drops to 0.83 MeV for N = 40
and 0.56–0.66 MeV for N = 42–48. The excitation of the
4+

1 state shows a similar variation with increasing N . Figure 2
shows that this trend is accompanied by a sharp rise in the ratio
E(4+

1 )/E(2+
1 ) at N = 42, but no particular feature at N = 38

or 40, where the value of this ratio agrees with the predictions
of the vibrational model. The rise from N = 40 to 42 suggests
the onset of a transition from a collective spherical vibrational
description to a more deformed one.

Moreover, the B(E2; 2+
1 → 0+

1 ) values for the even Ge
isotopes with N = 34 to 44 range from 12 to 32 W.u. and
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FIG. 2. (Color online) Ratio of experimental excitation energies
of 4+

1 and 2+
1 states in even Ge isotopes and comparison with

the results of shell-model calculations using the JUN45 and JJ4B
interactions. The line through the experimental points is drawn to
guide the eye.
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FIG. 3. (Color online) Experimental values of B(E2; 2+
1 → 0+

1 )
for even nuclei between Zn and Sr. The missing error bars are smaller
than the symbols. The experimental data are from Refs. [6,7] except
for 70Se [8] and 66,68Ge [9] where the more recent results were
adopted.

are larger than the single-particle expectations. They increase
monotonically up to N = 42 whereas they would be expected
to decrease at N = 38 or N = 40 if a subshell closure were
present.

These observations are supported by the experimental
B(E2; 2+

1 → 0+
1 ) values for the entire Zn–Sr region shown

in Fig. 3. No obvious discontinuity appears at the boundary of
N = 38–40. Collectivity becomes significant in Se and further
increases in the Kr and Sr nuclei. The magnitude and position
of the maxima of the distribution of B(E2; 2+

1 → 0+
1 ) values

as a function of the neutron number shows a clear dependence
on the number of protons in the nuclei.

The 0+
2 excitation energies for the Ge nuclei of interest

exhibit a minimum at 72Ge with N = 40, where the 0+
2 is

the first excited state. The 0+
2 states in the Ge nuclei were

discussed in many references ([2–5] and references therein)
and their behavior was interpreted as being due to both proton
and neutron occupations of the g9/2 orbitals.

The literature values of the g(2+
1 ) of the Ge isotopes have

been measured by the integral perturbed angular correlation
(IPAC) method and the transient field (TF) techniques both in
normal and inverse kinematics, and are shown in Table I. In
general, the results are in agreement.

TABLE I. Values of the g factors of 2+
1 states in the stable even

Ge isotopes obtained in independent measurements and their average
value. Ref. [18] is an IPAC measurement while all others are TF
measurements.

70Ge 72Ge 74Ge 76Ge Ref.

+0.45(10) +0.35(10) +0.35(10) +0.28(6) [18,19]
+0.470(25) +0.400(35) +0.435(20) +0.420(25) [20]
+0.35(10) +0.370(45) +0.350(25) +0.335(40) [21]
+0.45(10) [22]
+0.42(4) [11]
+0.45(2) +0.39(3) +0.40(2) +0.38(2) Averagea

aWeighted average of all the independent measurements of Refs. [11,
18,20–22].
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Magnetic moments of several higher excited states in Zn,
70Ge, Se, Kr, Sr, and Zr have been measured by the transient
field technique [10–17]. However, to our knowledge, no such
measurements of g(4+

1 ) and g(2+
2 ) for states in the 72,74,76Ge

isotopes had been carried out prior to this work.
The present work focused on the measurement of the g

factors of the 4+
1 and 2+

2 states of the four stable 70,72,74,76Ge
isotopes. At the same time their g(2+

1 ) values were remeasured.
The results were examined within the larger framework of the
systematics of Zn, Ge, Se, Kr, and Sr isotopes and compared
to the collective Z/A values, to the IBA descriptions, and to
the results of large-scale shell-model calculations.

II. EXPERIMENTAL TECHNIQUE

The transient field technique, as explained in Ref. [23],
was used to measure the g factors. The ions of interest were
accelerated by the tandem accelerator at the Wright Nuclear
Structure Laboratory at Yale University. Different beam
energies were used in an attempt to maximize the excitation of
the 4+

1 and 2+
2 states. However, at energies above the Coulomb

barrier (e.g., 194 MeV for 70Ge on 12C) competing reaction
channels dominate and the Coulomb excitation is suppressed.

The Ge beam ions, which were Coulomb excited and
spin aligned in the first layer of the target, traversed the
ferromagnetic (gadolinium or iron) layer, where they ex-
perienced the hyperfine transient field. After passing the
ferromagnetic layer, the Ge nuclei of interest were stopped
in a hyperfine-interaction-free copper layer. The tantalum was
used as substrate on which gadolinium was evaporated [24].
In Target I a 5 μg/cm2 titanium flashing was added between
the carbon and gadolinium to improve the adherence of these
layers. The beam was stopped in an additional thin copper
foil placed behind the target, while the knock-on carbon (or
magnesium) nuclei had sufficient energy to be detected in
a forward-placed particle detector. The targets were cooled
to approximately 50 K using a closed-cycle refrigerator. The
ferromagnetic layer in the target was polarized by an external
magnetic field of 0.07 T. The direction of the field was reversed
approximately every 120 seconds. The magnetization of the
targets was measured with an AC magnetometer [25] as a
function of the temperature and was found to be constant in
the range of 50 to 120 K. The specifics of the different targets
used in this work are given in Table II.

TABLE II. Compositions and thicknesses (mg/cm2) of the multi-
layer targets used in this experiment. The magnetization �M at around
80–100 K is quoted in teslas.

Target Front Ferromagnet Backing �M (T)

C Mga Gd Fe Ta Cu

I 0.42 3.24 1.4 3.51 0.172
II 0.44 3.34 1.4 4.49 0.186
III 0.45 4.44 4.92 0.176
IV 0.9 4.0 1.1 3.90 0.187
V 0.5 3.4 1.0 5.40 0.185

aTargets IV and V contain 26Mg and 24Mg, respectively.

TABLE III. Kinematics parameters for the different targets and
beam energies for the 2+

1 state for each isotope. The 〈E〉in and 〈E〉out,
and 〈v/v0〉in and 〈v/v0〉out, are, respectively, the average energies
and velocities of the excited ions as they enter into, and exit from,
the ferromagnetic layer and v0 = e2/h̄ is the Bohr velocity. T is the
effective transit time of the ions through the ferromagnetic layer.

Probe ions Target Ebeam 〈E〉in 〈E〉out 〈 v
v0

〉in 〈 v
v0

〉out T

(MeV) (MeV) (MeV) (ps)

70Ge I 190 87.6 38.5 7.1 4.7 0.287
I 225 111.3 57.3 8.0 5.8 0.258
II 196 91.2 39.1 7.3 4.8 0.307
IV 225 49.8 8.8 5.4 1.9 0.521

72Ge I 190 89.1 40.0 7.1 4.7 0.308
II 200 96.6 44.4 7.4 5.0 0.304
IV 200 35.6 4.9 4.5 1.7 0.768

74Ge I 190 90.5 41.5 7.0 4.8 0.319
II 165 77.2 30.7 6.5 4.1 0.368
II 180 83.8 35.3 6.8 4.4 0.348
II 190 89.3 39.3 7.0 4.6 0.334
II 200 94.8 43.5 7.2 4.9 0.320
II 215 106.6 52.7 7.6 5.4 0.299
III 190 90.4 6.7 7.0 1.9 0.608
V 215 57.2 17.3 5.6 3.1 0.768

76Ge I 190 92.7 43.5 7.0 4.8 0.319
II 210 103.1 50.3 7.4 5.2 0.309
III 200 102.1 8.3 7.4 2.1 0.598
IV 200 38.8 6.3 4.5 1.8 0.812

The γ rays were detected in four clover detectors, each
containing four cylindrical, high-purity Ge crystals having
a diameter of ∼50 mm and a length of ∼80 mm. The
detectors were placed 120 mm away from the target in the
horizontal plane at angles of ±113◦(detectors 1 and 4) and
±67◦ (detectors 2 and 3) with respect to the beam direction.
Particles were detected about 20 mm downstream of the target
either in a conventional 300 mm2, 100 μm thick silicon
surface barrier detector (PIPS) or in a solar-cell detector array
consisting of two 15 × 15 mm or three 10 × 10 mm Si wafers,
joined vertically and framed with a tantalum shield. The choice
of the different particle detectors was motivated by the desire
to optimize the particle-gamma angular correlations by taking
advantage of the slit detector design as explained in Ref. [11].

Table III shows typical kinematics parameters for the
different targets and beam energies. The effective transit time,
T , of the excited ions through the ferromagnetic layer takes
into account the decay of short-lived states while traversing
the ferromagnetic layer.

III. ANALYSIS AND RESULTS

The energy and timing information for each single γ -ray
and particle event was obtained directly from the preamplifier
signals of the detectors using Pixie-4 pulse digitizers [26]
and was written to disk. Particle-gamma coincidences were
later selected from time-difference spectra. Compton add-back
was performed for each individual crystal in a clover detector.
Particle-gamma ray coincidence spectra for the 70,72,74,76Ge
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FIG. 4. Partial gamma-ray spectra of the 70,72,74,76Ge isotopes
measured in a backwards clover crystal.

isotopes, obtained in one crystal of a clover, are shown in
Fig. 4. The 2+

1 → 0+
1 transition is the dominant feature in all

spectra. The excitation of the 2+
2 and 4+

1 states, even at the
higher beam energies, is less than 5% of that of the 2+

1 state.
At beam energies near and above the Coulomb barrier the
excitation of the 3−

1 state increases more rapidly. If the 3−
1

decay feeds into the lower-lying 2+
2 and 4+

1 states then their
g-factor analysis becomes more complicated.

The experimental precession angle, �θ exp, was obtained
from small rate changes in the spectra recorded by the γ -ray
detectors for the alternating magnetic field directions at the
target. The γ -ray peak intensities for the measured transitions,
observed in each detector (i, j = 1, 2, 3, 4) for each field
direction, were used to form double ratios,

ρ = √
ρ1,4/ρ2,3, where ρi,j =

√
(N↑

i /N↓
i )/(N↑

j /N↓
j ),

(1)

from which the effect ε = (ρ − 1)/(ρ + 1) was calculated. In
this procedure unknown quantities, such as differences in the
up/down measurement times and relative efficiencies of the
detectors, cancel. This effect ε needs to be converted into a
precession angle through the relation �θ exp = ε/S(θ ).

The logarithmic slope, S(θ ) = 1
W (θ)

dW (θ)
dθ

, was obtained
from the measured particle-γ correlation

W (θ ) = 1 + A
exp
2 P2(cos θ ) + A

exp
4 P4(cos θ ). (2)

The Pk(cos θ ) are Legendre polynomials of order k and the
A

exp
k are the angular correlation coefficients, which depend on

the multipolarity of the γ -ray transition and the geometry of
the particle and γ detectors.

The transient field strength, BTF(v(t), Z), was calcu-
lated using the Rutgers parametrization [23] and the

expression

�θ calc(g = 1) = μN

h̄

∫ tout

tin

BTF(v(t), Z)e−t/τ dt. (3)

Table IV shows the slopes, �θ exp, �θ calc(g = 1) and the
g factors obtained using different targets and beam energies.
Only the 2+

2 → 0+
1 transition was used in the determination of

the g factor of the 2+
2 state. The errors assigned to the g factors

of the 4+
1 and 2+

2 are predominantly statistical.
The measurements were carried out over a period of several

years with remarkable reproducibility. But it was also found
that for different targets the results showed systematic differ-
ences, which could not be explained by the target parameters or
kinematic differences in the experiments. The measurements
on the magnesium targets resulted in systematically smaller
values (about 15% for Target IV and 30% for Target V)
for the absolute g factors. No reasonable explanation for
the difference in the results was found. The magnesium ions
have lower energies when scattered at larger angles and may
fall below the detection threshold. But measurements with a
reduced opening angle for the magnesium particle detection
confirmed the results. The target parameters were confirmed
when the same magnesium targets were used with Kr, Ru, or
Mo beams and gave results in agreement with corresponding
measurements obtained with carbon targets. Nevertheless,
based on the assumption that the relative g-factor results are
independent of the transient field parameters, the 4+

1 and 2+
2

measurements with the magnesium targets were included in
Table IV after the �θ (g = 1) calculations were scaled to match
the average 2+

1 carbon target data.

A. 70Ge

The g factors of the 2+
1 , 4+

1 , and 3−
1 states of 70Ge were

already published in [11]. During the course of this work, the
g factor of the (2+

1 ) state in 70Ge was remeasured using Target
II and the literature value [11] was reproduced. The observed
2+

2 → 0+
1 γ -ray transition in this work indicates that the mean

life of of this state is longer than 1.6 ps quoted in Ref. [7].
A more recent measurement [22] yielded τ (2+

2 ) = 2.8(4) ps,
which was used in this work. Due to the low statistics, the
g(2+

2 ) factor has a large error. No feeding from the 3−
1 state to

the 4+
1 or 2+

2 states was observed.

B. 72Ge

The 3−
1 state in 72Ge, unlike in the other Ge isotopes, has

a relatively long lifetime of 8.2 ps and is strongly excited at
the beam energy of 200 MeV. Its decay populates the 2+

2 state
to 70% and the 4+

1 state to 25%. The g factor of the 3−
1 state

is unknown and cannot be derived with reasonable precision
from this experiment: the γ detectors are not at optimal angles
for dipole transitions, the slopes could not be determined
accurately, and the 3−

1 → 0+
1 transition is very weak.

Because of the long lifetime of the 3−
1 state, the feeding

into the 2+
2 and 4+

1 states carries the full contribution of
the g(3−

1 ) factor. Given the large errors of the measured g
factors, a feeding correction, as outlined in Ref. [11], was
not attempted. Assuming a possible range of values for the
g(3−

1 ) factor between 0.4 and 0.6 would not change the

014301-4
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TABLE IV. Summary of experimental results from this work including the slopes of the angular correlations and the calculated precession
��calc(g = 1).

Nucleus Iπ τ Target Ebeam |S(67◦)| |�θ exp| ��calc(g = 1) g 〈g〉
ps (MeV) (mrad−1) (mrad) (mrad) This work

70Ge 2+
1 1.9 II 196 2.35(2) 11.0(7) 25.2 +0.44(4) +0.44(4)

2+
2 2.8 I 225 1.68(1) 8.6(82) 22.2 +0.39(37) +0.66(28)

II 196 1.77(16) 27.5(117) 26.7 +1.03(44)
4+

1 1.2 II 196 0.86(9) 6.1(183) 23.1 +0.21(63) +0.22(31)
IV 225 0.84(3) 5.5(88) 24.6 +0.22(36)

72Ge 2+
1 4.8 I 190 1.96(1) 12.6(8) 24.7 +0.51(4) +0.44(2)

II 200 2.18(2) 10.6(5) 26.9 +0.40(3)
2+

2 6.5 I 190 1.64(1) 4.6(104) 24.9 +0.19(42) +0.42(21)
II 200 1.320(4) 4.6(132) 26.9 +0.17(49)
IV 200 1.399(8) 23.8(88) 40.6 +0.59(27)

4+
1 2.2 I 190 0.754(3) 14.2(164) 23.3 +0.61(70) +0.39(13)

II 200 0.814(3) 4.6(79) 25.2 +0.18(31)
IV 200 0.814(8) 14.2(46) 33.2 +0.43(14)

74Ge 2+
1 17.8 I 190 1.96(1) 10.3(5) 25.5 +0.40(3) +0.35(1)

II 165 2.66(1) 10.1(67) 30.3 +0.33(3)
II 180 2.642(9) 9.2(4) 29.2 +0.32(2)
II 200 2.596(8) 10.2(4) 27.9 +0.36(2)
II 215 2.177(8) 10.0(4) 26.9 +0.37(2)
III 190 1.98(1) 12.9(6) 39.3 +0.33(2)

2+
2 7.1 I 190 1.64(1) 10.5(102) 25.0 +0.42(41) +0.47(10)

II 180 2.32(26) 3.9(79) 28.6 +0.14(28)
II 200 1.85(8) 17.6(58) 27.3 +0.65(22)
II 215 1.47(8) 21.0(56) 26.6 +0.79(21)
III 190 1.71(8) 18.4(130) 38.2 +0.48(34)
V 180 2.33(2) 11.3(91) 26.7 +0.42(34)
V 200 2.13(11) 15.8(88) 24.5 +0.64(36)
V 215 2.01(14)a 4.3(111) 23.3 +0.19(36)
V 215 2.30(13)b −4.3(90) 24.7 −0.18(36)

4+
1 2.4 II 180 1.23(16) 14.2(107) 26.4 +0.54(41) +0.40(12)

II 200 0.93(3) 14.4(62) 25.9 +0.59(25)
II 215 0.86(5) 15.2(62) 25.4 +0.62(25)
III 190 0.90(5) 12.0(130) 34.8 +0.35(38)
V 180 1.12(12) −4.2(71) 22.9 −0.18(34)
V 200 0.99(1) 1.5(106) 21.9 +0.07(48)
V 215 0.97(13)a −7.5(106) 22.0 −0.36(50)
V 215 0.91(12)b 13.8(78) 21.0 +0.63(36)

76Ge 2+
1 26.2 I 190 1.94(1) 10.0(6) 25.5 +0.39(3) +0.32(1)

II 210 2.42(2) 8.7(2) 27.4 +0.32(2)
III 200 2.19(2)c 13.3(9) 42.5 +0.32(1)
III 200 2.63(2)d 13.1(3) 42.5 +0.31(1)

2+
2 11.5 I 190 1.64(1) 10.9(84) 25.2 +0.43(33) +0.39(5)

II 210 2.05(3) 7.8(27) 27.1 +0.29(10)
III 200 1.20(13)c 20.8(135) 41.4 +0.50(32)
III 200 2.16(8)d 15.2(42) 41.9 +0.36(10)
IV 200 1.98(6) 18.1(26) 41.6 +0.44(7)

4+
1 2.6 I 190 0.90(5) 2.6(131) 23.6 +0.11(56) +0.24(17)

II 210 0.87(9) 6.7(47) 25.4 +0.26(18)
IV 200 0.95(4) 4.9(34) 34.0 +0.12(86)

aVertically mounted three-solar-cell array: center cell.
bVertically mounted three-solar-cell array: top and bottom cells.
cCylindrical particle detector.
dRectangular solar-cell detector.
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measured values beyond their errors. Therefore, the quoted
g(2+

2 ) and g(4+
1 ) values in Table IV are stated as measured.

The measured slopes of the 2+
2 → 0+

1 and 4+
1 → 2+

1 transitions
include the 3−

1 feeding as an unobserved contribution to the
angular correlation.

C. 74Ge

Extensive measurements were carried out on 74Ge over
a wide range of energies, employing all available particle-
detectors and targets. The results in Table IV for the 2+

1 state
also demonstrate the dependence of the slopes on the particle-
detector geometry and beam energy. In the experiments with
Targets I and III the circular PIPS detector was used. The “slit”
geometry of the solar-cell array used with Target II gives larger
slopes but also shows a decrease of the slopes at the higher
beam energies. At and above the Coulomb barrier the slope
is reduced due to a diminished alignment and to increased
feeding from the 3−

1 state. In the experiment using Target V at
215 MeV a vertically mounted triple solar-cell array was used
as particle detector. The center cell at zero degrees had an open-
ing angle of ±9◦, each cell above and below covered 11◦–29◦.
The measured slopes for the 2+

1 → 0+
1 transition for the

center and peripheral detectors, S(67◦)center = −2.457(24) and
S(67◦)peripheral = −2.493(22), were, within errors, the same.

The 3−
1 state has a very short lifetime of 0.3 ps. The γ -ray

line is Doppler broadened and fully shifted. There is feeding
to the 2+

2 state at 215 MeV but little feeding was observed at
the lower beam energies. No feeding correction was applied
to the g(2+

2 ) factor and no feeding path to the 4+
1 state was

observed.

D. 76Ge

At 210 MeV the 3−
1 state is excited. As in 74Ge the γ -ray

line is fully shifted in accordance with a lifetime of 0.4 ps.
No feeding of the 4+

1 state was observed and no feeding
corrections were applied to the data in Table IV. The 4+

1 → 2+
1

transition has the same energy, 847 keV, as the 2+
1 → 0+

1 in
iron and therefore the g(4+

1 ) could not be extracted from the
iron target data.

IV. MODELS AND CALCULATIONS

In the present investigation, the g factors of 2+
1 , 4+

1 , and 2+
2

excited states of the stable even 32Ge nuclei were measured.
The results were compared to the corresponding g factors in the
neighboring 30Zn, 34Se, 36Kr, and 38Sr isotopes. These region-
wide data were analyzed in terms of the classic collective
and the IBA models. Subsequently, large-scale shell-model
calculations were carried out to understand the microscopic
structure of the low-lying states of the four Ge isotopes.

A. Collective models

In the classic collective model of Bohr and Mottelson, all
g factors of the sequential states in a band have g factors
equal to Z/A. The data for the 2+

1 , 4+
1 , and 2+

2 states in
isotopes of Zn, Ge, Se, Kr, and Sr have been compared to this
prediction in Figs. 5, 6, and 7, respectively. The g(2+

1 ) values,

32 36 40 44 48 52
Neutron Number
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1

1.5

2
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3
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2+

)/[
Z/

A
]

Zn
Ge
Se
Kr
Sr

FIG. 5. (Color online) Measured g(2+
1 ) factors compared to Z/A.

The average value, excluding the N = 50 nuclei, is 〈g(2+
1 )〉 =

+0.84(1) (Z/A).
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FIG. 6. (Color online) Measured g(4+
1 ) factors compared to

Z/A. The average value is 〈g(4+
1 )〉 = +0.97(7) (Z/A). The value

g(86Sr;4+
1 ) is indeed negative [27] and does not conform to the value

expected for a collective excitation.
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FIG. 7. (Color online) Measured g(2+
2 ) factors compared to Z/A.

The average value is 〈g(2+
2 )〉 = +0.95(7) (Z/A).
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on average, lie below Z/A, while the averages of all the g(4+
1 )

and g(2+
2 ) values agree well with the Z/A prediction. No

particular deviation from a smooth distribution is observed
near the “semimagic” numbers of N = 38,40.

A different approach, provided by the interacting boson
model [28,29], can be considered. Sambataro [30], using the
formulation of Morrison [31], expressed the g factor of the
2+

1 state in terms of the number of valence proton bosons,
Nπ , valence neutron bosons, Nν , and the effective g factors of
proton and neutron bosons, gπ and gν , respectively:

g(2+
1 )

(
Ntot

Nν

)
= gπ

(
Nπ

Nν

)
+ gν, (4)

where Ntot = Nπ + Nν .
This analysis for the 2+

1 states was presented previously in
Refs. [1,13] and is reproduced here with the inclusion of new
data. The same formalism was extended here to the data for
g(4+

1 ) and g(2+
2 ). The results are presented in Figs. 8, 9, and 10.

The g factors are compared to the IBA-II descriptions for cases
where N = 28, 38, 50 and Z = 28, 50 correspond to closed
shells. Only the data for the N = 48 nuclei (two neutrons
away from the closed N = 50 shell) deviate from the linear
trend. The data for N = 38, 48 were not included in the fit.
The specific magic numbers for N and Z were chosen because
they yielded the best χ2 to a straight-line fit in the analysis of
Ref. [1]. Although there are fewer g-factor data for the higher
excited states and they have relatively larger errors, the data
also exhibit a linear dependence on Nπ/Nν . Indeed, a straight
line with the same effective proton-boson and neutron-boson
g factors, gπ and gν , fits all three data sets. A representation of
the data in terms of NπNν/Ntot did not display any deviations
from a smooth distribution.

B. Shell-model calculations

Large-scale shell-model calculations [2] had been carried
out for 70,72,74,76Ge using the p3/2, f5/2, p1/2, and g9/2 model
space for both protons and neutrons and two interactions,
JUN45 [3] and JJ4B [32].

The excitation energies, B(E2; 2+
1 → 0+

1 ), B(E2; 4+
1 →

2+
1 ), B(E2; 2+

2 → 2+
1 ), B(E2; 2+

2 → 0+
1 ) values, and static

quadrupole moments of the 2+
1 , 2+

2 , and 4+
1 states were

calculated for each nucleus. The excitation energies were in
reasonable agreement with the experimental data. However,
the quadrupole moments of the 2+

1 states were not well
accounted for by the shell-model calculations [2].

These observations suggest that the shell-model calculation
used an incomplete set of valence states and lend weight to the
consideration of collective behavior.

The present work extends the shell-model calculations of
Ref. [2] to include g factors. In addition, it discusses for each
state the detailed shell-model wave functions and also the aver-
age occupation numbers of protons and neutrons in each shell-
model orbital. Typically, each wave function involves twenty
or more shell-model configurations, each with a probability of
more than 1%. There is no single configuration in any wave
function with a probability of more than 20%. Overall, for
each of the specific nuclear states, the leading configurations
and their probabilities are similar for the JUN45 and JJ4B

0 1 2 3 4 5
Nπ/Nν
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2

3

4

g(
2+ 1) [

N
to

t/N
ν]

Zn
Ge
Se
Kr
Sr

82Se

84Kr

76Kr 86Sr

FIG. 8. (Color online) Experimental values of g(2+
1 )(Ntot/Nν) for

the case of neutron shell closure at N = 38 and for 28 < Z < 50. The
best fit to a linear distribution yields values for the valence proton and
neutron boson g factors of gπ = +0.511(21) and gν = +0.216(20).
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FIG. 9. (Color online) Experimental values of g(4+
1 )(Ntot/Nν) for

the case of neutron shell closure at N = 38 and 28 < Z < 50. The
solid line has the same parameters as the best fit for the g(2+

1 ) data.
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FIG. 10. (Color online) Experimental values of g(2+
2 )(Ntot/Nν)

for the case of neutron shell closure at N = 38 and 28 < Z < 50.
The solid line is the same as in Fig. 8.
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TABLE V. Comparison of experiment and theory. The g(2+
2 )

data are the experimental results from this work combined with
the compilation of Table I. The data are compared with theoretical
predictions of the collective model (Z/A) and of two shell-model
calculations using free and effective proton and neutron g factors
with gs(eff) = 0.7gs(free).

Isotope gexp Z/A Shell modela

JJ4Bfree JUN45free JUN45eff

2+
1

70Ge +0.449(18) +0.46 +0.272 +0.342 +0.355
72Ge +0.421(16) +0.44 +0.228 +0.271 +0.304
74Ge +0.365(8) +0.43 +0.260 +0.247 +0.289
76Ge +0.330(7) +0.42 +0.235 +0.304 +0.347

4+
1

70Ge +0.36(21)b +0.46 +0.259 +0.299 +0.328
72Ge +0.39(13) +0.44 +0.134 +0.236 +0.276
74Ge +0.40(12) +0.43 +0.180 +0.152 +0.206
76Ge +0.24(17) +0.42 +0.160 +0.229 +0.286

2+
2

70Ge +0.66(28) +0.46 +0.538 +0.647 +0.626
72Ge +0.42(21) +0.44 +0.472 +0.636 +0.627
74Ge +0.47(10) +0.43 +0.437 +0.570 +0.576
76Ge +0.39(5) +0.42 +0.480 +0.513 +0.497

aIn the g-factor calculations for 70,72Ge the maximum number of
protons in the g9/2 orbital was limited to 2.
bIncludes value in Ref. [11].

interactions. Also similar for each specific state are the
results obtained with both interactions for the occupation
numbers of the single-particle proton and neutron orbitals.
For any one nucleus, with either interaction, the average
orbital occupancies for the 0+

1 , 2+
1 , 2+

2 , 4+
1 states are almost

identical. Thus, for each nucleus, for a given interaction, the
wave functions are highly fractionated and exhibit no sharp
structural effects.

One would have expected that in all four Ge isotopes
the four valence protons beyond Z = 28 occupy the p3/2

subshell, filling it up completely. In such a simple picture,
the protons would be inert. However, with both interactions
for all four nuclei and for all four states, the occupancies
of the p3/2 orbital range only from 1.44 to 2.28. The other
valence protons are mostly in the f5/2 shell with occupancies
ranging from 0.96 to 2.08. The occupancy of the p1/2 proton
orbital is always less than 0.54. The occupancies of protons
in the g9/2 orbital are low and always smaller than 0.36. Thus
the calculation suggests that proton excitations to the g9/2

orbits play only a minor role, contrary to what was found in
Ref. [4].

On the basis of the simplest shell model no neutrons would
be expected to occupy the (g9/2)ν orbital in the ground state
for 70Ge and 72Ge as the neutron fp shell closes. Two g9/2

neutrons would be expected for 74Ge and four for 76Ge. The
large-scale shell-model calculations however indicate earlier
and greater average neutron (g9/2)ν occupancies. For the JJ4B
interaction this average occupancy is about 2.6 for 70Ge, 3.9

for 72Ge, 5.1 for 74Ge, and 6.2 for 76Ge. For the JUN45
interaction the corresponding numbers are 2.1, 3.3, 4.5, and
5.9. The average total number of holes in the p3/2, f5/2, and
p1/2 orbitals decreases as N increases from 38 (70Ge) to 44
(76Ge). The simple shell model predicts two such holes in 70Ge
and none in the heavier Ge nuclei. The actual number of total
holes as N increases is 4.6, 3.9, 3.2, and 2.2 for JJ4B and 4.1,
3.3, 2.5, and 1.9 for JUN45. With both interactions the largest
number of holes are in the f5/2 orbital. The average number
of f5/2 holes as N increases is respectively 2.6, 2.1, 1.7, and
1.3 with JJ4B and 2.3, 1.8, 1.3, and 0.9 with JUN45. It is thus
seen that typically in the calculation with the JJ4B interaction
more f5/2 neutrons are excited to the g9/2 orbital than in
the calculation using the JUN45 interaction. The number of
neutron holes in the fp shell in this large-scale shell-model
calculation indicates that there are no rigid shell closures at
N = 38 or N = 40. The neutron excitations to the g9/2 would
be expected to increase B(E2) values and perhaps decrease
g-factor values.

The results of the shell-model calculations of g factors are
presented in Table V. The results are in general agreement with
the observed values of the g factors of the 2+

2 states, within
their errors, but tend to underestimate the g factors of the 2+

1
and 4+

1 states. The simple collective estimate of Z/A is in
better agreement with the data.

V. SUMMARY

New measurements of g(2+
1 , 4+

1 , 2+
2 ) have been carried

out in the 70,72,74,76Ge isotopes. Predictions based on simple
collective models and the interacting boson model IBA-II
yield good agreement with the data analysis in the region
discussed in Ref. [1] and with the new measurements presented
in the present paper. No evidence was found for neutron shell
closures at N = 38 or N = 40. New shell-model calculations
with a large basis including g9/2 orbitals yield very fractionated
wave functions and probably indicate an incomplete set of ba-
sis states. In conclusion, this particular region spanning nuclei
between Zn and Sr requires a wider theoretical framework than
that provided so far.
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