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The detailed study of the 8 /EC decay of the very neutron-deficient and alpha-unbound nucleus '"*Cs is
presented. The measurement was performed at the ISOLDE, CERN where delayed charged particles and y rays
were detected. The observed delayed y rays are in agreement with the previously reported characteristics y
rays of ''5Xe. Based on the experimental observations, the tentative ground-state spin of ''°Cs is suggested to
be 7/2% or 9/27. Furthermore, the measured decay branching ratio of delayed protons exceeds the previously
reported value. Additionally, new delayed a-branching ratio and several reconstructed proton and «-unbound
excited states of ''5Xe are being reported for the first time. The properties of proton-unbound states at excitation
energies from 3.9-7.9 MeV have been obtained by fitting the delayed proton spectrum via the Bayesian method.
The measured lifetimes of these proton-unbound states are in the order of zeptoseconds.

DOLI: 10.1103/PhysRevC.108.064304

I. INTRODUCTION

The study of nuclei at the limits of stability has recently
become the central focus of nuclear structure research [1-3].
Nuclei near the drip line exhibit fascinating properties, in-
cluding the breakdown of traditional magic numbers [4-8§],
the emergence of new magic numbers, the presence of PIGMY
resonances [9-12], exotic decay phenomena [13—15], and the
manifestation of cluster structures [16—18]. Investigating the
nuclear properties of doubly magic heavy nuclei near the
proton drip line provides valuable insights into the interaction
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between neutrons and protons at the boundaries of nuclear
stability [19-22]. The enhanced proton-neutron pairing in-
teractions in heavier N = Z nuclei result in larger reduced
a-decay widths [23], which indicate the manifestation of «-
cluster formation [24]. Therefore, studying the different decay
modes of nuclei around '’Sn provides valuable information
about nuclear properties at the nuclear boundary [25]. The
nuclei near the proton drip line exhibit a significant difference
in binding energies between proton and neutrons. This large
difference in binding energies results in a high-Q value for g
decay, allowing the excited states of the daughter nucleus to
be populated above the particle threshold. Therefore, studying
the spectroscopic properties of those unbound states provides
valuable information about the nucleon-nucleon (n-n) inter-
action and its coupling to the continuum. Additionally, the
impact of the proton skin thickness on decay of neutron de-
ficient nuclei warrants further investigation. The region of
nuclei with mass A & (100-120), near the proton drip line,
is predicted to be an island of cluster emitters [16]. While

Published by the American Physical Society
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evidence of the heavy cluster emission (such as '“C) from
nuclei such as 222224Ra were observed [26,27], the emission
of ('2C) from '“Ba remains inconclusive [28,29] and neces-
sitates additional investigation in this mass region. Another
intriguing aspect of this mass region is the rp process, which
is responsible for synthesizing neutron-deficient nuclei close
to the proton drip line [30,31]. The major uncertainties in un-
derstanding the process remain largely due to (p, y) reaction
rates. Due to experimental limitation, the calculated reaction
rates are mainly used. Therefore, the level structure above
proton threshold of the nuclei around this region is crucial
in constraining the reaction rates and strength. But limited
experimental data [32-35] are currently available, and further
experimental studies are required to deepen our understand-
ing. ''>Cs is a nucleus that is both proton and & unbound [36].
Only the delayed proton branching ratio and lifetime of '3Cs
was reported earlier [33]. This study represents the first com-
prehensive investigation of the decay modes of 13Cs. After
electron capture and/or Bt decay the excited states of the
daughter nucleus !'>Xe were populated above the thresholds
of one and two protons or « cluster, etc. So the possible decay
channels would be B8y, Bp, Bpy, B2p, B2py, and Ba, etc. Ina
previous conference proceedings [34], a preliminary report on
experimental setup, raw spectrum, detector calibration of the
measurement was provided. The lifetime of the nucleus was
obtained from the time distribution of delayed proton events
[34], which was in agreement with previously reported value
[33]. In this paper, with complete data analysis, the delayed
proton, a-branching ratios and several reconstructed proton-
and a-unbound excited states of !'>Xe are reported for the
first time.

II. EXPERIMENTAL SETUP

The experiment was performed at the ISOLDE, CERN. A
pulsed beam of 1.4 GeV protons from the proton synchrotron
booster (PSB) were directed at a lanthanum carbide target
maintained at 60 kV. The radioactive ion beam (RIB) was
produced by fragmentation-spallation reactions. The RIB was
plasma ionized and extracted via a cold transfer line into the
beam line kept at ground potential. The extracted radioactive
Cs beam was mass separated (A = 115) in the general purpose
separator (GPS), and directed to the experimental setup and
implanted on a carbon target with a thickness of 20 ug/cm?
for the subsequent S-decay study. The experimental setup
consisted of five double-sided silicon strip detectors (DSSDs),
stacked with four PAD detectors, behind each DSSD, func-
tioning as AE-E telescopes and the bottom DSSD had no
PAD behind it. The DSSDs were of different thicknesses. The
low-energy protons (<2.5 MeV), o (<9.6 MeV), and heavier
clusters (for '>C, <51 MeV) can be fully stopped in the thin
DSSD4 and DSSD6 (thicknesses of 65 and 67 um), while
the higher-energy protons(<8.4 MeV) were fully stopped in
the thick DSSD2 (525 um). The fifth thick horizontal DSSD5
(1000 um) was used for detection of the 8 particles. The solid
angle coverage of DSSD1, DSSD2, DSSD4, DSSD5, DSSD6
were 7.3%, 8.8%, 8.8%, 14.8%, 6.1% of 4w, respectively.
The chamber was surrounded by four high-purity germanium
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FIG. 1. The experimental (IS545) setup at ISOLDE.

(HPGe) clover detectors for detecting the y rays. A schematic
diagram of the experimental setup is shown in Fig. 1.

III. DATA ANALYSIS

The data analysis was performed by using the CERNROOT
platform. Calibration of the silicon detectors (thick and thin
DSSD4, DSSD6, and PADs) and clover HpGe detectors was
carried out using standard o sources, (148Gd, 241Am, 29py,
29Cf) and a y source ('*’Eu) with known activity. The add-
back algorithm was implemented to obtain the final y-ray
spectrum. Charged particles were identified using telescopes
consisting of the DSSDs and PAD detectors. After the decay
of '15Cs, the daughter nucleus ''°Xe was populated with exci-
tation energy up to 8.96 MeV, which was above the thresholds
for emitting one proton, [S, = +3.31(2) MeV], two protons
[S2, = + 4.89(3) MeV], and « [Q, = + 2.51(1) MeV] [37].
This implies that the nuclei "1, '"*Te, and '"'Te could be
populated by emitting a p, 2p, and an «, respectively. Coin-
cidence and anticoincidence measurements with consecutive
PAD detectors were performed to separate delayed particles
such as B, «, p, etc. The coincidence spectrum between the
thin DSSD and the consecutive PAD detector, shown in Fig. 2
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FIG. 2. AE-E coincidence spectrum.
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exhibits two distinct patches corresponding to protons and the
Bs. The unbound excited states of '3 Xe were reconstructed by
measuring the delayed protons and as. The delayed p-energy
spectrum (from 2.5-5.66 MeV) was obtained by adding the
deposited energies of the coincident events in the thin DSSD
and the PAD detector. Conversely, the anticoincident events
correspond to « or heavy clusters, as well as protons with
energies below 2.5 MeV. The bound states of '>Xe were also
populated and identified by measuring of the energies of the
deexcited y rays, using clover detectors.

IV. RESULT AND DISCUSSION

The spin and parity of the ground state of ''3Cs are un-
known. For odd-A Cs nucleus, it may depend upon the odd
proton occupying orbital. But the situation is different depend-
ing on neutron occupation orbital. The ground-state spin of
3Cs is the 3/2F. ''7Cs has two isomeric states with half-lives
and spin parities as follows: 8.4(6) s; 9/2% and 6.5(4) s;
3/2*. Similarly, % 121:123Cs also have an isomeric state close
to the ground state. Based on the present experimental data
analysis, it is observed that after the decay of 15Cg. the
daughter nucleus was populated into three different types of
excited states. Those states further decay by emitting y rays,
proton(s), «(s), or heavy cluster(s).

A. Bound states of 1'*Xe

The ground-state spin and parity of 'Xe is tentatively
known as the (5/27) [37]. The B-gated y-ray spectrum shows
several characteristics y rays of ''>Xe. The delayed y tran-
sitions have energies 210(2) keV, 223(3) keV, 239(3) keV,
and 349(5) keV. These transitions can be attributed to three
strongly populated bands, originating from the v(g7,2/ds2).
The bands were extensively studied using in-beam y-ray
spectroscopy and fusion evaporation reaction [38]. The ob-
served delayed y-ray transitions from present experiment are
consistent with previously reported transitions: 208(1) keV
[7/27 — (5/2)1,220(1) keV [5/27 — (5/21)], 349(1) keV
[9/2F — (5/2%)] [38]. Additionally, a new y-ray transition
with an energy of 239(3) keV is observed, which may corre-
spond to the decay from 241(2) keV (11/27) to (5/2"). This
possibility suggests the presence of octupole deformation in
the nucleus. Figure 3 shows the B*-gated y-ray spectrum,
where observed y-ray transitions from !'>Xe are labeled with
the energies. The strong isomeric (T;, = 4.48 h) decay
transition [39], E, = 336 keV from '°In has been observed
in the background subtracted y-ray spectrum. So, the main
contaminant in the beam, ''>Cs was accompanied by !!'°In.
However, in the B-gated y-ray spectrum, that y line from
51n can be removed, and that nucleus has no delayed charge
particle branch.

B. Unbound resonance states

The primary motivation of studying the decay mode of
nuclei near the drip line is to investigate the population of the
highly excited states, located above the particle threshold(s).
To date, no particle-unbound states of ''Xe have been re-
ported [36]. The unbound states of the daughter nucleus ''*Xe,

100 B-gated y-rays spectrum
- 210 keV 511 keV
80
‘” 223 keV
239 keV
260 /
: |
2 T 349 keV
© 40
20—
7\\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\l\\\

150 200 250 300 350 400 450 500
Energy (keV)

FIG. 3. B-gated y-ray spectrum.

have been reconstructed. This reconstruction is achieved by
analyzing the properties and characteristics of the emitted
particles, such as delayed protons and «s, as well as the y-ray
transitions observed in the decay process. More details are
being described below.

1. Proton-unbound states

The higher-energy part of the delayed proton spectrum has
been obtained by adding the deposited energies of coinci-
dence events in the thin DSSD and the PAD detectors. The
low-energy protons (<2.5 MeV) were fully stopped in the
thin DSSD, which has been obtained from the thin DSSD
spectrum in anticoincidence mode with the PAD detector. This
low-energy spectrum has been added to the higher-energy
part. The delayed proton spectrum has been converted into
the reference frame of ''>Xe and the proton separation energy
has been added to extract the proton unbound excited states
of ""5Xe. Figure 4 (top) shows the proton-unbound excited
states reconstructed from the present data without efficiency
correction. The spectrum has been fitted with multiple Gaus-
sian functions with variable widths via x> minimization. This
fit indicates the presence of six unbound states. The detector
energy resolution has been considered to extract the widths
of the states. Table I shows the energies and widths of the
observed proton-unbound states. The relative population of
unbound states are also mentioned in that table. The decay
widths indicate the lifetime of these states and these are of the
order of zeptoseconds. After the efficiency correction, the total
number of delayed protons have been considered to obtain the
delayed proton branch. According to our experimental data,
the decay fraction of the delayed proton branch is 0.2(1)%,
which is more than the previously reported value of 0.07%
[33]. The B events were obtained from DSSD35 with efficiency
correction. Total decay events were obtained by considering
total 87 and EC/B ratio. The branching ratios of delayed
particles have been obtained from the total decay events and
corresponding delayed charged particles within t-proton gate
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FIG. 4. (Top) The reconstructed proton unbound states of !'*Xe.
The solid line represents the fitted one by x> minimization. (Bottom)
The solid line represents the Bayesian method of analysis.

as 5 s. A better statistics is needed for delayed proton gated y
spectrum to explore further.

2. Bayesian estimation of parameters

The delayed proton spectrum has been fitted with Bayesian
approach to obtain the properties of excited states [Fig. 4 (bot-
tom)]. The approach is mainly based on the Bayes theorem,

TABLE 1. Unbound states of ''*Xe, fitted via x* minimization
and the Bayesian method (mentioned in the square brackets).

Energy of Measured

the unbound Width lifetime Branching Delayed
states (MeV) keV zeptoseconds % particle
3.9[3.9] 289 [285] 2.3[2.3] 0.006(1) p
4.9 [4.9] 702 [787] 0.9 10.8] 0.10(1) p
4.9 422 1.6 0.005(1) o
5.6 [5.6] 364 [290] 1.8[2.3] 0.030(2) p
6.2 [6.1] 532 [262] 1.2 [2.5] 0.020(2) p
6.8 [6.6] 817 [1079] 0.8 [0.6] 0.040(5) p
7.917.3] 690 [651] 1.0 [0.8] 0.005(1) p
8.3 429 1.5 0.006(2) o

3937138

3937 1254900 330 5620 1306100 150 6600 500

m; S1 M2 S M3 S3 Mg Sg Ms Ss

FIG. 5. Corner plot for correlation between partial parameters of
the Bayesian analysis.

which states that [40],

L(DI0)P(8)

= )
where 6 and D denote the set of model parameters and the fit
data, respectively. The P(6|D) is the joint posterior distribu-
tion of the parameters, £(D|6) is the likelihood function, P(0)
is the prior for the model parameters, and Z is the evidence.
To populate the P(6|D), we implement a nested sampling
algorithm by invoking the PYMULTINEST nested sampling [41]
in the Bayesian inference library [42]. We use Gaussian like-
lihood function defined as,

P((O|D) = ey

D;—M;()
L ey

e a5 ), )

o) =[]

Jj \/2mo}
where the index j runs over all the data. D; and o; are the
data and corresponding uncertainties, respectlvely The M are
the model values that are obtained using the sum of the Six
Gaussian with their mean m; and widths s;, (i =1, 2, ..., 6).
The energies and widths (mentioned within square brack-
ets) of those states from the Bayesian analysis are 3.90(1)
[0.29] MeV, 4.9 [0.79] MeV, 5.6 [0.29] MeV, 6.10(1) [0.26]
MeV, 6.60(3) [1.1] MeV, 7.3(3) [0.65] MeV. These values are
very similar to those obtained by y? fitting except the last
few higher-energy states. The higher-energy proton unbound
states have a broader energy distribution according to the
Bayesian analysis. These values are given within the square
brackets in Table I. Figure 5 shows the correlation of various
fitted parameters, which are energies of the states (m;) and
related widths (s;, i = 1, 2, 3, 4, 5, 6). The diagonal plots
in Fig. 5 show the univariate sample distribution of the pa-
rameters. Posterior mean and standard deviation are indicated
in the figure. The off-diagonal plots show the kernel density
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estimates (KDE) estimations of the bivariate posterior distri-
butions of the parameters. From the corner plot, it is evident
that the errors in the energies of the proton-unbound states
are only few keV (= 0.1%) except for the higher-lying states
(= 1%). On the other hand, the errors in the fitted widths of
the unbound states are larger, ranging from 1-13 %. It is im-
portant to note that the fits that the energy of a particular state
is correlated with the widths of the neighboring states, indicat-
ing overlapping widths of the states. Additionally, the lifetime
of the states is of the order of zeptoseconds, which are shown
within the square brackets in Table I. Although the results
obtained from the standard method (2 minimization) and the
Bayesian analysis are somewhat similar but later method is
free from any assumption on distribution of parameters, which
is more acceptable. The information obtained on the proton-
unbound states can provide valuable input for understanding
open quantum many-body system calculations. The odd pro-
ton in the ground state of '1Cs may occupy either [404]9/2*
or [422]3/2*. On the other hand, if the ground state of '>Cs is
oblate [43], the tentative state, which can be occupied by the
valence proton is [404]7/2% or [413]5/2". The odd neutron
of ''%Xe may occupy [532]5/27, or [411]3/2%, or [404]9/2+.
The ground-state spin and parity is known tentatively as
(5/2%) [33]. According to the present experimental observa-
tion, after decay it populates the bound state, 7/2% with a large
branching ratio [31(6)%]. So the probable ground-state spin
of '"5Cs can be 7/2% or 9/2*. A higher deformation (8, ~
0.5-0.6) is necessary to explain the higher-lying state(s)
(7-8 MeV).

3. Cluster-unbound states

The study of the decay of ''°Cs is fascinating due to the
fact that the o breakup threshold (Q, = + 2.8 MeV) [37] is
lower than that of a single proton (S, = —100 keV). Similarly,
the daughter nucleus ''3Xe is also & unbound, indicating the
possible existence of an a-cluster structure in the daughter
nucleus. Therefore, conducting a detailed study of the qua-
sibound « states will be an important aspect of investigation.
The ground state of the neighboring nuclei, ''*Xe [44], ''*Cs
[45] have a known direct a-decay probability. The o sepa-
ration energy of ''*Xe is —2.506(14) MeV [35]. Hence, the
expected energy range of delayed o could be from 2.5-11.47
MeV.

By utilizing the anticoincidence of events between the thin
DSSDs and the PADs, the energy spectrum above 2.61 MeV
can be attributed to delayed «. However, it is important to
note that a portion of the observed « strength could be orig-
inated from the direct o decay of the ground state of ''*Xe.
To mitigate this contribution, appropriate analysis techniques
have been employed. After implementing a t-proton gate of
5 s, some « strength close to the ground state of !'*Xe is
still observed. This strength is concentrated around an en-
ergy of 231“2‘% keV. It is worth noting that the width of this
a-cluster state is comparable to the energy resolution of the
DSSD. This suggests the presence of a narrow width quasi-
bound state, which requires further investigation and analysis
to fully understand its nature and properties. Let us clarify
the information regarding the observed a-cluster states of
the daughter nucleus and the possibility of decay involving

TABLE II. Branching ratios of the delayed proton and « of ''>Cs.

Delayed Branch Branching in %
proton 0.2(1)
o 0.010(5)

heavier clusters. The energy spectrum above 6 MeV from the
thick DSSDs (DSSD2 and DSSDS5) (with t-proton gate as 5 s)
can be considered as an a-energy spectrum. In this spectrum,
two peaks with statistically significant have been observed
at 7.7(0.422) MeV and 11.3(0.429) MeV. These states can
be attributed to «-cluster states in the daughter nucleus. To
obtain the excited cluster states, the measured spectrum was
transformed into the center-of-mass (COM) frame, and the o
separation energy was subtracted. The resulting states were
found to be at 4.9(0.4) MeV and 8.3(0.4) MeV, respectively.
The widths of these states, considering the convolution of
detector resolution, are mentioned in the brackets. Table I
shows the energies with the widths of the observed «-cluster
states of the daughter nucleus. Table II provides the mea-
sured branching ratios of delayed proton and « decay for
5Cs. Figure 6 shows a schematic diagram illustrating the
detailed observed exotic decay of the ''Cs. An upper limit
(<0.0034%) of '2C decay from ''"“Ba was measured [29].
Although the probability of such decay is very small, the
positive Q values associated with the delayed clusters, '>C,
e, or 8Be (12 MeV, 4.7 MeV, and 4.9 MeV, respectively)
suggests a further investigation for ''>Cs. Due to experimental
limitation, neither can be ruled out nor can be confirmed.
The peak at 11.3 MeV could be due to delayed cluster (!'C,
etc.) emission, then the probability would be 0.0002 (1)%. If
the energy deposition at thick DSSD2 is considered due to
1, then the energy of the unbound cluster state of ''"Xe
with configuration 1040cd @ ', would be 5.6 MeV. A further
dedicated investigation is necessary to confirm the emission
of a heavy cluster.

V. SUMMARY

The first detailed study of various decay modes of the
proton- and a-unbound nucleus, ''°Cs is reported. The bound
and unbound states of the daughter nucleus, ''>Xe, were pop-
ulated up to 8.3 MeV. Additionally, the measured branching
ratios of delayed proton and « decay for ''>Cs are reported.

llSCS
EC
Proton Unbound States
= = 300
210 keV

. 42
\2{9\‘/ 23
a8

FIG. 6. Decay modes of !'°Cs.

115Xe
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By employing the Bayesian method of analysis, several new
proton-unbound states have been identified, characterized by
very short lifetimes of the order of zeptoseconds. These find-
ings have the potential to constrain calculations in the open
quantum shell model for heavy nuclei, providing important
insights into the behavior of exotic nuclear systems. Overall,
this research sheds light on the decay mechanisms and nu-
clear structure, contributing to our understanding of rare and
intriguing phenomena in nuclear physics.
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