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B-delayed ~-neutron spectroscopy has been performed on the decay of A = 84 to 87 gallium
isotopes at the RI-beam Factory at the RIKEN Nishina Center using a high-efficiency array of *He
neutron counters (BRIKEN). 3-2n-v events were measured in the decays of all of the four isotopes
for the first time, which is direct evidence for populating the excited states of two-neutron daughter
nuclei. Detailed decay schemes with the + branching ratios were obtained for these isotopes and
the neutron emission probabilities (P,,) were updated from the previous study. Hauser-Feshbach
statistical model calculations were performed to understand the experimental branching ratios. We
found that the P, and P, values are sensitive to the nuclear level densities of 1n daughter nuclei
and showed that the statistical model reproduced the P», /P, ratio better when experimental levels
+ shell-model level densities fit by the Gilbert-Cameron formula were used as the level-density input.
We also showed the neutron and - branching ratios are sensitive to the ground-state spin of the
parent nucleus. Our statistical model analysis suggested J < 3 for the unknown ground-state spin
of the odd-odd nucleus, 6Ga, from the I,(4" — 2M)/1,(2" — 0™) ratio of 84Ga and the Py, /Py,
ratio. These results show the necessity of detailed understanding of the decay scheme, including
data from neutron spectroscopy, in addition to v measurements of the multi-neutron emitters.



I. INTRODUCTION

[-delayed neutron emission is a decay mode found in
very neutron-rich nuclei where the energy window of the
B-decay (Qg) is high enough to populate excited states
of the daughter nucleus above neutron separation energy
(Sn). This process was first observed in 1939 [1], and
there have been 300 one-neutron emitters found [2, 3].
Moving further away from the line of stability to more
neutron-rich nuclei, the Qg increases rapidly and neutron
separation energies continue to decrease, which makes
delayed multi-neutron emission energetically available.

The number of neutrons emitted in decays of neutron-
rich nuclei is an important input for astrophysical -
process abundance calculations. It affects the final iso-
baric abundance pattern by providing neutrons for the
late-time captures process and changing the decay path
back to stability [4]. Until recently, the neutron emis-
sion probabilities for the r-process abundance calcula-
tions relied on predictions based on the simplified as-
sumption that only x-neutron emission will occur when
[-decay fed a state above Sy, and the effect of less-than-
z-neutron channels are negligible. We call this simplified
approach the “cutoff” model. In this model, the neu-
tron emission probabilities are proportional to the inte-
grated population of states in the available energy win-
dow, Qp — Sy1)n < Eg < Qp — Sy, and are directly
related to the [-decay strength function. This model
was used in many theoretical calculations of P, val-
ues, for example, the global calculation by Mdller et al.
[5], Marketin [6], or recently by Minato et al. [7]. In
this approach, a strong dependence of delayed neutron
emission on the decay strength distribution within a spe-
cific energy window is observed, leading to predictions
of very strong multi-neutron emission channels for most
exotic isotopes. However, this assumption may oversim-
plify the reality and competition between multi-neutron
emission channels should be considered. By assuming se-
quential emissions of neutrons from a state above Ss,, in
the daughter nucleus, the final number of neutrons emit-
ted in the the sequence depends on whether or not the
first neutron took more energy than Ss, — S1,. If the
first emission populated a state below Sy, two-neutron
emission is no longer possible. Therefore, such compe-
tition could reduce multi-neutron emission probabilities
from those predicted by the cutoff model assumption.

For nuclei with Q3 < S2,, 7 emission from neutron-
unbound states is the only competition that can reduce
the neutron emission probability. The neutron-+v compe-
tition was previously considered by experimentalists and
theorists [8-12]. The significance of the relative com-
petition between multi-neutron emission channels in the
Qp > Sap, nuclei was quantitatively discussed in the the-
oretical work by Mumpower et al. [13] and a modified

* yokoyama@cns.s.u-tokyo.ac.jp

global prediction for neutron emission probabilities was
provided using the QRPA strength distribution [14]. It
was concluded that relative neutron emission branching
ratios can affect the results of r-process nucleosynthe-
sis models. However, the experimental data, which en-
able the evaluation of the competition between multi-
neutron emission channels for the r-process nuclei are
almost nonexistent. According to the Ref. [2], there are
only a few two-neutron emitters and no three- or more-
neutron emitters are known so far in nuclei with Z > 26
which are relevant for r-process modeling.

B-delayed two-neutron (2n) emission was first observed
in 1979 [15] in ''Li. Unlike for one-neutron emitters,
two-neutron emission probabilities (P,,) have been mea-
sured for fewer than ten nuclei heavier than iron. This is
due to the challenges of producing sufficiently neutron-
rich nuclei. Most identified 2n emitters are nuclei lighter
than iron from Li to K [16-20]. For nuclei heavier
than iron, there are known 2n emitters in %®Rb [21],
100Rb [22], and 136Sb[23] with small branching ratios of
0.060(9)%, 0.16(8)%, and 0.14(3)%, respectively. The
first observation of strong two-neutron emission in the
region relevant to the r-process was achieved for 6Ga
with Py, = 20(10)% by Miernik et al. [24]. Other
than that, the existence of a decaying branch to the
two-neutron-emission daughter nuclei is confirmed by S-
~ spectroscopy without a neutron measurement in some
nuclei, such as 14°Sb [25] or *4In decay [26].

With the advent of radioactive ion beam facilities
and efficient neutron detectors [27-30], 8-delayed multi-
neutron emitters are becoming accessible for study, and
a number of papers on the new two-neutron measure-
ments have recently been published [31-33|. The N > 50
Ga isotopes are some of the best candidates to study
multi-neutron emission heavier than iron since they are
known to have strong neutron-emission branching ratios.
This is due to their large energy window for § decay
where most of the Gamow-Teller strength B(GT) is con-
centrated above neutron separation energies because of
the N = 50 shell gap [34]. Large Py, values were mea-
sured for Ga isotopes, in 83786Ga [24, 34-37].

In this work, we have measured the [ decays of
84-87Ga. Py, and P, values of these isotopes were re-
ported previously in a Rapid Communication [31]. We
have found large Py, values and unexpectedly small P,
values even for those Ga isotopes where the major part
of the B(GT) is expected to be concentrated above Sa,.
This was interpreted as a signature of one-neutron emis-
sion from two-neutron unbound states. These results
confirmed experimentally for the first time that the as-
sumption of the cutoff model is not valid when the two
neutron emission channel is energetically available, and
the competition between 2n and 1n emission processes
has to be considered [31].

The (-delayed neutron emission is a two-step process,
where the beta-decay strength distribution determines
the first stage. The second stage has to consider the
neutron-emission probability from excited nuclear states
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FIG. 1. Particle identification plot of the secondary beam at
BigRIPS. The red ellipses indicate the gates applied to select
each Ga ion. This plot shows the sum of the two different
runs (see the text).

in B-decay daughter. The key questions for the modeling
of the second phase of this process is the degree to which
the nuclear structure affects neutron emission and how
the details of this process should be modeled.

The work by Mumpower et al. [13] implements the
strength function using QRPA and Hauser-Feshbach sta-
tistical model (QRPA-HF) for particle and ~-ray emis-
sions [38]. This model calculates Py, or Ps, by follow-
ing statistical decays of both the delayed-vy and neutron
emission one by one until all the excitation energy is ex-
hausted. The authors of Ref. [13] explored this frame-
work and found only a slight improvement in branch-
ing ratios near stability but a substantial difference for
neutron-rich nuclei closer to the drip line. This is due to
the dominance of the multi-neutron emission processes in
the very exotic nuclei that are typically involved in the
r-process. The statistical model was then applied to the
global calculation by Moller et al. [14] and the new P,
predictions are in better agreement with our experimen-
tal data [31] compared to the ones using the cutoff model
[5].

In this paper, we show a more detailed analysis of the
P,,, values to narrow down the uncertainties that orig-
inated from the energy-dependent efficiency of the neu-
tron detector and updated results from the previous pa-
per, together with the new results from the y-ray anal-
ysis. We also report a detailed analysis of the statisti-
cal model calculations using more realistic level densities
from our experimental data and shell-model calculations,
combined to discuss the sensitivity of the branching ra-
tios to the nuclear structure in S-delayed neutron emis-
sion models.

II. EXPERIMENTAL DETAILS

Neutron-rich Ga (Z = 31) isotopes were studied by
means of [-neutron-vy spectroscopy at the RI Beam

Factory (RIBF) of the RIKEN Nishina Center. The
neutron-rich nuclei were produced by in-flight fission of
a 345 MeV /nucleon 238UB%+ beam on a 4-mm thick “Be
production target. The measurements were performed in
two independent runs with a slight Bp (magnetic rigidity)
difference. We call these runs run #1 and #2 in this pa-
per. The typical intensity of the primary 233U beam was
~40 pnA and =60 pnA for runs #1 and #2, respectively.
Fission fragments were separated and identified in the Bi-
gRIPS in-flight separator [39] on an event-by-event basis
by their proton numbers (Z) and the mass-to-charge ra-
tio (A/Q). These quantities were obtained by measuring
Bp, the time-of-flight (TOF), and energy loss (AFE) in
BigRIPS. The TOF was obtained from the time differ-
ence between plastic scintillation counters at the achro-
matic foci F3 and F7. The Bp values were obtained by
ion trajectory reconstruction using position and angular
information measured by position-sensitive parallel-plate
avalanche counters (PPACs) [40]. The atomic number
was obtained by measuring the energy loss (AF) in an
ionization chamber [41] at the F7 focal plane. A detailed
explanation of the particle identification at BigRIPS is
found in Ref. [42, 43]|. The particle identification plot is
shown in Fig.1. There were 9 x 10°, 3 x 10°, 7 x 10, and
6 x 103 84=87Ga ions implanted in total in the two runs,
respectively.

The secondary beam was transported to the F11 focal
plane and implanted into active stoppers made of double-
sided silicon-strip detectors (DSSDs) for ion and /3 cor-
relation. The AIDA (Advanced Implantation Detector
Array) [44] was used in the run #1 whereas WAS3ABI
[45] was employed for the run #2. A YSO scintillation
detector [46] was also installed as a stopper for lighter
mass ions than Ni. AIDA is a stack of 6 layers of DSSDs
whose wafer has a thickness of 1 mm and is segmented
into 128 strips with 0.560 mm pitch in both x and y
directions. [ particles detected within a 1.96-mm (3.5
strip width) radius of an implanted ion were correlated.
WASS3ABI has four layers of DSSDs with 16 3-mm strips
for z and y. The ion-f correlation was made by a 3-mm
(1 strip width) distance. The typical rate of the ion im-
plantation in AIDA during the run #1 was & 150 cps in
total, whereas that in WAS3ABIi during the run #2 was
~ 60 cps. Among all the ions implanted in the DSSD
arrays, about 18% were 34Ga.

The active stopper detector was placed in the cen-
ter of a high-density polyethylene moderator of BRIKEN
[30, 48, 49]. The BRIKEN system is composed of 140 pro-
portional counters filled with 3He gas for neutron detec-
tion and two clover-type high-purity Ge detectors from
the CLARION array of Oak Ridge National Laboratory
[50] for high-resolution 7-ray detection. In this config-
uration, BRIKEN has 62(2)% neutron efficiency (ey,) at
~ 1 M€V neutron energy [30].

The photo-peak efficiency of the two clover detectors
for 1 MeV gamma rays is ~ 3.5% for a point source at the
center of the array. Since the implantation distribution
in each layer of the detectors is different for each nuclide,
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FIG. 2. Comparison of the y-ray intensities between this work
(Iy) and previous studies (Iy—_ref). The red circle shows the
~ rays in the decay of ""Cu previously reported by Sahin et
al. [47] and the blue triangles are the ones from ®*Ga decay
by Miernik et al. [36].

Monte Carlo simulations by GEANT4 were performed
to estimate nuclide-by-nuclide efficiencies using the ex-
perimental implantation profiles. The systematic error
in the efficiencies from the geometrical uncertainties in
the experimental setup was estimated as 4% by changing
the clover position in the simulation by 2 mm which is
the maximum uncertainty expected from the geometrical
precision of the detector setup. The v-ray intensities in
the decay of 7"Ni and 8°Ga are compared with previous
studies [36, 47] as shown in Fig. 2. Our +-intensity anal-
ysis is consistent with previous work in the energy range
of ~ 100 keV and ~ 2 MeV.

III. RESULTS
A. P,, VALUES

The neutron-gated ion-3 time spectra for #4Ga and
85Ga decays obtained in the run #2 are presented in
Fig.3. The same plots for ¥Ga and 8"Ga were shown in
the previous publication [31]. Neutron events were cor-
related with a S-decay event if it was in a 200 us time
window after the f-ray emission. The half-lives (77 /2)
and initial decay rates at T — T},, = 0 for each neutron
multiplicity (Aon,A1n, and As,) were obtained by binned
maximum likelihood fitting to a function with the decays
of parent, daughter, 1n-daughter, and 2n-daughter, as
well as a linear background. The half-lives of the daugh-
ter nuclei, #4Ge, #°Ge, were fixed to the literature val-
ues, 942 ms, and 494 ms, respectively [51]. Short fitting
ranges from 6 ms to 510 ms for #Ga and 550 ms for #°Ga
(= 6 x T} 2) were employed in order to minimize uncer-
tainty coming from descendant decays. In the 1n and 2n
spectra, the portion of the parent decay is larger than
those of On decays because the descendant nuclei are less
exotic and have lower P, values. Half-lives of 1n spec-
tra are chosen as the reported values since the 1n spectra

had a smaller component from descendant nuclei than On
spectra and higher statistics than those of 2n decays.

In the fitting of On and 2n spectra, the half-lives of
parent nuclei were fixed to the values obtained from 1n
spectra. Since the neutron efficiency is not 100%, Ag,
includes 1n or 2n events with undetected neutrons. Also,
A1, and A,,, includes On or 1n events in coincidence with
random background neutrons. A conversion matrix from
P, to A,,, E is defined as

AOn POn
Ay, | = E| Py (1)
A2n P2n

as shown in Ref. [49]. The P,,, values are derived from
A, values by calculating the inverse matrix, F~!. The
random neutron coincidence probabilities, 7,.,, in the ma-
trix shown as Eq. 2 of the Ref. [49], were estimated from
the spectra of nuclei with Q3 < S»,. The probabilities
of having one background neutron in the 200 us corre-
lation time window over no neutron are estimated to be
71n/Ton = 0.010 and 0.012 for runs #1 and #2, respec-
tively. We assumed that the random neutrons are inde-
pendent of each other, providing the following relation-
ship, 72, = r%,. The half-lives and branching ratios were
obtained separately for each of the two runs since the
71, values are slightly different due to the beam rate, de-
grader thickness, and implant detector setups. The T /o
and P,, values obtained for each run, and the average
of the two are summarized in TABLE. I. Details of the
general analysis for obtaining P,.,, values are described in
[49].

Although the BRIKEN array has minimized energy de-
pendency of the neutron detection efficiency up to a few
MeV, the efficiency still drops at a few MeV or higher, due
to its large high-density polyethylene moderator. The
neutron efficiency varies from 50 % for 5 MeV to 68 % for
low-energy neutrons, as shown in the yellow dashed curve
in Fig. 4, and therefore, We need to make an assumption
of the neutron spectrum unless it is measured experimen-
tally. In the previous paper [31], we reported P, values
with larger uncertainties by using shell-model-generated
neutron spectra. These spectra provide a lower limit on
the neutron efficiency since it assumes that all the excita-
tion energies are taken out by neutrons but not by ~ rays.
In the current work, we applied the statistical model cal-
culation described later in Sec. IV, to narrow down the
neutron efficiency by convoluting the calculated energy
spectra and the simulated efficiency curve as shown in
Fig. 4. For the systematic errors, the neutron efficien-
cies were varied by shifting the GT strength 500 keV in
the statistical model calculations. The P, values are
reported in Table. I. The obtained values have smaller
systematic errors than those reported in the previous pa-
per [31]. The dataset of run #1 was analyzed before, and
the P, and Tj/, values are summarized in [52]. There
are minor differences between values presented in those
previous works and this paper owing to updated neutron
efficiency analysis.
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FIG. 3. The decay curves gated by neutron multiplicity 0, 1, and 2 for (a) #*Ga and (b) 8*Ga. The solid blue curves represent

the fitting functions.

The dashed red curves show the decay components of the precursor nuclei.
curves are the sum of the daughter decays, including neutron emission branches.

The dashed-dotted green
The plots at the top right corners of each

spectrum are the residuals of the decay spectra from the fitting function.
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FIG. 4. Neutron energy spectra expected in the decay of
86Ga predicted from the statistical model calculation using
B(GT) predicted by the shell model [34]. The red and blue
histograms show the single-neutron energy spectra for 1n and
2n channels, respectively. The dashed orange curve shows the
simulated neutron detection efficiency of the BRIKEN array
[30] whose axis is on the right-hand side of the plot.

B. n-pg-y ANALYSIS

In the following subsections, S-neutron gated 7y spectra
for the decay of 34~87Ga are shown. The v rays following
B decays were correlated with a 7 us time window. The
~-ray intensities per precursor decay (I,) are deduced
from the ~-ray peak area and the number of 8 events
(Ng) that were used to generate the y-ray spectrum. I,
is defined as,

L, = Apear/(e4€xnNp) (2)

where e, and e, are the y-ray and z-neutron detec-
tion efficiencies by simulations. Ng is the integral of the
positive part of the time spectrum up to the time win-
dow (t,), subtracted by the negative part as a random

TABLE 1. Half-lives, Pi,, and P, obtained in this study.
Values from the two different runs and their weighted averages
(adop.) are shown.

nuclide T2 (ms) branching ratio (%)
Py Por

8Garun#l  95.0(25) 38.2(21)" 1.91(17)*
Garun#2  97.6(12) 37.0(4)* 1.87(7)*
84Ga adop. 97.1(11) 37.0(4)*(11)"  1.88(6)*(11)"
85Ga run#1 101(4) 73(4)* 1.8(3)*
8Garunz2  95.3(10) 76.4(18)* 1.53(14)*
85Ga adop. 95.6(10)  75.8(18)*(24)"  1.58(13)*(9)T
86Ga run#1 53(4) 57(6)* 17.8(22)*
86Ga run#2 51(2) 59.9(23)* 14.1(10)*
86Ga adop. 51(2) 59.5(21)*(18)"  14.7(9)*(11)*
87Ga run#1 31(9) 73(31)* 18(18)*
87Ga run#2 24(8) 72(9)* 8.5(28)"
87Ga adop. 27(6) 72(9)*(2)1 8. 7(28)*(5)

*statistical errors, Tsystematic errors

B-implant correlations:

N,B = Tprecursor (/ Ntot )dt

0

—lw

Nunlt)it) (@)



Ratio of the precursor activity in the total Bateman func-
tion (Tprecursor) is calculated as follows.

Ao
Tprecursor = 7+
P Ag+ Ay + ...
tw
Ao :/ 6_/\Otdt (4)
0
A = /tw A (et — e~ M) dt
0 A1— Ao

Agp, Aq,... and Ao, A1,... are the activities and decay rates
of precursor (0) and descendant (1,2,...) nuclides.

1. #Ga

Delayed-neutron emission in the decay of 3*Ga was pre-
viously measured by using proton-induced fission of 238U
at HRIBF, ORNL |[35], photo-fission of uranium target
at ALTO, IPN Orsay [37, 53], and ISOLDE at CERN
[34]. The reported Py, values by those previous works
are 74(14) % [54], 53(20) % [37], and 40(7) % [34], respec-
tively. The adopted value from this work is 37.0(12) %
which supports the last two values. The adopted half-life
of #Ga from this work, 97.1(11) ms is consistent with
the value reported before, 85(10) ms [55].

TABLE II. List of v rays observed in the decay of ®*Ga. I,
is the number of  rays emitted per 100 ®*Ga decays.

v (keV) I (%)

Ty /3 (ms) decay channel

624.10(4)*(38)"  6.4(2)*(4)T 91(5) B
1604.1(3)*(4)T  0.69(18)*(4)* - B
2877.7(3)*(4)"  1.27(25)*(8)1 - B
3501.93(14)*(38)"  5.3(3)*(3)T  101(11) B
247.58(20)*(38)"  11.3(2)*(7)"  88(2) Bn
798.97(35)*(38)T  0.46(9)*(3)" - fn
941.1(3)*(4)"  1.01(11)*(6)" - Bn
1045.93(9)*(38)T  7.4(3)*(4)" 91(4) Bn
1204.3(5)*(4)t  0.70(11)*(4)" - Bn
1239.38(21)*(38)" 0.76(11)(5)" - Bn
1794.80(19)*(38)" 2.19(24)*(13)" - Bnt
1969.4(5)*(4)T  0.78(13)*(8)"  107(13) Bnt
2112.6(3)*(4)"  0.33(8)*(2)T  108(18) fn
2910.7(4)*(4)"  0.20(6)*(2)T  85(20) Bn
217.3(5)*(4)t  0.028(12)*(2)" - £2nt
1348.3(4)*(4)"  0.47(9)*(3)T  50(12) £2n

*statistical errors, Tsystematic errors, fnot assigned

Figure 5 shows the ~-ray energy spectra in the decay
of 84Ga gated by the neutron multiplicities. There is a
clear peak at 1348 keV in the 2n gated spectrum in the
figure which is interpreted as 2+ — 01 of 32Ga in the 35,

branch. In the previous work [37], there is a candidate
at this energy in 5-n gated - spectrum with very limited

8Ga decay
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FIG. 5. Gamma-ray energy spectra of 3*Ga gated by neutron
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decay of the descendant nuclei. Peaks that are distinct only

in the lighter colors are regarded as the 7y rays from the decay
of 34 Ga.

statistics. The «-ray energies and intensities measured in
this work are summarized in Table II.

Figure 6 shows the decay scheme of 3*Ga obtained in
this work. This scheme is consistent with the reported
one [53] except for the 2113-keV line, which has not been
reported in the literature.

2. %5QGa

The B-v spectrum of 8°Ga was previously measured
by Korgul et al. [59] and then by Miernik et al. [36]
including the g-n-vy spectrum. We observed the S-n-n-vy
spectrum for the first time as shown in Fig. 7. There
is a clear peak at 247 keV in the spectrum, which is at
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the same energy as the 1/27 — g.s. y-ray in 33Ga [54].
This result shows that there is two-neutron branching in
the decay of 3Ga, which is consistent with the branch-
ing ratio obtained by the neutron detector, 1.6(2)%. The
reported upper limit of the P,, value by Miernik et al.
was <0.1 %. The observed coincidence between two neu-
trons and the 247-keV ~-ray supports that our P, value
is more reliable. The discrepancy may be attributed to
differences in detection energy thresholds for g particles.

Levels of the daughter Ge nuclei constructed from this
work are shown in Fig. 8. The levels in the 3°Ge nuclei are
consistent with previous measurement [36, 59]. Ref. [59]
assigned 773-keV peak to the decay of 3 As. We observed,
however, a 78(12) ms decay curve for this peak which
supports the assignment of Ref. [36] as a transition in
85Ge. As in Ref. [36] it assigned to a level at 773 keV
since there was no coincidence observed with any other ~
lines in 8 Ge. We observed 596-keV transition which was
not reported in Ref. [36] but in Ref. [59]. The 859-keV
transition is assigned above the 1430-keV state since -y
coincidences are observed between the 806-keV and 624-
keV transitions, as shown in Fig. 7. In addition, a new
line at 1893 keV is observed and tentatively assigned as
the decay from the new state at 3281 keV to the 1389-
keV state because there is only one 1892-keV ~ event
recorded in coincidence with the 765-keV one, which is
not sufficient to unambiguously assign the placement of

the state.

3. %Ga

The decay of the 8Ga nucleus was previously reported
by Miernik et al. [24]. The P,,, values from their work,
Py, = 60(10) %, P2, = 20(10) % are consistent with
our values, Pi, = 60(3) %, Py, = 14.7(14) %. [-v spec-
tra with neutron multiplicity gates are shown in Fig. 9
and the energies and intensities of the v peaks are sum-
marized in Table IV. We observed the 624-keV v ray
from the two-neutron decay channel that was reported
in the previous study [24] but with two-neutron coinci-
dences. We also observed ~y rays from one-neutron decays
reported in Ref. [24], in addition to the 472- and 773-
keV transitions which were previously known in the zero-
neutron decay of 3Ga [36]. A v-ray peak at 1024 keV
was observed in the zero-neutron emission channel. The
half-life of the v peak, 61(15) ms is consistent with the
adopted decay half-life, 52(2). Since there were no -y
coincidence events observed, it was tentatively assigned
to a new state in 3°Ge at 1024 keV, a candidate for the
second 2% state as reported by Ref. [56] at 1046(14).
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4. ¥ Ga

The decay of 87Ga had not been measured before.
The ~-ray spectra and the list of the peaks are shown
in Fig. 11 and Table V, respectively. The (27) — 0*
transition in 36Ge at 527 keV and the 108-keV transition
in 8Ga are observed in the decay of 8"Ga for the first
time. The 786.1-keV peak in the 1n spectrum could be
the 791(23) transition from the (4]) level in 86Ga pro-
posed by the Ref. [56] using in-flight v-ray spectroscopy
of (p, 2p) reaction.

C. ISOMERIC TRANSITION IN %Ga

A delayed y-ray peak was observed at 97.8(4) keV
after the implantation of ®6Ga as shown in Fig. 12.
The half-life of this isomeric state was observed to be
0.32(3) ps. The ground-state spin and parity (J7) of the
odd-odd §%Gass nucleus is not known, and no excited
states have ever been measured before. There is an iso-
mer known in 32Rbss at 284.2 keV with half-life of 54(3)
ns [62]. This isomer decays by 142-keV E2 transition
with B(E2) = 7.2(4) W.u. which is typical for spherical
nuclei around the Z = 36-40 region [62]. The new iso-
meric decay in 8Ga has B(E2) = 5.0(5) W.u. using the
internal conversion coefficient from Brlcc [63] assuming
an F2 transition. This is a reasonable value for spherical
nuclei as in the case of ?Rb [62], and not contradicting
various global calculations [64, 65] predicting ®Ga to be
nearly spherical.

TABLE III. List of v rays observed in the decay of %°
is the number of v rays emitted per 100 3°Ga decays.

Ga. I,

. (keV) I, (%) Ty /2 (ms) decay channel
107.83(2)*(38)F  9.9(3)*(6)f 89(2) B
365.15(16)*(38)"  1.09(16)*(7)"  107(16) B
471.89(23)*(38)"  1.10(27)*(7)} - B
596.66(28)*(38)"  1.04(17)*(6)"  89(20) i
704.20(17)*(38)" 1.64(20)*(1 ) - B
773.30(17)*(38)" 2.46(27)* (1 84(11) B
788.65(26)* (38)  1.21(22 *(7) 106(23) B
2241.03(27)*(38)" 1.65(21)*(10)"  83(23) B
624.18(27)*(38)" 42.3(11)*(25)F 92.5(17) Bn
765.02(9)*(38)"  6.0(3)*(7)T 89(7) fn
806.06(8)*(38)"  8.6(15)*(5)"  92(4) Bn

858.5(4)*(4)t  1.47(25)*(17)1 - fn
1225.08(14)*(38)" 3.02(23)*(18)"  96(6) fn
1388.61(21)*(38)" 4.03(30)*(24)"  90(13) Bn
1588.9(4)*(4)T  1.53(25)*(17)T  100(13) fn?
1797.3(4)*(4)"  0.99(22)*(11)T  85(12) fn
1893.0(5)*(4)"  0.91(25)*(11)"  83(11) fn
3359.3(5)*(4)T  0.29(13)*(3)"  75(27) Bnt
247.3(3)*(4)"  0.12(4)*(1)f - £2n

¥

*statistical errors, Tsystematic errors, fnot assgined

TABLE IV. List of 7 rays observed in the decay of *°Ga. I,
is the number of ~ rays emitted per 100 3Ga decays.
E, (keV) I, (%) Tip (ms) decay channel
527.30(21)* (38)T ( y*(4)"  60(8) B
1024.3(9)"(4)"  2.8(9)*(2)" - B
48(3) fn

107.87(8)*(38)" 13.3(9)*(8)"

249.94(14)*(38)" 7.6(7)*(7)"  47(5) fn

365.04(15)*(38)" 3.9(6)*(2)"  66(9) fn
472.93)* ()" 3.2(0)* ()t 57(10) fn
773.5(4)"(4)T  2.8(8)*(2)" - fn

623.89(18)*(38)" 5.5(11) (5) - £2n

*statistical errors, Tsystematic errors

We performed shell-model calculations with jj45pna
[66] using KSHELL [67] code. It predicts the ground-
state J7 = 3% for ®Ga and a 57 state at 98 keV which
is decaying by an E2 transition with 14.6 W.u. strength.
On the other hand, NuShellX calculations predict two
possibilities for low-lying iosmeric transitions, one with
7T and 51 pair and another with 2= and 0~ pair with
B(E2) between 5 and 10 W.u. In both calculations, the
configurations of the low-lying states are very fragmented
between involved proton and neutron orbitals.
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IV. DISCUSSION

The neutron energy spectra in the decay of 8384Ga
were previously measured by Madurga et al. [34]. Obser-
vation of high-energy neutrons emitted after beta decay
was interpreted as a signature of the shell structure effects
that dominate the beta-decay process. In their work, a
comparison between existing data and experiments was
made for lifetimes and branching ratios, based on the de-
termination of the details of the strength distribution,
but no statistical model treatment was included to make
predictions of P.,.

TABLE V. List of 5 rays observed in the decay of *"Ga. I,
is the number of ~ rays emitted per 100 37 Ga decays.

E, (keV) I, (%) Ty /5 (ms) decay channel
1712.6(7)*(4)T 6.9(34)*(4)" - gt
2661.9(9)*(4)"  6.5(43)*(4)* - B
178.2(6)*(4)T  5.1(29)*(6)T - fnt
527.2(3)*(4)"  58(10)*(6)"  27(8) Bn
786.1(3)* ()" 7.9(36)*(9)1 - fn
108.4(5)*(4)T 10.9(45)*(10)* - B2n

*statistical errors, J‘systematic errors, fnot assigned

As discussed in the previous letter [31], there is a dis-
crepancy in the P;, and P», values of 8 Ga between the
experimental and the predicted values by Madurga et al.
[34]. We applied the Hauser-Feshbach statistical model
[38] to the shell-model calculation based on the work by
Madurga [34] and the discrepancy was interpreted as one-
neutron emission from two-neutron unbound states in the
daughter nuclei. In this paper, we will describe more de-
tails of the shell model and the statistical model and will
discuss the effect of level densities in daughter nuclei on
the P,, values by the statistical model calculation.

The model for the GT decay strength distribution for
Ga isotopes [34] was based on a shell-model calculation
for the S decay of Ga isotopes using the NuShellX code
[68] with hybrid interactions and the truncation as pre-
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viously described in [34, 69, 70]. In this model, the beta-
decay properties are dominated by the Gamow-Teller de-
cay of the "®Ni-core states, leaving the nucleus in the
highly excited state because of the N = 50 shell gap.
Good agreement between the 1n emission data predicted
by the shell model and experimental data was achieved by
choosing the 50% quenching factor for the B(GT), which
was deduced from the experimental neutron spectrum
and adding the contribution from forbidden transitions.

An essential element of the description of this decay
process in this framework is the contribution from the
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FIG. 12. Delayed ~y-ray energy spectrum from 600 ns to 3 us
after implantation of the 8¢Ga ion. The plot at the top right
corner shows the decay curve of the 97.8 keV + line.

first forbidden transitions to the low excited states in
Ge daughters. Despite their tiny matrix elements, their
intensities are amplified by the phase space factor and
result in a significant population of the neutron-bound
states and, thus, suppresses the branching ratio of neu-
tron emission channels. The inherent uncertainties of the
B(GT)+FF models as well as decay energies and neutron
separation energies require estimates of the expected life-
times and P,,. This was done by varying the scaling
factor of the forbidden transition strength and shifting
the B(GT) distribution. This analysis is required to find
a possible scenario for the decay strength distribution,
which will explain experimental data on T/, and Py, at
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on %87Ga. The hatched areas in the plots represent the ex-
perimental error bars on those values.

the same time. We assumed B(GT) 50% quenching from
Madurga et al. in our model and kept it constant. The
FF strength was constrained by Py, and lifetimes. The
concentration of the B(GT) to highly excited, neutron-
emitting states in Ge isotopes is the main reason why
given the large Q values, the nuclear lifetimes for Ga iso-
topes are relatively long. Figure 13 (a) and (b) shows
the Fyp, versus T}/, plots for 86,87Ga with various offsets
of the B(GT) distribution (GT shift) and scaling factors
on the FF distribution (FF scale). Unlike P,/ Payn, Pon
is much less sensitive to the decay models since it almost
only depends on the S-decay intensity below the Sy, level
which is mostly the FF component. We selected the GT
shift and FF scale, -0.2 and 0.4 for 3Ga, and -1.0 and
0.5 for 87Ga.

The GT shift and FF scale values were also used in
the calculations shown in the previous paper [31], which
demonstrated that the statistical model correctly repro-
duces the dominating role of one-neutron emission from
two-neutron unbound states.
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tical model code by Kawano et al.[38], shell and pairing
energies from the mass formula by Koura et al., KTUYO05,
were applied to the Gilbert-Cameron formula [71] to gen-
erate phenomenological nuclear level densities [72]. The
shell and pairing corrections were applied to the constant
temperature level density formula,

o= o (22 )

as the energy shift, Fy, and the systematic temperature,
Tsyst, which are defined as follows.

EO = A — ’)/25’(1) —+ Tsystf(A) (6)
Toyst = mA™ /1 —y16w.

A and dw are the pairing energy and the shell correction,
respectively, from the KTUY05 data. The smooth func-
tion of the mass number, f(A), is defined in Ref. [72].
Also, a scaling factor, fiyeqr, was applied to the temper-
ature:

T = Tsyst/ftweak- (7)

The blue curve in Fig. 14 shows the default level den-
sity for ®°Ge which is higher than the shell-model level
densities shown as the red curve in the figure. To cal-
culate the level densities, the NuShellX code with the
jj4bpna interaction was used to obtain as many states as
possible. Due to our computational limit, levels up to
~7 MeV were calculated for all the spins and parities.
We fitted the shell-model level densities by Eq. 5 where
dw, A, and fiyeqr Were free parameters. The level den-
sity function fitted for 8°Ge is shown as a red curve in
Fig. 14. The fitting parameters for 833-86Ge are summa-
rized in Table. VI.

TABLE VI. List of parameters for the level density function.

> F .
2 F — defautt Gibert-Cameron nuclide default fit

810 g_ —— shell-model level densities ow A ow A ftweak
= |~ Gibert-Cameron fitto the shell model $8Ge -3.71710 1.44894 4.88176 0.00000 0.147891
— 3

8107 ¢ $1Ge -3.07530 2.29824 -9.06038 4.03678 0.661307
% .F 85Ge -2.52280 1.44090 -7.41890 4.22327 0.786374
s10°F 6Ge -1.83290 2.27325 -7.50608 4.20162 0.780135
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FIG. 14. Comparison of the default Gilbert-Cameron level
densities in the statistical model and those from the shell-
model calculation for 8°Ge.

As we calculated the branching ratios by the statistical
model, we found that the decay patterns were sensitive
to the level densities of the daughter nuclei. In the statis-

Statistical model calculations were performed on the
decay of Ga isotopes with the default and the shell-model
level densities of the daughter nuclei. Figure 15 shows
the population of the excited states in the Ge daughters
in the decay of 3Ga. The B-decay feeding intensity in
86Ge was based on the shell-model calculation. Only the
GT part is considered in this plot because the FF part
only affects Py, but not 1n/2n competition. The excited
states in 8584Ge are from the fitted level density but the
low-lying levels are replaced with our experimental level
schemes.
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As shown in Fig. 16, P, /P, ratios changes by using
different level densities in the statistical model calcula-
tions. The default level densities, which are higher than
the shell-model ones, consistently predicted larger P,
ratios for all four Ga isotopes. The higher level density
above S7, in the 1n daughter nucleus can result in a
higher probability of emitting a second neutron. The ex-
perimental ratios agree better with the calculations with
the shell-model level densities, which could mean the level
densities of those Ge isotopes are lower than what was
used in the statistical model with default parameters pro-
vided that we operate in compound nucleus approxima-
tion.

< 04F _e—exp
D\é .- stat model
N C (default level density) .
o 0.3 stat model P
C (fit to shell-model) +
0.2
0. +
i
0 L1 ? 1 1
84 85 86 87

A

FIG. 16. P»,/Pi, ratio in the decay of Ga isotopes. The
red circle shows the experimental value while the blue-dashed
and orange-solid lines show the shell model predictions by us-
ing default and shell-model based parameters for the Gilbert-
Cameron level densities, respectively.

The ground-state spin and parity (J™) of the odd-odd
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FIG. 17. Comparison of branching ratios calculated by the
statistical model with the modified level densities with dif-
ferent assumptions on the unknown J” of the parent nucleus
in the decay of 8¢Ga. Only odd spins for positive and even
spins for negative parity states are presented for the sake of
clarity. The blue circles and red open circles show negative
and positive parity states, respectively. (a) ~-ray intensity
ratio between 47 — 2% (805 keV) and 2" — 01 (624 keV)
transitions of the 3 Ge nuclei in the 2n decay of 3Ga. Since
the 4% decay ~ line was not observed, the experimental upper
limit (see text for detail) is indicated by the red horizontal
line. (b) Papn/Pin ratio. The red line shows the experimental
value with a grey error band.

86Ga nucleus is not known. We compared the Ps, /Py,
ratio and «-ray branching ratio in the decay of 36Ga by
changing the input J”™ of the statistical model calcula-
tion. As shown in Fig. 17, the statistical model predicts
a clear trend of the vy-ray intensity ratio from the 4%
and 27 states in the 2n decay channel increasing when
the initial spin of the parent nucleus is increased. The
Py, /Py, branching ratio, on the other hand, decreases
for a higher J. In this work, the 4% — 27 ~ line was
not observed at 805 keV in the 2n gated spectrum (Fig.
9). The background level of the corresponding energy
region was estimated to be ~ 0.1 counts/keV by the log-
likelihood fitting of the neighboring region around 805
keV. We set the minimum number of counts per keV to
3 as the detection limit of the 805-keV v peak and de-
duced the upper limit of the I, (4t — 2%)/I,(2* — 01)
the ratio of 0.12, which is shown as a gray area in Fig
17 (a). The probability of observing three counts within
a one-keV width bin by statistical fluctuation when the
background rate is 0.1 is 1.5 x 10™%, which is between
30 and 40. In Fig. 17 (b), the experimental P, /Py,
value is shown with an error of 1. In both plots, the
lower spin scenarios (J < 3) agree with our experimental
values.

These results show the importance of the knowledge
of the level densities and the ground-state spin of the
parent nuclei for making reliable predictions of the multi-
neutron emissions, and the requirement of further studies
of neutron and ~-ray spectrum to establish details of the
emission process.



V. CONCLUSIONS

In summary, we performed [-y-neutron analysis
on 84787Ga isotopes and performed statistical model
calculations by using the experimental and shell-model
levels in the daughter nuclei instead of the default
level densities used in the code. We found that the
multi-neutron emission ratio (Pa,/Pi,) is sensitive
to the level density of the A — 1 daughter nucleus,
83-86Ce, in this case. The statistical model calculation
best reproduced the experimental Ps, /P, ratio when
experimental levels + shell-model level densities fitted
by the Gilbert-Cameron formula are used as input.
The neutron efficiencies of the BRIKEN array for each
isotope were estimated by assuming the neutron spectra
from the statistical model calculation to narrow down
the systematic uncertainties in P, measurements. The
P,,, values are updated from the ones reported in the
previous paper [31] with a better estimation of neutron
efficiencies. For ®Ga decay, analysis of the neutron and
~ branching ratio with the updated statistical model
calculation suggests low spin for the ground state of the
parent nucleus. These results show the importance of
using correct level densities for the P, calculation and
the necessity of neutron spectroscopy in addition to -y
measurements of the multi-neutron emitters.
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