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The shape and collectivity of 80Ge were investigated via a sub-barrier-energy Coulomb excitation
measurement using the JANUS setup at the NSCL ReA3 facility. The 80Ge spectroscopic quadrupole
moment Qs(2+

1 ) of the 2+
1 state was measured for the first time, and the precision of the 80Ge

B(E2; 0+
1 → 2+

1 ) transition strength was increased. The experimental Qs(2+
1 ) value indicates a

large, prolate deformation for 80Ge, which is consistent with large-scale shell-model calculations
performed for comparison. These results provide important benchmarks for models that try to
describe nuclear shape in neutron rich nuclei near the magic number N = 50.

I. INTRODUCTION

The stable to neutron-rich isotopes of germanium are
a critical testing ground for nuclear models due to their
complex and rapidly changing nuclear structure. Near
stability, the even-A 74−78Ge isotopes display triaxial-
ity [1–5], while both shape coexistence [6] and triaxiality
have been suggested for 72Ge [7, 8]. A transition from
prolate to oblate deformation occurs at 70Ge [9], and an
additional region of triaxiality has been proposed around
the neutron-rich 84,86,88Ge isotopes [10]. Further, nuclei
near the N = 50 isotone line, such as the very neutron-
rich doubly magic nucleus 78Ni [11] which is predicted
to be at the entrance of a new island of inversion [12],
have recently come into reach for ab-initio-type mod-
els [13]. This makes experimentally determined indica-
tors of nuclear structure crucial as these models attempt
to reach the even more neutron-rich nuclei which will be-
come available at new-generation facilities such as the
Facility for Rare Isotope Beams [14].

Two neutrons removed from N = 50, 80Ge is impor-
tant for a systematic understanding of neutron-rich nu-
clei in this region. Recent beyond-mean-field calcula-
tions [15], which compare well to the available data in
the lighter Ge nuclei, have predicted a spherical con-
figuration for magic N = 50 82Ge and a rapid onset
of prolate deformation at both 80Ge and 84Ge. Sensi-
tive measures of nuclear shape and deformation, such
as B(E2; 0+1 → 2+1 ) transition strengths and Qs(2

+
1 )

quadrupole moments, are required to test these predic-
tions and gain a detailed understanding of nuclear struc-
ture in this important region of the nuclear chart. While
the 80Ge B(E2; 0+1 → 2+1 ) value is known [16, 17], its
quadrupole moment has not been measured to date.
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The rare isotope 80Ge has been studied with several
different experimental techniques. Most recently, this nu-
cleus attracted attention due to the reported observation
of a surprisingly low-lying 0+2 state, in fact located below
the 2+1 level [18]. This was subsequently refuted by an-
other measurement searching for the conversion electron
emitted by the reported 0+2 state’s E0 decay [19]. A re-
cent β-decay experiment [20] also found no evidence of
the proposed low-lying 0+2 state.
Detailed information of the 80Ge level scheme comes

from β-decay [20, 21] studies, while the isomeric 8+1 state
was identified in a deep inelastic scattering measure-
ment [22]. The lifetime of the 8+1 state was measured us-
ing fast-timing techniques [23]. Two Coulomb excitation
experiments [16, 17] measured the 80Ge B(E2; 0+1 → 2+1 ),
with Ref. [17] also measuring theB(E2; 0+1 → 2+2 ). These
experiments were insensitive to the quadrupole moment,
however, and accounting for the feeding from higher-lying
states was an additional complication in Ref. [17].
To test recent theoretical predictions [15] and track

the evolution of nuclear shape toward N = 50, a sub-
barrier-energy projectile Coulomb excitation experiment
was performed to measure the 80Ge B(E2; 0+1 → 2+1 )
transition strength and, for the first time, its spectro-
scopic quadrupole moment Qs(2

+
1 ). These values provide

crucial benchmarks on nuclear shape and collectivity in
neutron-rich nuclei near N = 50.

II. EXPERIMENTAL DETAILS AND DATA
ANALYSIS

The present experiment was performed at the Re-
accelerator facility (ReA3) [24] of the National Super-
conducting Cyclotron Laboratory (NSCL) [25]. An 82Se
primary beam was accelerated by the NSCL’s coupled
cyclotrons and impinged on a thick 9Be production tar-
get to produce the cocktail secondary beam. The 80Ge
nuclei were selected using the A1900 fragment separa-
tor [26] and delivered to a gas-cell [27] which is used to
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stop and thermalize the high-energy beam. The 80Ge
nuclei were extracted from the gas-cell, charge bred in
NSCL’s electron-beam ion trap [28], and injected into
the ReA3 accelerator to be delivered to the experimental
setup.

The 80Ge nuclei were impinged at 3.52 MeV/u on a
1.59 mg/cm2 thick 196Pt target. This is 98% of the “safe”
energy restriction [29]. The use of a 196Pt target provided
target excitations which, along with its well-known spec-
troscopic data, were used to define the normalization nec-
essary to measure matrix elements in 80Ge. As 196Pt is a
high-Z nucleus, this method provided sensitivity to both
the Qs(2

+
1 ) and B(E2; 0+1 → 2+1 ) values in

80Ge.

The target position was surrounded by the Joint Ar-
ray for Nuclear Structure (JANUS) [30], which combines
two annular silicon detectors (Bambino2) with the Seg-
mented Germanium Array (SeGA) [31]. The silicon de-
tectors were placed 28(1) mm downstream and 32(1) mm
upstream of the reaction target. They have 32-fold az-
imuthal segmentation on the side facing the target and
24-fold radial segmentation on the other. This geometry
covers laboratory frame scattering angles of 21.4◦−51.3◦

(downstream) and 132◦ − 161◦ (upstream) with ≈ 1◦ lo-
calization in θ and 11.3◦ in ϕ. The silicon detectors were
used to detect the scattered 80Ge and the recoiling 196Pt
nuclei.

Sixteen 32-fold segmented detectors of SeGA were ar-
ranged in a compact “barrel” configuration, with the
cylindrical detector crystals concentrically surrounding
the target position. These were used to detect the prompt
γ-ray decays from excited states of both nuclei and pro-
vided an absolute efficiency of 6.3% at 1 MeV.

At the time of the experiment, it was discovered that
the 80Ge beam contained about 7% contamination of sta-
ble 80Kr, though the amount of contamination was ob-
served to increase over the course of the experiment. This
contamination was suspected to originate from the gas-
cell, and the contaminant 80Kr nuclei were accelerated
to the same energy as the 80Ge. Since the energies and
masses of both nuclei were the same, it was not possible
to discriminate between the two beam species using the
reaction kinematics measured by the silicon detectors.

The contaminant 80Kr nuclei Coulomb excited the
196Pt target, and the additional yield of 196Pt γ rays
would incorrectly change the normalization used for the
80Ge excitations unless this contribution is removed. Be-
cause of this, a dedicated measurement was performed
in which isotopically enriched 80Kr gas was bled into the
gas cell, producing a pure 80Kr beam that was impinged
on the 196Pt target under identical experimental settings.
This provided a direct measure of the 196Pt γ-ray yields
produced by the impinging 80Kr contaminant.

The energy deposited in the forward silicon detector
during the experiment is shown in Fig. 1. As is clearly
seen, the kinematic curves of the scattered projectiles
and the 196Pt target recoils are well separated, which
enables event-by-event characterization of the scattering
process. It also clear from Fig. 1 that the 80Ge nuclei can-
not be discriminated from the 80Kr contamination using

FIG. 1. The energy deposited in the downstream silicon de-
tector. The scattered projectiles and recoiling 196Pt nuclei
are clearly visible and distinguishable. It is also clear there is
no separation between the 80Ge nuclei and the 80Kr contam-
ination.

the measured reaction kinematics.

To increase the sensitivity of the measurement to the
80Ge Q(2+1 ) via the Reorientation Effect [29], the data
were further subdivided into ranges based on the scatter-
ing angle. The γ-ray yields in coincidence with forward
scattered 80Ge were divided into three angular ranges,
the data corresponding to 196Pt detection were divided
into two ranges, and the back-scattered 80Ge data were
considered as a whole. The choice of angular ranges was
primarily motivated by the γ-ray statistics collected.

Doppler correction of the γ-ray data is enabled by the
segmentation of SeGA and the silicon detectors as well
as the known reaction kinematics. The velocity of the γ-
ray emitter was calculated on an event-by-event basis by
using the scattering angle measured with the silicon de-
tectors; for both the scattered beam and recoiling target
nuclei, the range of velocities observed in this experiment
was 0.03 ≲ v/c ≲ 0.08. The total Doppler-corrected γ-
ray spectra collected during the experiment are shown in
Fig. 2.

Both the 80Ge and 80Kr 2+1 → 0+1 γ-ray transitions
can be clearly identified in Fig. 2. Due to the dedicated
80Kr measurement, the number of 196Pt γ rays caused
by the impinging 80Kr can be determined directly from
the number of 80Kr 2+1 → 0+1 γ rays observed during
the 80Ge setting. This enabled the 80Kr contribution to
be removed in a subtraction process similar to Ref. [32].
Fig. 2 also shows the results of the subtraction, which
removes the additional γ-ray yield due to the impinging
80Kr. The subtraction process results in larger transition
matrix elements extracted for 80Ge, as there are more
80Ge excitations relative to the amount of 196Pt excita-
tions after the subtraction has been applied. The level
scheme of 80Ge relevant to this experiment is shown in
Fig. 3.

The γ-ray yield data were analyzed via a joint use of
the GOSIA and GOSIA2 codes [33, 34]. The GOSIA2
code, which was developed specifically for a simultane-
ous analysis of projectile and target excitations, uses the
spectroscopic data of 196Pt along with its measured γ-
ray yields to determine the normalization necessary for
the 80Ge excitations. The literature data used for 196Pt



3

FIG. 2. Total γ-ray spectra collected during the experiment.
The black and blue spectra are both Doppler-corrected for
80Ge; the γ rays from the 80Kr contamination have been sub-
tracted from the black spectra (see text), while the blue spec-
tra have not been subtracted. Note the 80Kr γ-ray transi-
tion is only present in the un-subtracted spectra. The red
spectra are Doppler-corrected for 196Pt and have been sub-
tracted. The panels show γ rays in coincidence with forward-
scattered 80Ge (a), forward-scattered 196Pt (b), and back-
scattered 80Ge (c).

FIG. 3. The level scheme of 80Ge used in the GOSIA and
GOSIA2 analyses. Only transitions observed during the ex-
periment are indicated. Energies are in keV.

is given in Table I. During the GOSIA2 analysis, the
80Ge ⟨0+1 ∥E2∥2+1 ⟩ and ⟨2+1 ∥E2∥2+1 ⟩matrix elements were
manually scanned, while all other matrix elements in
80Ge were fixed, and the GOSIA2 code was used to check
the agreement between the calculated and experimental
γ-ray yields. This results in a two-dimensional χ2 surface,
with the best-fit matrix elements given at the minimum
χ2 value and their individual 1-sigma uncertainties given
by a χ2 < χ2

min + 1 cut.
Matrix elements which couple to states beyond the

2+1 were determined with the traditional GOSIA code.
GOSIA only considers the 80Ge γ-ray yields, so the
best-fit 80Ge ⟨0+1 ∥E2∥2+1 ⟩ matrix element plus its un-

FIG. 4. The χ2 surface, with a χ2 < χ2
min + 1 restriction, ob-

tained from the GOSIA2 analysis which shows the correlation
between the ⟨0+

1 ∥E2∥2+
1 ⟩ and ⟨2+

1 ∥E2∥2+
1 ⟩ matrix elements.

All other matrix elements were fixed during this scan.

certainty, extracted from the GOSIA2 analysis, is used
as a fit constraint in order to define the required nor-
malization. Due to the low population of the higher-
lying states, only weak sensitivity to the other matrix
elements was observed and the joint GOSIA-GOSIA2
analysis rapidly converged. The final χ2 surface obtained
from the GOSIA2 analysis, after convergence of all ma-
trix elements, is shown in Fig. 4.
Fig. 4 shows the correlation between the ⟨0+1 ∥E2∥2+1 ⟩

and ⟨2+1 ∥E2∥2+1 ⟩ matrix elements which is typical in the
Coulomb excitation of even-even nuclei [34, 36]. For
⟨0+1 ∥E2∥2+1 ⟩, this correlation was the dominant source
of uncertainty beyond the simple statistical uncertainty
from the γ-ray yields, which is also captured in the χ2

surface. The ⟨2+1 ∥E2∥2+1 ⟩ matrix element, however, dis-
played a significant correlation with matrix elements that
couple to the 2+2 state; this effect is not observable in the
χ2 surface of Fig. 4. The matrix elements that couple
to the 2+2 state had a negligible impact on the best-fit
⟨0+1 ∥E2∥2+1 ⟩ value.
Fig. 5 shows the effect of ⟨2+1 ∥E2∥2+2 ⟩ on the best-

fit ⟨2+1 ∥E2∥2+1 ⟩, which determines the spectroscopic
quadrupole moment Qs(2

+
1 ). This figure displays the to-

tal χ2 value extracted from traditional GOSIA minimiza-
tions in which ⟨2+1 ∥E2∥2+2 ⟩ and ⟨2+1 ∥E2∥2+1 ⟩ were man-
ually scanned, and the other relevant matrix elements in
80Ge were allowed to vary. A standard χ2 < χ2

min + 1
criterion reveals the weak sensitivity to ⟨2+1 ∥E2∥2+2 ⟩ ob-
tained from this experiment. The observed correlation
results in a rather large and asymmetric uncertainty on
the 80Ge ⟨2+1 ∥E2∥2+1 ⟩ [and thus on Qs(2

+
1 )]. This result

highlights the possibly large effects of poorly-constrained
matrix elements in multi-step Coulomb-excitation exper-
iments, and it emphasizes the importance of investigating
the possible correlations between matrix elements.

Beyond the correlation, Fig. 5 also reveals that
there are two distinct solutions (local χ2 minima) at
⟨2+1 ∥E2∥2+2 ⟩ = ±0.52 eb. Using the sign convention
given in Fig. 5, these two solutions correspond to the two
different signs of the P3 triple product, which is given by:

P3 = ⟨0+1 ∥E2∥2+1 ⟩⟨2
+
1 ∥E2∥2+2 ⟩⟨2

+
2 ∥E2∥0+1 ⟩. (1)

The P3 term is a common measure of quadrupole in-
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TABLE I. The literature data [35] employed for 196Pt during the GOSIA2 analysis. Uncertainties have been made symmetric
for input into GOSIA2, and the diagonal matrix elements were derived from the quoted quadrupole moments.

State τ (ps) Transitions Branching Ratio Matrix element Value (eb) Transition δ

2+
1 49.27(22) 4+

2 → 4+
1 /4+

2 → 2+
2 0.17(5) ⟨2+

1 ||E2||2+
1 ⟩ 0.82(11) 2+

2 → 2+
1 -5.2(5)

4+
1 5.12(7) 4+

2 → 2+
1 /4+

2 → 2+
2 0.17(2) ⟨4+

1 ||E2||4+
1 ⟩ 1.37(16)

6+
1 1.41(12) 0+

2 → 2+
2 /0+

2 → 2+
1 0.39(4) ⟨6+

1 ||E2||6+
1 ⟩ -0.3(4)

8+
1 0.61(6) 3+

1 → 4+
1 /3+

1 → 2+
2 0.013(4) ⟨2+

2 ||E2||2+
2 ⟩ -0.51(21)

0+
2 6.1(14) 3+

1 → 2+
1 /3+

1 → 2+
2 0.044(10)

2+
2 48.8(10)

4+
2 3.8(8)

6+
2 1.1(3)

FIG. 5. The χ2 surface, with a χ2 < χ2
min + 1 restriction,

obtained from the traditional GOSIA code which shows the
correlation between ⟨2+

1 ∥E2∥2+
1 ⟩ and ⟨2+

1 ∥E2∥2+
2 ⟩. At each

point, GOSIA was used to minimize the other relevant ma-
trix elements in 80Ge. The observed correlation, combined
with the presence of two distinct solutions (local χ2 min-
ima), results in large, highly asymmetric uncertainties on
⟨2+

1 ∥E2∥2+
1 ⟩, i.e. ⟨2+

1 ∥E2∥2+
1 ⟩ = −0.6+4

−2. The two solutions
correspond to ±|P3| (see text).

terference [37] which can significantly impact quadrupole
moment determinations in multi-step Coulomb excita-
tion experiments depending on its sign [38, 39]. As can
been seen from Fig. 5, the present experiment indicates
a preference for the P3 > 0 solution, though it is not
statistically significant at the 1-sigma level. Thus, the
relative signs of the matrix elements which form the P3

triple product cannot be determined from this work, so
the results suffer from this ambiguity.

It is interesting to note that, for either sign of P3, the
extracted 80Ge Qs(2

+
1 ) value is negative. Several the-

oretical models, such as the triaxial rotor model with
irrotational flow [40], the interacting boson model [41],
and the anharmonic vibrator model [39] all predict that
the product P3Qs(2

+
1 ) is negative. The triaxial rotor

model which does not assume irrotational flow can pro-
vide P3Qs(2

+
1 ) > 0 [37, 42]. Experimentally, many nu-

clei are known to display P3Qs(2
+
1 ) < 0 (for exam-

ple, Refs. [43, 44]), including the even-A 70−76Ge iso-
topes [4, 8, 45, 46]. Only the heavy, oblate (Qs(2

+
1 ) > 0)

nuclei 192,194Pt are known unambiguously to exhibit
P3Qs(2

+
1 ) > 0; 74,76Kr also display this property [47],

though the presence of configuration-mixing complicates
the interpretation of these nuclei [37, 47]. With this con-
text, combined with the preference of the current mea-
surement for P3 > 0 (see Fig. 5), it is perhaps more likely
that P3 > 0 for 80Ge.
In order to help constrain the matrix elements which

couple to the 2+2 state, the adopted branching ratio
of the 2+2 state’s γ-ray transitions was incorporated
into the GOSIA minimization. This value is Iγ(2

+
2 →

0+1 )/Iγ(2
+
2 → 2+1 ) = 0.83(5) [48]. To date, the multi-

pole mixing ratio δ of the 80Ge 2+2 → 2+1 γ-ray tran-
sition has not been measured. As such, the only sen-
sitivity to ⟨2+1 ∥M1∥2+2 ⟩ in this experiment is through
the known branching ratio, which is also influenced by
⟨2+1 ∥E2∥2+2 ⟩. Thus, the correlation presented in Fig. 5
can be expressed in terms of the E2 contribution to the
mixed E2/M1 2+2 → 2+1 γ-ray decay. The E2 fraction is
given by δ2/(δ2 + 1), and the correlation of ⟨2+1 ∥E2∥2+1 ⟩
with this quantity is shown in Fig. 6. We stress that
the current measurement provides no sensitivity to the
relative sign of the ⟨2+1 ∥M1∥2+2 ⟩ matrix element. De-
pending on the value, a measurement of δ would either
strongly constrain the extracted ⟨2+1 ∥E2∥2+1 ⟩ in 80Ge, or
it would provide two distinct solutions corresponding to
±|P3|. This can be seen from the two bands in Fig. 6
which converge for a small E2 contribution.

III. RESULTS AND DISCUSSION

All matrix elements extracted from this analysis are
summarized in Table II, and the 80Ge B(E2; 0+1 → 2+1 )
and Qs(2

+
1 ) values are shown in Table III. Comparison

with previous measurements are provided where possi-
ble. While the current result for the B(E2; 0+1 → 2+1 )
transition strength is larger than the previous two mea-
surements, it agrees with Ref. [16] within uncertainties,
and the trend along the Ge isotope chain (see Fig. 8) dis-
plays a smooth decrease of B(E2) with increasing N out
to magic N = 50 82Ge. This agrees with conventional ar-
guments from both a shell-model and a collective model
point of view.

Multiple large-scale shell-model calculations were per-
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FIG. 6. The best-fit ⟨2+
1 ∥E2∥2+

1 ⟩ value obtained for differ-
ent assumptions of the E2 contribution to the mixed E2/M1
2+
2 → 2+

1 γ-ray decay. The error bands, equal to ±0.11 eb,
give the uncertainty on ⟨2+

1 ∥E2∥2+
1 ⟩ when ignoring correla-

tions with matrix elements that couple to the 2+
2 state. Using

the given sign convention, the upper band (black) corresponds
to P3 < 0, and the lower band (red) corresponds to P3 > 0.

TABLE II. All matrix elements in 80Ge determined from this
work compared with previous measurements [16, 17]. Abso-
lute value symbols indicate that the relative sign of a matrix
element could not be determined.

Matrix Element This Work Ref. [16] Ref. [17]

⟨0+
1 ∥E2∥2+

1 ⟩ (eb) 0.408(10) 0.373(36) 0.316(21)

⟨2+
1 ∥E2∥2+

1 ⟩ (eb) −0.6+4
−2 - -

⟨2+
1 ∥E2∥4+

1 ⟩ (eb) 0.76(20) - -

⟨0+
1 ∥E2∥2+

2 ⟩ (eb) |0.14(5)| - |0.11(2)|
⟨2+

1 ∥E2∥2+
2 ⟩ (eb) < |0.8| - -

⟨2+
1 ∥M1∥2+

2 ⟩ (µN) < |0.5| - -

formed in order to further investigate the collectivity in
80Ge. Two sets of calculations were performed with the
NuShellX code [49]. Both sets of calculations employed
the jj44 model space which consists of the (0f7/2, 1p3/2,
1p1/2, 0g9/2) orbitals for both protons and neutrons, and
effective charges of ep = 1.8 and en = 0.8 were used.
These calculations used the jj44b and JUN45 [50] inter-
actions, which have been widely employed to study ger-
manium isotopes [51, 52].

Additional shell-model calculations were performed
using the LNPS [53] and PFSDG-U [12] interactions.
The results of a calculation with a 5-dimensional col-
lective Hamiltonian (5DCH) with the Gogny D1S inter-
action [54] are presented as well. The comparison be-
tween the experimental and calculated results for the
80Ge B(E2; 0+1 → 2+1 ) and Qs(2

+
1 ) values are also given

in Table III.
As can be seen from Table III, the JUN45 and PFSDG-

U calculations reproduce the current experimental val-
ues most closely. Both the jj44b and JUN45 interac-
tions predict a quadrupole moment of -0.3 eb, but the
jj44b interaction over-predicts the B(E2; 0+1 → 2+1 ) while
the JUN45 interaction reproduces the transition strength
quite well. The LNPS and PFSDG-U interactions predict

TABLE III. Results for 80Ge determined from this work com-
pared with previous measurements [16, 17] and to theoretical
predictions.

80Ge B(E2; 0+
1 → 2+

1 ) (e2b2) Qs(2+
1 ) (eb) qs

Experiment

This Work 0.166(8) −0.46+31
−14 −1.3+8

−4

Ref. [16] 0.139(27) - -

Ref. [17] 0.100(13) - -

Theory

jj44b 0.188 -0.301 -0.77

JUN45 0.159 -0.300 -0.83

PFSDG-U 0.171 -0.355 -0.95

LNPS 0.191 -0.334 -0.84

5DCH 0.188 -0.260 -0.66

slightly larger quadrupole moments, however LNPS also
over-predicts the B(E2; 0+1 → 2+1 ) value. The PFSDG-
U interaction gives the best overall description of 80Ge,
though the large uncertainty on Qs(2

+
1 ) makes discrimi-

nating between the models difficult.
Irrespective of the large uncertainty, the present mea-

surement indicates a larger Qs(2
+
1 ) value than all shell-

model predictions. To explore this result, it is useful to
consider the “reduced” quadrupole moment qs, given by:

qs =
Qs(2

+
1 )

2
7

√
16π
5 B(E2; 0+1 → 2+1 )

. (2)

The ratio qs represents the size of the spectroscopic
quadrupole moment Qs(2

+
1 ) relative to the prediction

for an axially-symmetric rigid rotor [40]. It is closely
related to the quadrupole asymmetry parameter which
can be calculated from the quadrupole rotational invari-
ants [29, 55], and as such qs is an indicator of axially-
symmetric or triaxial shapes. The value qs = 1 indicates
oblate axial symmetry, qs = −1 indicates prolate axial
symmetry, while all intermediate values −1 < qs < 1
indicate triaxiality.
Table III also gives the present result for the 80Ge qs

compared to model predictions. The measured 80Ge qs
is larger than the axially-symmetric rotor value, while all
models predict some degree of triaxiality. The PFSDG-
U calculation provides the largest magnitude of qs and
thus agrees best with the current result, though again
the large uncertainty makes discriminating among the
models difficult. Fig. 7 show the current result for the
80Ge B(E2; 0+1 → 2+1 ), Qs(2

+
1 ), and qs values compared

to previous measurements and model predictions.
To see if the difference between experiment and the-

ory for Qs(2
+
1 ) and qs can be understood, the jj44b and

JUN45 shell-model calculations were performed for the
stable to neutron-rich even-A 70−82Ge isotopes. The re-
sults are shown in Fig. 8, which also includes the Qs(2

+
1 )

expected for an axially-symmetric prolate rigid-rotor
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FIG. 7. The B(E2; 0+
1 → 2+

1 ) (top), Qs(2+
1 ) (middle), and qs

(bottom) values for 80Ge from this work (red) compared to
previous measurements and model predictions.

from the experimentally determined B(E2; 0+1 → 2+1 )
values.

From the top panel of Fig. 8, the evolution of collec-
tivity in the heavy Ge isotopes is well reproduced by
the shell-model calculations, though the jj44b interaction
consistently over-predicts the B(E2; 0+1 → 2+1 ) transition
strengths until 82Ge. The JUN45 calculations reproduce
the B(E2; 0+1 → 2+1 ) values of

76−80Ge very well, though
it under-predicts the collectivity of 82Ge. The lighter
Ge isotopes are not as well-described by the calculations,
though JUN45 gives the best overall description of the
isotopic chain.

The spectroscopic quadrupole moments, shown in the
middle panel of Fig. 8, reveal larger discrepancies be-
tween experiment and theory. However, both shell-model
calculations predict a local minimum at 80Ge and a rapid
increase of Qs(2

+
1 ) with decreasing mass number. This

general behavior is consistent with the current result for
80Ge as well as the data for the lighter Ge isotopes.
Though the quadrupole moments prove challenging for
both sets of shell-model calculations, the jj44b interac-
tion describes the overall evolution of Qs(2

+
1 ) best.

As mentioned, not only is the experimental 80Ge
Qs(2

+
1 ) larger than the shell-model calculations, it is

also larger than the prediction for a prolate rigid ro-
tor (though the error bar overlaps with all theoretical

FIG. 8. The B(E2; 0+
1 → 2+

1 ) (top), Qs(2+
1 ) (middle), and

qs (bottom) values in the stable to neutron-rich germanium
isotopes, with the present results in red. The experimental
data are from Refs. [16, 17, 56, 57]. The prolate Symmetric
Rotor predictions and uncertainties for Qs(2+

1 ) are based on
the experimental B(E2; 0+

1 → 2+
1 ) values (the current result

is used for 80Ge).

values). As such, the current results for 80Ge indicate
a rapid onset of a very strong prolate deformation just
two neutrons removed from magic N = 50. The lighter
72−76Ge isotopes have smaller quadrupole moments, de-
spite having larger B(E2; 0+1 → 2+1 ) transition strengths,
due to the triaxial nature of their deformation. The
present experimental result is a first indication that 80Ge
does not exhibit significant triaxiality and instead points
to rapid structural change in the heavy Ge isotopes. Mea-
surement of the quadrupole moments in 78,82Ge would be
very beneficial to confirm and quantify this rapid evolu-
tion of shape.

IV. SUMMARY

In summary, a sub-barrier-energy Coulomb excitation
experiment on 80Ge was performed at the NSCL ReA3
facility using the JANUS setup. The 80Ge Qs(2

+
1 ) and

B(E2; 0+1 → 2+1 ) values were measured, and the results
indicate a large prolate deformation of 80Ge just two neu-
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trons removed from magic N = 50. Shell-model calcula-
tions performed for comparison reproduce both current
result for the 80Ge B(E2; 0+1 → 2+1 ) transition strength
as well as the trend in the heavy Ge isotopes. The
quadrupole moments proved more challenging for theory,
though both sets of shell-model calculations performed
for 70−82Ge point to a larger prolate deformation in 80Ge
compared to its neighboring isotopes. The present mea-
surement is consistent with this picture.

ACKNOWLEDGMENTS

Helpful discussion with J. M. Allmond, L. P. Gaffney,
and M. Zielinska are gratefully acknowledged. This work
was supported by the U.S. Department of Energy, Office
of Science, Office of Nuclear Physics, under Grant No.
DE-SC0020451, the U.S. National Science Foundation
(NSF) under Grant No. PHY-1565546, and by the DOE
National Nuclear Security Administration through the
Nuclear Science and Security Consortium, under Award
No. DE-NA0003180. B.A.B. acknowledges support from
NSF Grant No. PHY-1811855. Work at LLNL was per-
formed under contract DE-AC52-07NA27344. Work at
the University of Surrey was supported under UKRI Fu-
ture Leaders Fellowship grant no. MR/T022264/1

[1] J. J. Sun, Z. Shi, X. Q. Li, H. Hua, C. Xu, Q. B. Chen,
S. Q. Zhang, C. Y. Song, J. Meng, X. G. Wu, S. P. Hu,
H. Q. Zhang, W. Y. Liang, F. R. Xu, Z. H. Li, G. S. Li,
C. Y. He, Y. Zheng, Y. L. Ye, D. X. Jiang, Y. Y. Cheng,
C. He, R. Han, Z. H. Li, C. B. Li, H. W. Li, J. L. Wang,
J. J. Liu, Y. H. Wu, P. W. Luo, S. H. Yao, B. B. Yu, X. P.
Cao, and H. B. Sun, Phys. Lett. B 734, 308 (2014).

[2] S. Mukhopadhyay, B. P. Crider, B. A. Brown, S. F. Ash-
ley, A. Chakraborty, A. Kumar, M. T. McEllistrem, E. E.
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T. Saito, C. Shand, P.-A. Söderström, I. Stefan, V. Va-
quero, K. Wimmer, and Z. Xu, Phys. Rev. C 96, 011301
(2017).

[11] R. Taniuchi, C. Santamaria, P. Doornenbal, A. Obertelli,
K. Yoneda, G. Authelet, H. Baba, D. Calvet, F. Château,
A. Corsi, A. Delbart, J.-M. Gheller, A. Gillibert, J. D.
Holt, T. Isobe, V. Lapoux, M. Matsushita, J. Menéndez,
S. Momiyama, T. Motobayashi, M. Niikura, F. Nowacki,
K. Ogata, H. Otsu, T. Otsuka, C. Péron, S. Péru,
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