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The structure of 83As, 85As and 87As have been studied in fusion-fission reaction 238U+9Be.
Fission fragments were identified in mass and atomic number using the VAMOS++ spectrometer
and the coincident γ-rays were detected in the γ-ray tracking array AGATA. New transitions in
83As and 85As are reported and placed in the level schemes. A level scheme of the excited states in
87As is proposed for the first time. The data are interpreted in frame of Large-Scale Shell-Model
calculations, SU3 symmetries and Beyond Mean-Field frameworks. A spherical regime at magic
number N=50 is predicted and the location of the proton g9/2 orbital is proposed for the first time.

Development of collectivity in a prolate deformed, γ-soft regime in the open shell cases 85As and
87As, most neutron-rich isotopes beyond N=50, is concluded. Data and theoretical calculations
give confidence to a relatively high extrapolated excitation energy about 4 MeV of the 9/2+ state
in 79Cu, one proton above 78Ni.

PACS numbers: 23.20.Lv, 23.20.-g, 21.10.-k, 21.10.Ky, 21.60.Cs, 21.60.Ev, 27.60.+j
Keywords: nuclear structure, gamma-ray spectroscopy

I. Introduction

The region of doubly-magic 78Ni and structure evolu-
tion in its vicinity is rich and challenging for the nuclear
spectroscopy studies. Recent experimental observations
demonstrated that 78Ni remains a doubly-magic nucleus,
while a prolate shape structure built on top of the 0+2
state has been observed to appear at rather low excitation
energy [1, 2]. The interplay of single-particle and multi-
nucleon excitations near the two closed shells gives rise
to collective effects, which attracts much interest in the
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nuclear structure community. Beyond N=50, in 84Ge,
86Ge, 88Ge the occurrence of triaxial deformation has
been predicted by both Large Scale Shell Model (LSSM)
and GCM+GOA calculations, and found experimentally
[3, 4]. In 80Ge the possibility of occurrence of shape co-
existence has been explored both in experimental works
[5–7] and in theoretical studies (see e.g. [8]).

In the selenium chain, experimental findings as well
as LSSM and Beyond Mean-field interpretations [9–11]
point also to large collectivity. Therefore arsenic isotopes
lie just in the transition region, and can be seen as a par-
ticle coupled to a germanium core, or as a hole coupled
to a selenium core.
The accurate understanding of the underlying structure
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of nuclei beyond Z = 28 and N = 50 is critical for a
broad range of research directions including nuclear en-
ergy and r-process nucleosynthesis. Proper definition of
shell gaps and description of the onset of collectivity are
fundamental to gain predictive power in the entire region
surrounding 78Ni. Yet, the available experimental data
are, to date, very scarce. Besides, description and inter-
pretation of various excitation types are very challenging
since these nuclei lie in the transition region from har-
monic oscillator to spin-orbit shell closures (Z=N=40 is
no longer a strong shell closure) but where core excita-
tions are important as recently seen in 78Ni [1] and 81Ga
[12].
In this work we aim to extend the knowledge of this re-
gion of the nuclear chart. We focus on the odd-mass
arsenic isotopic chain to study the evolution of the nu-
clear structure between 83As, with a closed neutron shell,
towards 87As, with 4 neutrons above the N=50 shell gap.

As mentioned above, deformation regime has been
firmly established experimentally in the germanium and
selenium isotopes with N=52-56 [3, 4] and therefore ar-
senic isotopes with the same neutron number are ex-
pected to exhibit collective regime, with the exception
of semi-magic 83As.

II. Experimental details

The exotic 83,85,87As nuclei were produced in GANIL,
in a fusion-fission reaction with a 238U beam at
6.2 MeV/u energy and 1 pnA average intensity imping-
ing upon a 10 µm thick 9Be target. The prompt γ-rays
depopulating the medium-spin excited states were mea-
sured with the AGATA γ-ray tracking array [13, 14]. The
identification of the nuclei was performed on an event-by-
event basis with the VAMOS++ spectrometer [15, 16],
which provided the determination of mass number (A)
and proton number (Z) of the incoming fission fragments,
as well as their velocity. VAMOS++ was placed at 28◦

with respect to the beam direction, in order to maximize
its acceptance for the neutron-rich low-Z fission frag-
ments. The AGATA spectrometer consisted of 8 triple
clusters of segmented HPGe crystals [17] placed around
the target. The Doppler correction was performed on an
event-by-event basis. The tracked γ-ray detection effi-
ciency was ∼1.6% at 500 keV and ∼1.2% at 1 MeV. The
interaction points of γ-rays in the sensitive volume of the
detection array were determined with the adaptive grid
search method [18], and γ-ray tracking [19] was used for
the reconstruction of the scattering pattern of each γ-ray.
More details about the experimental setup can be found
in [17].

In total, 205 species of nuclei were identified in
AGATA-VAMOS++ coincidence events, with a wealth
of new data which already allowed to study the structure
of neutron-rich isotopes 81Ga [12] and 96Kr [20] from the
same data set. Analyses for several other exotic isotopes
are currently underway.

The asymmetric configuration of AGATA detectors in
this experiment, made as compact as possible in order to
enhance the detection efficiency, as well as the limited ac-
quired γ-ray statistics for the nuclei under study, do not
allow to establish spins and parities of the states based
on angular distributions. Thus, most spin assignments
in this work are made under the assumption of the en-
hanced probability to populate yrast medium- and high-
spin states in fusion-fission reaction [21]. The results of
LSSM calculations (see Section VI for detail) were also
used to guide the experimental spin assignments.

In sections III, IV and V experimental findings for
83As, 85As and 87As isotopes, respectively, are presented.
The interpretation of these results and comparison with
the predictions from Large-Scale Shell-Model (LSSM)
and Beyond Mean-Field (BMF) calculations are dis-
cussed in section VI.

III. 83As

The excited states in 83As were previously studied
in decay spectroscopy, via β-decay of 83Ge [22] and β-
n decay of 84Ge [23] as well as in-beam spectroscopy,
in fusion-fission [24], multi-nucleon transfer [25] and
neutron-induced fission reactions [26, 27].

The γ-ray spectrum observed in coincidence with the
identification of 83As obtained in the present work is
shown in Figure 1. The lines marked with a heart are
observed for the first time in our work, while the other
transitions (diamond) have been known from previous
measurements. In total 1·106 83As atoms were identi-
fied in the VAMOS++ spectrometer. The complete list
of γ-ray transitions observed in the present experiment,
along with their intensities and with the coincident tran-
sitions, is given in Table I. In Figure 2 (left), a partial
level scheme of 83As is presented, containing only the
transitions observed in this work. The transitions marked
in black have been observed in previous experiments [24–
27]. The news levels identified in this work are ordered
and placed in the level scheme based on the observed
γ-ray coincidences and on the relative intensities of the
transitions.

A weak contamination from the neighbouring-mass ar-
senic isotopes 82As (the 218 keV, 279 keV and 411 keV
transitions) and 84As (the 313 keV transition) is ob-
served. It can be identified by comparing the spectra
to ones gated on the corresponding isotopes identified in
VAMOS++, or by tightening the mass selection. It is
worth to remark that all the aforementioned transitions
attributed to 82As and 84As are newly observed transi-
tions.

A general agreement [24–27] is to assign 5/2− to the
ground state, even if shell-model calculations performed
with different interactions predict close-lying 5/2− and
3/2− states. A 3/2− state at 305.6 keV excitation en-
ergy decays directly to the ground state, as proposed
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FIG. 1. Tracked γ-ray spectrum in coincidence with 83As ions identified in VAMOS++. (♥): 83As transitions reported for
the first time in this work; (♦): 83As transitions previously observed in [24–27]; (♠): 82As contaminant transitions; (♣) 84As
contaminant transitions.

in Ref. [25] and confirmed in our work. The refer-
ences [24–27] agree on the main gamma-ray cascade and
spin-parity assignments which involve the 1542.6 keV,
323.0 keV,1228.5 keV and 363.6 keV transitions from the
5/2− g.s. up to the (15/2−) state. Parallel sequences are
also observed with two pairs of transitions in cascade:
911.3 keV and 317.2 keV on one side and 1234.3 keV and
429.1 keV on the other. Spin assignments based on the
literature and similarities with 85Br level scheme are pro-
posed in [24]. Sahin et al. [25] suggest that the 9/2+ and
7/2+ states predicted by Shell Model calculations with
the JJ4B interaction lie at about 2.5 and 3.4 MeV, respec-
tively. In Baczyk et al. [27] a transition at 1341.2 keV is
reported for the first time, placed by the authors between
the 3206.0 keV and 1865.6 keV levels. In our data, we see
no evidence of such transition. In contrast, they did not
observe the 317.2 keV transition connecting 3094.1 keV
and 2776.9 keV levels. Based on this, the positive-parity
9/2+, and (11/2+, 13/2+) assignments were made in the
aforementioned article to the 2776.9 and 3094.1 keV lev-
els, respectively [27].

Thanks to the high selectivity of VAMOS++ and ef-
ficiency of AGATA it was possible to observe, as illus-
trated in Figure 3 (a), the 317.2 keV line, in contrast

with the findings reported in Baczyk et al. [27]. This line
is observed in coincidence with the 323.0, 363.6, 911.3,
1234.3 and 1542.6 keV transitions, as illustrated in Fig-
ure 3 (b), proving its correct placement (see Figure 2
(left)), and in agreement with the findings from Drouet
et al. [26]. While we do not observe the 1341 keV γ-
ray line, the 429.1 keV transition depopulating the same
3206.0 keV level is observed clearly with ∼15·103 counts
and appears in coincidence with the 323.0, 911.3, 1234.3
and 1542.6 keV transitions. With the intensity ratio
I1341 : I429 = 2 : 3 reported in [27], after correcting
for efficiency, we should observe about 1000 counts at
1341 keV, which is not the case.

Baczyk et al. [27] based the assignment of the 9/2+

spin and parity to the 2776.9 keV level on the fact that
they haven’t observed the 317.2 keV transition, and have
observed the 1341.2 keV transition to this level. Hav-
ing (in agreement with Drouet et al. [26]) observed the
reverse in our experiment: the 317.2 keV transition and
not the 1341.2 keV one, we doubt this assignment. The
multipolarity of the 1228.5 keV (13/2−)→(11/2−) tran-
sition was established through angular correlations, al-
lowing to assign the spin and parity of the 3094.1 keV
level [24]. Thus, if the 2776.9 keV level was a 9/2+,
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Elevel, keV Jπ Eγ , keV Iγ Coincidence

305.6 3/2− 305.6(1) 12.4(7) -
1193.7 1193.7(2) 5.8(7) -
1414.5 1414.5(1) 13.8(7) -
1525.7 (7/2−) 1525.7(1) 16.4(7) 608.4, 955.2
1542.6 (9/2−) 1542.6(1) 100(1) 317.2, 323.0, 363.6, 429.1,

482.4, 490.7, 758.7, 911.3,
1228.5, 1234.3, 1346.5, 1802.6

1796.1 253.5(3) 8(1) 1542.6
1865.6 (11/2−) 323.0(1) 54.3(8) 317.2, 363.6, 911.3, 1228.5,

1542.6
2033.3 490.7(3) 4.3(5) 1542.6
2134.1 (9/2−) 608.4(3) 3.5(5) 1525.7

2134.5(16) 1.7(4) -
2301.3 758.7(2) 3.6(5) 1542.6
2348.0 482.4(4) 3.3(5) 323.0, 1542.6
2480.9 (11/2−) 955.2(3) 2.9(4) 1525.7, 2466
2566.3 1023.7(3) 2.7(4) 1542.6
2776.9 (11/2−, 13/2−) 911.3(2) 10.2(28) 323.0, 1524.6

1234.3(2) 14.9(6) 1542.6
2889.1 1346.5(2) 6.4(6) 1542.6
3094.1 (13/2−) 317.2(1) 11.6(6) 911.3, 1234.3, 1542.6

1228.5(1) 15.7(7) 323.0, 363.6,
3206.0 (13/2−, 15/2−) 429.1(1) 9.7(6) 323.0, 1193.7, 1234.3, 1542.6, 2256
3345.2 1802.6(4) 4.6(11) 1542.6
3457.7 (15/2−) 363.6(1) 15.5(8) 323.0, 1228.5, 1542.6
4947 (13/2−, 15/2−) 2466 955.2
5462 (15/2−,17/2−) 2256 429.1

TABLE I. Relative γ-ray intensities observed in coincidence with the isotopically-identified 83As, normalized to the 1542.6 keV
transition.

the 317.2 keV transition should have M2/E3 multipo-
larity. This would result in a partial lifetime of at least
700 ns for this excited state, which is more than 100 times
longer than what could be observed in the present exper-
iment. Indeed, the fast recoiling nuclei (v/c ' 0.1) enter
VAMOS++ placed about 30 cm downstream from the
target, hindering the detection of γ-rays emitted ≤10 ns
after the reaction. Moreover, such transition would not
compete with the 1228.5 keV M1 decay from the 13/2−

state.

Based on the spin assignment of the main decay
sequence with a (13/2−) state decaying via 1228.5 keV
transition to the (11/2−) state at 1865.6 keV and via a
cascade of two transitions 317.2 keV and 911.3 keV, we
suggest that the 2776.9 keV state is assigned (11/2−)
or (13/2−) spin and parity. The 9/2+ state may lie in
an excitation energy range around 3 MeV as proposed
by Baczyk et al. and could correspond to one of the
non-assigned, newly placed states marked in green in
Figure 2(left). The multipolarity of the 429.1 keV
transition being not established, we suggest the spin
and parity (13/2−) or (15/2−) for the 3206.0 keV level.
The group of states traced in green in Figure 2(left)
is observed in direct coincidence with the 1542.6 keV
transition, or with the 323.0 keV transition feeding it.

No spin assignment was possible. The 955.2 keV and
608.4 keV transitions, traced in blue in Figure 2(left),
are seen in coincidence with the 1525.7 keV γ-ray line,
and not with each other. The state decaying via the
955.2 keV transition to the (7/2−) state at 1525.7 keV
can be tentatively assigned (11/2−) spin and parity. The
2134.5 keV transition is assigned to feed the ground state
since it is not seen in coincidence with any other line and
its energy corresponds within the uncertainty to the sum
of 608.4 keV and 1525.7 keV transitions. Therefore, the
state decaying to the (7/2−) state at 1525.7 keV with
the 608.4 keV transition and directly to the 5/2− g.s.
with the 2134.5 keV transition is likely to be (9/2−). As
shown in Figure 4, the high-energy 2466 keV transition
is observed in coincidence with the 955.2 keV one, and
thus de-excites a newly observed level at 4974 keV, the
spin assignment of which may be (11/2−,13/2−) for a
dipole transition and (13/2−,15/2−) for a quadrupole
transition. As the fusion-fission reaction feeds preferen-
tially yrast or near-yrast states, we suggest to consider
only the highest spin assignments, namely (13/2−) or
(15/2−.) A similar high-energy transition at 2256 keV
is observed in coincidence with the 429.1 keV γ-ray line
and, thus, has to de-excite a newly observed level at
5462 keV which is likely to be (15/2−,17/2−).



5

83
33 As 50

g.s. 5/2− 0

3/2− 305.6

(1/2−) 1193.7

1414.5
(7/2−) 1525.7
(9/2−) 1542.6

1796.1
(11/2−) 1865.6

2033.3
(9/2−) 2134.1

2301.3
2348.0

(11/2−) 2480.9
2566.3

(11/2−, 13/2−) 2776.9
2889.1

(13/2−) 3094.1
(13/2−, 15/2−) 3206.0

3345.2
(15/2−) 3457.7

(13/2−, 15/2−) 4947

(15/2−, 17/2−) 5462

30
5.
6

11
93
.7

14
14
.5

15
25
.7

15
42
.6

32
3.
0

91
1.
3

31
7.
2

36
3.
6

42
9.
1

10
23
.7

12
34
.3

12
28
.5

25
3.
5

49
0.
7

48
2.
4

60
8.
4

21
34
.5

95
5.
2

75
8.
713
46
.5

18
02
.6

24
66

22
56

Shell Model DF2882
5/2−1 0

5/2−2 1471

3/2−1 420

1/2−1 1317
7/2−1 1425

7/2−2 1773

9/2−1 1566

9/2−2 2338

11/2−1 1842

11/2−2 2073

13/2−1 3385

13/2−2 5199

9/2+1 2379

9/2+2 3779
11/2+1 3736

11/2+2 4147

13/2+1 3510

13/2+2 4057
15/2+1 3970

15/2+2 4733

17/2+1 4154

19/2+1 5554

FIG. 2. Left: Partial level scheme of 83As, containing the transitions observed in this work. The transitions indicated in color
are new. The transitions marked in green eventually decay to the 1542.6 keV and 1865.6 keV levels. The transitions marked
in blue follow other paths. Right: LSSM predictions with the DF2882 interaction.

IV. 85As

Currently there is little information about the level
structure of 85As. β-decay studies of 85Ge [28] allowed
to establish the first level scheme of 85As; however, very
few spin assignments could be made. In our work we
extend the proposed level scheme by introducing 5 new
excited states.

The tracked Doppler-corrected γ-ray spectrum coinci-

dent with the 85As ion detection in VAMOS++ spec-
trometer is shown in figure 5. In total, 4·105 85As events
were identified. The full list of the γ-ray transitions ob-
served in coincidence with 85As ions along with their in-
tensities is presented in Table II.

For the ground state of the 85As, (5/2−) spin and par-
ity was suggested in the β-decay study by Korgul et al.
[28] based on the systematics of N=52 isotopes. The
102 keV and 116 keV transitions were previously reported
in Ref. [28]. Due to the large Compton background orig-
inating both from 85As and its fission partner nuclei, the
intensities of these transitions cannot be extracted from
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FIG. 3. (a)Tracked γ-ray spectrum in coincidence with 83As
ions identified in VAMOS++. Zoom on the region near
320 keV. The 317.2 keV transition is highlighted in green
(color on-line). The weak 313.2(1) keV line is a contaminant
from 84As (see text for details); (b) background-subtracted
gate on 317.2 keV transition in 83As (as highlighted in (a)).

FIG. 4. Background-subtracted tracked γ-ray spectrum in
coincidence with the 83As ions identified in VAMOS, gated
on the 2466 keV γ-ray line.

the present experimental data; however, it can be re-
marked that the excited states at 102 keV and 218 keV
tentatively assigned in Ref. [28] to be (3/2−) and (1/2−)
respectively are, coherently with the yrast character of
the reaction we used, only weakly populated in our ex-
periment. The 500 keV transition observed in [28] is
also seen in the present work. No γ-rays are observed
in coincidence despite its ∼20% intensity, suggesting the
direct population of the 500.4 keV level in fission. The
267.4 keV transition is also observed in the present work.
However, since it does not appear in coincidence with
the 233.1 keV transition described in Ref. [28], this must
be a different γ-ray line. The rest of the transitions are
reported for the first time. The level scheme containing
only the transitions that could be placed and were ob-
served in the present work is presented in Figure 6 (left).

In the region of the spectrum near 795 keV, three γ-ray
lines are seen, close in energy. To extract their intensi-
ties, the data were fitted with three Gaussian distribu-

Elevel, keV Jπ Eγ , keV Iγ Coincidence

500.4 (7/2−) 500.4(2) 28(3) -
620.0 (7/2−, 9/2−) 620.0(1) 100(3) 793.6
796.6 (9/2−) 796.6(3) 138(19) 985.0
1413.6 (11/2−) 793.6(5) 56(17) 620.0,

711.0, 752.7
1781.6 (13/2−) 985.0(1) 45(3) 796.6
2113.2 (9/2+, 13/2−) 1316.6(3) 11(2) 796.6

233.1(5) 13(2) -
267.4(1) 31(3) -
493.2(4) 12(2) -
609.5(4) 22(2) -
632.7(2) 28(2) -
711.0(2) 27(3) 793.6
752.7(3) 12(2) -
788.8(4) 25(3) -
876.7(4) 27(2) -
951.4(3) 14(2) -
957.4(5) 6(2) -
1219.4(4) 12(2) -

TABLE II. Relative γ-ray intensities observed in coincidence
with the isotopically-identified 85As, normalised to the 620.0
keV transition, along with the tentative spin assignments and
observed coincident transitions. Despite its high intensity, the
796.6 keV transition has not been used to normalise the γ-ray
intensities, since this transition is a triplet (see Figure 7).

tions and a linear background, with the mean values of
788.8(4), 793.6(5) and 796.6(3) keV, corresponding to the
γ-ray lines in coincidence with other transitions (see Fig-
ure 7(a)). The 793.6 keV transition is seen in coincidence
with the 620.0 keV γ-ray line, while 796.6 keV γ-rays are
in coincidence with the 985.0 keV line see Figure 7(b,c).
Based on the relative intensities, the 620.0 keV and the
796.6 keV transitions are placed at the bottom of the
level scheme. The 796.6 keV level is also fed from above
by a 1316.6 keV transition. Both parallel γ-ray cascades
are assumed to feed directly the ground-state.

Two more transitions 711.0 and 752.7 keV, are seen in
coincidence with the 793.6 keV γ-ray line, but could not
been placed in the level scheme due to low statistics. The
summary of all transitions corresponding to 85As seen in
γ-γ coincidences is given in Table II.

V. 87As

Though the statistics available for 87As is very limited,
with only 5·104 events identified in the VAMOS++ spec-
trometer, we could extract some spectroscopic data and
propose the first level scheme for this nucleus. The order-
ing of the transitions is based on the coincidences and on
the relative intensities of the observed γ-ray lines. Tran-
sitions at 101, 243.8, 420.7, 571.8, 624.0 and 997.3 keV
have been attributed to 87As (see Table III and Figure 8).
Other peaks are attributed to the contaminants: 86As
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FIG. 5. Tracked γ-ray spectrum in coincidence with 85As ions identified in VAMOS++. (♥): 85As transitions reported for the
first time in this work; (♦): 85As transitions previously observed in [28]; (♣) 84As contaminant transitions.

FIG. 6. Left: partial level scheme of 85As, established in this
work. Right: level scheme predicted by the LSSM calcula-
tions.

(133, 175, 187 keV) and 87Se (92, 886 and 1159 keV)
which were both better produced in the present experi-
ment. The 243.5 keV peak has a contribution from 86As.
However, since it comes in coincidence with the 997.3 keV
transition, this line is also attributed to 87As.

The proposed partial level scheme, based on the
γ-γ coincidences illustrated in Figure 9 is presented in
Figure 10 (left). The 101, 420.7 and 571.8 keV tran-
sitions were not placed in the level scheme since they
were not seen in coincidence with any other transition.
Figure 9 shows that the 243.5 keV and the 624.0 keV
transitions are in coincidence with the 997.3 keV γ-ray
line. Based on their relative intensities (see Table III),
the cascade is ordered as shown in the level scheme. The

spin assignments are tentative: the ground-state spin
is assumed from the systematics to be (3/2−, 5/2−);
the spins of the excited states are assumed to be yrast.
Therefore, the states at 624.0 keV and 1621.3 keV may
be assigned (7/2−, 9/2−) and (11/2−, 13/2−) spins and
parities, respectively. The case of the highest lying state
will be discussed in the following section.

Elevel, keV Jπ Eγ , keV Iγ Coincidence

624.0 (7/2−, 9/2−) 624.0(3) 100(16) 997.3
1621.3 (11/2−, 13/2−) 997.3(4) 50(9) 243.5, 624.0
1865 (9/2+, 11/2−, 13/2−) 243.5(6) - 997.3

101 - -
420.7(4) 32(8) -
571.8(5) 32(12) -

TABLE III. Relative γ-ray intensities observed in coinci-
dence with the isotopically-identified 87As, normalized to the
624.0 keV transition, along with the tentative spin assign-
ments and observed coincident transitions.

VI. Discussion

In order to interpret the present experimental data, we
have performed shell-model calculations for the 83−87As
odd-mass isotopes. Following earlier works [32, 35], the
shell-model valence space is spanned by the full Z=28-50
proton major shell and the full N=50-82 neutron major
shell beyond 78Ni, namely, the (0f5/2, 1p3/2, 1p1/2, 0g9/2)
proton orbitals and the (0g7/2, 1d5/2, 1d3/2, 2s1/2, 0h11/2)
neutron orbitals. The set of Two-Body Matrix Elements
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FIG. 7. (a) Tracked γ-ray spectrum region seen in coincidence with 85As identified in VAMOS++, fitted with 3 Gaussian
components (b) background-subtracted gate on the 793.6 keV transition (c) background-subtracted gate on 796.6 keV transition

FIG. 8. Tracked γ-ray spectrum in coincidence with 87As ions identified in VAMOS++. (♥): 87As transitions reported for the
first time in this work; (♠): 87Se contaminant transitions; (♣) 86As contaminant transitions.

FIG. 9. Tracked γ-ray spectrum observed in coincidence with
the isotopically-identified 87As and the 997.3 keV γ-ray.

(TBME), hereafter named DF2882 is composed of the
JUN45 interaction [36] (with a slight g9/2 single-particle
energy adjustment) for the proton-proton interaction, the
GCN5082 interaction [37, 38] for the neutron-neutron in-
teraction, and the matrix elements from Ref. [32] for the
proton-neutron interaction. For the neutron-neutron ma-
trix elements originally defined for a 100Sn core, we apply
a pairing reduction to incorporate the core polarization
mechanism differences between 78Ni and 100Sn, as de-
tailed in reference [39]. This shows to be a major im-
provement in the 2+ energies of the N=52 isotones over
the previous work from Ref. [32]. Lastly, the cross-shell
monopole matrix elements have been constrained to re-
produce the spectroscopy evolution with neutron filling
up to N = 56. In particular, constraints were put on the
evolution of the 9/2

+
and 13/2

+
states in rubidium and

yttrium isotopes, as well as for the evolution of the first
excited 0+ state from 90Zr to 96Zr. The overall agreement
obtained for the spectroscopy of neutron-rich nuclei be-

FIG. 10. Left: level scheme of 87As, established in this work.
Right: predictions from the LSSM calculations.

yond N = 50 is very good.

A. 83As

The chosen valence space only allows proton excita-
tions for the semi-magic isotope 83As. Negative parity
states involve predominantly the f5/2 and p3/2 orbitals.
For the positive-parity states, a proton must be promoted
to the g9/2 orbital. The theoretical level scheme shown in
Figure 2 (right) reproduces fairly well the experimental
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one up to the excitation energy E∗ ∼2 MeV. In par-
ticular, the 1193.7 keV and the 1525.7 keV levels may
be assigned spin-parity (1/2−) and (7/2−) based on the
similarities with the 1191 keV and 1427 keV levels in
85Br [33], as well as the LSSM predictions (1317 keV
and 1425 keV), respectively. At a higher excitation en-
ergy, the competition with particle-hole (p-h) excitations
across the N = 50 shell gap appears. Such states have
been identified recently in 81Ga [12] at excitation energies
starting around ∼ 2.5 MeV. From the N = 49 systemat-
ics [34], the lowest positive states across the N = 50 gap
show a minimum around 81Ge and 83Se. Therefore, p-
h excitations are probably expected in the energy range
of those observed in 81Ga from ∼ 2.5 MeV. Calculations
within the pf − sdg extended valence space predict the
13/2−1 -15/2−1 doublet located at 2.50 MeV and 2.95 MeV
respectively, while higher-spin states lie higher in excita-
tion energy.

The lowest-lying positive-parity state, 9/2+, is pre-
dicted at 2379 keV, which could correspond to one of
the states drawn in green in Figure 2 (left), lying around
this energy and feeding the 9/2− state at 1542.6 keV.

B. 85As

For the vast majority of states, and for the dominant
configurations, the two valence neutrons in 85As are pre-
dicted by LSSM calculations to appear in the d5/2 orbital.

The configurations are much more mixed than in 83As,
as expected. The state at 500.4 keV decaying directly to
the ground state with a moderate γ-ray intensity, may
correspond to (3/2−), since the (1/2−) state is less likely
to be directly populated in the studied reaction. The
two states at 620.0 keV and 796.6 keV drain the full de-
cay flux. They are thus assigned (7/2−) and (9/2−),
in good agreement with the LSSM predictions (632 keV
and 715 keV, respectively). The states at 1413.6 keV and
1781.6 keV decay both with about 50% of the intensity
of the 620.0 keV transition and should correspond to the
(11/2−) and (13/2−) states, respectively. The similarity
between 85As and 87Br [33] for the (7/2−), (9/2−) and
(11/2−) states is striking. Finally, the higher-lying state
at 2113.2 keV decaying to the (9/2−) state, could corre-
spond to the second (13/2−2 ) state or the (9/2+) state.

C. 87As

Similarly to 85As, the dominant configurations in 87As
are predicted to include four neutrons in the d5/2 or-

bital. The configuration mixing is even stronger in 87As.
A correspondence is found between the yrast states pre-
dicted by the LSSM calculations and the experimentally
observed ones at 624.0 keV and 1621.3 keV excitation
energy. The state at 1864.8 keV could correspond to
a negative-parity state (11/2−2 ) or (13/2−), or to the
(9/2+) state. With the latter assignment, the hypoth-

esis that the 9/2+ state in 83As lies around 2600 keV
and that the highest state observed in 85As is a 9/2+

state, the systematics of the 9/2+ states in the N=50,
52, 54 neutron-rich isotopes for As (Z=33), Br (Z=35),
Rb (Z=37) and Y (Z=39) shows a similar smooth trend
well reproduced by LSSM calculations (see section VI D
and corresponding Figure 12).

D. Shell evolution

In addition to the observation of rotational motion de-
veloping for open-shell cases, the present data and their
theoretical interpretation allow to sketch the evolution of
the proton g9/2 orbital along the semi-magic N=50 iso-

tonic chain. Figure 12 shows the identified 9/2+ states
in the region. Inspection of the corresponding wave func-
tions shows that all these states are built on a proton g9/2
excitation. 85As and 87As represent the most neutron-
rich cases where their placement has been suggested in
the vicinity of the N=50 isotonic chain. As expected,
the overall trend shows a lowering the 9/2+ state along
N=50 isotonis chain with increasing valence proton holes
towards a mininum at mid-shell between magic 78Ni and
90Zr. The excellent reproduction of the 9/2+ systematic
by the present effective interaction gives confidence in the
extrapolated excitation energy value of the g9/2 orbital

location in 79Cu to 3.95 MeV. Such an estimate can also
be inferred from the valence mirror symmetry between
Z=28 isotopes and N = 50 isotones as shown in Fig-
ure 11. At first order, the experimental Z=40 shell gap
90Zr appear to be identical to the experimental N=40
shell gap in 68Ni ∼ 3.2 MeV, implying that the g9/2
single-proton value in 79Cu should be identical to the
g9/2 single-neutron value in 57Ni. This latter value of 3.7
MeV from [34] appears to be fully compatible with the
present extrapolation and provides an additional bench-
mark for single-particle states in the vicinity of 78Ni.
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FIG. 11. Valence mirror symmetry in N=50 isotones (top)
and Z=28 isotopes (bottom)

E. Rotational motion

The quadrupole properties within the valence space
can be anticipated with the pseudo-SU3 symmetries as
already shown in Ref. [35]. This means we adopt the
f5/2, p3/2 and p1/2 proton and d3/2, d5/2, g7/2, s1/2 neu-
tron orbitals with degenerate single-particle energies and
a pure quadrupole-quadrupole interaction. Following ref-
erence [40], and using the Zuker-Retamosa-Poves (ZRP)
diagrams (see figure 13 and ref [40, 41]), we can estimate
the configurations and quadrupole moments of the most
collective cases 85,87As. On the neutron side, the fill-
ing of the pseudo-pf SU3 Nilsson orbitals is non-unique,
leading to a largest value of +68.3 and +103.9 e fm2 for
2 and 4 particles, respectively. Whereas on the proton
side, the filling of the pseudo-sd SU3 Nilsson orbitals rises
a maximal value of +66.4 e fm2, but this filling is also
non unique, with the last proton being in a K = 1

2 or

K = 3
2 state. With the incorporation of the effective

charges (ep=1.7 and en=0.7), the pseudo-SU3 limits for
the intrinsic quadrupole moments amount to +160.8 and
+187.0 e fm2 for 85As and 87As, respectively.

K = 1/2

K = 3/2

K = 5/2

K = 1/2

K = 3/2

K = 5/2

π ν

-Q
0
/b

2

-5.06

-1.41

2.37

-1.08

2.57 2.61

-7.38

-3.85

0.17

-3.52

-0.24 0.19

FIG. 13. Zuker-Retamosa-Poves diagrams for the pseudo-SU3
proton orbitals (left) and neutron orbitals (right) limits in the
case of 87As

Complementary to LSSM calculations and SU3 esti-
mates, we have performed diagonalizations of the effec-
tive Hamiltonian DF2882 in the framework of the Dis-
crete Non-Orthogonal Shell Model (DNO-SM) recently
developed in Ref. [42]. The model, using mean-field
and beyond mean-field techniques, consists in an effi-
cient energy-minimization method proposed by E. Cau-
rier [43] to select relevant deformed Hartree-Fock (HF)
states in the potential energy surface represented in a
(β, γ) plane. The diagonalization is then performed after
the rotational symmetry restoration using angular mo-
mentum projection technique. To treat odd-mass nu-
clei such as the cases of our interest here, we follow the
cranking method as proposed in Ref. [44]. Figures 14, 17
present the potential energy surfaces (PES) of 85As and
87As,respectively, where both of them show a prolate HF
minimum with a strong triaxial softness. These minima
correspond to intrinsic quadrupole moments of 135.8 and
148.9 e fm2 for 85As and 87As, respectively, and are in
full agreement with the pseudo-SU3/quasi-SU3 predic-
tions above, exhausting up to 80% of the SU3 limit in
both cases. All the considered states are then optimized
through the mixing of deformed projected HF states,
with the energy-minimization technique over the whole
PES starting from the corresponding HF minimum. The
spectra of 85As and 87As resulting from these calculations
are shown in Figures 15 and 18. Our interest here is to
focus on the analysis of the states under study in terms of
intrinsic quantities, namely, deformations (β, γ) and the
intrinsic angular momentum (i.e. the total angular mo-
mentum projection onto the intrinsic frame axis, denoted
byK) to see whether they show some band structure with
definite K-quantum numbers. As shown in Figures 16
and 19, there is a non-negligible mixing of various com-
ponents in the wave functions. However, their structures
with a noticeable dominance of the |K| = 3/2 compo-
nent seem to indicate the appearance of a Kπ = 3/2−

band in both nuclei. Moreover, Figure 20 depicts the
structure of 87As in the PES, where each yellow circle
represents the contribution of a given point (β, γ). To
summarise this part, the overall theoretical description
points to clear deformation in rotational regime for 85As,
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FIG. 12. Excitation energy of the 9/2+ states in As (Z=33), Br (Z=35), Rb (Z=37) and Y (Z=39) isotopes. The solid lines
represent experimental values from [29–31, 33] and the tentative assignments from this work. The dashed lines represent the
predictions of the LSSM calculations.
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87As. The maximum of deformation is achieved in 87As
(N=54), in agreement with the maximum of the triaxial
deformation in 86Ge observed in the germanium isotopes
by Lettmann et al. [3].

FIG. 15. DNO-SM calculations for 85As, using 45 deformed
HF states (see more details in Ref. [42]).
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VII. Conclusion

In conclusion, medium-spin states in 83As, 85As and
87As have been studied. The level scheme of 83As and
85As have been extended by the identification of 12 and
5 new levels, respectively. The partial level scheme of
87As was established for the first time. The spin and
parity assignments were made, based on comparison
with the state-of-the-art LSSM calculations, and con-
sidering that the reaction used favours population of
the yrast states. The new spectroscopic data were also
interpreted in terms of pseudo-SU3 symmetries, pointing
to the moderate prolate deformation of the 85As and
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FIG. 18. DNO-SM calculations for 87As, using 50 deformed
HF states (see more details in Ref. [42]).

87As ground states. The beyond-mean-field calculations
with the novel DNO-SM method describe 85As and
87As as deformed nuclei, with prolate deformation in
both ground states. The excited states in 85As show
prolate-triaxial nature, while 87As is predicted to be
gamma-soft. This can be compared to the results for
84Ge and 86Ge [3], where maximal triaxial deformation
was found in 86Ge, one proton below 87As.
The confirmation of the presence of deformation all over
the region in Ge, As and Se chains may be an impor-
tant feature to connect with r-process nucleosynthesis
scenarios as these nuclei lie in actual predictions for the
r-process flow simulations (see Figure 5 of Ref.[45]).
Moreover, the extension of such collectivity towards
more exotic neutron-rich species should be investigated
experimentally in the future in the scope of possible
vanishing of the Z=28 shell closure in nickel isotopes
beyond N=54 as recently suggested in [41].
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FIG. 19. Same analysis in K-quantum numbers of 87As states as in Fig. 16.
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FIG. 20. Structure of considered states in deformations (β, γ) of 87As. The radius of circles represents the normalized probability
to find a deformation (β, γ) in the corresponding state.
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