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Abstract. Medium spin states of light N=50 isotones have been populated using fast neutron-induced fission
of 232Th. Online prompt -y spectroscopy has been performed using the hybrid « spectrometer v-Ball coupled
to the LICORNE directional neutron source at the ALTO facility of IJCLab. Medium spin states of the
neutron-rich nucleus 82Ge have been investigated using -y and y-v-v coincidence data to exploit the
resolving power of v-Ball. Two new transitions were assigned to this nucleus and a new level was placed
in the level scheme. We tentatively assigned to this new state a (7) spin-parity, which is interpreted as
a new N = 50 core breaking state. This provides further insight into the energy evolution of the N = 50
shell gap toward "®Ni.
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1 Introduction

Since the pioneering work of Engelmann et al. [I] a con-
siderable experimental effort has been devoted to probe
the doubly magic nature of "®Ni. It is only recently that
excited states of "®Ni could be populated for the first time
in an experiment performed at RIKEN [2]. One of these
states, considered as its first 2% level, decays by a 2.6 MeV
v transition, a sufficiently high enough energy to indicate
the doubly magic nature of this nucleus. This suggests
that the shell closure associated with the N = 50 magic
number remains robust down to Z = 28. Nevertheless, the
evolution of the single-particle gap size from [ stability to-
wards the exotic "®Ni, at the origin of the magic nature
of the N = 50 isotones, is still poorly understood. Indeed,
it is apparent from both mass [3l4] and spectroscopic |5l
67 8LALT0] data that the size of the effective N = 50 gap
continuously decreases from stability down to Z = 32.
This reduction must certainly be followed by a stabiliza-
tion around Z = 30, a phenomenon that has still not
received any theoretical explanation.

Extracting a pure single-particle (monopole) gap and
its evolution from experimental data is a particularly diffi-
cult task as soon as one moves away from the anchor points
constituted by clearly doubly magic nuclei. Fortunately, in
this particular mass region, an interesting and remarkable
correlation between both mass and spectroscopic data has
been highlighted [I1], and more recently further exploited
by Dudouet et al. [I0]. Hence by combining the observ-
ables from these very different types of measurements it
is possible to study the NV = 50 gap evolution in precise
detail.

The objective of this work is to enhance the available
body of spectroscopic data on states carrying information
on the size of the N = 50 energy gap for the nucleus %2Ge.
Near Z = 32 this gap is located between the two neutron
single-particle (sp) orbitals v1gg/o and v2d5,,. The states
of interest belong to a multiplet of six levels with total an-
gular momentum ranging from 27 to 7T associated to the
N = 50 core-breaking particle-hole (v1gg/s)~*(v2d5/2)"
configuration. The most interesting members of this mul-
tiplet are at the highest spins because they are the least
subject to configuration mixing and, consequently, the
least sensitive to correlations of various origins (mainly
quadrupole). For instance, between Z = 28 and 40 the
protons fill the (71f5,2)(72p3/2)(72p1/2) sp-orbitals. With
4 protons, it is not possible to produce an angular momen-
tum higher than 6% with any accessible configuration of
this valence space. Therefore, the yrast 7+ state of 32Ge
should be the first level whose energy is almost "cleanly"
characteristic of the size of the neutron shell gap.
Populating medium-spin yrast states of very neutron-rich
nuclei is notoriously challenging. Gamma-ray spectroscopy
of fission fragments is one of the best technique to per-
form this kind of study [12]. Available information on such
states in ®2Ge mainly originates from spontaneous fission
of 233Cm [7] and 232Cf [8] but must be incomplete as no
obvious candidate for the 7 state has been identified so
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far. In order to complement this spectroscopy we have
exploited the fast neutron-induced fission of 232Th in an
experiment performed at the ALTO facility of IJCLab us-
ing the v-Ball 4 ray spectrometer [I3]. In the present work
we report on this experiment and its results. In the fol-
lowing sections a description of the experimental setup
will be presented along with the methods used to process
and reconstruct the v coincidence data. The level scheme
construction methodology is then validated on the better
known case of 84Se, the closest even-even N = 50 neigh-
bor of 82Ge. The application of this analysis method to the
case of 82Ge allows us to add to its yrast/near-yrast level
scheme a new state and two previously unknown transi-
tions. The structure of this new state is then discussed by
considering both experimental systematic and shell-model
phenomenological arguments.

2 Presentation of the experimental setup

During a period of over a year the v-Ball [I4] ~ spec-
troscopy experimental campaign was performed at the
ALTO facility of IJCLab in Orsay. One of the experiments
involved the study of neutron-rich nuclei produced by the
fast neutron-induced fission of 232Th.

2.1 Description of the v-Ball spectrometer

The v-Ball array was composed of 24 HPGe Clover detec-
tors from the GAMMAPOOL [I5], 9 co-axial HPGe from
the UK-French LOANPOOL [16], and 20 LaBrs from the
FATIMA [I7] and UKNDN [I8] collaborations. Detailed
information about the positioning of the detectors can be
found in [I3]. An energy resolution of 2.5 keV at 1.33 MeV
and a time resolution of about 12 ns were achieved for the
HPGe part of the array.

The photopeak efficiency of the latter was 4.3(2) %
for a 1.3 MeV ~-ray. However, the use of massive targets
(129 g of metallic 232Th), necessary to achieve high fission
rates, had a significant impact on the low-energy detection
efficiency. Figure [I] shows the absolute efficiencies of the
HPGe part of the array measured with a point-like cali-
brated source of >?Eu (dotted line) and with the intrinsic
activity of the "**Th target (dashed line). The difference
is visible in the low energy region (below 700 keV), where
the absorption by the target induces a considerable de-
crease of the efficiency. Finally, the v-Ball array used a
fully digital data acquisition system named FASTER [19]
and developed at the Laboratoire de Physique Corpuscu-
laire (LPC) in Caen, France.

2.2 Description of the neutron beam and "*'Th target

The fission of 232Th was induced by the fast-neutron beam
produced with the LICORNE neutron source [20]. A pri-
mary 80 nA pulsed “Li beam produced using the 15 MV
Tandem accelerator of the ALTO facility impinged on a
gaseous hydrogen cell of 3.5 cm length. A cone-shaped
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Fig. 1: Measured absolute photopeak efficiency of the Ger-
manium detectors of the v-Ball array. The dotted black
curve corresponds to the efficiency measured with a cali-
brated point-like source of 1°2Eu. The dashed red line cor-
responds to the absolute efficiency measured with the mas-
sive target of "**Th. We observe that in the second case,
the efficiency for the low energy ~-rays, below 700 keV, is
lower because of the absorption in the target.

secondary beam of neutrons was emitted by the reaction
p("Li, n)"Be in inverse kinematics. The opening angle of
the cone becomes larger as the energy of the primary
"Li beam increases. The incident primary beam energy
was set to maximize the cross-section over the neutron
energy range, as shown on Figure [2l However, the neu-
tron cone opening angle had also to be limited to less
than 25 degrees to avoid neutrons hitting the LaBrs de-
tectors directly. Hence, the optimal primary beam energy
was determined to be 16.75 MeV.

The “Li beam was bunched with a 2 ns pulse width and
a 2.5 MHz repetition rate. This time structure provides
additional information which can help to identify fission
events. The timestamps of the radio-frequency (RF) signal
used to bunch the beam were sent to the data acquisition
system at a scaled down rate in order to determine y-ray
arrival times relative to the beam pulsation.

The resulting 2.3 MeV average energy beam of neu-
trons bombarded a 129 g " Th target, mainly composed
of 232Th, placed at the center of the spectrometer. The tar-
get was made of eight 1 mm thick disks of "**Th of vary-
ing diameters placed 1 cm apart, encapsulated in a thin
aluminium container with a conical shape that matched
the profile of the neutron beam. The effective density was
0.984 g/cm?, needed to minimise the loss of efficiency for
low-energy 7-rays. The choice of 232Th was mainly mo-
tivated by higher fission yields [2I] in the "®Ni mass re-
gion compared to other fissioning systems. The fission rate
during the experiment was estimated at 25(5) kHz, which
has to be compared with the 5.2 MBq intrinsic activity
of the "®Th target. Thus several gating conditions were
needed to select fission from intrinsic decays and other
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Fig. 2: The black continuous line represents the fission
cross-section of 233Th, given in barns on the left Y-axis,
as a function of the incident neutron energy [2I]. The two
dashed curves represent the energy distribution of the neu-
trons produced with LICORNE for two incident “Li beam
energies and measured in a liquid scintillator placed at 3
meters from the source. These spectra were obtained on-
line and are not corrected for neutron detection efficiency.
For comparison purposes, the two spectra have been nor-
malized and an arbitrary count rate for these two curves
is given by the right Y-axis.

background events with low multiplicity. These will be
presented in the next section.

3 22Th(n,f) experiment data analysis

Before reconstructing fission events, a preliminary data
treatment has been performed such as: energy calibration,
time alignment, etc. Detailed information about these pro-
cedures can be found in [22]. In the following, we decided
to focus on providing all the necessary details about fission
reaction selection.

One of the key parameters needed to reconstruct the
fission events is the time structure of the neutron beam.
The RF pulsation signal is sent to the datastream and fis-
sion events should be found in a short time window around
these prompt beam bursts. Events were built with a length
equivalent to the beam pulsation period (400 ns), and
starting 60 ns before the beam RF signal. This time shift
was used to get a better estimation of the uncorrelated
background since it can be defined in a short pre-prompt
time window before the beam pulse. A set of gating con-
ditions that permits identification of fission from among
all the contaminating reactions and decays has to be cho-
sen. The latter were: the intrinsic activity of the target,
(n,n’) and (n,y) reactions, p("Li,"Li*)p’ or Coulomb ex-
citation (Coulex) reactions in LICORNE gas cell metallic
structure, B-decay of fission fragments, etc. Fission and
parasitic reactions emit v-rays in the same energy range,
from hundreds of keV to several MeV. On the other hand,
fission events are usually characterized by a high ~-ray
multiplicity (~ 8 for 232Cf spontaneous fission), whereas
other reactions and decays have lower multiplicities (~ 3+
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for fragment -decay or within the decay chain of "*Th).
As mentioned in section [2] the intrinsic activity of the
natTh target is around 100 times higher than the fission
rate. Assuming a Poisson distribution, one finds that there
is an 86% of chance that at least one isotope of the 232Th
chain decays in a 400 ns time window. This probability
is reduced to 22% in a 50 ns time window. Moreover, the
share of beam pulses inducing a fission is estimated at 1%.
Compiling all these values leads to a maximum of 0.14%
of the pulses giving a pure fission event without contami-
nant pile-up, revealing the difficulty of perfectly selecting
them.

Figure [3| shows two matrices representing the time dif-
ference between a detector signal and the corresponding
beam pulsation signal on X-axis, and the energy deposited
in the detector on the Y-axis in a part of the 400 ns pulse
window. The top spectrum is for all the HPGe detectors,
and the bottom one is for all the LaBrs detectors. The
contour used to define the prompt region (i.e. in coinci-
dence with the beam pulsing) is drawn on each diagram.
More precisely, this contour was defined to be a 20 selec-
tion of the gaussian time distribution at a given energy. It
will be referred as the “prompt time window” in the fission
event selection.

Since the objective is to build double or triple prompt
v coincidences that will give a unique signature to recog-
nize fission fragments, a trigger based on event multiplicity
was observed to be sufficient to get rid of a large fraction of
the non-fission events. The least restrictive condition that
can be applied in order to build a cube is to have at least
3 HPGe detectors hit, after add-back and Compton sup-
pression (C3), in a one period pulse window. Then, since
~ rays from the fission are emitted mainly in the prompt
time window, a condition on the modular prompt (MP)
multiplicity can further be applied to clean the spectra.
A module corresponds to a LaBrs scintillator, or to the
couple formed by a HPGe detector and its BGO.

The total projections of the triple v cubes for several
prompt multiplicity (3 to 5) conditions are shown on Fig-
ure[d To characterize the quality of a selection condition,
the y-ray intensity at 376 keV from the most produced
fission fragment '49Xe was used. With no other condition
on the modular prompt multiplicity, the integral for this
peak is 3.94 x 10° counts. The peak-to-total (P/T) ra-
tio evaluated in a 40 energy window around the peak is
3.76(3) %. Adding a modular prompt multiplicity condi-
tion of at least 4 leads to an integral of 2.66 x 10° and a
P/T ratio of 5.2(1) %. For a modular prompt multiplicity
of at least 5 one obtains an integral of 1.21 x10% and a P/T
ratio of 6.4(3) %. Obviously, the higher this condition, the
lower the background, but at the same time, the statistics
for fission drop significantly, which unavoidably reduces
the sensitivity of the measurement to the most weakly
populated, and hence most exotic, fission fragments.

No condition on the total energy has been used as the
superposition of high rate contaminating reactions may
lead to a total energy close to those released in fission. It
is also important to note that high multiplicity conditions
may decrease the visibility of fission fragments emitting
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Fig. 3: Matrices representing the energy with respect to
the time difference between a hit in a detector and the
corresponding beam pulsation signal. The top spectrum
is for all the HPGe detectors, the bottom one is for all
LaBrs scintillators. In the latter, one sees the inelastic
scattering of neutrons on LaBrs crystals around 15 ns.
The prompt window for both type of detectors in drawn
on each graph.

short v cascades. Thus, several selection conditions may
be used depending on the nucleus to be studied.

Once the trigger condition is passed, all the hits are
grouped together into the same “fission event”. Finally,
the coincidences between 7-rays are reconstructed for the
selected events and used to build prompt -y matrices and
-~y cubes.

4 Results

The results presented in this section were obtained from
the exploitation of the y-v-y cube constructed using a
C3MP4 condition (i. e. at least 4 modules hit in the prompt
time window). The top spectrum (A) of Figures [5] and [f]
shows the total projection of this cube. The dominant
structures visible in the histograms are indicated with
their origins. They were mainly produced by the (p,p’)
reactions in the gas cell in the 470 — 510 keV region, by /-
decay in the decay chain of 232Th, and by (n,n’) reactions
in the germanium crystals. As a matter of comparison, the
most intense transition coming from fission (2* — 0T of
the most produced fission fragment 4°Xe) is indicated.
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Fig. 4: Projection of the triple prompt + cube for different trigger conditions. X-axis represents the energy, and the
Y-axis is the number of counts per 0.5 keV. It shows that the higher the requested prompt modular multiplicity, the
lower the background. The inset presents the same projections but normalized to the total integral. One clearly sees
the improvement of the peak to background ratio for the transitions of °Xe at 376.7 and 457.6 keV.

4.1 Study of %*Se

As a first step, the principle of our analysis was tested us-
ing the known N = 50 isotone %*Se, the even-even neigh-
bor to our nucleus of interest. The medium-spin states
(with I < 7), likely to carry significant N = 50 core-
breaking components, have previously been identified [5].

This test is essential to verify whether the reaction
mechanism chosen in the present experiment does actu-
ally populate these states. A gate is applied on the 2T
— 07T transition at 1454.5 keV 23] to see its coincidence
spectrum, shown in part B of Figure [} The most intense
peaks, identified as transitions from the fission partners
146Ba, are indicated. Moreover four transitions previously
identified in coincidence with the 2+ — 07 in 84Se are
also easily visible and listed in Table [Il The spectrum C
of Figure [5] results from the double gate on both 1454.5
and 667.0 keV transitions (47 — 2% and 27 — 07) further
confirming the transition placements from previous work.
Two other transitions from 34Se are also visible. The level
scheme resulting from our data analysis is presented in
Figure [7] from which one can conclude that the chosen re-
action mechanism is not only very selective in populating
yrast states, but also suitable to reach angular momenta
as high as 7h.

4.2 Study of %2Ge

Given the previous results, we can now address the case of
82(e, and use the same starting point by applying a gate
on the 2t — 01 transition at 1348.5 keV [24]. This re-
sults in spectrum B of Figure [6] where peaks at 646.1 and

1176.6 keV along with a doublet at 938.6, 940.5 keV, all
well established transitions in %2Ge [78], are clearly vis-
ible. Four «-ray energies identified in the fission partner
148Ce level scheme at 295.1, 386.2, 450.8 and 500.8 keV,
and two from '®°Ce level scheme at 208.7 and 300.7 keV
are also present in this spectrum. The following levels
are confirmed in 82Ge level scheme by the study of the
set of all possible gated spectra: 1348.5-, 2287.1-, 2525.1-,
2933.2-, 3227.6 keV. It is worth noting that none of the
transitions de-exciting the non yrast bands introduced by
Hwang et al. [§] could be observed in our experiment.

A previously unreported v ray at 720.3 keV in the 1348.5 keV
gated data is visible in spectrum B of Figure [6] It does
not correspond to any transitions in the partners nor to
any possible transition between two known levels of 82Ge.
Spectrum E of Figure [f] contains 7 events double-gated on
the 1348.5 and 720.3 keV lines which clearly exhibit a peak
centered around 939.4 keV. Its full width at half maximum
(FWHM) of 5.7 keV, around twice the one of a single peak
(~ 2.6 keV) in this energy region, leads to assume that it
corresponds to the 938.6-, 940.5 keV doublet. Thus, we
propose the existence of a new state at 3947.9 keV that
decays solely to the state at 3227.6 keV.

Moreover, an additional transition at 294.1 keV has been
identified. This transition is also observed in coincidences
with both 1348.5 and 646.1 keV transitions as shown on
Spectra C and D of Figure [] along with the transition
at 938.6 keV. Despite the small energy difference with a
transition from the partner *8Ce, 47 — 2% at 295.1 keV,
no other transitions from the latter is observed in the
gated spectrum — including the 2 — 0% at 158.5 keV.
Additionally, this energy corresponds exactly to the dif-
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Fig. 5: SPECTRUM A:

Total projection of the triple v cube produced by the trigger C3MP4. The origins of principal

peaks and structures are indicated. Th stands for the decay of the elements in the "*Th target, (n, n’) for the
inelastic diffusion of the neutrons from LICORNE and the fission, and (p, p’) is for the inelastic diffusion of lithium
on hydrogen in the LICORNE chamber. The transition 2* — 0% of the most produced fission fragment '4°Xe and
of 4Se are indicated for intensity comparison. SPECTRUM B: Spectrum gated on the 1455.1 keV transition of 84Se.
The peaks corresponding to transitions identified in a fission partner are indicated with the corresponding partner in
brackets. SPECTRUM C: Spectrum double gated on both 1455.1 and 667.0 keV transitions.

ference between the levels at 3227.6 keV and 2933.2 keV.
We therefore propose to attribute this previously unre-
ported 294.1 keV line to a transition connecting these two
excited states of 32Ge. Table [2| summarizes all the lev-
els and transitions observed in this work. The new level
scheme resulting from our study is presented in Figure [7]
Based on this new information, a discussion about the nu-
clear structure of 32Ge and spin assignments is presented
in the following section.

5 Discussion
5.1 Spin-parity assignments

As discussed above, our data allows the placement of two
additional energy transitions and one additional excited
state at 3947.9 keV in the level scheme of 32Ge. We will
examine the consequences of these placements on previous
spin-parity assignments to some of the 82Ge levels, and
will propose one for the newly introduced state.

5.1.1 The new transition at 294.1 keV

A new decay branch has been found from the state at
3227.6 keV excitation energy to the 2933.2 keV state. The
first was proposed as a (67), and the second as a (5%)
by Sahin et al. [9]. This makes the decay pattern of this
3227.6 keV state of 32Ge very similar to that of the excited
67 state of the N = 50 isotone 3*Se, located at 3702.4 keV
(see Figure @ For 3!Se, the 67 nature of the latter is
firmly established, as is the 5F nature of the state to which
it decays via a low-energy 164.8 keV transition. The ex-
istence of the 294.1 keV transition therefore strengthens
the spin-parity hypotheses (5%) and (6™) made by Sahin
et al. for the 3227.6 keV and 2933.2 keV excited states of
82@e, respectively.

5.1.2 The case of the 2525.1 keV state

The excited state of 82Ge placed at 2521(2) keV excita-
tion energy by Sahin et al. [9] and at 2524.7(4) keV by
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Level Energy (keV) Jr Jr = J3 E, (keV)
This work  Literature This work  Literature
1455.1(1)  1454.55(8) 27 2t — ot 1455.1(1) 1454.66
2122.1(2) 2121.65(10) 4" 4t -2t 667.0(1) 666.99
3371.1(3)  3370.54(16) (61)  (67)— 4t 1249.0(1) 1248.88
3537.6(3) 3537.09(18) (57)  (5)— 4" 1415.5(1) 1415.30
3702.4(4)  3701.47(19) (6%)  (67)— 4t 1580.3(2) 1580.00
(6H)— (57)  164.8(1) 164.18
4407.1(6)  4405.8(3)  (77)  (7F) — 6" 704.0(2) 704.34

Table 1: List of all the levels of ®*Se observed in this work, with their spin-parity and their associated v transitions.

The values of the literature are taken from [23].

Level Energy (keV) Jr Jr—=J3 E, (keV)

This work Literature This work  Literature

1348.5(1) 1348.5(1) 2+ 2t ot 1348.5(1)  1348.3(1)

2287.1(2)  2286.61(15) 47T 4t ot 938.6(1) 938.3(1)

2525.1(2) 2524.7(4)  (4T)* (4T) =2t 1176.6(1) 1176.2

2933.2(3) 2933.0(9) (5%) (57)— 4t 646.1(1) 646.0

3227.6(3) 3225(2) (6%) (67)— 4™ 940.5(1) 940(1)

(6H)— (57) 294.1(2)* -

3947.9(5)* - (H*  (7H)— (67)  720.3(2)* -

Table 2: List of all the levels of 82Ge observed in this work, with their spin-parity and their associated ~ transitions.
The values of the literature are taken from [23]. Text in bold font and with a star corresponds to a new transition or

to changed spin-parity states from this work

Hwang et al. [§] is well populated in our experiment (we
report an excitation energy of 2525.1(2) keV compatible
with the one reported in references [8,9]). However, in con-
trast to the results by Hwang et al., this state is seen to
be populated directly by the fission process and decays
solely to the 2% state at 1348.5 keV through the emission
of a 1176.6 keV ~-ray, and not to the ground state. These
two observations cast serious doubts on its previous 2T
spin-parity assignment. It is important to mention that
this state has also been observed to be populated by 8-n
decay of #3Ga [25]. As in our case, the authors of Ref. [25]
observed only one ~y-decay channel from this state, to the
27 state at 1348.5 keV. While a state population depends
on the reaction mechanism, its de-excitation process does
not depend on the way it has been populated. As a con-
sequence, three arguments bring us to reconsider the 27
spin-parity assignment made for the state at 2525.1 keV
in 8Ge:

— the absence of a direct decay branch to the ground
state seems hardly compatible with a 27 spin-parity
assignment;

— to our knowledge, this state has not been populated in
the 3-decay of 82Ga while another 2% state at 2215.4 keV
was well populated with an intensity Ig = 17% [25];

— as no feeding 7-transition is observed in our data, we
can reasonably assume that this state is directly fed by
the reaction with a relatively large probability (I, =
22%). According to the current knowledge on spin pop-
ulation by fission, it is unlikely that this can happen
for a 27 state located well above the yrast line.

In order to propose a spin assignment that is compat-
ible with all these observations, we may use additional
arguments from [-n selection rules. In the S-n decay of

the #3Ga %7 ground state, states with angular momenta
ranging from 0 to 5 & are populated, and positive parity
is favored due to the dominant emission of £ = 1 neu-
trons [25]. As the 2525.1 keV state decays to the 27 state
at 1348.5 keV and not to the ground state, the range of
possible spin-parity values for this state may be further
restricted to (3 —4)*, of which the 4T hypothesis seems
the most realistic considering the rather large energy of
the transition from this state to the 2% state, 1176.6 keV,
well compatible with an E2 character in this mass region.
We therefore propose that the spin-parity of the state at
2525.1 keV in 82Ge is 4T instead of 27. We note that this
is well compatible with the shell model results presented
in [9], where the 4; state appears at an excitation energy
close to that observed here.

5.1.3 The new state at 3947.9 keV

This state is observed to decay solely to the (67) level at
3227.6 keV wvia a low-energy transition. Such low-energy
transition is more likely to be of M1 type. We can thus
assume that the spin of this excited state lies in the range
(5 — 7)T. Systematics arguments can help in further con-
straining this spin assignment : as can be seen in Figure
this state turns out to follow with an excellent agree-
ment the trend of the 7+ states of the heavier N = 50
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Fig. 7: On the left: Level scheme of ®¥Se nucleus reconstructed from the data acquired during this experiment. All
levels and transitions up to the (71) state at 4407.1 keV are seen in our experiment.

On the right: Level scheme of 82Ge obtained from this work. New levels, transitions and spin assignments are indicated
with an asterisk. Energies are given in keV. The transition intensities, given in square brackets, are relative to the

2t — 0t transition.

isotones. Moreover, it has a similar de-excitation pattern
(see Figure[7) as the 7T state of the immediate even-even
neighboring isotone. Thus, we propose a (71) spin-parity
assignment to the 3947.9 keV excited state in 82Ge.

As explained in the Introduction, a state with J™ = 7T
in 82Ge can only originate from a neutron core-breaking
configuration. In the following section we discuss the con-
sequence of the placement of this new energy state in the
82Ge level scheme on our understating of the N = 50
major shell gap energy evolution along the isotonic line
towards "®Ni.

5.2 Evolution of the neutron shell gap in light N =50
isotones from a spectroscopic point of view

5.2.1 Context

The occurrence of discontinuities in the derivatives of the
mass surface, such as the systematics of neutron, proton
or « separation energies, at magic numbers, were iden-
tified very early in the history of nuclear structure [27].
Soon after, Brueckner was able to relate the separation en-
ergy of a nucleon to an individual-particle energy within
a shell model picture [28]. Since then, while it is clear
that these mass surface derivatives at shell closures con-
tain some information on the magnitude of the associated
gap Ae between single-particle states, a quantitative ex-
traction of Ae remains difficult and subject to discussion,
especially far from double-shell closures. It is nevertheless
of primary importance to be able to follow the trends of
Ae along magic-number isotopic and isotonic chains be-
cause this quantity is a key ingredient of the evolution
of the shell structure far from stability. In this respect,
it is worth noting the interesting suggestion of Heyde et

al. [26] which allows, by a graphical method, to get rid of
the “upper shell effects” in the extraction of gaps from the
systematics of the one-nucleon separation energies.

The evolution of the N = 50 shell gap as a func-
tion of the proton number, AcV=59%(Z), from stability
(Z =~ 40) down to Z = 28, has long been studied and
discussed. A first model-dependent attempt to relate the
magnitude of Ag[N=501 = Evds)2 — Evgy/2 to the excitation
energy of some specific excited yrast (supposedly neutron-
core breaking) states of light N = 50 isotones is due to
Zhang et al. [5]. Sahin et al. [9] completed this work some
time later, and they arrived at an estimate of the effective
N = 50 energy gap of AelV= = ¢, 155 —£,59/2 = 3.6
MeV at Z = 32. Almost simultaneously, Porquet and Sor-
lin [29], expecting a linear evolution of As!N=59(Z) as Z
decreases, discussed in detail the fact that the one-neutron
separation energy (S,,) of 83Ge deviated significantly from
a linear trend. They concluded, using a complex network
of binding energy data, that AelN=°01(Z7) is reduced by
0.55 MeV between Z = 38 and Z = 28. Finally, Verney
showed [11] that using the method of Ref. [26] to extract
AglN=50] (Z) = Evds/2 —Eugg/2, One indeed obtains a quasi-
linear trend with Z, and, even more interesting, that the
AcN=501(7) curve overlaps practically exactly with the
6] energy systematics of the light even-even N = 50 iso-
tones. In the following section, we explore the reasons for
this remarkable agreement. The determination of the ex-
act energy location of the 7t state in 82Ge (a state even
less subject to configuration mixing and correlations than
the 61), achieved for the first time from the present work,
is particularly interesting in this context.
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Fig. 8: Top panel: Evolution of the size of the gap N = 50 deduced from the graphical method of Ref. [26] for several
even-even isotones. The systematics of the 1p-1h 5%, 6%, and 7T states are also shown. The error bars are smaller than
the chosen icons. For comparison, the linear trends of the shell gap energy evolution and of the 7+ energy evolution

are shown with dashed lines. See text for details.

Bottom panel: Comparison between the calculated using equation [3| (dashed line) and experimentally measured (plain
line) energy of the 7+ state for several even-even N = 50 isotones. An extrapolation to 89Zn is proposed.

5.2.2 On the nature of the 82Ge 771 excited state

As remarked earlier, in a shell-model picture and to some
approximation [28], an empirical value of the gap energy
amplitude AsV=50(7) = E€vds/2 — Evgo/2 Can be obtained
from the difference between neutron-separation energy val-
ues :

A€[N:50](Z) =€uvd5/2 ~ €vg9/2
~ Sp(N =51) — 8, (N = 50) = AS,(2)

for even Z nuclei. As illustrated in Panel C of Figure [0}
this S,, difference involves the binding energies (BE) of
three nuclei in their ground states. Following Ref. [30] one
may decompose the energy content of the shell-model con-
figurations involved, as shown in the same picture. If good
shell closures are present at Z = 28 and N = 50, the only
pairing energy terms originate from the proton fp open

shell and cancel out in the S,, difference. It results that :
ASn(Z) =€uds5/2 — Evg9/2
+ ‘/[Wol’ds/z]5/2+ + ‘/[770(1’99/2)_119/2+

where V] and Vi, ( represent the in-

movds/2]5 o+ vg9/2) Mg o+
teraction energy between the single vds/, particle and
gy /2 hole and the (N = 50, .J = 07) ground state, respec-
tively. One may now compare this energy content to the
one of a pure neutron-core breaking, particle-hole configu-
ration (vv~! = dj /ggg_/lz) coupled to a given total angular
momentum J,,—1. This decomposition is shown graphi-
cally in Panel B of Figure[9] The excitation energy of this
pure configuration then reads :

E*(Juu_l) =€ud5/2 — Evg9/2

+ Vv[ﬂ'OVds/z] + Vv[Tfngg/z] + Vv[Vd5/2V99/2]JU

@

where V] is the particle-hole interaction en-

Vd5/2V99/2]JW,1

ergy in channel J,,—1. Combining equations and (2
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one sees that the two expressions differ essentially by this
last term. If one considers the V|, ,; terms as being of
monopole nature, they can be included into an effective
single particle energy £(Z). In such conditions, for the pure
particle-hole configuration (go/2) " (ds/2)", the energy of
the corresponding 77 state takes the form:

(99/2d5/27 7 ) :éds)/z - é519/2+

—1 1
<99/2d5/2

-1

Via ’99/261%,/2>J:7+
where <99/2 5/2“/12‘99/2 5/2>
the two-body matrix element of a valence residual inter-
action. Such matrix elements, which connect two natural
neutron valence spaces below and above the N = 50 shell
closure, are not easily found in literature. In a first crude
approach, and in order to verify our hypothesis, we may
rely on a simple schematic interaction like a & contact-
interaction. If one uses the following form :

can be considered as
4

Vig = —%5(1‘1 - 1‘2)
the two-body matrix element then reads:

(4172|Vizljrge) ; =
—%XFR(nlngéleg) X A(]lsz)

single particle orbitals, and A(j1j2.J), a geometric term in-
volving only the angular quantum numbers of the system.
The strength of the d-interaction is empirically determined
from the observed energy splitting of the (go/2) " (d5/2)"
particle-hole multiplet members identified in the stable
N = 50 isotone 33Sr, after Pandya particle-hole to particle-
particle transformation [31]. Since we are only interested
in the energy evolution of the 7t member of this multi-
plet, E(gq /IQdé /2 71), as a function of Z, or equivalently
A, for even-even N = 50 isotones, it is sufficient to rear-
range this expression into the following form, showing the
Z or A dependence explicitly:

const
A1/3 (3)

In this expression the energy gap amplitude as a function
of Z, AeIN=50(Z7), is taken from available mass data [32]
following the prescription of Ref. [26] similarly as in Ref.
[I1]. Tt is shown graphically in Figure [§| (upper panel).
The constant term contains the J-interaction strength ex-
tracted as just explained. The 7T state excitation energy
values obtained are also reported in Figure [§ (bottom
panel). As can be seen, the calculated energies using our
simple model reproduce the experimental ones down to
82Ge with a precision ranging from 20 keV to 100 keV.
We obtain E(gg/2d5/2, +) = 3968(86) keV at Z = 32,

in almost perfect agreement with the 7% excitation en-

(99/2d5/2v ) = AdN=00(7) +

with Vj, the depth of a Woods-Saxon potential, Fr(ninsfyfs)ergy value of 3947.9 keV observed in our experiment. This

the overlap integral between the wave-functions of the two

agreement is certainly partially accidental as it cannot be
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expected from a model where configuration mixing is ne-
glected. However it is remarkable that the energy trend
remains accurate as far as 6 mass units from the refer-
ence nucleus, showing that the essential physics ingredi-
ents driving this evolution are captured in this simple pic-
ture. This analysis also further supports our attribution of
a spin-parity of 7T for the new state at 3947.9 keV, whose
structure can be assigned to the neutron-core breaking
(99/2)_1(d5/2)1 configuration.

As can be seen in the top panel of Figure [ the similar-
ity in the evolution with Z of the 7T and 6* energies
with that of N = 50 shell gap energy is a striking feature
of this mass region. The slopes of these linear trends are
161 keV /A for the gap, 183 keV/A for the 7T state, and
172 keV / A for the 6T state. The gap slope is almost three
times as high as the one obtained in Ref. [29]. We obtain
an effective gap value of 3320(76) keV at Z = 32, a value
close but even lower than the one obtained in Ref. [9]. Our
results therefore definitely support a rather strong reduc-
tion of the effective N = 50 gap, from Z = 38 down to
Z = 32, stronger than discussed previously.

Finally, it is worth noting that 5T states energies drop
faster than those of the 67 and 7 states when one re-
moves protons, as the measured slope is 240.1 keV /A. This
feature is actually consistent with the known single parti-
cle structure in this region. It is well known that the v3s; /o
orbital is getting closer to the v2ds/, when one removes
protons from N = 50 nuclei. This migration has been ex-
plained by Delafosse et al. [33] as an effect of the isospin
asymmetry of the pseudo-spin symmetry in this region.
As a consequence, the configuration (v1ggs) ' (v3s1/2)!
must also enter into the composition of the 57 wave func-
tion in the lightest N = 50 isotones. This configuration
generates a 47 and a 5' state which will mix with the
equal spin states generated by the (99/2)_1(d5/2)1 con-
figuration. This would naturally explain a faster drop in
energy of the (5;7) state. This effect should not change
the (67) and (7%) energies, which is consistent with our
observations.

6 Conclusion

In this work, yrast and near-yrast states of the neutron-
rich nucleus 82Ge were successfully populated using the
fast neutron-induced fission of 232Th. Due to the perfor-

N = 50 gap, from Z = 38 down to Z = 32, but this re-
duction seems greater than has been discussed previously.
Our model also allows us to propose an estimate for the
position of the 7T state in 8°Zn which we predict will be
located around 4008(169) keV excitation energy (see Fig-
ure . Future direct measurements of the energy of this
state, and those of other members of the state multiplet
generated by the (Vlgg/Q)’l(l/2d5/2)1 configuration would
provide crucial information to better understand the pe-
culiar neutron-shell structure evolution towards "Ni.
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mance of the v-Ball spectrometer, using triple y-coincidences,

two previously unreported transitions could be firmly as-
signed to 82Ge. These transitions were placed in the level
scheme and a new level was introduced at 3947.9 keV ex-
citation energy. We assign this new state to J™ = 7T
originating from the neutron-core breaking particle-hole
configuration (vlgg/2)~'(v2ds5/2)". This new information
was used to quantify the evolution of the N = 50 gap
from Z = 38 down to Z = 32. According to our anal-
ysis, the gap slope is almost three times as high as the
one obtained in Ref. [29], and the effective gap value of
3320(76) keV at Z = 32 is obtained and is consistent,
but even lower, than that reported in Ref. [9]. This is co-
herent with the observed strong reduction of the effective
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