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An experiment to search for the alpha decay of ''?Cs has been performed at the Holifield Ra-
dioactive Ton Beam Facility (HRIBF) at Oak Ridge National Laboratory. The alpha decay of "*2Cs
was not observed, thus setting the upper limit of the alpha branching ratio at 0.26%. The half-life
of 1'2Cs was measured as 506 & 55 us. In the same measurement the decay properties of its proton
decay daughter ' Xe were also reinvestigated. The newly measured alpha branching ratio for *'!Xe
is 10.4 4+ 1.9%. The experimental proton separation energies S, for odd-Z nuclei above '°°Sn were
compared to shell model calculations. The calculated proton separation energies for 1°*Sb and °2Sb
point to half-lives of the order of 10 ps and 1 ns, respectively.

I. INTRODUCTION

Tin-100 is to date the heaviest known doubly-magic
nucleus with the same number of protons and neutrons.
This renders the region of the nuclidic chart above 1°°Sn
particularly interesting for probing nuclear structure,
since protons and neutrons outside the closed shells oc-
cupy orbitals with the same quantum numbers. It is ex-
pected that some of these nuclei may have an unusu-
ally large reduced alpha-decay width, resulting in the
so-called superallowed alpha decay [1-3]. Another in-
teresting feature of this portion of the chart of nuclei is
the presence of the proton drip-line. These features give
rise to an island of alpha and proton decay between Z=52
and 56, just above °°Sn. Both alpha and proton decay
may become possible for the same nucleus and compete
with each other [4-6].

So far the only nuclide in this region that has been
identified as both an alpha and proton emitter is '°°I
[6]. By measuring decay Q-values and relating them to
isotopes whose mass is measured, it is possible to deduce
the mass of nuclei far from stability at the limit of nuclear
existence, with an accuracy of the order of 10keV. This
method allowed the proton separation energy S,, of 19°Sb
to be determined from the alpha decay Q-value (Q,) of
1091 [6}

Among the candidates for having both alpha and pro-
ton decay branches, we chose to investigate :1?Cssy. It
is a known proton emitter; its half-life T% = 500+ 100 ps
and proton energy 807£7 keV were determined from the
observation of about 20 decay events [7]. In analogy with
the approach followed for the investigation of 9°T alpha
decay [6], the measurement of the Q, value for 1'2Cs
would determine indirectly the proton separation ener-

gies of 194Sb and '°8I, as shown in Figure 1. An up-
per limit for Q,(%I), which implies an upper limit for
Q,(1%4Sb), was deduced in [5]. Adopting those upper
limits, a lower limit of 3.83 MeV can be estimated for the
1205 Q, value.

The daughter of 112Cs proton decay, ''Xe, has a half-
life of 0.74£0.20 s and decays with the emission of 3580+
30keV and 3480+ 30keV alpha particles [8]. It has been
established that these transitions are due to the ground
state of 111Xe decaying to the ground state or to the
first excited state of 1°7Te, respectively [9]. The alpha
branching ratio is 875 % [5].

The properties of these nuclei are also of interest to
stellar nucleosynthesis studies. The astrophysical rapid
proton capture (rp-) process was expected to terminate in
a loop around neutron-deficient Sn-Sb-Te isotopes, close
to 1%98n [10]. The network calculations used to deter-
mine the path followed by the rp-process require as input
parameters the particle-separation energies of the nuclei
involved. Reaction and capture rates depend strongly
on Q-values [11]. Since theoretical mass-models are not
sufficiently reliable in this region of the nuclidic chart,
their experimental determination is critical. Recently,
the proton separation energy of '°6Sb was determined
experimentally [12], the measured values indicating that
the rp-process does not terminate in a loop as originally
thought, but it simply dies out. Nevertheless, the deter-
mination of the proton separation energies of its more
exotic neighbouring nuclei, including °4Sb, is still im-
portant in order to rule out completely the existence of
the Sn-Sb-Te loop, which could survive through proton
capture on '93S8n, if 194Sb is more proton bound than
predicted [6].

Here we report on the search for the weak alpha-decay
branch of ''2Cs and the reinvestigated decay of its daugh-
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FIG. 1: (Color online) Portion of the nuclide chart above
10080, The arrows show decay chains starting at '*2Cs.

ter and granddaughter nuclei, "' Xe and 197 Te.

I1I. EXPERIMENT

The experiment was performed at the Holifield Ra-
dioactive Ton Beam Facility (HRIBF) at Oak Ridge
National Laboratory. A beam of °®Ni at 250 MeV
impinged on a °8Ni target (300pug/cm? thick), pro-
ducing '2Cs ions via the fusion-evaporation reaction
58Ni (°®Ni, p3n) 12Cs.

The target was mounted on a rotating support, so that
it could sustain higher beam intensities with respect to
a stationary target. Typical beam intensities ranged be-
tween 20 and 40 particle-nA. The recoiling reaction prod-
ucts were separated by the Recoil Mass Spectrometer
(RMS) [13] according to their mass-to-charge ratio A/Q.
The charge states 30+ and 31+ were selected for '12Cs
ions. At the focal plane the separated recoils passed
through a Microchannel Plate (MCP) detector [14] that
provided a two-dimensional image of the position of the
ions arriving at the focal plane.

The recoils were then implanted into a Double-sided
Silicon Strip Detector (DSSD) of 65 pm thickness, seg-
mented in 40 horizontal strips in the front and 40 verti-
cal strips in the back. It detected the incoming ions and
measured their subsequent decays. The typical ion im-
plantation rate was of the order of 1 ion per second per
pixel. The energy of the recoil ions at the focal plane of
the RMS was of the order of 100 MeV, while the energy of
the decay products ranged between 0.8 MeV for protons
and several MeV for alpha and beta-delayed alpha par-
ticles and protons. Thin layers of aluminum and mylar
(308 and 354 pug/cm? thick, respectively) were placed in
front of the DSSD as degraders, to reduce the energy of
incoming ions to within the range of the DSSD electron-
ics. The average energy of recoil ions after the degraders

was 74 MeV. The detection setup also included a series
of veto detectors, that suppressed particles escaping the
DSSD detector with good efficiency [15]: upstream a box
consisting of 4 silicon detectors (Si-box) surrounded the
DSSD, while a 5 mm-thick Si(Li) detector was placed just
behind it in close geometry.

Data from all detectors were collected by digital signal
processing electronics [16]. Each event was time-stamped
and registered with its amplitude. In the offline software
analysis of the data, decay events were correlated in time
and space with the implanted ions.

III. RESULTS AND DISCUSSION
A. Decay of ''?>Cs

The search for alpha particles emitted by '2Cs was
conducted by looking for the alpha-decay chain ''2Cs —
1081 5 104G, This was implemented by inspecting the
sequence of implant-decay-decay events within one pixel,
in anticoincidence with the veto detectors to suppress
escape events. Moreover, a time correlation window of
100 ms between the first and the second decay event could
be imposed (T (1081) = 36 4+ 6 s [5]).

Figure 2 shows the spectrum of first generation de-
cay events collected in 120 hours of measurement. The
lower energy peak corresponds to the protons emitted by
1097 and 12Cs (811 £ 5keV [17] and 807 £ TkeV [7], re-
spectively) that cannot be resolved, while the higher en-
ergy peak corresponds to the protons emitted by *3Cs
(E, = 960 £ 3keV [18], Ty =183 +£0.3pus [19]). Both

109T and ''3Cs are present in the beam as either charge-
state contaminants or tail-of-the-recoil-distribution con-
taminants. The amount of '%°I present in the beam was
determined by analysing the time distribution of the '°°I
and 12Cs protons, since their half-lives differ by a factor
of about 5. Figure 3 shows the proton decay of ''2Cs
and '°°I. The exponential curve describes the decay of
both nuclei, with the half-life of 19°T being 93.5 + 0.3 us
[6]. This time decay curve was fitted to the data with a
Poisson maximum log-likelihood metod, which has been
shown to give better results than chi-square methods for
counting experiments [20]. From these data the half-life
of 12Cs could be determined with higher precision to be
506 £ 55 us.

Figure 4 shows the decay-decay correlated events. Two
known decay chains can be identified:

12y, _y 108 _y 104Gy

11xe _y 107 e _y 103Gy,

The alpha decay of ' Xe is preceded by the proton de-
cay of 112Cs, which may be undetected if it occurs within
100 ps of an ion implantation. Some of the alpha decays
of 11 Xe thus appear in this figure as first generation de-
cays, while they are actually second generation decays.

The alpha decay of 1'?2Cs would be expected to have
a Q value of at least 3.83MeV, as noted in the Intro-
duction, and to be followed by the alpha decay of 031
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FIG. 2: Portion of the energy spectrum of decay events fol-
lowing the implantation of an ion in the same pixel of the
detector. This spectrum shows decays within 5 ms of a recoil.
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FIG. 3: (Color online) Proton decay of '°°T and ''?Cs, with
the time decay curve used to determine the half-life of *'2Cs.
The dashed line represents the decay of **2Cs, and the dotted
line represents the decay of '°°I.

with energy 3947 + 5keV, corresponding to a Q value of
4099 + 5keV [5]. The alpha decay of 1'?>Cs was not ob-
served in these measurements, therefore only an upper
limit to the branching ratio for o decay of '2Cs could
be inferred. We took into account the alpha branching
ratio of 1°8T (9179, % [5]) and the detection efficiency for
alphas (83(2) % at 3.83 MeV). The efficiency of the DSSD
is calculated from the depth of ion implantation and the
range of emitted particles in silicon and tested with a
GEANT4 simulation. Using Poisson statistical analysis,
we could establish an upper limit of 0.53% for the alpha
branching ratio of 112Cs, with 90% confidence level.

In order to estimate the Q,value for '2Cs from the
available information, an assumption had to be made.
Since away from the Z=50 shell closure, at Z=53,55,
shape deformation is present (of the order of 8 = 0.1 for
H2(Cs [21]), the reduced a-decay width [22] of 4Cs was
assumed for '2Cs, i.e. 02 = 0.07270 558 MeV [23, 24].
In this approximate way the deformation of '2Cs is
taken into account: using the reduced a-decay width for
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FIG. 4: Decay-decay correlated events: the energy of the
first decay event detected after ion implantation is on the
horizontal axis, while the energy of the second decay event in
the same DSSD pixel is on the vertical axis. The box shows
where alpha decay of '2Cs, correlated to alpha decay of 151
(3947 £+ 5keV [5]), would be expected.

TABLE I: Summary of the newly estimated Q, and Q. values.

Nucleus Qp (MeV) Qo (MeV)
104gp, 0.15-0.52
1087 0.24-0.60

H20g 3.83-4.21

the neighbour '*Cs and 62 analysis in the spherical ap-
proach, we assume a similar potential tunnelled by the
alpha particle for the decay of the two neighboring odd-
odd cesium isotopes. Under this ansatz the o branching
ratio can be calculated as a function of the Q, value for
[=0 and [=2, as shown in Figure 5. We can therefore in-
fer an upper limit to the Q, value for 112Cs of 4.21 MeV,
as indicated by the vertical dashed line in Figure 5.

The new upper limit on Q, (112Cs) implies lower lim-
its on the Q, values for 194Sb and %8I of 0.15MeV and
0.24 MeV, respectively. In Figure 6 the Q, values for the
odd-Z cesium, iodine and antimony isotopes are plotted.
An upper limit for Q,(1°®I), which implies an upper limit
for Q,(19Sb), was deduced in [5]. This constrains the Q,,
values to the energy windows 0.15 MeV < Qp(lO4Sb) <
0.52MeV and 0.24MeV < Q,('°®I) < 0.60MeV, as
shown by the boxes in Figure 6. These new estimated
Q values are also summarized in Table I.
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FIG. 5: (Color online) Alpha branching ratio of *2Cs as
a function of its Qqa-value. The green (dark) and the yellow
(light) bands represent the value with error bars calculated for
[=0 and [=2 respectively. The horizontal line shows the mea-
sured upper limit for the alpha branching ratio. The dashed
vertical line shows the estimated upper limit for the Q. value.
See text for details.
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FIG. 6: (Color online) @, values for neutron-deficient Sb
(Z=51), I (Z=53) and Cs (Z=55) isotopes. Full symbols rep-
resent measured values [17] while open symbols represent ex-
trapolations [25]. The boxes represent the energy windows
expected for the proton separation energies of 1°*Sb and %1
([5] and present work). The symbols connected by the dotted
line represent shell model calculations. See text for details.

B. Decay of '''Xe

With this experiment it was also possible to gather
information on "''Xe, produced by the proton decay of
1205, and its daughter 1°“Te. In particular, the alpha
decay chain ''Xe — 107Te — 1938 was studied. Both
M1Xe and '°7Te are alpha and beta emitters. Their al-
pha branching ratios are known with low precision, their
respective values being 878 % [5] and 70 + 30 % [23].

The beta-decay partial half-life of 19" Te was calculated
in [26] as 0.8994 s. It can also be estimated on the basis of
systematics of beta-decay partial half-lives for tellurium
isotopes. Figure 7 shows the trend of these values as a
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FIG. 7: Partial beta half-life T for odd-A tellurium isotopes
[27-30] as a function of the mass number A. The straight
dashed line represents a linear fit on In(7}3), used to estimate
the beta half-life of "*"Te.

function of the mass number A, from '%Te to !5Te [27-
30]. With a linear regression on In(73), the beta-decay
partial half-life of 197Te can be estimated to be 1.1 +
0.1s. This value, obtained with a simple extrapolation,
is in agreement with the value calculated in [26]. Using
3.1+ 0.1ms as the total half-life [5], the beta branching
ratio for °7Te is calculated to be 0.29(3) %. Its alpha
branching ratio is therefore larger than 99.7 %.

In order to determine the alpha branching ratio for
H1Xe the number of ''Xe nuclei needs to be known.
This can be directly inferred from the number of protons
from the decay of 1'2Cs, corrected for the detection effi-
ciency for 12Cs protons (97(3) %). The alpha branching
ratio of ' Xe can be determined by taking into account
the number of ' Xe nuclei, the number of '°7Te alpha de-
cays, the detector’s efficiency for 1°7Te alphas (84(2) %),
and the newly estimated alpha branching ratio of 7 Te.
The result is b, (111 Xe) = 10.4 + 1.9 %, much more accu-
rate than the earlier value of 875 % [5].

Figure 8 shows the two alpha transitions from the de-
cay of ""'Xe. This observation of fine structure in the
alpha decay of '''Xe leads also to an improved determi-
nation of the relative branching ratios: 76(5) % of the al-
pha decays of ' Xe proceed to the ground state of 107 Te.
This is consistent with the previous result of 69(7) % [23].

The results described so far have been utilized to de-
termine the reduced alpha-decay width for the relevant
transitions with improved accuracy, see Table II.

IV. ODD-EVEN EFFECT AND THEORETICAL
CALCULATIONS

Pairing forces are manifested in a very particular way
through the odd-even effect observed in the proton-
separation energies as is shown in Figure 6.

This effect has been observed directly in the proton
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FIG. 8: Energy spectrum of the alpha decay of '**Xe. These
decay events are selected by requiring that the next decay in
the same DSSD pixel belongs to 1°"Te. Both the ''Xe alpha
transitions are present in the spectrum.

TABLE II: Summary of alpha decay properties of '**Xe and
107Te: energy (Eo), branching ratio (ba), reduced alpha-
decay width (62) and reduced alpha-decay width relative to
22pg (W,). See text for details.

Nucleus Eqo (MeV) ba (%) 82 (MeV) W,
HlXe 3582+10[31] 7.9+15 0.0547592 0.78701%
3500+ 15 [32] 2.5+1.7 0.028700% 0.397002

OTTe 386245 (1) >99.7  0.04%0% 206701

decay for the '3Cs and ''2Cs pair [7] as well as for the
M1 Ho and %Ho pair [33]. For other pairs of proton emit-
ters like 1°!Lu and '*°Lu [34], and the corresponding low-
spin proton emitting isomers 1°1™Lu [35] and %™ Lu [36]
the more exotic odd-odd nucleus has nearly the same pro-
ton decay energy as its odd-even less exotic partner. The
information on the odd-Z isotopes gathered near 199Sn
shows a strong staggering of the proton separation en-
ergy, such that for Cs and I the odd-odd emitters have
smaller decay energy than their neighbors. This effect
seems to be stronger beyond the drip line.

The data points for the antimony (Z=51) isotopes with
one proton outside the closed shell are of particular im-
portance because they can be compared to shell model
calculations. In this case we have used the same shell
model calculations as employed in the '°°Te decay study
[3] which are derived from nucleon scattering potentials
[37]. The nucleon-nucleon potential AV18 [38] was used.

In order to obtain proton separation energies, binding
energies have been calculated for the series of Sn and Sb
isotopes. This approach is valid locally, where the varia-

tions of the binding energy from the nuclear size are small
compared to the pairing effects. We have also normalized
the proton separation energies to the measured value for
1058h. The agreement between the known data points for
A > 105 is very good, thus we assume that this calcula-
tion may well describe also the properties of 1°4Sh, where
the theoretical prediction (Q, = 0.5(1) MeV) is consis-
tent with the observed limit (Q, < 0.520 MeV) within
the accuracy of the shell model.

Interesting conclusions can be therefore drawn on the
stability of the 3Sb and '°2Sb. The odd-even effect
leads to 1%3Sb being a very unstable nucleus, with a pre-
dicted Q,, value of 1.4 MeV. The lifetime of such a system
is expected to be in the 10 ps range for [=2 emission. This
is consistent with the experimental data obtained in [39],
where the lifetime limit of this nucleus was established to
be smaller than 50 ns. A rather steep drop of Q,, for 192Sb
may provide a very intriguing possibility that this nucleus
might be a longer lived proton emitter. Here the strong
p-n interaction produces a large effect in Sb binding en-
ergy, and significant lowering of the Q,, is expected with
respect to 193Sb. This particular calculation predicts the
Qp-value to be about 1.13MeV. The [=2 proton emis-
sion leads to a lifetime in the 1ns range, which is very
short and makes the observation in fragmentation reac-
tions using standard techniques impossible. Presently we
cannot extend the shell model calculation to the isotopes
of iodine and cesium, due to the very large model space.

V. SUMMARY

In this work we present a new measurement of the half-
life of 112Cs, which is 506455 us. The attempt to observe
the alpha decay of 112Cs for the first time was not success-
ful, but it allowed an upper limit of 0.26% for its alpha
branching ratio to be set. With this result, and assum-
ing that ''2Cs has the same reduced alpha-decay width
as 1Cs, a new upper limit for the Q. value of ''2Cs
and new lower limits for the Q,, values of 1%4Sb and %81
were deduced. We also present a new measurement of
the alpha branching ratio of ''Xe. We have compared
the available information on proton emission with shell
model calculations, finding very good agreement between
observed and predicted proton decay energies. Predic-
tions for proton emission from the more exotic 1°3Sb and
1028h have also been made.
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