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We report the first observation of the '%®Xe — 1%4Te — °°Sn a-decay chain. The o emitters,
1%Xe [Ea = 4.4(2) MeV, Ty, = 58755° ps] and '**Te [E, = 4.9(2) MeV, T1/,<18 ns|, decaying
into doubly magic *°°Sn were produced using a fusion-evaporation reaction 54Fe(58Ni,4n)108Xe, and
identified with a recoil mass separator and an implantation-decay correlation technique. This is the
first time « radioactivity has been observed to a heavy self-conjugate nucleus. A previous benchmark
for study of this fundamental decay mode has been the decay of 2!2Po into doubly magic 2°%Pb.
Enhanced proton-neutron interactions in the N = Z parent nuclei may result in superallowed «
decays with reduced a-decay widths significantly greater than that for 2'?Po. From the decay chain,
we deduce that the a-reduced width for '°®Xe or 1°*Te is more than a factor of 5 larger than that

for 21?Po.

The region around the self-conjugate doubly magic
1008n nucleus, located near the proton dripline [1], is
one of the focal points of nuclear structure [2]. Recently,
10081 3 decay was shown to exhibit the largest Gamow-
Teller strength measured to date [3], and the first single-
neutron excitation was identified in 1°*Sn [4, 5]. Another
manifestation of the doubly magic nature of 199Sn is the
existence of an island of enhanced « emitters which de-
cay towards the Z = N = 50 closed shells. In fact, the
emission of heavier clusters such as ®Be, '2C, and '*C
was also proposed in this region [6-8]. A similar decay
pattern can be found in the well-studied region near the
stable doubly magic 2°®Pb nucleus. In contrast to 2°%Pb,
valence protons and neutrons in nuclei near '°°Sn occupy
the same orbitals, resulting in stronger proton-neutron
interactions.

Alpha decay is a fundamental nuclear decay mode. De-
spite scores of known « emitters, calculating associated
lifetimes remains a challenge [9]. The a-emission proba-
bility is the product of the formation probability of the
a particle inside the nucleus (preformation factor), and
its transmission through the Coulomb barrier. While the
latter can be readily computed, the former requires mi-
croscopic calculations, in which the preformation can be
viewed as the overlap between the initial-state wave func-
tion and those of the states in the daughter nucleus and of
the outgoing « particle. Residual nucleon-nucleon inter-
actions are an important ingredient in such calculations.

Due to its simplicity, the o decay of 2!2Po to its doubly
magic 2°®Pb daughter can be viewed as a benchmark for
models of a emission [10]. In fact, it is the only known
« decay to a doubly magic daughter. The only other
decay of the same type involves °*Te, which is located
far from the line of stability and, prior to this work, had
not been observed due to a very small production cross
section and anticipated short half-life. It is noteworthy
that this 1%4Te — 1998n decay is also of particular inter-
est because enhanced proton-neutron interactions could
result in an unusually large preformation factor. Hence,
a comparison between 212Po and '%4Te provides a direct
assessment of the role of these interactions in a-particle
formation [11, 12]. Such a “superallowed” a decay was
proposed already in 1965 by Macfarlane and Siivola [13].
Experimentally, enhanced « decays have been observed
near the N = Z line in 1%Te [14, 15], 19Te [16, 17],
10Xe [16, 17], and 1“Ba [17]. However, prior to this
work, no information was available for any self-conjugate
a emitters, where this effect should be the strongest.

In this Letter, the first observation of the new N = Z
isotopes 198Xe and '%4Te, decaying into doubly magic
100Gy is reported. The measured decay properties are
compared with those in neighboring even-even nuclei. It
is shown that, in at least one of these nuclei, the a-
particle preformation factor is more than 5 times larger
than that seen in 2'2Po, suggesting “superallowed” « de-
cay and resulting in one of the largest values among the



« emitters near the N = Z line and, in fact, in the entire
nuclear chart.

The experiment was conducted at the ATLAS facil-
ity of Argonne National Laboratory using the Fragment
Mass Analyzer (FMA) [18]. The expected half-life of
104Te is of the order of a few nanoseconds [19], about
a factor of a hundred shorter than the time-of-flight of
reaction products through the separator. Therefore, the
54Fe(°8Ni,4n)1%8Xe reaction was chosen to produce 1%8Xe
instead. The latter decays into 1°4Te, but is expected to
live long enough to survive the flight through the FMA.
The anticipated production cross section of 1%8Xe is less
than 1 nb, in the presence of background from other re-
action channels corresponding to about 700 mb. In or-
der to achieve the required selectivity, the recoil-decay
correlation method was implemented to identify weakly-
produced « emitters. Self-supporting 450-#8/cm? thick
54Fe targets were mounted on a rotating wheel in order
to accommodate the high beam intensity. Downstream
from the target wheel, a 20 #8/cm? stationary carbon foil
was used to reset the charge-state distribution of the re-
coiling residues. The °®Ni beam had a laboratory en-
ergy of 245 MeV and an average intensity of 32 parti-
cle nA (2 x 10tions/s). The total irradiation time was
approximately 118 hours. The FMA was set to collect
fusion-evaporation residues (referred to as recoils below)
with a mass number of 108 and a charge state of +26 or
427 through slits located at the focal plane. A position-
sensitive parallel-grid avalanche counter (PGAC) mea-
sured mass-to-charge-state ratios of nuclei transported
through the FMA. Behind the PGAC, the recoils were
implanted into a 100-pgm thick, 64 mm x 64 mm, 160
x 160 strip double-sided silicon detector (DSSD). Eight
300-pum thick, 4 cm x 7 cm single-sided silicon detec-
tors, each comprised of seven strips, were placed up-
stream from the DSSD in a box geometry (referred to
as the BOX detector below) to detect a particles escap-
ing from the DSSD. Individual events from each detector
were time stamped with a 100-MHz clock. An approxi-
mately 4-us long trace was collected for each DSSD event
in order to analyze pile-up events. The energies deposited
in the DSSD were extracted using a linear energy cali-
bration obtained with an « source containing 2*°Pu and
244Cm isotopes (gain parameter) and with the observed
108Te (B, = 3314(4) keV [20]) « activity (offset parame-
ter). The BOX detector was calibrated using the escap-
ing 1%8Te « particles. The a-decay recoil effect [21, 22],
as well as dead layer effects in both detectors, were ac-
counted for in these calibrations.

In Fig. 1, all observed decay events correlated with a
recoil event measured in the same pixel of the DSSD are
displayed. An event was considered to be a recoil if (%)
the PGAC yielded A = 108, (ii) the energy registered in
the DSSD was greater than 15 MeV, and (i) a time-of-
flight condition between the PGAC and the DSSD was
satisfied. An event without a PGAC signal was consid-
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FIG. 1. Time difference between a recoil implantation and
a subsequent decay event occurring in the same pixel of the
DSSD as a function of the energy deposited by the decay
event. Previously identified activities are labeled. The two
events associated with the new activities are marked with
numbers 1 and 2. The inset provides the time distribution of
these events. The half-life of 1°Xe was extracted using the
maximum likelihood method [23], and the solid line in the
inset is the determined probability distribution function. The
ordinate of the inset is arbitrary. See text for details on the
region marked with a dashed line.

TABLE I. The '%®Xe — "Te — %9Sn a-decay chains ob-
served in the present study. FE, is the reconstructed a-particle
energy and 7 is the recorded decay time.

Chain  E,(*®Xe)  E.(**Te) 7(**®Xe)  7(***Te)
(MeV) (MeV) (ps) (ns)

1 4.56(26) 4.73(24) 139 <20

2 4.23(20) 5.06(25) 28 <20

ered to be a decay event. In Fig. 1, events arising from
previously known activities are labeled. The high-energy
background present in Fig. 1 is due to scattered beam
and other implants, which were not vetoed by the PGAC.
The two events, clearly separated from the background,
marked with numbers 1 and 2, are shorter lived and more
energetic than any known o emitter in this region. Fur-
thermore, a particle was registered by the BOX detector
in coincidence with both of these events, see Fig. 2. As
can be seen in the inset of Fig. 2, the energy sum of the
two coincident DSSD and BOX events is nearly identical.
By fitting and integrating the background in Fig. 1, it
was found that less than 0.09 events can be attributed to
random correlations in the region near the events of in-
terest, marked with dashed lines in Fig. 1. Furthermore,
the background is reduced by a factor greater than 400,
once a coincidence event in the BOX is required. Given
the nearly equal total energies and the low background, it
is very unlikely that the two observed coincidence events
are due to random correlations.

The energy deposited in the DSSD is too high to orig-
inate from a single escaping high-energy « particle, sug-
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FIG. 2. Energies of coincident events observed within 250
ns in the DSSD and the BOX and in less than 1 ms after
a recoil implantation. The two dashed lines correspond to
the literature a-particle energies of °"Te and °Te. The
inset provides the energy sum (events of interest are adjusted
vertically for clarity).

gesting another origin. Consequently, event 1 (2) was
interpreted as the a particle from '°8Xe stopped in the
DSSD (BOX), rapidly followed by an « particle from
104Te stopped in the BOX (DSSD). There are no events
indicating the observation of both a decays with full en-
ergy in the DSSD. The deduced properties of these chains
are listed in Table I and are discussed in detail below. Re-
gardless of which « particle was stopped in the DSSD, the
time difference between this DSSD event and the preced-
ing recoil event, observed in the same pixel of the DSSD,
reflects the decay time of '°8Xe. This time distribution
is presented in the inset of Fig. 1. The '98Xe half-life of
587196 s was determined with the maximum likelihood
method [23]. In order to extract the anticipated short
half-life of 1%4Te, DSSD traces corresponding to '%8Xe-
104Te pileup events were analyzed. In Fig. 3, the second
derivatives of the recorded DSSD traces are displayed
for each event and compared to differentiated reference
double-decay traces with a delay varying from 0 to 60 ns
between consecutive decays. The reference traces were
obtained by taking an average trace recorded for the «
decay of 198 Te from the same DSSD strips in which the
events of interest were recorded, then scaling and delay-
ing it before summing it with the original trace to simu-
late a sequence of two decays. The peak in the reference
trace for At = 20 ns displays a broadening, which is not
visible in the traces of events 1 and 2, implying a decay
time shorter than 20 ns for both events, and resulting in
an upper limit of 18 ns with a 68% probability for the
104Te half-life. This is about a factor of three shorter
than the reported half-life of 2'?Pa (53(10) ns [24], 60733
ns [25]), making !%4Te the shortest-lived ground-state o
emitter observed thus far [26].

The %8Xe and '°*Te a-particle energies were recon-
structed from the energies deposited in the DSSD and the
BOX detector. The energy registered by the DSSD is the
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FIG. 3. The second derivative of the DSSD traces of events (a)
1 and (b) 2 compared to the second derivative of a reference
double-decay trace (see text for details) with a time delay
from 0 to 60 ns between the consecutive decays. The reference
decay events with lower amplitude are escape events.

sum of one full a-particle energy, one partial a-particle
energy, and two a-decay recoil energies partially recorded
[22]. The partition of the energy deposited in the DSSD
depends sensitively on the implantation depth, which was
deduced from the observed '°®Te escape events. A cor-
rection term was applied to account for the difference
between the energy loss of the 1%8Te « particles and that
of the 1%8Xe and 'Te « particles in the dead layers
of the DSSD and the BOX. The required ranges for «
particles in silicon were computed using the ASTAR cal-
culator [27], which is based on the ICRU Report 49 [28].
The a-particle energy reconstruction resulted in values of
E,(18Xe) = 4.4(2) MeV and E,(1%4Te) = 4.9(2) MeV.
The higher energy was assigned to 1%4Te, based on sys-
tematics. The quoted uncertainty is dominated by the
determination of the implantation depth.

The extracted values of Q,(1*4Te) = 5.1(2) MeV and
Qa(1®Xe) = 4.6(2) MeV are compared to the known
even-even o emitters in the '°°Sn region, and to the
analogous nuclei in the 2°8Pb region, in Fig. 4. From
Fig. 4 one can notice a nearly linear, increasing trend
towards the neutron shell closure in both cases. Once
the N = 126 shell closure is reached, the @, values
drop suddenly. The present data are in agreement with
this linear trend, and therefore with the extrapolated val-
ues of Qn(1%Te) = 5.053 MeV and Q,(1%Xe) = 4.440
MeV [29]. Furthermore, the folding potential calculations
(Qa(1%Te) = 5.42(7) MeV and Q,('*¥Xe) = 4.65(15)
MeV, [19]) appear to reproduce well the present value for
108X e, but differ slightly from '°4Te. The mass excesses
A(1%Te) = —49.8(4) MeV and A(1%Xe) = —42.8(4)
MeV were obtained from the measured ), values and
from the known masses of °°Sn and “He [30]. Based
on these masses and those of 192Sn and 19Te [30], two-
proton decay @ values of Q2,(1%*Te) = 0.6(4) MeV and
Q2,(1%8Xe) = 0.9(4) MeV were deduced. These are the
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FIG. 4. Q. values of the even-even a emitters in the 100Gy,
region (solid symbols) and in the 2°*Pb region (open symbols)
as a function of the number of valence neutrons.
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FIG. 5. The lower limit of W, (***Te) as a function of that
for 1%8Xe, where the two a-particle energies are varied within
+ 200 keV, while keeping their sum constant. The solid line
corresponds to the most likely half-life of 1°8Xe, whereas the
dashed lines correspond to the upper and lower uncertainty
limit. The shaded area is excluded by the present data. The
data point marked with an arrow corresponds to the most
likely E,(*°*Xe) and E,(***Te) values.

first nuclei in the '°°Sn region with experimentally de-
termined positive ()2, values, however, in both cases 2p
emission is dominated by « decay. The situation is dif-
ferent for 193Te, where the o decay straddles the N = 50
shell closure, resulting in a much slower « decay. In fact,
103Te has been proposed to be the best candidate for 2p
emission in nuclei with A>100 [31-33]. The ®Be-emission
Q value of 9.6(5) MeV was extracted for 1%8Xe. While
this is the largest value in the 1°°Sn region, it is still too
small to compete with « decay.

A useful quantity in the comparison of properties of a-
emitting nuclei is the reduced decay width 62, which is de-
fined as A\, = 9°P/n, where ), is the partial a-decay con-
stant, P is the Coulomb-barrier penetration factor, and
h is Planck’s constant. A standard way to obtain P for
ground state to ground state a decay of even-even nuclei
is to calculate the WKB-integral [37], assuming s-wave a-
particle emission. The quantity 62 is often given relative

4

to 212Po, W,, = °/52(®2po). The extracted W, values,
together with other properties of the new isotopes, are
summarized and compared in Table II to those of pre-
viously known chains in even-even nuclei in the '°°Sn
region.

Due to large energy uncertainties, W, values are not
tightly constrained for '*4Te and '°®Xe. Whereas it is
not possible to deduce the individual a-particle energies
with high precision, their sum of 9.29(9) MeV is better
constrained. The E,(1%¥Xe) and E, (1%*Te) energies and,
thus, W, (19Xe) and W, (1%4Te) values are strongly cor-
related. This correlation can be found in Fig. 5, where
the a-particle energies are varied within the present un-
certainties, while keeping their sum constant. Solutions
corresponding to the shaded area in Fig. 5 are excluded.
Hence, solutions with W, < 5 for both 198Xe and 1%4Te
are not likely, and at least for one of them W, 2 5, in-
dicating “superallowed” character. This value is larger
than for most of the neighboring nuclei, thus amplifying
the increasing trend in preformation factors towards the
N = Z line.

Based on the a-decay systematics [15], it was con-
cluded that the a-particle preformation factor of 1%4Te is
at least three times larger than that of 2'?Po. Recently, a
microscopic approach based on the multi-step shell model
predicted a factor of 4.85 enhancement for '4Te [11], in
fair agreement with the present data. In Ref. [12], the
complex-energy shell model was used and a preformation
factor of '94Te comparable to that of 2'2Po was obtained,
possibly pointing to the importance of proton-neutron
interactions, which were not included in this latter cal-
culation. The inclusion of the proton-neutron interaction
was also necessary to reproduce the 2'2Po a-decay life-
time [10].

In summary, the self-conjugate 198Xe — 104Te — 100G
a-decay chain was observed for the first time. *Te is
only the second instance of « decay to a doubly magic
nucleus. The decay properties of 1%8Xe and '%4Te indi-
cate that the a-particle preformation factor, for at least
one of these nuclei, is more than 5 times larger than that
of 2'2Po, suggesting “superallowed” « decay. This ob-
servation confirms the increasing trend of the preforma-
tion factor towards the N = Z line, and provides the
first quantitative information about this effect in self-
conjugate nuclei, where it is expected to be strongest.

In order to stimulate further theoretical studies of
the a-particle formation, and of the role of the proton-
neutron interactions in particular, observation of more
108Xe — 104T¢ — 100Gn chains and reduction of un-
certainties in neighboring « emitters are essential. A
measurement of the '°*Te half-life is equally important,
but will require a detection system sensitive to sub-
nanosecond decay times. Observation of ''2Ba, a heavier
N = Z « emitter, is also possible.
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TABLE II. Properties of a-decay chains in even-even nuclei around '°°Sn, including the N = Z chain from the present work.

See the text and Fig. 5 for detailed discussion on W, values.

Chain Nuclide E, (keV) Ty, ba (%) W
N=2Z 108%e 4400(200) 58739¢ us 100* ~3.7P
N=1Z 104 e 4900(200) <18 ns 100* Z13.1°
N=2Z+2 1B, 3480(20) [17] 3807195 ms [17] 0.9(3) [34] 675 [17]
N=2Z+2 110xe 3720(20) [17] 95125 ms [17] 64(35) [34] 2.4%7°% [16]
N=2Z+2 106 4128(9) [35] 70128 us [17] 100 [34] 44755 [17]
N=2Z+4 H2Xe 3216(7) [35] 2.7(8) s [36] 0.8%4 % [35] 3.4757 [35]
N=2Z+4 108Te 3314(4) [20] 2.1(1) s [36] 49(4) [35] 2.7(3) [35]

@ Assumed value.
b Obtained using the most likely E, and T} /2 values.
¢ Obtained using the most likely E, and the 18-ns half-life limit.
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