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The « decay of a new isotope '’ At has been studied via the ' Ag(3Sr, 3n) ' At fusion-evaporation reaction
by employing a gas-filled recoil separator. An a-particle energy of 7750(20) keV and a half-life of I.Of(l):j ms
were measured. The measured decay properties correspond to an unhindered « decay, suggesting the same spin
and parity of (107) as those of the final state of the decay. The systematics of the nearby nuclei and the predictions
of selected atomic mass models were compared with the measured decay properties.

DOI: 10.1103/PhysRevC.107.064312

I. INTRODUCTION

Large-scale calculations, for example, the finite-range
droplet model [1] and the Hartree-Fock-Bogoliubov (HFB)
method based on the D1S Gogny effective nucleon-nucleon
interaction [2,3], predict multitude of nuclear shapes in the
Z > 82, N < 126 region. According to the models, nuclei
near the closed N = 126 neutron shell are nearly spherical
in their ground state. Towards the proton dripline, nuclei
are predicted to become slightly oblate deformed, and when
approaching the neutron midshell N = 104, nuclei become
strongly prolate deformed.

Experimental observations support the predicted shape
evolution. For example, odd-mass astatine isotopes have been
widely studied via y-ray spectroscopy (see Refs. [4-7] and
references therein). The 9/27 (whg/2) ground states of astatine
isotopes are observed to have a spherical or weakly oblate
shape down to '’ At. Additionally, in these isotopes an iso-
meric state with a spin and parity of 1/2% (15, ;) is observed
[8,9]. The At nuclei are observed to become more deformed
as the mass number is further decreased and the 1/27 state is
observed to become the ground state at 195 At [10,11]. These
results are consistent with the measured changes of the mean-
square charge radius, magnetic dipole, and spectroscopic
quadrupole moments obtained with laser spectroscopy [12].
When moving towards the most exotic astatine nuclei, the pro-
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duction cross sections are too low for y -ray spectroscopy, and
their half-lives become too short to permit studies with laser
spectroscopy. However, «-decay spectroscopy is an efficient
technique to study these nuclei as only a few observations
are enough to define the a-particle energy E,, half-life T,
mass-excess A, and one proton separation energy S,. The
last two require prior knowledge of the mass excesses of
the daughter nuclei, which, however, are often available from
other sources. With the quantities above one can discuss fun-
damental questions, such as (i) the strength of shell closures,
(i7) the location of the proton dripline, and (iii) the predictive
power of atomic mass models. The «-particle preformation
factor and the overlap of the initial and final-state wave func-
tions can be studied by calculating the reduced decay width §2
and the hindrance factor (HF). For example, in Ref. [13] the
most neutron-deficient astatine isotope known to date, 19T A¢
was studied via «-decay spectroscopy.

In the present article an observation of a new isotope of
astatine, '"°At, is reported and its a-decay properties are
presented. The present data are used to address the funda-
mental questions (i)—(iii) as applicable. Although the odd-odd
nuclei are generally speaking challenging to study, odd-odd
bismuth, astatine, and francium nuclei have been observed to
have a common feature. These nuclei often have a high-spin
state (107), low-spin state (37), and occasionally there is
observed to be a (77) state; see, for example, Refs. [14-16].
The most neutron-deficient odd-odd astatine isotope before
present study was '“2At [17]. It was observed to have two
a-decaying states of which the longer-living (97, 107) state
was proposed to result from a [72f7/, ® v1ij3/2] configura-
tion. However, in less neutron-deficient isotopes of bismuth
and astatine this state is associated with a [ 1hg/» ® v1ij3/2]
coupling.

II. EXPERIMENTAL DETAILS

To produce '°°At nuclei in the fusion-evaporation reac-
tion 1 Ag(®*Sr, 3n) 1°At, a MTAg target with a thickness

©2023 American Physical Society
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TABLE I. The beam energies Epeam, the thickness of the carbon
degrader foil d, in front of the target, energy in the center of the target
E. .., and the irradiation times 7 used in this study.

Epeam (MeV) d.(ug/cm?) Ecor (MeV) t (h)
380 367 38
380 200 356 22
390 377 89
390 100 372 32

of 1 mg/cm? was irradiated with a 3*Sr ion beam. Typical
beam intensity was 12 pnA. The 3*Sr ions were accelerated
with the K-130 cyclotron at the Accelerator Laboratory of
the University of Jyviskyld (JYFL). The used beam energies
and other experimental conditions are listed in Table I. The
gas-filled recoil separator RITU (Recoil Ion Transport Unit
[18,19]) was used to select the fusion-evaporation residues,
now called recoils, and to transport them to the focal plane
of RITU. In the GREAT (Gamma Recoil Electron Alpha Tag-
ging [20]) spectrometer at the focal plane the recoils passed
through a multiwire proportional counter (MWPC) and were
subsequently implanted into a double-sided silicon strip de-
tector (DSSD) with a thickness of 300 um. To increase the
DSSD area, there were two DSSDs side by side, each with 40
vertical and 60 horizontal strips with a strip width of 1 mm.
The DSSD and MWPC were used to select recoils from the
scattered beam and from the target-like particles by using their
time-of-flight between the detectors and the energy loss of
the particles in the MWPC. An event in the DSSD that did
not generate a MWPC signal was considered as a decay. The
calibration of the DSSD energy response was performed using
well-known « activities produced in "®Kr 4+ °>Mo reactions
with an energy of Eyeamn = 365 MeV. The «-decaying isotopes
used in the calibration were '*°Dy, 193w, 192y, 167Qg, 196Qg,
and '®"Ir. Data for each detector channel were collected and
time stamped with a 100 MHz clock. The data were analyzed
with the GRAIN [21] software package to track decay chains
containing two or three consecutive decay events.

III. RESULTS AND DISCUSSION

The events associated with YAt were selected using spa-
tial and temporal correlations. The recoil-implantation event
had to be followed by at least two «-decay events in the same
pixel of the DSSD to be considered as a decay of the new
isotope. Additionally, the recoil implantation and the first «
decay must occur within 10 ms time window. The first and
second «-particle energies of such event chains are displayed
in Fig. 1. One should notice that the correlation matrix is
effectively free of randomly correlated background events
around the marked '"°At decay chains.

The YAt «-decay chains observed in this study are dis-
played in Fig. 2. Three different events of w-decay were
observed with an average «-particle energy of E, = 7750(20)
keV and half-life 71, = l.Of(l):i ms. Additionally, a fourth de-
cay chain, starting with an escaping « particle, was observed.
The half-life was extracted with the Schmidt’s maximum like-
lihood method [25], and the quoted «-particle energy is the
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FIG. 1. The energies of the first two « particles observed in the
same pixel of the DSSD as the preceding recoil implantation event.
The first decay must occur within 10 ms from the recoil implantation
event. The previously known nuclei [22] are indicated with black.

arithmetic mean of the a-particle energies of the individual
full-energy events. In principle the recorded decay time of the
escape event could be included in the half-life considerations,
however, we leave this for the readers discretion. Additionally,
the measured a-particle energies are assumed to be free from
a-electron summing [26,27] since significantly more statistics
would be required to address this effect in detail. The analysis
using the Schmidt’s radioactive decay probability test [28]
was executed for the measured decay times. The decay times
fit within the limits of the test and therefore the events are
likely to originate from a decay of single radioactive species
with a probability greater than 90%. Two of the events cor-

relate with the '%°Bi7263 keV « particles. The full decay

. . +/EC
sequence is 'A% 186Bj % 182 P EC o, 4 178p 1y

practice the DSSD is insensitive to 87 decay and electron cap-
ture, therefore, the '82T1 — '32Hg step remains unobserved.
From the measured «-particle energy, a Q, value of
7920(20) keV was calculated by assuming a ground state
to ground state o decay. In Fig. 3 the extracted Q, value
is compared with those of other neutron-deficient astatine
isotopes. The present value fits well to the systematics and
therefore the possible deviation arising from this assumption
is likely of the order of some tens of kilo electron volts, if
any. In Fig. 3, Q, values predicted by selected mass models,
the finite range droplet model (FRDM [29]), the shell model
of Liran and Zeldes, and the average of six models based on
different energy-density functionals (EDFs: SkP [30], SLy4
[31], SV-min [32], SkM* [33], UNEDFO [34], and UNEDF1
[35]) are also shown. The Mass Explorer interface [36] was
used to obtain the EDF values. The present Q, value of
%0 At is best reproduced by the FRDM when considering the
three selected mass models. Also, the EDF value is close
to the measured value. However, it should be noted that the
EDF data are unavailable for the most neutron-deficient odd-
odd nuclei as indicated by the dashed lines. The model of
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FIG. 2. The recorded decay data of the '*°At a-decay chains observed in this study. The decays that were not observed are marked with a
dashed line. Parentheses refer to escaped o particle. The literature data are expressed above and below the thicker dashed lines [23,24].
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FIG. 3. Ground-state «-decay energies Q, of astatine isotopes.
The Q, value of '*°At (neutron number 105) extracted in the present
study is indicated by a solid symbol. The other experimental val-
ues, marked with open symbols, are from literature [41]. Solid
lines are drawn through the values predicted by the mass models:
FRDM(2012) [29], Liran-Zeldes [42], and EDFs (SkP [30], SLy4
[31], SV-min [32], SkM* [33], UNEDFO [34], and UNEDF1 [35]).
The Mass Explorer interface [36] was used to obtain the EDF val-
ues. The EDF does not provide data for the most exotic odd-odd
nuclei and therefore an interpolation is indicated with the dashed
line.

Liran and Zeldes diverges from the measured values of the
most exotic isotopes being still accurate for N > 109 within
4200 keV. The FRDM deviates from the measured values for
N =~ 115 isotopes significantly, but again reproduces the ex-
perimental values well closer (N > 118) to the N = 126 shell
closure.

The reduced decay width and the a-decay hindrance fac-
tor calculated by using the Rasmussen method [37] are
82 =170"10 keV and HF = 1.07}2. These values were ex-
tracted using the half-life and the «-particle energy of the
present work, and by assuming a 100% «-decay branch and
an emission of s-wave « particles. The HF was extracted by
normalizing the §2('*°At) to that calculated from the a-decay
properties of 21?Po [38]. As the theoretical prediction for the
B-decay half-life is of the order of 600 ms [29], the o decay
is expected to dominate. The spin and parity of the daughter
nucleus '®Bi has been proposed to be (107) based on the
systematics [39]. As the obtained w-decay hindrance factor
is close to one, the initial and final states of the o decay are
likely to have the same spin and parity. Therefore, we suggest
that the presently observed w-decay activity is from a (107)
state in '°’At. In addition, fusion-evaporation reactions tend
to favor feeding of high-spin states. Spin this high is possible
to achieve only if the wave functions of the «-decaying state
involve Nilsson orbitals arising from vij3,,, whe,2, and 7 f7/»
spherical parentage.

The proton-decay energy for '°°At has been predicted [40]
to be higher than 1 MeV, thus it is interesting to consider
whether the presently observed state could undergo proton
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decay. The mass excess of the new isotope 7200(30) keV
was extracted by using the presently determined Q, value,
and mass excesses of the daughter nucleus and the « particle,
—3145(17) keV and 2424.915 87(15) keV, respectively [41].
The proton-decay energy of °°At can be deduced as the mass-
excesses of the decay products 189pg [—1422(22) keV [41] ]
and proton [7288.971064(13) keV [41] ] are known. The
extracted proton-decay Q value is 1330(40) keV. The partial
half-life of a possible proton decay is approximated with a
Wenzel-Kramers-Brillouin (WKB) integral by assuming that
the proton is emitted from a kg, state. The resulting partial
half-life for the proton decay is 30 s, therefore, the proton
decay cannot compete with the o decay. This fits with the fact
that, despite the careful analysis, the proton decay remained
unobserved in this experiment. A similar conclusion can be
made if the emitted proton is assumed to occupy an f7,,
orbital as the calculated half-life is 90 ms. If an emission from
a 7sy, orbital is considered, the partial half-life is reduced
to 2.5 ms, which is close to the measured a-decay half-life.
However, it should be noted that it is not possible to obtain
(107) state by any expected coupling of the s/, proton. The
above-mentioned proton emission half-lives assume spherical
nucleus which might be far-fetched. However, the quoted val-
ues can be taken as an order of magnitude estimate and thus
can be used to assess whether the proton decay can compete
with the o decay.

IV. SUMMARY

A new exotic neutron-deficient isotope of astatine, 190 A ¢
was produced and identified. The isotope was produced us-
ing a fusion-evaporation reaction and studied by means of
a-decay spectroscopy at the focal plane of the gas-filled
separator RITU. The measured a-decay properties are an o-
particle energy and a half-life, 7750(20) keV and 1.0*}} ms,
respectively. The o decay was concluded to be unhindered
and therefore, a spin and parity of (10™) was proposed for the
decaying state of '°°At. Using the determined decay proper-
ties, the possibility of proton emission was considered. It was
found to be unable to compete with the « decay. The measured
a-decay properties were compared with the systematics and
also predictions of the selected atomic mass models.

The data obtained in the present work and the correspond-
ing metadata are available online [43].
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