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Background: The self-conjugate nuclei of the A ∼ 70 mass region display rapid shape evolution over isotopic or
isotonic chains. Shape coexistence has been observed in Se and Kr isotopes reflecting the existence of deformed
subshell gaps corresponding to different shell configurations. As and Ge isotopes are located halfway between
such deformed nuclei and the Z = 28 shell closure.
Purpose: The present work aims at clarifying the low-lying spectroscopy of 66Ge and 67As, and providing a better
insight into the evolution of collectivity in light even-even Ge and even-odd As isotopes.
Methods: We investigate the low-lying levels and collectivity of the neutron deficient 67As and 66Ge
through intermediate-energy Coulomb excitation, inelastic scattering, and proton knockout measurements.
The experiment was performed using a cocktail beam of 68Se, 67As, and 66Ge nuclei at an energy of
70–80 MeV/nucleon. Spectroscopic properties of the low-lying states are compared to those calculated via
shell model with the JUN45 interaction and beyond-mean-field calculations with the five-dimensional collective
Hamiltonian method implemented using the Gogny D1S interaction. The structure evolution of the lower-mass
Ge and As isotopes is discussed.
Results: Reduced electric quadrupole transition probabilities B(E2) have been extracted from the Coulomb-
excitation cross sections measured in 66Ge and 67As. The value obtained for the B(E2; 0+

1 → 2+
1 ) in 66Ge is in

agreement with a recent measurement, ruling out the existence of a minimum at N = 34 in the B(E2) systematics
as previously observed. New transitions have been found in 67As and were assigned to the decay of low-lying
negative-parity states.

DOI: 10.1103/PhysRevC.88.044311 PACS number(s): 21.10.Ky, 25.70.De, 23.20.Lv, 27.50.+e

I. INTRODUCTION

The rapid evolution of nuclear deformation is a subtle
feature which stems from the quantum nature of the atomic
nucleus, whose macroscopic properties can drastically change
when adding or removing a few nucleons. While most of the
open-shell nuclei are collective and deformed, the competition
between oblate and prolate quadrupole shapes close to the
ground state has been predicted and observed only in few
regions of the nuclear chart [1,2]. One of them is the region
of light Kr and Se isotopes with N ∼ Z. A transition from
a prolate to an oblate shape has been observed along the Kr
isotopic chain between N = 34–36 and N = 32 [3,4]. The
same occurs along the Se isotopic chain between N = 38
and N = 34–36 [5,6]. In the first case the shape transition
is associated with shape coexistence in 74–76Kr [4,7,8].

Below Se, the Ge isotopes represent an intermediate
case between the well deformed Se, Kr, and Sr and the
spherical nuclei close to the Z = 28 shell closure. The onset
of collectivity associated with the filling of the f5/2pg9/2

shell (between the N = Z = 28 and the N = Z = 50 magic
numbers) was described in Refs. [9,10] using the systematics
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of the B(E2; 0+
1 → 2+

1 )’s [B(E2↑) in the following] for
N = Z nuclei from 60Zn to 76Sr. For these neutron-deficient
nuclei the quadrupole moment of low-lying excited states
(directly related to their charge distribution) is experimentally
not accessible today. The measurement of B(E2 ↑)’s [or,
equivalently, B(E2↓)’s] is one way to probe their collective
properties and, via model comparison, their shape. The
measured B(E2↑)’s are compatible with a transition from
a moderately prolate shape in 60Zn to an oblate shape in 72Kr,
passing through triaxial shapes in 64Ge [11] and 68Se [9].

The rich information gained from measurements collected
over the past 40 years points to complex spectroscopic
properties for A ∼ 70–80 nuclei. There are strong indications
for collective and noncollective modes coming into play
and interweaving in the low-energy spectra of Ge isotopes
near N = 40. A systematic study of Coulomb excitation
measurements for even-even Ge isotopes suggests that two
structures, one spherical and the other deformed, coexist in one
nucleus and reach maximum mixing in 72Ge [12,13]. A similar
scenario based on the shell-model picture was discussed in
Ref. [2]. For other publications dedicated to various facets of
the interplay between collective and noncollective degrees of
freedom in this mass region, see [14–27].

Two neutrons and two protons away from the N = Z line,
66Ge presented an anomalously low value of B(E2↑) [28]
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with respect to its neighbor isotopes and isotones and to
shell-model predictions [29]. This B(E2↑) value has been
remeasured independently at Yale via the recoil distance
Doppler shift (RDDS) technique [30] and in the present
work at the National Superconducting Cyclotron Laboratory
(NSCL) via intermediate-energy Coulomb excitation. The
Yale measurement uses the same technique as in Ref. [28],
but the lifetime of the 2+

1 state was extracted from the
spectrum gated on the 4+

1 → 2+
1 transition. The possibility

of analyzing the data by using γ -γ coincidences allows us to
exclude feeding from long-lived states above the measured 2+

1 .
The RDDS measurement yields a value B(E2; 2+

1 → 0+
1 ) =

16.9(22) W.u., higher than the previous value but still below
theoretical predictions [29].

As in the case of even-even isotopes, B(E2↑)’s of odd-even
and odd-odd isotopes reflect collectivity and deformation
properties. A transition from a prolate 3/2− to an oblate
5/2− ground state between 67As and 65As is predicted by
beyond-mean-field calculations [31]. An inversion in the
ground-state spin has been experimentally determined in a
series of experiments [31–33]. The higher level density of odd-
odd and odd-even nuclei makes the study of their spectroscopy
and spin assignments more challenging. Except for a few
experiments [31,34], the spectroscopy of neutron-deficient As
isotopes has been studied only via fusion evaporation [32,33]
which populates mainly high-spin states.

Direct probes, such as knockout reactions [35] and
Coulomb excitation [36] bring valuable information on the
low-lying spectroscopy of nuclei in this region. One-nucleon
removal reactions allow one to probe the overlap between the
wave function of the final state and that of the projectile ground
state. Intermediate-energy Coulomb excitation strongly favors
E2 multipolarity [37], and is a powerful tool to extract B(E2↑)
transition probabilities from the ground state to low-lying
excited states in exotic nuclei produced at low beam intensities.

We report here on the spectroscopy of two neutron-
deficient N = 34 isotones, 66Ge and 67As, that were studied
via a combination of Coulomb excitation, inelastic scat-
tering, and knockout reactions. Results obtained in this
same experiment for 66,68Se and 65As have already been
published [9,31].

The paper is organized as follows. The experimental setup
is briefly described in Sec. II. The data reduction together
with shell- and collective-model analyses of present B(E2)
measurements are presented and discussed in Sec. III. The
scope of the present study is next expanded in Sec. IV by
challenging both model predictions for structure properties
measured for the 64–72Ge isotopes. Properties of interest are
spectroscopic quadrupole measurements of first and second
2+ states, odd-even staggering of 2+, 3+, and 4+ members
of γ bands, and B(E2) ratios for transitions between the
second and first 2+ levels and between the second 2+ and
ground-state 0+ levels. Highlights on the key role played
by collective masses in present collective model predictions
are finally presented. Sec. V provides a summary of present
experimental results as well as suggestions for new measure-
ments. Improvements for structure model predictions are also
suggested.
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FIG. 1. (Color online) Identification of the isotopes produced in
reaction from the 66Ge beam (a) and the 67As beam (b) impinging
on a 9Be target. The atomic number is given by the energy loss �E

in the ionization chamber at the S800 focal plane and A/q by a
time-of-flight measurement.

II. SETUP

Our experiment was performed at the National Super-
conducting Cyclotron Laboratory (NSCL) at Michigan State
University. A cocktail beam of 68Se (12%), 67As (41%), and
66Ge (30%) was produced by fragmentation of a 78Kr primary
beam at 150 MeV/nucleon on a 329 mg/cm2 thick 9Be
production target. The secondary beam impinged on a 257
mg/cm2 thick 197Au target for Coulomb excitation and on
a 188 mg/cm2 thick 9Be target. The energy of 66Ge was
79 MeV/nucleon and 70 MeV/nucleon at the middle of the
secondary 197Au and 9Be targets, respectively. The targets were
placed at the pivot point of the S800 spectrometer [38] and
surrounded by the segmented high-purity germanium array
(SeGA) [39]. For this experiment, SeGA was composed of 17
detectors positioned at 20 cm from the target and arranged
in a configuration of two rings in a cylindrical symmetry
around the beam axis: 7 detectors at 37◦ in the forward
direction and 10 detectors at 90◦ relative to the beam axis.
The photopeak efficiency of the SeGA array was 2.49(2)% for
a 1-MeV γ ray emitted at rest in the laboratory frame from the
target position. Incoming particle identification was performed
on an event-by-event basis by a time-of-flight measurement
between two plastic scintillators located at the image point
of the A1900 fragment separator [40] and at the object point
of the S800 magnetic spectrometer. Outgoing particles were
identified event-by-event via a correlation of the energy loss
in the ionization chamber at the focal plane of the S800
spectrometer and the time of flight between a scintillator at
the object point and at the focal plane of S800 (Fig. 1).

III. ANALYSIS

Coincidences between γ rays and incoming and outgoing
particles have been measured. A time gate on prompt events
has been applied to reduce random coincidences. The low-
lying excited states of the isotopes under study, 66Ge and 67As,
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have been populated via Coulomb excitation, 9Be-induced in-
elastic scattering, and one-proton knockout. For 67As populated
via one-proton knockout from 68Se, the statistics in the γ -ray
spectra were too low to observe transitions in coincidence.
This is due to the fact that during the measurement with the
9Be target the rigidity of the S800 magnetic spectrometer was
tuned to optimize the two-neutron removal channel, which
was the main goal of the experiment. The Bρ’s of the inelastic
scattering and one-proton knockout products are 2.6% and
4.3% off, respectively, with respect to the central momentum
of the spectrometer S800, 2.25 Tm. Therefore only part (for the
inelastic scattering) or a tail of the momentum distribution (for
the knockout reaction) was within the acceptance, preventing
us from extracting absolute cross sections.

A. Spectroscopy of 66Ge

The γ -ray spectra of 66Ge are shown in Fig. 2. The velocities
used in the Doppler correction are β = 0.387, 0.376, and
0.380 in the Coulomb-excitation, inelastic, and one-proton
knockout channels, respectively. The use of different β values
stems from the fact that the beam energy on the target was
different for the two different targets (197Au and 9Be) and
different isotopes in the same cocktail beam. Energies of the
observed transitions are listed in Table I. They are consistent
with the energies of the known transitions depopulating the
2+

1 , 4+
1 , and 2+

2 states [28]. In the following, we will refer
to the transitions with the centroid energy measured in the
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FIG. 2. (Color online) γ -ray spectra of 66Ge. The spectra cor-
respond to the decay of excited states populated in the inelastic
(red), Coulomb excitation (blue), and one-proton knockout channels
(black), respectively. The level scheme deduced from the observed
transitions is plotted in the inset. Transition energies are given in keV.

TABLE I. Energies of the transitions measured in coincidence
with 66Ge. The errors are obtained as the quadratic sum of the error
of the fit, the error due to an uncertainty of 0.005 on the value
of β adopted in the Doppler correction, and a 4-keV error on the
calibration.

J π
i Eex [28] Transition Ecoulex

γ Einelastic
γ E−1p

γ

(keV) (keV) (keV) (keV)

2+
1 957.5(0.5) 2+

1 → 0+
1 954(5) 956(5) 956(6)

4+
1 2174.7(0.7) 4+

1 → 2+
1 1215(5) 1214(9)

2+
2 1694.0(0.5) 2+

2 → 2+
1 734(5) 732(8)

inelastic scattering channel, where all of them are present. In
the Coulomb excitation channel only the 2+

1 state is populated.
The γ -ray spectrum measured in this channel allows us to
extract the transition probability B(E2↑) to the 2+

1 state using
the semiclassical theory of Alder and Winther for relativistic
Coulomb excitation [41]. In the analysis, the cross sections
were calculated for four different ranges of safe angles up
to 3◦. The results are shown in Fig. 3. The value obtained
at 3◦ is not consistent since this angle is at the limit of the
acceptance of the S800 spectrometer (3.5◦). Therefore the
final B(E2↑) = 1401(69) e2fm4 is the average of the results
obtained in the three angular ranges up to 2.5◦.

A B(E2; 2+
2 → 0+

1 ) = 0.07+0.05
−0.02 W.u. was deduced by

Wadsworth et al. [28], corresponding to B(E2; 0+
1 → 2+

2 ) =
54

−2 e2fm4 [42].
Taking into account the experimental branching ratio of

70% to the 2+
1 , we expect to observe only a few counts in the

2+
2 → 2+

1 transition around 734 keV. Such low statistics cannot
be distinguished from background fluctuations and from the
Compton edge of the 956 keV peak in our spectrum. Even
fewer counts are expected based on shell-model predictions
using the JUN45 interaction [29]. From our data and assuming
that a peak of about 50 counts cannot be distinguished from
background fluctuation, we can only deduce an upper limit of
about 50 e2fm4 for the B(E2; 0+

1 → 2+
2 ) value.

The B(E2↑) extracted from this experiment is in good
agreement with the result obtained by Luttke et al. [30],
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FIG. 3. (Color online) B(E2↑) transition probabilities for the
0+

1 → 2+
1 transition in 66Ge. The red and blue points corresponds

to the results obtained for the 37◦ and 90◦ ring with their statistical
error. The black line corresponds to the average obtained considering
the results up to 2.5◦, and the shaded area represents the error on the
average.
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FIG. 4. (Color online) Experimental [11,48] and calculated
B(E2↑)’s for Ge isotopes from N = 32 to N = 40. The value for
66Ge from Ref. [28] is presented together with the one obtained
with the RDDS technique [30] and our result. The measured values
are compared with those calculated with shell model using the
JUN45 [29] and the GXPF1A [43] interactions, and with 5DCH
calculations based on the Gogny D1S force [45]. The 5DCH predic-
tions are displayed without (continuous blue curve) and with (dotted
blue curve) renormalized collective masses. For more details, see
Sec. IV E.

corresponding to B(E2↑) = 1339(174) e2fm4. We therefore
agree on excluding the minimum in the B(E2↑) systematics
obtained by Wadsworth et al. [28].

Shell-model calculations performed in the fp valence
space (including the f7/2, p3/2, f5/2, and p1/2 orbitals) with
the GXPF1A interaction [43] reproduce the experimental
B(E2↑)’s at N = 32, 34, 36 but fail at N = 38 [30]. Shell-
model calculations in the f5/2pg9/2 model space (including
the p3/2, p1/2, f5/2, and g9/2 orbitals) using the JUN45
interaction [29] predict a rather flat trend of the B(E2↑)’s,
similar to the experimental one (see Fig. 4). Compared to
the experimental values, JUN45 calculations overestimate
by 10%–40%. Calculations with the GXPF1A and JUN45
interaction were performed with the standard effective charges
(1.5e for protons and 0.5e for neutrons) and with a higher
neutron effective charge (1.1e), respectively, as prescribed
in [29,43]. The occupation of the g9/2 proton (neutron) orbital
in 66Ge is 0.2 (0.5) for the 0+

1 and 2+
1 states with the JUN45

interaction in the f5/2pg9/2 model space. The role of the g9/2

orbital in the f5/2pg9/2 valence space may explain the missing
collectivity resulting from a shell-model calculation performed
in the fp model space, where the g9/2 orbital is absent. The
collectivity increase between 66Ge and 64Ge is not reproduced
by shell-model calculations in the f5/2pg9/2 shell. This missing
collectivity has been attributed to the lack of the f7/2 orbit in
the f5/2pg9/2 valence space [44].

We have also compared the B(E2↑)’s for neutron-deficient
Ge isotopes with the predictions of Hartree-Fock-Bogoliubov
(HFB) calculations with configuration mixing performed via
the generator coordinate method (GCM) treated in the Gaus-
sian overlap approximation [45]. GCM is implemented with
the technique of the five-dimension collective Hamiltonian
(5DCH). The 5DCH calculations are performed with the
Gogny D1S effective interaction [46,47] and the configuration
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FIG. 5. (Color online) γ -ray spectra of 67As. The red and blue
lines correspond to the decay of excited states populated in the
inelastic scattering and Coulomb excitation, respectively. Transition
energies are given in keV and are between square brackets when no
spin-parity assignment is can be argued based on the present data.

mixing between the constrained HFB solutions exploring all
quadrupole degrees of freedom. The observed trend of the
B(E2↑)’s is qualitatively reproduced even if the absolute
values are 80% stronger than indicated by measurements.
Overall, this model predicts too strong a collectivity for the
0+

1 → 2+
1 transition measured for the low-mass Ge isotopes.

B. Spectroscopy of 67As

The γ -ray spectra of 67As are shown in Fig. 5. The velocities
used in the Doppler correction are β = 0.385 and 0.350 for
Coulomb excitation and inelastic scattering, respectively. New
transitions at 720(6) and 1242(9) keV have been observed
in addition to the ones reported in Refs. [32,33] both in the
Coulomb excitation and inelastic scattering channels. Hints of
transitions at 639(6), 862(6), and 942(6) keV, already observed
by Jenkins et al. and Orlandi et al. [32,33], have been observed
in the inelastic channel only. Note that the transition at 862 keV
is better Doppler corrected with β = 0.360. Both β = 0.350
and β = 0.360 correspond to an emission occurring in the
second half of the target and, therefore, to the decay of states
with a lifetime of the order of 10 ps. Other peaks that do
not correspond to known transitions may be observed in the
spectra of Fig. 5 but are not taken into account in this analysis
because they are not observed in both rings of the SeGA array.

We investigated the spin-parity of the excited states by
exploiting the selectivity of the Coulomb excitation mecha-
nism and by comparison with shell-model calculations in the
f5/2pg9/2 model space using the JUN45 interaction. Since the
ground state is known to be 5/2−, an E2 excitation may reach
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FIG. 6. (Color online) Proposed level scheme for 67As. The new
transitions observed in this measurement and the corresponding
transitions obtained via a shell-model calculation with the JUN45
interaction are presented.

a final angular momentum of 3/2−, 5/2−, 7/2−, or 9/2−. The
most likely spin-parity assignment is 7/2−, which is predicted
by the shell model to be linked via the strongest E2 transition
[B(E2↑; 5/2− → 7/2−) = 1047 e2fm4] to the ground state.
We therefore propose the 720 keV transition as the 5/2− →
7/2− excitation. The second strongest transition predicted by
the shell model populates a 9/2− state. No excited 9/2− state
has yet been observed in 67As, while two have been observed
in 69As. We propose the 1242 keV transition as the decay from
the 9/2− to the ground state. The shell model predicts that the
9/2− level decays with a branching ratio of 90% to the ground
state and the remaining 10% to the 7/2−.

If such a transition were produced, we estimate that an
amount of 40 counts or more at about 522 keV should be
visible at both angular rings of the SeGA array. This limit
of observation defines a conservative upper limit for the
experimental branching ratio to the 7/2− of 10%.

The proposed level scheme for the 720 keV and 1242 keV
transitions is presented in Fig. 6, while a list of all observed
transitions is given in Table II. The values B(E2; 5/2−

1 →
7/2−

1 ) of 1162(236) e2fm4 and B(E2; 5/2−
1 → 9/2−

1 ) of
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FIG. 7. (Color online) B(E2↑) transition probabilities for the
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1 → 7/2−
1 and 5/2−

1 → 9/2−
1 transitions in 67As. The red and

blue points correspond to the results obtained for the 37◦ and 90◦

ring with their statistical error. The black line corresponds to the
average obtained considering the results up to 2.5◦, and the shaded
area represents the error on the average.

TABLE II. Energy of the transitions observed in coincidence with
67As. The errors were obtained as the quadratic sum of the error of
the fit, the error due to a 0.005 uncertainty on the value of β adopted
in the Doppler correction, and a 4-keV error on the calibration.

J π
i Eex Transition Ecoulex

γ Einelastic
γ

(keV) (keV) (keV)

639(6)
7/2− 720(6) 7/2− → 5/2− 720(6) 720(6)

862(6)
942(6)

9/2− 1242(9) 9/2− → 5/2− 1240(9) 1242(9)

460(70) e2fm4 were deduced considering scattering angles
up to 2.5◦ (Fig. 7). If a 10% branching ratio for the
9/2−

1 → 7/2−
1 decay is taken into account, a system-

atic error should be added to the statistical one, yielding
estimates of B(E2; 5/2−

1 → 7/2−
1 ) = 1162(236)(0

−90) e2fm4

and B(E2; 5/2−
1 → 9/2−

1 ) = 460(70)(+50
0 ) e2fm4, respec-

tively. The first value is in agreement with that from our
shell model calculation, B(E2; 5/2−

1 → 7/2−
1 ) = 1047 e2fm4,

while the second one deviates by 1.3σ from the calculation,
B(E2; 5/2−

1 → 9/2−
1 ) = 379 e2fm4. This overall agreement

gives additional credit to the spin-parity assignment.
One may wonder why the 7/2−

1 and 9/2−
1 states ten-

tatively assigned here have not been observed in other
experiments. The spectroscopy of 67As produced using the
fusion-evaporation technique is reported in Refs. [32,33]. The
low-lying excited states were populated primarily from the
decay of the higher-lying positive parity states, among which a
9/2+ state. According to shell-model calculations with JUN45
interaction, the occupancy of the νg9/2 orbital is more than 2 for
this state. The g9/2 orbital has been already indicated as being
responsible for the development of strong deformation in this
region [49]. Conversely, low-lying negative-parity states have
an occupancy of the g9/2 orbital of less than 1, and smaller
(in absolute value) quadrupole moments. The difference in
structure of the positive- and negative-parity states may explain
why this 7/2− state was not populated via fusion evaporation.
The values of the quadrupole moment for the 3/2−

1 , 5/2−
1 ,

7/2−
1 , and 9/2−

1 states in 67As are plotted in Fig. 8(b), together
with the ones of 65As and 69As.

As shown in Fig. 8(a), an inversion between the 5/2−
(predicted prolate) and the 3/2− state (predicted oblate)
excitation energies occurs between 65As and 67As, with the
3/2− level becoming the ground state in 65As. This inversion
corresponds to a transition from a prolate to an oblate shape
in the ground state, in line with the general trend observed
in the region where oblate shapes appear close to the N = Z
line [31].

IV. STRUCTURE EVOLUTION THROUGH THE 64–72Ge
ISOTOPES

A. Overall features

To shed more light on the structure of the 64–72Ge isotopes,
the 5DCH model predictions are next challenged through
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states. Shell model calculations are performed in the f5/2pg9/2 model
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comparisons with measurements for (i) spectroscopic
quadrupole moments, Qs , of the first (2+

1 ) and second (2+
2 )

2+ states, (ii) B(E2) between the 0+
1 , 2+

1 , and 2+
2 levels, and

(iii) odd-even staggering, S(4), of the 2+, 3+, and 4+ levels of
the γ bands.

A first hint at structure properties is provided by inspecting
the topology of potential energy surfaces (PESs) as shown
in Figs. 9(a)–9(e). The PESs display evolution from rigid
triaxial (64Ge), to γ unstable (66Ge), to soft triaxial (68,70,72Ge).
The red stars shown on the surfaces mark the mean β

FIG. 9. (Color online) Potential energy surfaces from 64Ge to
72Ge calculated with the HFB model using the Gogny D1S interaction.
Red stars mark mean β and γ deformations of the ground states.

and γ deformations, 〈β〉 and 〈γ 〉, calculated for ground
states. Values of 〈β〉 and 〈γ 〉 are in the ranges 0.27 <
〈β〉 < 0.29 and 27◦ < 〈γ 〉 < 29◦. The PES properties
together with those for mean deformations point to triaxial
dynamical deformations. Softness is a common feature that is
inferred from observing that the value of mean deformations
〈β〉 smoothly increases with angular momentum within a
nucleus. Explicit treatment of the triaxial degree of freedom
is essential to achieve a correct description of the structure
within this mass region [7]. Other properties, namely the
energy ratios R42 = E(4+

1 )/E(2+
1 ) and R22 = E(2+

2 )/E(2+
1 )

usually serve as structure indicators. Experimental values
are taken from the Brookhaven data center [48]. The ratio
R42(exp) displays a smooth evolution from R42(exp) = 2.28
(64Ge) to R42(exp) = 2.07 (70,72Ge), suggesting a transition
from γ -unstable (R42 = 2.5) to spherical shape (R42 = 2).
The calculated ratios R42(5DCH), though slightly higher,
display a similar pattern and take on values ranging from
R42(5DCH) = 2.64 (64Ge) to R42(5DCH) = 2.36 (72Ge). The
second ratio, R22, remains approximately constant for both
data and present model calculations. R22(exp) is approximately
1.75, except for 70Ge where a lower valueR22(exp) = 1.64 is
reached. From N = 32 to N = 40, the calculated ratios are
R22(5DCH) = 2.02, 2.12, 2.08, 1.98, and 2.02, values close
to those expected from either the vibrational limit R22 = 2, or
the asymmetric rotational model with γ deformation γ = 30◦.
Again, a minimum in calculated energy ratios is observed
for 70Ge. Both data and calculations for R42 and R22 point
to a complex structure evolution near and below N = 40
along the Ge isotopic chain. This minimum in 5DCH ratio
predictions takes place even though 0+′ states intruding into the
70,72,74Ge low-energy spectra—possibly of pairing vibration
character [14]—lie outside the 5DCH framework.

Information on structure of nuclei in the Ge region as gained
from features displayed by the ratios R42 and R22 is at most
qualitative in nature. The property R22(exp) < 2 is indicative
of noncollective components present in the 2+ wave functions.

B. Spectroscopic quadrupole moments

The measured and calculated Qs values for the first (2+
1 )

and second (2+
2 ) 2+ excited states are shown in Fig. 10(a).

For rigid axially deformed nuclei considered in the rotational
model [50], Qs(2

+
1 ) and Qs(2

+
2 ) values are expected to display

identical magnitudes and opposite signs as long as the 2+
2 level

is a γ -band head. The same property, Qs(2
+
1 ) = −Qs(2

+
2 ),

holds based on the asymmetric rotational model [51]. For
the Ge isotopes of present interest this condition is fulfilled:
experimental [48] and calculated spectra display quasi-γ bands
with the second 2+ level as band head. As shown in Fig. 10(a),
both Qs values predicted in shell-model calculations with
JUN45 (green solid and dashed curves) and 5DCH calculations
(blue solid and dashed curves) generally are of opposite
sign. We notice that the Qs (2+

1 ) and Qs (2+
2 ) values from

5DCH calculations display a negative sign for 70Ge, and that
both models globally predict |Q(2+

1 )| 
= |Q(2+
2 )|. The present

model predictions do not match the available experimental Qs

values [48], nor are they complying with expectations for axial
and triaxial rotational nuclei.
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FIG. 10. (Color online) Comparison between experimental data
and model predictions for 64–72Ge isotopes. (a) Spectroscopic
quadrupole moments Qs for the 2+

1 and 2+
2 levels, (b) stagger-

ing parameter S(4), and (c) branching ratio R = B(E2; 2+
2 →

2+
1 )/B(E2; 2+

2 → 0+
1 ). Shell-model (5DCH) calculations are shown

as green (blue) curves. In panel (c) the shell-model predictions are
scaled by 0.05 for ease of comparison with data. For references to
measurements see text. The dashed line in panel (c) is for 5DCH
calculations using renormalized masses.

Previous shell model calculations based on the JUN45
and JJ4B interactions in the f5/2pg9/2 model space lead to
similar conclusions, where limitations in the model space
are suggested as the rationale for the fair success met with
recent shell model predictions for spectroscopic quadrupole
moments in Ge isotopes [52,53]. Effects of truncation in
configuration spaces on predicted Qs and B(E2) values for
the same isotopic chain have also been discussed within the
interacting boson approximation (IBA-2) model [54]. In this
publication the authors compared IBA-2 predictions based on
calculations performed without and with consideration [15] of
mixing between two structures coexisting inside a nucleus,
in an attempt to explain coexistence phenomena observed
near N = 40 [2]. It turns out that the predicted Qs(2+) and
B(E2) values significantly depend upon whether configuration
mixing is considered in IBA-2. This property here serves
as an educated guess to make the point that dependence on
configuration space of any of present model predictions for
spectroscopic quadrupole moments is exacerbated whenever
their values, including signs, are weak. In such a situation, the
calculated Qs(2+)’s critically depend on details of the model
wave functions.

C. Odd-even staggering

Whether γ -band properties are suggesting γ softness is
investigated through considering the collective staggering
parameter

S(4) = {[E(4+
2 ) − E(3+

1 )] − [E(3+
1 ) − E(2+

2 )]}/E(2+
1 ),

where the 2+, 3+, and 4+ levels are γ -band members [55–57].
The parameter S(4) takes on the values S(4) = −2, + 0.33,
and −1 for γ -unstable, axially deformed, and vibrational
nuclei, respectively. For the asymmetric rotational model,
S(4) = 5/3 in the limit where the triaxial γ parameter is
γ = 30◦ [57].

The experimental S(4)exp values are inferred from the
ENSDF database [48], except for 64Ge. Here the ordering
in the spin sequence 2+, 3+, and 4+ is that suggested by
shell-model predictions [29,44] and 5DCH results rather than
that proposed on the basis of experimental data. Comparisons
between S(4)exp data and calculations are shown in Fig. 10(b).
The S(4)exp data (full dots) all show negative sign and absolute
values smaller than unity. Neither present shell-model (green
line) nor 5DCH (blue line) predictions match the data. The
5DCH values S(4)5DCH are all negative with |S(4)5DCH| < 1.2
for 64–72Ge, suggesting a significant amount of γ softness.
Except for 64Ge and 66Ge, the magnitude of calculated S(4)’s
is stronger than that displayed by the S(4) data.

D. B(E2) ratio

A key indicator of structure evolution through the
64–72Ge isotopes is provided by the ratio R = B(E2; 2+

2 →
2+

1 )/B(E2; 2+
2 → 0+

1 ). Experimental B(E2; 2+
2 → 2+

1 ) and
B(E2; 2+

2 → 0+
1 ) values are taken from [11] (64Ge), [42]

(66Ge), [58] (68Ge), [59] (70Ge), and [60] (72Ge). The experi-
mental B(E2) values entering the ratio R as a function of N
do not display smooth patterns separately for the 2+

2 → 2+
1 and

2+
2 → 0+

1 transitions. However their ratios Rexp, shown as full
circles in Fig. 10(c), display an overall regular pattern. Rexp

is at a maximum Rexp ∼ 400 for N = 32, next falls down and
reaches the minimum Rexp = 1.7 for N = 36, and rises up to
reach Rexp ∼ 500 for N = 40.

The parabolic pattern shown by Rexpwith increasing N calls
for comments. We notice that the B(E2; 2+

2 → 0+
1 ) data never

take on null values. The lowest B(E2) values for this transition
are seen for N = 32 and N = 40, which explain why Rexp

reaches a maximum at the lower and higher N values. A
conclusion based on S(4)exp and Rexp properties is that between
N = 32 and N = 40 the Ge isotopes behave as triaxial nuclei.
Using words borrowed from the geometrical model picture,
triaxial character is evolving from approximately rigid, to soft,
and back to rigid over this N range.

The present shell-model predictions shown as a green curve
in Fig. 10(c) are at odds in pattern and magnitude with the
pattern displayed by the Rexpdata. In contrast, the blue line
standing for the 5DCH predictions is rather good in describing
the overall experimental pattern. The ratio Rexp for 64Ge is
overestimated by a factor 4.5. This rapid change in the R
systematics corresponds to the transition from a triaxial to a
γ -soft shape observed in the PESs. Nevertheless, these latter
predictions are consistent with data, again suggesting that Ge
isotopes evolve from rigid to soft, and back to rigid “shapes.”

E. Discussion

For many years 5DCH calculations were based on adopting
the Inglis-Belyaev (IB) approximation for the determination
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of moments of inertia (MoI) and collective masses (CoMs),
the two components of tensor of inertia. For calculating the
MoI, a step forward has been accomplished in Ref. [45] where
the IB approximation based on static HFB calculations has
been removed and replaced by dynamical solutions obtained
from rotating HFB mean-field calculations performed at very
low rotational frequency ω, namely ω = 2 keV. The outcome
is a new MoI (see Eq. (8) in Ref. [45]) that here is labeled
MoITV. MoITV typically is larger than MoIIB by 30%. At this
stage, MoITV and CoMIB no longer fulfill minor symmetries
specific to the collective Hamiltonian [61]. A step forward
has next been taken aiming at restoration of these symmetries
through renormalization of CoMIB. For details, see Ref. [62].
The values taken by renormalized CoM, CoMRen, typically are
stronger than CoMIB by 30%. The CoMRen values are to be
considered as approximations to actual CoMs. The main effect
is found to lower energies of 0+ excited states.

Here similar calculations are performed for the light Ge
isotopes which are soft against triaxial deformations. Mass
renormalization induces minor effects on the calculated ratios
R42 and R22. The R42’s increase by 2% to 6%, implying
that 64–72Ge keep similar their transitional characters. In
contrast the R22’s get lower in general. For example R22 =
1.90 (instead of R22 = 2.02 without renormalization) is the
value calculated for 72Ge. This lowering in R22’s reflects
minor changes in 5DCH predictions that also manifest in
values taken by 〈β〉 and 〈γ 〉 deformations separately attached
to the 2+

1 and 2+
2 levels. Without mass renormalization,

the 72Ge mean deformations for the 2+
1 and 2+

2 states are
(〈β〉21 , 〈γ 〉21 ) = (0.32, 26◦) and (〈β〉22 , 〈γ 〉22 ) = (0.34, 26◦).
These values evolve to (0.31, 27◦) and (0.33, 26◦), respec-
tively, once masses are renormalized. A difference δ〈β〉
is observed between the 〈β〉’s tied with the 2+

1 and 2+
2

levels. The value δ〈β〉 = 0.02 is found stable under mass
change. Its magnitude is too small for suggesting a kind of
shape coexistence picture. Through mass renormalization, the
calculated energy ratio R22 for Ge isotopes may reach lower
values than without. Mass renormalization is not a clue for
explaining why the experimental ratio R22(exp) could be as low
as R22(exp) ∼ 1.75. Mass renormalization also induces minor
alterations to calculated spectroscopic quadrupole moments
and odd-even staggering parameters. There is no improvement
in the predictions when comparison is made with those shown
as blue curves in Figs. 10(a) and 10(b).

Significant progress in 5DCH predictions is achieved for
the ratio R between the B(E2; 2+

2 → 2+
1 ) and B(E2; 2+

2 →
0+

1 ) rates. Effects of mass renormalization are the reduction
and increase in the B(E2; 2+

2 → 2+
1 ) and B(E2; 2+

2 → 0+
1 )

strengths, respectively. The outcome is a lowering in the cal-
culated R’s, which is spectacular for 64Ge. These predictions,
shown as a blue dashed curve in Fig. 10(c), are closer to the
Rexp data.

Finally, we notice that mass renormalization reduces the
calculated B(E2; 0+

1 → 2+
1 ) strengths by approximately 10%,

as shown by the dashed line in Fig. 4. This reduction is
not strong enough to bring 5DCH predictions close to the
B(E2) data shown in Fig. 4. The results of present sensitivity
calculations are encouraging. The hope is that improvements
in 5DCH predictions for soft nuclei will be achieved once the

tensor of inertia is established on solid microscopic grounds.
An approach to this goal is based on the quasiparticle ran-
dom phase approximation (QRPA) implemented with Gogny
force [62].

V. CONCLUSIONS AND PERSPECTIVES

We reported on the spectroscopy of 66Ge and 67As via
intermediate-energy Coulomb excitation, inelastic scattering,
and one-proton knockout measurements. These probes offer
different selectivity with respect to β-decay and fusion-
evaporation production techniques.

We have measured a value of 1401(69) e2fm4 for
B(E2; 0+

1 → 2+
1 ) and set an upper limit of 50 e2fm4 for

B(E2; 0+
1 → 2+

2 ) in 66Ge. The first value is in good agreement
with that in Ref. [30], confirming the absence of a minimum in
the B(E2↑) systematics as initially reported in Ref. [28]. We
remark that the uncertainty on the B(E2↑)’s obtained in this
work is of the same order of magnitude as that obtained with the
RDDS technique [30], confirming the degree of accuracy that
one can achieve via intermediate-energy Coulomb excitation.
Both shell-model calculations with the JUN45 interaction
and 5DCH calculations with the Gogny D1S interaction
overpredict the collectivity of the 0+ → 2+

1 transition in light
Ge isotopes. A dominant soft-triaxial behavior is predicted by
5DCH calculations for light Ge isotopes, with 64Ge and 72Ge as
the more rigid among them. Sensitivity calculations conducted
within this model have shown that collective masses play a key
role in modulating the strength of transitions between γ and
yrast bands. CoMs stronger than those based on the cranking
approximation help bringing 5DCH predictions closer to
data. The outcome is viewed as an incentive for tailoring
improved CoMs.

The γ -ray spectra measured for 67As display new transi-
tions. Tentative spin-parity assignments of 7/2− and 9/2−
are proposed for the states decaying via the 720 and
1242 keV transitions, respectively, based on the selectivity
of Coulomb excitation and comparison with shell-model
calculations. B(E2; 5/2−

1 → 7/2−
1 ) = 1162(236)(0

−90) e2fm4

and B(E2; 5/2−
1 → 9/2−

1 ) = 460(70)(+50
0 ) e2fm4 have been

deduced in 67As. These values are in agreement with shell-
model calculations with the JUN45 interaction.

Indirectly, this agreement gives credit to the shell-model
predictions of a prolate shape for the ground state of
67As, and rather spherical-prolate (7/2−

1 ) and spherical-oblate
(9/2−

1 ) shapes for the excited states populated via Coulomb
excitation. The complex structure of nuclei in this region,
which is driven by a combination of collective and single
particle effects, demands collecting more exclusive data
to benchmark theoretical models. In this respect, measur-
ing the g factor of the 67As ground state would be a
valuable asset.

B(E2)’s have been measured up to the N = Z line
via intermediate energy Coulomb excitation and lifetime
measurements. They provide information on the collectivity
and, in a model-dependent way, on the nuclear shape. The
spectroscopic quadrupole moment is the only observable that
directly probes the shape of the nuclear density distribution. It
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is very sensitive to the details of the shell-model wave function
and therefore provides a critical test for microscopic model
predictions. Since the only measurements allowing us to access
this quantity are laser spectroscopy (for ground and isomeric
states) and low-energy Coulomb excitation (for short-lived
excited states), its value is experimentally determined only for
the less exotic isotopes of the region. Namely, the quadrupole
moments and E2 transition probability have been measured
for N � 38 for Ge and Kr isotopes, and N � 36 for Se
isotopes. The measurement of quadrupole moments of, and E2
transition rates between, low-lying states in N ∼ Z nuclei, pri-
marily 66,68Ge isotopes, remains an experimental challenge for
existing and upcoming low-energy radioactive-beam facilities.
Low-lying 0+ states have already provided a signature of shape
coexistence in 74,76Kr and of a configuration transition between
72Ge and 70Ge. Such 0+ states are predicted by shell-model
calculations for several nuclei in the region, including 66Ge,
66Se, and 70Se, but have not yet been observed. Two-neutron
transfer reactions, which are selective with respect to 0+ states,
may be a suitable probe.

The shell model with the JUN45 interaction together with
the 5DCH model with the D1S force have each shown

limitations in their respective predictive power. The problem
seems rooted in an insufficient size of the configuration
space. Recent shell-model extensions [63] may lead to im-
proved predictions for Ge isotopes of present interest. In
contradistinction, the inclusion of pairing vibrations seems
beyond the reach of 5DCH. Instead, advances are expected
from the multiparticle-multihole configuration mixing method
[64,65], where the former dichotomy between collective and
quasiparticle degrees of freedom at play in configuration
space is no longer a prerequisite. This approach, based on
the Gogny density functional, treats any excited level in a
nucleus as a multiparticle-multihole excitation and provides
multipole transition rates free of effective charge. Our hope
is that this new-generation structure model will improve the
understanding of the complex properties of nuclei in the
A ∼ 70 mass region.
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