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Decay of 8Ga was studied by means of S-neutron-y spectroscopy. Pure beam of ¥Ga was
produced at the Holifield Radioactive Ion Beam Facility using a resonance ionization laser ion source

and a high-resolution electromagnetic separator.

The beta-delayed neutron emission probability

was measured for the first time, and yielded 70(5)%. An upper limit of 0.1% for beta-delayed

two-neutrons emission was also experimentally established for the first time.

A detailed decay

scheme including absolute vy-ray intensities was obtained. Results are compared with theoretical

beta-delayed emission models.

I. INTRODUCTION

One of the most basic methods for experimental stud-
ies of exotic nuclei is based on decay spectroscopy. For
neutron-rich isotopes the main decay branch is the g~
transmutation. Typically, after 5-decay the daughter nu-
cleus is in an excited state which subsequently de-excites
by v-ray emission. However, with a growing number of
neutrons and increasing S-decay energy (Qg), the decay
may feed states which are beyond the neutron separation
energy (S,) of the decay daughter. As a consequence, a
new decay channel emerges — beta-delayed neutron emis-
sion (fn) — which competes with de-excitation by ~-ray
emission.

From the point of view of nuclear structure, the 8 de-
cay can supply information in two ways. The excited
states, populated in the decay, emit y-ray. Energies and
connections of transitions into cascades allows us to pre-
cisely determine the structure of the decay daughter. The
observed feeding of the states allow us to partially de-
termine spin and parities of states, based on angular-
momentum selectivity of S-decay. The drawback of this
method is vulnerability to the so-called ” pandemonium”
effect [1]. The S-feeding, at high excitation energies,
tends to be fragmented between many states and most
of the emitted weak ~-ray may remain undetected, as
the efficiency of typical high-resolution germanium de-
tectors is very low for high-energy v-rays. As a result,
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the picture of the S-strength function obtained by stud-
ies of «-ray balances may be significantly distorted. In
order to take into account possible impact of this effect
it is important to measure the absolute intensities of the
emitted 7 rays. This allows establishment of the amount
of "missing” v radiation, and setting realistic limits on
the apparent S-feedings.

On the other hand, the delayed neutron emission prob-
ability (P,) and the half-life (T} /5) are the two most basic
parameters of the 8-decay that depend on the integrated
quantities of nuclear structure. The T}/, provides infor-
mation on a integrated total strength function, whereas
the P, probes the part of the strength function above
the neutron separation energy. Therefore, experimental
measurement of these values often provides a first insight
into the nuclear structure.

In the chain of gallium isotopes, the half-lives and P,
values for neutron-rich nuclides are currently known up
to 8Ga, with the exception of a P, value for ®5Ga [2, 3].
In this article we address this gap. The data presented
here were partially used in the analysis of the S-delayed
two-neutron decay of 8¢Ga [3]. Particularly, it was crucial
to determine the y-ray emitted after the S-delayed one-
neutron emission from #°Ga, and show their correspon-
dence to the ~-ray emitted after S-delayed two-neutron
emission from ®9Ga. In this article, however, we are fo-
cused on a detailed analysis of B-decay of 8°Ga, includ-
ing first experimental determination of the P,, value, and
very important information on absolute branching ratios
for y-ray emitted in this decay, and in decay of ®3Ga
daughters.



It is worth noticing that neutron-rich #3-87Ga, isotopes
are predicted to lie on the path of the astrophysical rapid
neutron capture path by different models [4-7]. The %°Ga
[-decay properties are listed as one of the important nu-
clides in the recent study of sensitivity of individual nu-
clear properties on r-process calculations [7].

II. EXPERIMENTAL TECHNIQUE

The experiment was performed at the Holifield Ra-
dioactive Ion Beam Facility (HRIBF) at Oak Ridge Na-
tional Laboratory. The HRIBF [8] was an Isotope Sepa-
ration On-line Facility (ISOL), where a 50 MeV proton
beam with an average intensity of 15 uA was used to in-
duce fission in a UC,, target. Ions of 86Ga were extracted
from the resonant ionization laser ion source (RILIS),
utilizing a two-step ionization scheme [9], accelerated to
200 keV kinetic energy, and mass analyzed by a two-stage
mass separator having mass resolving powers M/AM of
1000 and 10000, respectively.

The pure 3Ga beam was transmitted to the Low-
energy Radioactive Ion Beam Spectroscopy Station
(LeRIBSS). We compared the v-ray with those obtained
using the Electron Beam Plasma Ion Source in previous
experiments [10-12]. We did not observe any impuri-
ties for the 83:8586Ga settings of the separator when the
RILIS was used.

The LeRIBSS station was equipped with a Mov-
ing Tape Collector (MTC), two high-purity germanium
clover detectors, two plastic § detectors and 48 *He ion-
ization chambers for neutron detection. The neutron
counters, containing in total about 600 liters of 3He,
were mounted in a thermalizing high-density polyethy-
lene (HDPE) support with a 1-mm-thick Cadmium outer
shielding. The detection of neutrons in the *He counters
is based on a capture reaction, therefore the neutron-
neutron coincidences can not be triggered by the same
particle. The beam was implanted into the tape posi-
tioned at the center of the setup. The measurement cy-
cle consisted of 2 s activity build-up, 1 s decay with no
beam on, and a 0.775 s tape transport that moved the ir-
radiated spot into a chamber located behind 5-cm of lead
shielding. This cycle was repeated throughout the whole
experiment. The data presented here were collected dur-
ing 24 hours of beam time.

The germanium detector efficiencies were determined
with standard ~-ray calibration sources. The efficiencies
of 8 (e = 40(10)%) and neutron counters (e, = 10(2)%),
were found from comparison between the on-line y-ray
data gated and not gated by the 8 and neutron detectors.
The correlation window for the neutron detectors was set
to 100 us, due to the slow thermalization process. For
the v — v and v — 8 coincidences a 200 ns window was
used.

The readout of the detection system, including MTC
logic signals, was based on XIA Pixiel6 Rev. F digi-
tal electronics modules [13]. The acquisition system was
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FIG. 1. Network of isotopes connected by 8 and 8 —n decays
observed in experiment and/or used in calculations. Numbers
above horizontal arrows indicate experimental P, values.

operated without a master trigger, and all events were
recorded independently and time-stamped with a 250
MHz clock synchronized across all modules. This allowed
for the detailed off-line analysis of the data, including
event-by-event analysis.

III. RESULTS AND DISCUSSION

Due to an exceptional selectivity of RILIS source con-
nected with high resolution of mass separation, the beam
consited of #Ga and its decay daughters only (see Fig. 1).
In Fig. 2 the total S-gated and [-neutron-gated ~v-ray
spectra obtained in experiment are shown. With the ex-
ception of two lines (858 and 1128 keV) all transitions
were identified. The identification was based on two
methods: half-life measurements, and coincidences with
already identified lines. The grow-in/decay-out pattern
for 3Ga and all of its decay daughters was easy to rec-
ognize, as presented in Fig. 3 for several lines. The solid
lines show the solutions of the Bateman equation for the
first (®°Ga, Ti/2 = 92(4) ms) second (8485Ge, Ty =
951(9) and 494(8) ms respectively) or third (3*As, T} 5
= 4.02(3) s) isotope in the radioactive chain (see also Fig.
1). All curves were calculated using known half-lives [2]
of the isotopes, the only fitted parameter was the im-
plantation rate of 3°Ga ions, and a normalization factor.

For weaker lines, when the half-life based on a fit was
burdened with a large uncertainty, a ratio of number of
counts in the decay-out part of the cycle to the total
number of counts was calculated. Based on the network
of isotopes, connected by § and S-n decays (see Fig. 1),
their half-lives and P, values, and Bateman equations we
calculated the theoretical values for these ratios (parent is
indicated in brackets): 0.067 (3°Ga), 0.329 (33Ge), 0.410
(8Ge), 0.596 (3°As), 0.612 (3*As), and 0.663 (33As).

Based on these, using 5 — v spectra, we found that the
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FIG. 2. a) (range 0-700 keV) and b) (range 700-3000 keV) [-gated ~y-ray respectively), and c) (range 0-700 keV) and d)
(range 700-3000 keV) S-n-gated y-ray spectra (same ranges as a) obtained in the experiment. Transitions marked by circles are
assigned to the decay of ®*Ga (closed for 8 decays, and open for An). Other transitions are marked by parent decay: squares
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FIG. 3. (color online) The grow-in/decay-out pattern of se-
lected v-transitions. a) 624 keV (from decay of **Ga), b) 242
keV (3Ge), c) 268 keV (¥3Ge), and d) 1455 keV (®*As).

773 keV line, previously assigned to the decay of 8As
[12], with ratio of 0.073(17), should be placed in the de-
cay scheme of 8 Ga. Similarly, two previously unknown
lines at 1589 and 1797 keV, with ratios of 0.067(21), and
0.17(9) respectively, were also assigned to this decay. The
1797 keV line was found in coincidence with neutrons,
and with the 624 keV ~-ray, which allowed us to place
this transition in 3*Ge. The 1589 keV line was not in
coincidence with neutrons, nor v-ray, thus it was placed

0 1 2 3

in #Ge.

The 858 keV v-ray was previously tentatively assign to
the B-n branch of 8°Ga decay [12]. In this work we found
that the ratio for this line of 0.127(32) confirms its source
from the decay of 8 Ga. However, the coincidence with
the 806 keV line is not clear, and there is no evidence for
coincidence with neutrons. As a result the placement of
this line is not clear, and it was not included in the decay
scheme. A summary of all y-rays assigned to the decay
of 8Ga is shown in Table I. Uncertainties of intensities
of lines are mainly due to statistical errors related to
number of counts observed.

Even though the incoming beam was isotopically pure,
a number of daughter activities were seen in the collected
data (cf. Fig. 2). The network of nuclides connected by
6 and pBn decays is presented in the Fig. 1. All the
half-lives and delayed neutron emission probabilities, ex-
cept of 8°Ga, are experimentally known [2]. Therefore, it
is possible to calculate the expected shape of the curve
describing number of detected neutrons versus the cycle
time, with two free parameters: the ®°Ga P, and the
total intensity. Such calculations are shown in Fig. 4a,
where the shapes for three different P, values are shown.
The Fig. 4b) presents the reduced y? calculated for P,
values between 50 and 90%. Based on the reduced x?
calculation, the experimental P, value is determined to
be 70+5%.

Since the two neutron separation energy of ®Ge (8.29
MeV) is smaller than the *°Ga Qs (10.066 MeV), j-
delayed two-neutron emission is in principle possible for
this decay. However, we did not observe experimental
evidence of this process. The 7 spectra contains no visi-



TABLE 1. Summary of v-ray assigned to the decay of °Ga.
Intensities are given per 100 decays. Weak or uncertain vy —y
coincidences are given in parenthesis.

Energy (keV) I v =y
B
107.7(2) 12(3) 365, 596, 788
365.4(2) 1.1(3) 108
472.6(2) 0.7(2) -
595.8(2) 1.1(3) 108
773.2(2) 2.0(5) -
788.5(2) 1.4(4) 108
1589.4(2) 1.8(5) -
2240.5(4) 1.5(5) 108
B—n
624.2(2) 40(9) 765, 806, 1224, 1797, (2275)
764.7(2) 6.0(14) 624
805.8(2) 8.8(20) 624, (858)
858.2(2) 1.4(4) (806)
1224.3(2) 4.8(10) 624
1388.6(2) 55(13) -
1797.4(2) 1.3(4) 624

2 Not placed in the decay scheme

ble transitions in the 42n daughter (33Ge). The number
of events of simultaneous detection of two neutrons in
the neutron counter tubes is statistically consistent with
an expected number of random coincidences. The upper
limit of P,, based on that value was found to be 0.1%.

It is worth noticing that the same method of P, de-
termination, based on calculation with a network of nu-
clides, was used in our previous experiment where decay
of 86Ga was measured [3]. Due to the limited length of
the letter it was not possible to describe details there. A
distinct difference between the two experiments is that in
the 86Ga case, three P, values remained unknown (the
Py, Py, of 8Ga, and P, of ¥Ge). In order to present the
sensitivity of the method used in cases when more than
one parameter in the network is unknown, we calculate
here simultaneously the P, of both 8Ga, and 3°Ge. The
latter value was previously known from only one mea-
surement [14], but it was recently remeasured and estab-
lished to be 17.2(18)% [15]. In our case the fit yielded
P,(**Ga) = 70(5)%, and P,(®*Ge) = 15(5)% (cf. Fig.
5), with a very well defined global minimum. This very
good agreement with both the literature data, and the
fit with one free P,, shows robustness of the method also
in a more complicated cases.

Our result completes the measurements of P, value for
the chain of isotopes "2 ~85Ga. For 8*Ga a weigthed aver-
age of three available measurements is shown [10, 16, 17]
yielding 74(14)%, 40(7)%, and 53(20)% respecitvely. The
source of these discrepancies is not clear, however, since
in 84Ga, a low-lying isomeric state is expected the mea-
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FIG. 4. (color online) a) Experimental number of detected
neutrons versus cycle time is presented with black circles. The
curves were calculated using the network of isotopes presented
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FIG. 5. (color online) Map of reduced x* calculated for P,
values for both ®*Ga and %°Ge.



sured P, values might be in fact, a mixture with different
content of isomeric and a ground state. These experimen-
tal results are compared with several available theoretical
predictions in Fig. 6. The models included are both mi-
croscopic - shell-model [16] and QRPA [18], as well as
phenomenological - effective density model [19], Kratz-
Hermann formula [20], and improved Kratz-Herman for-
mula by McCutchan et al. [21]. Notice that the latter two
models are able to predict only the total neutron emis-
sion probabilities (i.e. the sum of probability of emission
of one or more neutrons). The predictions of effective
density model for P, of 3Ga is 0.7% [22], shell-model
yields 8.1%, while the QRPA 10.5%. The shell-model
and QRPA use cut-off method for estimation of P, , and
the given values should be therefore treated as a upper-
limit. Nevertheless, all values are clearly excluded by the
experimental result (P, < 0.1%).

The best description of P,, values of galliums, including
85Ga case, is offered by the effective density model [19]
and the shell-model with jj44bpn interaction [16]. The
latter approach is able to give some more insight into nu-
clear structure in this region, as pointed up in a recent
letter by Madurga et al. [16], where experimental evi-
dence of strong Gamow-Teller S-strength located above
S,, was found in the case of 8384Ga, and well explained
by the calculations. A more detailed comparision with
this model will be presented in the next part of this con-
tribution.

Based on the known efficiency of the neutron detectors,
and measured P, value, we were able to calculate the
absolute intensities of the observed ~ rays assigned to
the decay of 8°Ga. This information is summarized in
Fig. 7 where a decay scheme is presented. It is worth
noticing for 13% of the 3-decays and 24% of Sn decays no
~-ray were detected. This means that they might either
directly proceed to the ground state of 3°Ge and %4Ge,
respectively, or to some states de-exciting by a number
of weak, undetected ~-ray transitions.

In all cases of B-transitions without neutron emission
the calculated lower limits for the log(ft) values point
to forbidden type decays. The main part of the strength
function is therefore located above the S,, threshold and
results in relatively large P, value. This property is il-
lustrated in Fig. 8, where a cumulative strength distri-
bution is plotted for 3°Ga. The lower limit was obtained
by subtracting the missing feeding separately for each
observed state. The higher limit was calculated using
the missing intensity (separately above and below the
neutron separation energy), and by adding its value to
each 100 keV bin used in the histogram. The experimen-
tal result is compared with the shell-model predictions
using jj44bpn interactions including both Gamow-Teller
and first-forbidden transitions [16] (Fig. 8).

It is worth noticing that the spin and parity of the 3°Ga
ground state must be of negative parity due to unpaired
proton in the f or p orbitals from the fpg shell. At the
same time, the J™ of 3Ge ground state is of positive
parity coming from neutrons occupying the ds/, orbital.
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FIG. 6. (color online) Py, values for the chain of Ga isotopes.
Solid symbols are for P, (total P, in panel d), and open
ones for P»,. Experimental values are shown by circles in
each panel, other symbols are for theretical calulations: (a)
effective density model [19], (b) shell-model [16], (¢) QRPA
[18], (d) Kratz-Hermann formula [20] (stars), and improved
Kratz-Hermann formula [21] (crosses).

Therefore it is expected that the missing strength in the
lower part of the spectrum, below the S,,, is most likely
shifted towards the threshold compared to the apparent
feeding. This is due to the fact that direct transitions
to the ground state are of forbidden type, while allowed
transitions are expected near or above the threshold, and,
in some part, may de-excite by 7-transitions (also suc-
cesfully competing with neutron emission [23, 24]). On
the other hand, in the upper part of the spectrum, the
experimental results are expected to be close to the ap-
parent feeding. In the case of neutron emission the parity
change does not play such an important role, and direct
transitions to the S-n daughter ground state might be a
significant part of the spectrum. This is well reflected in
the shell-model calculations, and the overall result is not
only within the experimental bands, but also goes along
the expectations.

The agreement between experimental result and calcu-
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(color online) Experimental limits for cumulative
Band shows the experimental

shell into mirror protons above Z = 28 (cf. Fig. 9).
Such transitions lead to states located in the neutron
emission window . The lower part of the spectrum is a
result of much weaker parity-changing forbidden transi-

lations confirms that the relevant configurations spaces
are included in the interaction (i.e. fs/25 P1/2, P32, and

go/2 for both protons and neutrons plus ds/, for neu-
trons), and shows that the large P, value for 8°Ga is a
result of a concentrated Gamow-Teller S-strength, due
to transformations of the "®Ni core neutrons from fpg

tions of d5/, neutrons into fp protons. The mechanism
is basically the same as in case of 33%4Ga [16]. Similar

conclusions were also shown in another recent study in
this region (32-34Ga) [17].



IV. SUMMARY

A detailed -decay study of 3Ga was performed by
means of a hybrid 8-v-neutron detectors suite. Thanks to
an exceptional purity of the beam, the 5-delayed neutron
emission probability and absolute ~-ray intensities were
measured for the first time. In total 8 «-transitions were
assigned to the [-On branch, and 7 to the §-n branch.
Several corrections to the decay scheme were proposed,
and experimental limits for the cumulative strength func-
tion were calculated. The result was compared in details
with shell-model calculations showing that in the case of
83-85(Ja, their properties might be well explained using
the jj44bpn interaction. The delayed neutron emission
probability was established to 70(5)%, and, also for the
first time, the experimental upper limit for a potentially
possible 32n decay was found to be 0.1%. The P, value is
relatively well described by most of the available models,
however the calculated P, are excluded by the experi-

mental result showing that the models overestimate this
decay branch in 8°Ga. This result should be taken into
account in calculations of the r-process.
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