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An a-decay study of >'8 At was performed at the CERN-ISOLDE facility. Laser-ionized beams of >'® At were
mass separated and implanted into an «-y detection setup. Coincidence -y data were collected for the first time
and a more precise half-life value of 7}, = 1.27(6) s was measured. A new «-decay scheme was deduced based
on the extracted reduced «-decay widths for fine-structure decays. The results from this work lead to a preferred

spin and parity assignment of J” = (37); however, J* =
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I. INTRODUCTION

The isotopes found northeast of doubly magic *®Pb in the
nuclear chart with 130 < N < 140 and 85 < Z < 93 are ex-
pected to possess octupole correlations [1], which are caused
by the proximity of the Fermi surface to orbitals with Aj =
Al = 3. In particular, for the aforementioned region, the 217,
and 1i;3/, proton, and the 2g9/, and 1j;5,, neutron orbitals
play an important role in the governance of the underlying
structures [2].

The influence of octupole correlations on the ground
states of 217 219At (Z = 85, N = 132-134) was studied at the
CERN-ISOLDE facility via in-source laser spectroscopy mea-
surements of the hyperfine structures (hfs) and isotope shifts
(IS), the results of which are presented in a complementary
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(2)~ cannot be fully excluded.

paper [3]. Based on such data, the nuclear electromagnetic
moments and changes in mean-squared charge radii were
deduced. However, knowledge of the nuclear spin is required
in order to extract this information from the measured hfs and
IS. Little is known about the structure of >'®At, for which
the current J* = (17) spin and parity assignment (quoted by
NNDC [4]) is based on systematics alone.

The current work presents the results from an a-decay
study of 2'®At, which could provide further information on
the spin of its ground state. Both the decay data of the present
work and the hfs and IS measurements [3] were taken during
the experiment described in detail in Ref. [5].

Alpha decay is a powerful tool for investigating nuclear
states at low excitation energies, due to its strong sensitivity
to the Q, value. Furthermore, alongside the strong depen-
dence of its partial half-life on changes in spin between the
connected states, it has a high sensitivity to differences in
structure between the parent and daughter nuclei which can be
quantified by using reduced a-decay widths (82) or hindrance
factors (HF,) [6].

The first information on the a-decay properties of 28 At
came from studies of the «-decay chain of the long-lived
isotope **°Ra [T}, = 1600(7) y [4]], conducted in the 1940s
and 1950s by Walen and Bastin [7,8] who used a magnetic

Published by the American Physical Society
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spectrometer to measure the energies of « particles. Two
a-decay lines at E, = 6653(5) keV (I = 6%) and 6697(3)
keV (Ie; = 94%) were identified (see Fig. 1 of Ref. [8]), and a
half-life of 1.3(1) s was extracted for the ground state of >'3At.
A second study by the same group using the same technique
confirmed the decays with E, = 6654 keV (I = 6.4%),
6694 keV (Ie; = 90%), and claimed a third, E, = 6757 keV
(Ie1 = 3.6%) decay, as cited in the textbook [9]. The energies
of the three « decays were later evaluated to be E, = 6653(95),
6693(3), and 6756(5) keV [10]. However, it is important
to stress that the data for the third o decay referenced in
Ref. [9] were taken from private communications. To our
knowledge, neither the original experimental data nor spectra
were published. We note that, based on the reported intensity
of the highest-energy line at E, = 6756 keV in Ref. [9], this
decay should have been seen in the first study [8]. However,
no such line is present in the spectrum in Fig. 1 of Ref. [8].
Therefore, one of the aims of the present study was to verify
the presence of the highest-energy « line of 2'®At, referenced
in Ref. [9].

Published information on the daughter nucleus >'*Bi comes
from a series of B-decay studies of 2'“Pb — 2*Bi [11-16]
and 2'“Bi — 2"Po [17]. Together, these studies firmly es-
tablished J7 (*'*Bi®) = 1~, with a most probable 7 1hg); ®
v2g9/> configuration. Furthermore and of importance to the
present work, two low-lying, negative-parity states at excita-
tion energies of 53 and 63 keV were deduced. These states
were suggested to be members of the same 7 1hg/» ® v2g9/2
multiplet, with most probable spins and parities of J* = (2)~
and (37), respectively [15,16].

The current work represents the first study in which direct
measurements of y-ray transitions following the « decay of
218 At have been made.

II. EXPERIMENT

The 2'8At nuclei were produced at the ISOLDE facility
[18,19] in spallation reactions induced by a 1.4 GeV proton
beam, impinged upon a 50-g cm~2-thick uranium carbide tar-
get. The proton beam was delivered by the CERN PS Booster,
with an average current of ~1.5 yA, in a repeated sequence
known as a supercycle. Each supercycle typically consisted of
35-40, 2.4-us-long pulses, with a minimum interval of 1.2 s
between consecutive pulses.

After proton impact, the reaction products diffused through
the target matrix and effused towards a hot cavity ion source,
kept at a temperature of 222300 K. Inside the cavity, the 2!®At
atoms were selectively ionized by using a three-step resonance
laser ionization scheme (see Fig. 1 of Ref. [5]), delivered by
the ISOLDE Resonance Ionization Laser Ion Source (RILIS)
[20,21]. The ions were then extracted from the cavity by using
a 30 kV electrostatic potential and separated according to
their mass-to-charge ratio by the ISOLDE general purpose
separator magnet.

The mass-separated ion beam was then delivered to the
Windmill decay station [22,23] for decay measurements. The
ion beam entered the Windmill system through the center
hole of an annular silicon detector (Sil) and was implanted
into one of ten, 20-ug cm~2-thick carbon foils mounted

on a rotatable wheel. A second silicon detector (Si2) was
positioned a few millimeters behind the foil being irradiated.
Together, Sil + Si2 were used to measure the short-lived o
activity at the implantation site. After a fixed number of super-
cycles, the wheel of the Windmill was rotated (rotation time
~(0.8 s), moving the irradiated foil to a decay site, between a
pair of closely spaced silicon detectors (Si3 and Si4), which
were used to measure long-lived daughter decays. The full
widths at half maximum of the recorded «-decay peaks within
the energy region of interest (£, = 6000-8000 keV), were
3040 keV.

In addition to the silicon detectors, a single crystal, low-
energy germanium (LEGe) detector was placed outside of
the Windmill chamber directly behind Si2, for y- and x-ray
detection. Energy and efficiency calibrations were made by
using standard sources of ®’Co, **Ba, 13’Cs, and '>?Eu.

III. RESULTS

A. Singles a-decay spectrum of 28At

Figure 1(a) shows the sum singles o-decay spectrum for
Sil 4 Si2 collected at A = 218, in which the >'®At o decays
can be seen in the 6600 < E, < 6800 keV region, along
with decays belonging to surface-ionized isobaric *'*Fr at
E, > 7000 keV. The nonobservation of any E, = 7129.2(12)
keV decays of 2!8Rn [10] proves that 2'8At has a negligible
B-decay probability, which is in agreement with the o-decay
branching ratio of ba(2'8At) = 99.9% suggested in Ref. [7].
Energy calibrations for the silicon detectors were made by us-
ing the well-known a-decay energies of 2!®Fr [E, = 7238(5),
7951(5), 8782(5) keV], along with « decays of "At[E, =
6643(3) keV] measured in a neighboring run, at A = 199.

A complex structure with three components (the compo-
nent labeled “6760” will be discussed in detail in Sec. IV A)
can be seen in the inset of Fig. 1(a), which zooms in on
the o decay of 2'8At. This spectrum was fit with Crystal
Ball functions, using the ROOT Minuit minimizer, a binned-
likelihood method and an assumption of three a-decay peaks.
The fit yielded «-decay energies of E, = 6655(7), 6694(5),
and 6741(7) keV. The former two are in good agreement with
the previous studies [8,9]; however, the E, = 6741 keV is
15 keV lower than the 6756 keV « line referenced in Ref. [9].
It will be shown in Sec IV A that this is an artificial peak due to
o + conversion electron (« + ¢~ ) summing within the silicon
detectors.

B. a-y coincidences

Prompt a-y coincidence data between the Sil and Si2 de-
tectors and the LEGe, with the timing condition AT («¢-y) <
300 ns, are shown in Fig. 1(b). The projection on the E,
axis for the o decays of 2'3At is shown in Fig. 1(c). An a-y
coincidence group attributed in this work to the fine-structure
decay of *!8At is seen at 6694-53.3(3) keV, along with a
number of other -y coincidence groups belonging to the
decay of 2'8Fr.! The observation of the 6694-53.3 keV group

!'The latter are not within the scope of the current study and so will
not be discussed further in this work.
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FIG. 1. (a) Sum of singles «-decay spectra recorded in Sil + Si2
detectors, for A =218. The inset of panel (a) shows the singles
a-decay spectrum (black histogram), zoomed in on the energy region
of 28 At and overlapped with results from GEANT4 simulations (blue
histogram, see Sec. IV A for more details). (b) «-y coincidences for
a-decay data shown in panel (a), measured within a AT (x-y) <
300 ns time interval. (c) Projection on the E, axis of panel (b), for
the gating condition 6600 < E, < 6800 keV (indicated by vertical,
red dashed lines). The inset of panel (c) shows the decay curve for
218 At extracted from the Si3 + Si4 detectors, fit with an exponential
plus a constant background.

proves that the decay path of 2! At passes through the known
53 keV level in >'*Bi, as shown in the decay scheme in Fig. 2.
The reason behind the direct feeding of the 6694 keV «o decay
to the 63 keV level in this scheme, rather than to the 53 keV
state, will be explained in Sec. IV B.

We note that no 63 keV y-ray transition is seen in coinci-
dence with the o decays of >'8At in Figs. 1(b) and 1(c). The
63 keV level was originally inferred from high-statistics y-y
coincidence data and assigned a most probable J* = (37)
[15,16]. The nonobservation of this y decay was explained in
Ref. [16] (see Sec. II1.D.4 therein) due to a strong preference
for a 63 — 53 — 0 keV cascade of M1 transitions relative to
a direct 63 keV E2 transition, for which relative probabilities
of >91% and <9% were evaluated, respectively. In this sce-
nario, an ~10 keV transition between the 63 and 53 keV levels
would not be observed experimentally due to its low energy

218At
b, =99.9%

0 T1/2 = 127(6) S (3')
E, [keV] | 6655(7) 6694(5) : ~6760
Lo,ret [7%0] | 6.9(1) 92.2 1<0.9
02 [keV] | 6.8(5) 64(4) 1<0.4

HF, | 18(1) 1.9(1) 1>310

1
1
1
102 Y (4) |
1
1
63 Yy 3) :
53 v 10 keV Q) |
1
1
1
53.3(3) keV 1
M1 1
1

| -

0 Y 1

214Bi

FIG. 2. The preferred decay scheme for 2'® At deduced from the
present work, with ba(ZISAt) = 99.9% taken from Ref. [7]. The « de-
cays and y-ray transition observed in the present data are represented
by the solid straight and curly arrows, respectively, and the dashed
lines represent the possible, yet currently unobserved transitions. The
hindrance factors were calculated relative to the unhindered, §2 =
124(1) keV, 9/27 — 9/27 « decay of the neighboring odd-mass
isotope, 27 At [4].

and high conversion coefficient (o, tor > 400 [24]). Thus, we
do not expect to see the 63 keV y line in our data.

A total conversion coefficient of @op,expi(53.3 keV) =
8.6(4) was deduced by comparing the number of «-y coin-
cidences, Ny, , shown in Figs. 1(b) and 1(c), corrected for
y-decay detection efficiency €, with the number of singles
a-decay events, N,, from Fig. 1(a) such that

Nye,
Nay

—1. (1)

Citot,expt =

This value is closest to the calculated value ooy ca1c (M1) =
11.99(17) and much lower than oo cac(E2) = 127.5(18)
[24], confirming the near-pure M1 assignment of previous
studies [11-16].

C. Determination of the 2'®At half-life

The half-life of 2'® At was determined from the pure decay
data recorded in the Si3 + Si4 detectors (i.e., no new activity
was implanted into the foil positioned between Si3 + Si4,
during the measurement of the decay curve). The extracted
decay curve, shown in the inset of Fig. 1(c), was fit with an
exponential function plus a constant background by using a
binned-likelihood method, from which 7, = 1.27(6) s was
deduced. This result agrees with but has a higher precision
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than the tabulated values of 71, = 1.5(3) s [25] and T}, =
1.3(1) s [8].

IV. DISCUSSION
A. o-e~ summing

The strong conversion of the 53.3 keV y transition can
produce o 4+ e~ summing, if both the energy of the 6694 keV
a decay and a subsequent conversion electron are registered
simultaneously in the same silicon detector. To understand
the magnitude of this effect, GEANT4 [26,27] simulations
were performed to see how conversion electrons from the
deexcitation of the 63 keV level in >'“Bi would affect the
singles spectrum shown in Fig. 1(a).

The simulations included conversion electrons and the
relevant x rays for both a 63 — 0 keV E2 y transition
and a 63 — 53 — 0 keV, M1-M1 cascade decay branches,
using a branching ratio of 9% for the former taken from
the upper limit given in Ref. [16]. In addition, conversion
electrons due to a cascade of three M1 transitions were used
to simulate the deexcitation of the 102 keV level, populated
by the 6655 keV « line. Auger electrons were not included in
the simulations because their contribution to the main o + e~
sum peaks would be negligible due to their low energies. For
the 53 — 0 keV transition the conversion coefficient deduced
in the present work was used (o, expr = 8.6). The results of
the simulations, shown by the blue histogram in the inset
of Fig. 1(a), indicate that the 6741 keV peak is an artificial
a-decay peak due to o 4+ ¢~ summing and thus should not
be considered when building the decay scheme, apart from
adding its intensity to that of the E, = 6994 keV decay.

Based on the simulations a scenario could be considered
in which only two « decays belong to 2'8At, with energies of
E, = 6655 and 6694 keV. These two decays would have in-
tensities of 1,(6655) = 6.9(1) % and I,(6694) = 93.1(1) %,
which is in good agreement with the results of Ref. [8].

However, a closer inspection of the experimental data in
the inset of Fig. 1(a) shows that a small excess of events
exists at E, ~ 6760 keV compared with the results of the
GEANT4 simulations. This excess could be due to a third
a-decay. By subtracting the simulated spectrum from the
experimental data a small peak remains with £, ~ 6760 keV.
This remaining peak may correspond to the highest-energy
E, = 6756 keV line cited in Ref. [9]. Based on the intensity
of the remaining peak, a lower limit of I, > 92.2% (lo)
for the 6694 keV « line and an upper limit of I, < 0.9 %
(lo) for the possible 6760 keV decay can be extracted. The
main source of uncertainty in these intensity values stems
from a £0.5 mm uncertainty in the exact positions of Sil and
Si2 relative to the implantation foil. The ,(6760) is smaller
than 1,(6756) = 3.6% referenced in Ref. [9] (see Table I for
comparison). Therefore, this «-decay line is included only
tentatively in Fig. 2.

B. Proposed decay scheme for 2'®At

In Ref. [15], the 6694 and 6655 keV « decays were
assigned to feed directly to the 63 keV level and a 102 keV
excited states in 2!*Bi, respectively, based on their difference

TABLE I. Comparison of the E, and I, values from the present
work and previous studies [9,10], assuming three o decays belonging
to 218 At.

Sil + Si2 (present work) Refs. [9,10]
E, [keV] 1y [%] E, [keV] 1y [%]
6655(7) 6.9(1) 6653(5) 6.4
6694(5) 92.2 6693(3) 90
~6760 <0.9 6756(5) 3.6

in Q, with the 6756 keV decay cited in Ref. [9]. The results
from the present work are consistent with these assignments,
with the tentative E, ~ 6760 keV decay representing the
ground-to-ground state o decay, as shown in Fig. 2.

Before continuing further, it is informative to study the
available, albeit sparse, HF, systematics for fine-structure o
decays between states of the mw1lhg;, ® v2g9/, multiplet in
neighboring nuclei, provided in Table II. Here, it is seen that
decays with J; = J; = 1™ are unhindered, with typical HF, ~
2. In contrast to this, decays with J; # J; are hindered. One
would expect the 1~ — 3~ « decays to be more hindered than
17 — 27 decays. This is true for 216 At and 2'°Fr; however,
214At does not follow this pattern. The latter observation is
currently not understood but it could be due to states with a
mixed v2g9,; and v1ij;;; component of their configuration,
as suggested in Ref. [28]. Therefore, while a low HF, is a
good indication of o decay between states of the same spin
and configuration, the use of systematics for hindered decays
to extract information on the spin is less reliable.

The 62 values for the >'8 At fine-structure decays, shown in
Fig. 2 were deduced using the Rasmussen approach [31] with
an assumption of AL = 0. The HF, values were calculated
relative to the unhindered, 8§ = 124(1)keV,9/27 - 9/27 «
decay of the neighboring odd-mass isotope, 2!’ At [4]. The
unhindered nature of the 6694-keV « decay suggests that
the ground state of 2'®At has the same structure and spin
as the J™ = (37), 63 keV level in *"*Bi that it feeds to. On
the other hand, the large hindrance of the tentative E, =
6760 keV decay (HF, > 310) suggests that the ground-state
configurations of 28 At and 2'*Bi are quite different.

One could tentatively propose that the 102 keV state fed
by the 6655 keV decay is the J* = (47) member of the
7 lhg/» ® v2g9,, multiplet. This proposal is consistent with
the fact that no such level was identified in the previous
214ph — 214Bi B-decay studies [13—16], as this would require
a third-order forbidden decay (J* = 0" — 47) that would
be slow relative to the dominant allowed and first-forbidden
decay channels. The statistics collected in the present work
are not sufficient to observe deexcitations from the 102 keV
level.

It is also necessary to consider a possible E, = 6704 keV
decay to the 53 keV, J” = (2)~ level in >'*Bi. A broadening
of the E, = 6694 keV peak relative to other peaks in the
spectrum and a shift in its centroid energy relative to the tab-
ulated values would provide evidence for this decay branch.
However, no such effect is seen in the present data, placing an
upper limit on the intensity of ,(6704) < 7%.
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TABLE II. Comparison of hindrance factors from Refs. [28-30] and the present work, for o decays between states of varying spins, and
assuming the configurations of the initial and final states have a dominant 7 1hg;, ® v2g9,, component.

Isotope E, [keV] 1, [%] JF — Jj” HF, Ref.
8811(15) ~0.2 (1I7) = (37) 280
216Fy 8861(15) 0.5(2) (17) = (27) 180 [30]
9004(5) 95(1) (1) = (17) 25
7595 0.16(5) - = (3) 300
216 At 7691 1.42) - — 26 67 [29]
7804 97.5 - > 1© 2
8469 0.6 - — 3 35
214 AL 8500 0.2 1= — 2" 160 [28]
8812 99 1= = 1 1.5
6655(7) 6.9(1) 37) = (47) 18(1)
218 At 6694(5) 922 3B7)— (37) 1.9(1) Present work
~6760 <0.9 3)—>1- >310

Returning to the discussion on the E, ~ 6760 keV decay,
we remind the reader that the upper limit for the intensity de-
duced in the present work is much lower than that reported in
Ref. [9]. Additionally, it is important to note that the 6756 keV
o decay was not observed in the original study [8] and that it
cannot be explained by « + ¢~ summing in Ref. [9] (as in
the present work) due to the use of a magnetic spectrometer
during the experiment. Together, these two points make the
existence of a 6760 keV « decay questionable. In the scenario
where the 6760 keV « decay is absent, the E, = 6694 keV
decay would be assigned to feed directly to the 53 keV state in
214, leading to a J™ CBAY = (2) assignment. Thus, while
J* = (37) is preferred for ZIBALS a JT = (2) assignment
cannot be fully excluded within the precision of the present
work.

C. Energy systematics of low-lying states
in even-A bismuth isotopes

Energies of the J* =27, 37, and 4~ states relative to the
J™ = 1~ ground states in 2'*-2!2:21¥Bj along with their isotones
212214216 At are shown in Figs. 3(a) and 3(b), respectively. The
energies of the J* =27 — 4~ states in the bismuth isotopes
are seen to compress with increasing neutron number. This
pattern was reproduced by the calculations for the 7w 1hg/; ®
v2g9/> multiplet in 21*212-214.21Bj made in Ref. [32] (see Fig.
4 therein). We note that the energy for the tentative J* = (47)
state in 21*Bi fits well with the observed systematics.

The states in the astatine (Z = 85) isotones also display a
compression in energy. While in the present work we propose
a J* = (37) ground state in 28At, a J" =17, 27 or 4~
assignment would seem more favorable from the systematics
displayed in Fig. 3(b). This discrepancy remains unexplained.

V. CONCLUSION

The a-decay study of >'8At including the first direct mea-
surements of prompt «-y coincidences has been made at
the CERN-ISOLDE facility. Based on the results from the

present work and those of Refs. [15,16], a ground-state spin
and parity assignment of J” = (37) is proposed for 2!8At.
However, we note that a J” = (2)~ assignment cannot be fully
excluded.

Both the possible J* = (37) and (2)~ assignments for
the ground state of !8At disagree with the current J* = 1~
proposed in Ref. [33], which is based on systematics alone.
Therefore, both options should be probed in the analysis of
the hfs of 28 At, in the complementary paper [3].

5004 4 — =
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400 3 ) 212B;j —J=
3004 2 e — =4
210B; B—
200 - Bi : i
214B;
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FIG. 3. Excitation energies of the low-spin states that are pre-
sumed to have a configuration with a dominant 7 1hg, ® V289>
component, relative to the J* = 1~ ground states of (a) 2'2!12214Bj
and (b) their respective isotones, 21224216 At, States with the same
spin and parity are connected by dotted lines. States with tentative
spin, parity, or spin and parity assignments are indicated by a dashed
line. The energy for the J* = (47) state in >'*Bi is taken from the
tentative assignment proposed in the current work, whereas other
data are taken from the Evaluated Nuclear Structure Data File [4].
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