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Excited states of > At have been studied by means of in-beam y -ray spectroscopy and the recoil-decay tagging
technique. A strongly coupled rotational band feeding the «-decaying 7/2~ state via unobserved transitions was
identified. This band is presumably built on the oblate proton /™ = 13/2* state. Confirming earlier measurements,
a decays from the 1/2% and 7/2 states were observed. Additionally, an E3 branch competing with the « decay
of the 7/2" state was inferred. Also « decays of the odd-odd isotopes '°+!°° At were examined.
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I. INTRODUCTION

Neutron-deficient nuclei in the lead region exhibit various
shapes coexisting at low excitation energies. The ground
states of lead nuclei down to the lightest known isotope
are spherical, but both oblate and prolate structures exist in
neutron midshell nuclei at low energies [1,2]. Experimental
information concerning elements heavier than lead becomes
sparser with increasing Z owing to the small production cross
sections in fusion-evaporation reactions.

The decrease in excitation energies of the 1/2% and 13/2%
states with reducing neutron number is a characteristic feature
of odd-A bismuth isotopes (see Fig. 1). These states originate
from the proton (7 3s; /2)’1 and (n1i13/2)+1 configurations,
respectively. A strongly coupled rotational band feeding the
isomeric 13/27 state has been observed both in '**Bi and in
191Bi, indicating an oblate shape [3]. In '87-18°Bi the observed
level pattern on top of the 13/27 state suggests a prolate shape
[4]. In the lightest odd-A bismuth isotope studied so far, 185,
it has been proposed that a prolate 1/2* state forms the ground
state [5].

In odd-A astatine nuclei below the N = 126 shell closure
the ground state has a spin-parity 9/2~ and the configuration
(mlhg))® down to '7At [6-13]. In the lighter isotopes
OLI93,195At a 1/2% state associated with a proton 4p-1h
intruder configuration becomes the ground state [14,15]. Low-
lying isomeric states, stemming from the 173, proton orbital,
have been previously observed in 197:199:201.203 At [10,12,16]
andin '3 At [15]. In '3 At the isomer was even observed to have
an a-decay branch. The lightest odd- A astatine isotope that has
so far been studied by means of in-beam y-ray spectroscopy
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is 17 At, where a strongly coupled rotational band built on the
13/27 state has been reported [13,17].

The decay properties of '®>At were first reported in
Refs. [18,19], establishing two «-particle energies and half-
lives. Later, Enqvist et al. performed a more detailed study and
found a wide energy distribution for « particles originating
from the decay of '>At [20]. The summing of conversion
electron and «-particle signals in the implantation detector
was proposed as a possible explanation. The latest decay
study of '®>At by Kettunen et al. confirmed the existence
of two a-decaying states [14]. The m(4p-1h) 1/2" state was
determined to be the ground state of At and the second
a-decaying state at 32 keV was assigned a spin and parity of
7/2~. The appearance of a low-lying 7/2~ state was explained
by a change in deformation between 'At and 'SAt: At
moderate oblate deformations the 85th proton will occupy
the 7/27[514] Nilsson orbital. Prior to the present work only
these two states were known in 1 At.

II. EXPERIMENTAL SETUP

The experiment was carried out at the Accelerator Lab-
oratory of the University of Jyviskyli (JYFL). The At
nuclei were produced in the fusion-evaporation reaction
147Sm(°1V,3n)!? At and the vanadium ions were accelerated
using the K = 130 MeV cyclotron. The samarium target foil
was 750 j1g/cm? thick and the beam energy in the middle of the
target was 224 MeV. The highly selective recoil-decay tagging
(RDT) technique [21-23] was employed in the experiment.

Reaction products recoiling out of the target were separated
from the primary beam using the recoil ion transport unit
(RITU) gas-filled recoil separator [24] and transported to
the GREAT spectrometer [25]. In GREAT they first passed
through a multiwire proportional counter (MWPC), which was
used to identify fusion-evaporation products based on time-
of-flight and energy-loss information. The recoils were then
implanted into a highly pixellated double-sided silicon strip
detector (DSSD), located at the focal plane of RITU, where
their subsequent o decays were observed. The DSSD was
surrounded by a box of 28 PIN diode silicon detectors used for
the detection of conversion electrons from isomeric transitions.
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FIG. 1. Energy systematics of various low-lying levels in astatine,
bismuth, and thallium isotopes. The neutron number of '*>At is 110.

For y-ray detection the GREAT spectrometer was equipped
with a planar Ge detector located directly behind the DSSD
and a clover Ge detector outside the GREAT vacuum chamber.
The planar detector was housed in its own cryostat and
included a thin beryllium window to facilitate the observation
of low-energy y rays. For the detection of prompt y rays the
target chamber was surrounded by 43 Compton-suppressed
high-purity Ge detectors making up the JUROGAM array. The
total photopeak efficiency of JUROGAM was 4.2% at 1.3 MeV.

Gain matching for the individual strips of the DSSD was
carried out using an externally mounted ¢« source containing
29Pu [E, = 5156.59(14) keV], ' Am [E, = 5485.56(12)
keV], and ***Cm [E, = 5804.77(5) keV] [26]. The final
energy calibration for « particles emitted by recoils implanted
into the detector was done using the 194po [E, = 6842(6)
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FIG. 2. Recoil-correlated a-particle energy spectrum from the re-
action!'V + 17Sm at 224 MeV in the middle of the target. The recoil-
« search time was 4 s. Origin of the three peaks resulting from the
decay of the 7/2 state in !> At is explained in the text. The decay of
194 At forms a wide distribution of events between 7000 and 7300 ke V.
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keV], 'Po [E, = 6606(5) keV, E, = 6699(5) keV], and
19pg [E, = 6521(5) keV] « peaks (see Fig. 2). The a-particle
energies are taken from Ref. [27].

The data acquisition system utilized the total data readout
(TDR) method, where the use of a hardware trigger and the
resulting common dead time have been eliminated [28]. In a
TDR system all channels run independently and the necessary
correlations and filtering are done in software. A dedicated
metronome unit provided the necessary synchronization and
time stamping to an accuracy of 10 ns. In on-line and off-line
data sorting the GRAIN software was used [29].

III. RESULTS
A. 95At

Recoils implanted into the DSSD were identified by
their subsequent o decays. Prompt y rays detected with the
JUROGAM array were tagged using appropriate temporal and
spatial correlations. The «-decay branches of the daughter
nucleus (1°'Bi) were sufficient to allow the use of recoil-parent
a-daughter o correlations. Search times of 4 and 80 s were
applied with recoil-parent and parent-daughter correlations,
respectively. The total recoil-correlated «-particle energy
spectrum from the experiment is presented in Fig. 2.

In Ref. [14] the following data are reported: The 7/2~ state
in ' At at 32 keV decays via o emission to the 7/2~ state in
Y1Bi at 149 keV [E, = 7075(4) keV, Ie; = 95.5(5)%] and to
the 9/2~ ground state [E, = 7221(4) keV, I = 4.5(5)%].
The relative intensities of the two «-decay branches were
not measured directly owing to conversion electron summing
effects explained below. Instead, the intensities quoted above
are based on simulations. From the present data set the
a-particle energies for the two branches originating from
the 7/2~ state in 195 At were determined to be 7076(5) keV
(utilizing coincidences with y rays from the 149 keV 7/27 —
9/2~ transition in '°'Bi) and 7222(4) keV. The excitation
energy of the 7/27 state was found to be 33(8) keV. These
values are in agreement with Ref. [14]. The «-decay data from
this work for 194193:1% At and their daughter nuclei °% 191 192Bj
are summarized in Table I. With the exception of '*At and
192Bi our results are in a good agreement with literature values.
The o decay of odd-odd isotopes is discussed in Sec. III B.

Between the 7076- and 7222-keV peaks the o spectrum
is influenced by «-electron summing in the DSSD. The peak
between those two energies originates from summing of sig-
nals coming from the 7076-keV « particles and K conversion
electrons from the subsequent 149-keV M 1 transition (E, g ~
58 keV). Events between the 7076-keV peak and the sum peak
arise from cases where the conversion electron has deposited
only part of its energy into the detector. Further contribution
comes from L and M conversion electrons. Neither the 7/2~
nor the 1/2% a-decay events can be cleanly identified in Fig. 2.
The energy range containing the o decays from the 7/2~ state
in 5At also includes « decays from 194 At Likewise, the
6953-keV peak is contaminated by « decays from the 9/2~
state in '7At. The presence of '°7At is attributable to the
47Sm target also containing heavier samarium isotopes as
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TABLE 1. Decay data for the various At — Bi — TI decay chains measured in the present work. The group number refers to Fig. 3. The
literature values are taken from Refs. [14] (! At,''Bi), [30] (***At), [31] (**°At), and [32,33] (***192Bi). Groups 5 and 6, weakly visible in
Fig. 3, correspond to the same '>> At decays as groups 3 and 4 but are correlated with the '°'Bi 9/2= — 8Tl 1/2* daughter decay.

Group Nucleus Decay E, (Exp.) E, (Lit.) 12 (Exp.) 12 (Lit.)
1,2 1/2+ — 172+ 6956(4) 6953(3) 290(20) ms 328(20) ms
3,5 195 At 727 — 7/2° 7076(5) 7075(4)
4,6 7/2 = 9/2" 7222(4) 7221(4) 143(3) ms 147(5) ms
. 194 5. Low spin® 7174(8) 7190 240130 ms 253(10) ms
High spin® 7156(5) 7178 300*30 ms 310(8) ms
8 196 At (3 — (34) 7047(5) 7049(4) 350130 ms 388(7) ms
1 12+ — 1/2* 6875(4) 6870(3) 114(6) ms 121*8 ms
2,3,4 191Bj 9/27 — 9/2~ 6315(4) 6308(3)
5,6 9/2- — 1/2+ 6641(7) 6639(5) 1L7@® s 124@® s
7 190p; (3%) = (3%) 6428(6) 6431(5) 7750 s 6.3(1)s
(107) — (107) 6450(5) 6456(5) 5.9t9s 6.2(1) s
8 192Bj (3 — (3%) 6064(5) 6060(5) 20(3) s 34.6(9) s

*See Fig. 8 for a more detailed view of group 7 and Sec. IV B for discussion about the states involved in the decays.

impurities. To unambiguously assign events to the nuclei of
interest, recoil-parent a-daughter « correlations were used to
generate the o-o matrix displayed in Fig. 3.

To examine the transitions feeding the known states in ' At
the RDT method was employed. In Fig. 4(a) the total recoil-
correlated y-ray spectrum from the reaction 'V + 47Sm is
displayed. It is dominated by transitions in the most abundant
reaction products, 19+195:1%Po_ In Fig. 4(b) a y-ray spectrum
with the additional condition of an « decay from the 7/2~ state
in 1At observed within 450 ms from recoil implantation is
presented. Figure 4(c) shows a y-ray spectrum tagged in the
same manner with the a decays from the 1/2% ground state of
195 At (1 s recoil-a search time). The y rays assigned to ' At
are listed in Table II and the deduced level scheme is presented
in Fig. 5.

A y-y matrix tagged with o decays from the 7/27 state
was also made and coincidence analysis was carried out
using the RADWARE software package [34,35]. A strongly
coupled band was constructed based on coincidences as well
as energy-sum and intensity arguments (band 1 in Fig. 5).
In spite of the limited statistics the M1 transitions can be
seen in coincidence with each other. The level structure is
similar to those observed on top of the isomeric 13/2% states
in neighboring odd-Z nuclei. Therefore, the band head is
assigned with 1™ = (13/2%) and the 1i13/> configuration. In
heavier odd-A Atnuclei the 1i;3/, bandhead is depopulated by
an M?2 transition to the 9/2~ ground state. In > At the 9/2~
state has not been observed and the (13/2%) band feeds the
7/27 level. Band 1 is therefore seen when tagging with the o
decays of the 7/27 state. As discussed later in this article, the
deexcitation path of the (13/2%) state remains unobserved.
The 439-keV y ray appears in coincidence with the 281-
keV transition only, which is why it is placed to feed the
(15/27%) state.

Transitions not appearing in coincidence with those as-
signed to the yrast band presumably feed the 7/2~ state. Based
on its high intensity the 302.8-keV y ray is a strong candidate
to be placed directly above the 7/2~ state. Unfortunately,

no unambiguous coincidence relationships could be found
from the present data. Therefore, the level structure directly
above the 7/27 state remains unresolved. In addition to
the 302.8-keV transition the y rays with energies of 416.2,
420.6, 434.4, 496.1, and 499.1 keV are good candidates to
feed the 7/2~ state. To confirm the assignment of y rays
to 'SAt, a recoil-a-a tagged y-ray spectrum was made
(prompt y rays correlated with groups 3-6 in Fig. 3).
This provided a clean spectrum, albeit with low statistics.
The y rays feeding the 7/2~ state, which were finally
included in Table II, were required to be present also in this
spectrum.

A y-ray spectrum tagged with the 1/2% ground-state o
decays of '’ At is presented in Fig. 4(c). The number of
observed o particles from the 1/27% state was only about 2000;
hence, the low statistics in the y-ray spectrum. Nonetheless, it
is clear that the strongest lines present in the spectrum tagged
with the 7/27 « decays are also seen here (indicated with
dotted lines). This implies that there is a link between the
7/2~ and the 1/27 states. The half-life for a 7/2~ — 1/2%
E3 transition would be such that it could compete with the
a decay of the 7/27 state. This E3 branch is discussed in
the next paragraph. Also present in Fig. 4(c) are y rays
from !°7At owing to overlapping «-particle energies. After
excluding the contaminant y lines, the remaining transitions
are assigned to feed the 1/27 state in '*>At. The proposed
level structure (band 2 in Fig. 5) is only based on energy sum
and intensity arguments, as the statistics is insufficient for y -y
coincidence analysis. Therefore, the placement of levels in
band 2 is tentative.

There is indirect evidence fora 1/2% — 7/2~ E3 transition
in 18%.191B; 114,15]. In %At the 7/27 state lies above the
1/2* state, but the 7/2~ — 1/2% E3 transition has not
been observed. As the 33-keV transition is highly converted,
detection of y rays is out of the question. Also the conversion
electrons have energies that are too low to be observed in
the present experiment. However, the E3 branch can be
determined from the recoil-o time distribution of the decay
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FIG. 3. Recoil-correlated a-o matrix from the reaction >'V +
147Sm. Tnitial and final states for both parent and daughter decays are
indicated in the figure.

of the 1/2% state. Time spectra for both 1/2% and 7/2~ state
a decays are presented in Fig. 6. To sufficiently reduce the
background, a-a correlations were required (groups 1-6 in
Fig. 3). The half-life of the 7/2 state was first determined to be
143(3) ms. Then a fit, where the two components contributing
to the decay of the 1/2% state were taken into account, was
used to find out the E3 branch and the half-life of the 1/2%F
state. The contribution through the E3 branch to the population
of the 1/27% state (from the fit) was used to determine the E3
branching ratio for the 7/2~ state. A value of bgz = 12(4)%
was obtained. The half-life of the 1/27 state, also extracted
from the fit, was 290(20) ms. The presence of y rays feeding
the (13/2%) and 7/2 states in the 1/2% a-tagged spectrum
[indicated with dotted lines in Fig. 4(c)] makes it possible to
confirm the result for the E3 branching ratio. The intensities of
these peaks, when compared to the 7/2~ «-tagged spectrum
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FIG. 4. (a) Total recoil gated y-ray spectrum from the present
experiment. (b) y-ray spectrum tagged with the o decays of the 7/2~
state in '>At. (c) y-ray spectrum tagged with the a decays of the
1/2% ground state.

[Fig. 4(b)], give a value of bgz = 13(6)%, which is in very
good agreement with the result obtained from the recoil-o
time distribution.

Transitions deexciting the (13/2%) state in '*>At were
searched from the focal plane data to pin down the excitation
energy of this state. In 7 At the 13/27 state has a half-life of
1.3(2) us and it decays via a 310.7-keV M2 transition to the
9/2~ ground state [17]. In >3 At the 13 /27 state at an excitation
energy of 39(7) keV decays mainly via an E3 transition to the
7/2" state at 5(10) keV [15]. Based on systematics the 13/2%
state in At is expected to be located below 200 keV in
excitation energy (see Fig. 1).

Three different scenarios regarding the possible decay
modes of the (13/2") state were considered. In the first case
the situation would be similar to that observed in '>3At and
the decay would proceed via two competing processes: an E3
transition to the 7/2 state and an o decay to the 13/27 state
in '°!Bi. This is the only case involving an a-decay branch for
the 13/2% state. Another option would be an M2 transition
to an unobserved 9/2 level in '®>At. This would then be
followed by an M 1 transition to the 7/27 state. Finally, should
the (13/2%) level lie sufficiently high in energy, it would be
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TABLE II. y-ray transitions assigned to ' At.

E, (keV) I, E; (keV) I 7

119.2(5) 10(3) [119.2(5)] 1/2+
175.2(5) 7(3) [293.6(7)] (5/2")

235.1(4) 35(9) A+ 516.6(5) (17/2%)  (15/2%)
250.8(7) 25(9) A+ 1056.7(9) @21/2%)  (19/2%)
281.2(2)  100(15) A+ 281.2(3) (15/2%)  (13/2%)
288.4(4) 36(10) A+ 804.2(7) (19/2%)  (17/2%)
293.0(6) 8(4) [293.6(7)] (5/2%) 1/2+
302.8(3)* 58(12)

307.5(7) 17(9)

312.3(9) 19(12)

315.5(15)  12(10) A+ 1371.1(12)  (23/2%)  (21/2%)
355.2(7) 12(5) [649.6(13)]  (9/2%)  (5/2%)
416.2(6) 35(12)

420.6(5)* 43(12)

434.4(5) 40(12)

438.6(6) 34(12) A+ 719.8(7) (15/2%)
476.2(7)* 25(11)

496.1(6)* 28(8)

499.1(8)" 28(8)

517.1(6) 33(13) A4 516.6(5) (17/2%)  (13/2%)
522.4(6) 29(11) A+ 804.2(7) (19/2%)  (15/2%)
541.0(5) 34(11) A+ 1056.7(9) @1/2%)  (17/2)
566.5(8) 40200 A+ 1371.1(12)  (23/2%)  (19/2%)
569.9(8)" 40(20)

579.4(8) 21(12) A+ 16352)  (25/2%)  (21/2%)
629.2(5)* 34(12)

2Observed in the 7/2~ «a-tagged spectrum but not placed in the level
scheme.

possible for it to decay via an E'1 transition to an 11/27 state
above the 7/27 level.

An extensive search was undertaken to observe « parti-
cles, y rays, or conversion electrons originating from the
decay of the (13/2%) state. We consider the E1 decay
mode first. The 11/27 state with a mixed (7w 1ho/ /72 f7,2)
configuration has been placed at 655 keV in '®?At and
at 505 keV in At [13]. The 11/2~ states in odd-A
Bi isotopes follow a very similar trend. Based on these

Band 1
A+1635 (25/2%)
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579 T I
1
A+1057 3}7? 566 (21/21)
251 +
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FIG. 6. Recoil-« time distributions for the 1/2% and 7/2" states.
The half-lives and the E3 branching ratio were extracted from the
fitted decay curves (see text for details).

systematics the 11/2~ state in ' At would be expected to
lie around 350 keV. This is already considerably higher
than the expected excitation energy of the (13/2%) state
[E(13/2T) < 200 keV]. If the (13/27) state would lie above
the 11/27 level, it seems therefore reasonable to expect the
energy of the E1 transition to be quite low. The 13/2% —
11/27 E1 transition would also be hindered. The E1 tran-
sition strength has been estimated to be 7.5 x 107® W.u.
in the case of '"Bi [36]. With this value one obtains a
half-life of #;» > 25 ns for the (13/ 2%)levelin 'S At, assuming
Er1 < 100 keV. In this case the E1 transition would remain
unobserved in the present experiment as the y rays would
go undetected during the flight through the recoil separator.
Higher energy E1 transitions would have half-lives short
enough to be observed in the prompt y-ray spectra, but this
would place the energy of the (13/2") state unrealistically
high. In conclusion, the E1 decay mode for the (13/27)
state is considered unlikely based on energy level systematics,
although its existence cannot be entirely ruled out in the present
experiment.

The scenario involving an o decay or an E3 transition
would be observable in the focal plane detectors owing to

Band 2
©€50) . (912D
]
355
TN AT
- (119) 3 (175)
33 7/2 B3 0 (2%73) """ ( 1]@)’!’"""1/’21

¢y, = 143(3) ms t1s = 290(20) ms

FIG. 5. Level scheme of '>>At. An upper limit for the (13/2%) state excitation energy was estimated to be about A ~ 130 keV (see text for

details).
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the longer half-life of the (13/2%) state. However, it can be
ruled out owing to nonobservation of suitable recoil-a-o or
recoil-a-electron/y type events.

The remaining option, where the (13/2%) state decays to the
7/2~ state via an intermediate 9/27 level, was investigated by
studying recoil-electron/y -a-type events. Again, nothing was
found that could be attributed to the decay of the (13/27)
state. However, this decay mode could not be ruled out as it is
possible that the transitions have such a low energy that they
lie below the detection thresholds of the current experimental
system. If one assumes a decay path involving an M2 transition
followed by an M 1 and makes use of the estimated efficiencies
of the focal plane detectors from Ref. [37], limits can be placed
on the transition energies that would lead to observable events
(conversion electrons from an M2 transition or y rays from
an M1 transition). Upper limits of Ey;» < 65keV and Ey <
30 keV can be deduced. This would place the (13/2%) state
somewhere below 130 keV in excitation energy.

An E3 branch from the 1/2% state to the 7/2~ state in
I91R; was reported in Ref. [14]. Its existence was confirmed
in the present work and the branching ratio was determined
from a-a correlated events. The result was bgz = 22(6)%, in
reasonable agreement with the previous value, bgz = 32(5)%.
The strength of the E3 transition is approximately 0.08 W.u.,
which is very similar to the strength of the 7/27 — 1/2%
E3 transition in '’ At determined from the present data (0.07
W.u.). The a-decay scheme of !> At from this experiment is
displayed in Fig. 7.

The production cross section of At in the reaction
47Sm(>'V,3n)! At at a bombarding energy of 224 MeV in
the middle of the target was estimated to be 1.2 ub, based on
the number of recoil-a-a correlated events.

B. Odd-odd isotopes **1%At

The isotopes '°At and '*At were produced in the 2n
and 4n evaporation channels of the 'V + 47Sm reaction,

SN
a32h <130 keV
+ 70" 33(8) kevy % M2, M1
12 OkeV (8) kel g
290(20) ms E3 143@)ms
12(4)%
7076(5) keV 7222(4) keV
6956(4) keV
() ke [95.5(5)% ] [4.5(5)% ]
191
Bi
N
12 238(6) keV
—ﬁn__n_7/z 148.6(8) keV
114(6) ms E3 ;
o :
2O% o)~ ¥ M 0 keV

FIG. 7. Decay scheme of !> At from the present experiment. The
relative intensities of the o decays from the 7/2~ level in ' At
cannot be measured directly owing to electron summing effects. The
intensities included here, from Ref. [14], are based on simulations.
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FIG. 8. A part of the o-o matrix (Fig. 3) showing the events
originating from the decay of '**At. All observed decays are displayed
with open circles, while the solid circles represent '**At o decays
followed by a 70-80-keV y ray in prompt coincidence.

respectively. A typical feature of odd-odd nuclei in this region
is the existence of «-decaying high-spin and low-spin states
(I™ =107, 3%). The « decay of '°*At was recently studied in
detail and a decay scheme identifying two «-decaying states
and eight a-decay energies was presented [30]. In '*°At only
one o decaying state has been observed [31].

The decays of '°*At can be identified by correlating with «
decays from the (3%) [E, = 6431(5) keV] and (107) [E, =
6456(5) keV] states in the '"°Bi daughter nucleus [32,33].
As the daughter «-particle energies are very close to each
other, the events in the «-o matrix end up in two partially
overlapping groups (see Fig. 8). A rough division between
events belonging mostly to the low-spin and high-spin decays
was made using the following energy conditions for the daugh-
ter o decays: 6390 < E, < 6435 and 6440 < E, < 6485.
The most prominent peak in the high-spin part, taken from
the projection of events within the high-spin boundaries to the
X axis, corresponds to an energy of 7156(5) keV. Similarly,
in the low-spin part the largest peak has an energy of 7177(5)
keV. The corresponding values reported in Ref. [30] are 7178
and 7190 keV, respectively. The difference compared to the
energies obtained here has no clear explanation, but obviously
the limited statistics in the present experiment can play a role.

The y-ray events following the o decay of ' At reveal only
one peak at 76.7(3) ke V. The associated parent ¢-decay events
have an energy of E, = 7174(8) keV (group A in Fig. 8). The
number of coincident y rays compared to the total number of o
particles within group A is consistent with an £'1 multipolarity.
The energy of the daughter « decay is E, = 6428(6) keV,
compatible with the literature value for the decay of the
low-spin isomer in '"Bi. A 76-keV E1 transition is also
discussed in Ref. [30]. However, the reported energy for the
corresponding « particle is somewhat larger, £, = 7190 keV.
A small group of «a-decay events [E, = 7086(13) keV]
coincident with y rays of similar energy [E, = 75(1) keV]
is observed following the decay of the high-spin isomer in
194 At (group B in Fig. 8). The level of statistics does not allow
solid conclusions to be drawn.

The relative population of the high-spin and low-spin
isomers in the present experiment can also be evaluated. Taking
into account the respective S-decay branches for the daughter
nuclei the ratio between the population of the high-spin isomer
to the total is N (high)/N(total) = 37(15)% in 194 At
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FIG. 9. Time distribution between recoil formation and the
observation of a 157.5-keV y ray in the planar Ge detector. An
exponential fit is shown as the solid line [t,,, = 4.0(7) us]. The
energy spectrum of delayed y rays, tagged with the '*°At « decays
and recorded with the planar Ge detector, is shown in the inset. The
low-energy tail seen clearly in the 157.5-keV peak is attributable
to poor energy resolution of the detector and does not indicate the
presence of another peak. The recoil-y search time was 100 us.

For %At a total of 89 recoil-parent a-daughter o events
were collected during the experiment. The «-decay properties
determined from these data are summarized in Table I. It
appears that the only «-decaying state present in !%°At is
the low-spin (3%) level. The half-life obtained in the present
work for the (3%) decay in '”’Bi [20(3) s] is shorter than
the literature value [34.6(9) s]. This could be attributable to
random correlations present owing to the long parent-daughter
search time.

An isomeric state in '°° At with a half-life of 7.6(1.4) s and
decaying viaa 157.9(1)-keV E2 transition was reported in Ref.
[31]. This transition was confirmed in the present experiment
and the energy was measured to be E, = 157.5(9) keV.
The associated y-ray energy spectrum and recoil-y time
distribution are presented in Fig. 9. The half-life of 4.0(7) us,
determined from an exponential fit, is shorter than the one
previously reported. Based on the number of observed y
rays and assuming an E2 multipolarity, the intensity of the
157.5-keV transition, normalized to the total number of *6 At
o decays, is N(157.5)/ N (total) = 43(7)%. In addition to the
157.5-keV line and astatine K x rays, a 64(1)-keV y ray is also
observed. The corresponding half-life is 11(3) us, indicating
that it lies in the level scheme below the 157.5-keV transition,
or that it belongs to a different cascade. Placements of these
transitions in the decay scheme cannot be deduced from the
present data.

Finally, approximate values for the production cross sec-
tions of 19 At in the reaction >'V + #7Sm were estimated,
based on recoil-a-o correlated events. The results were
o ~ 50 nb for "*At and o &~ 230 nb for '*°At at a beam
energy of 224 MeV in the middle of the target.

IV. DISCUSSION
A. At

Total Routhian surface (TRS) calculations presented in
Ref. [17] predict a nearly spherical minimum for the (1/g /2)3
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FIG. 10. Kinematic moment of inertia plotted against rotational
frequency for bands 1 and 2 in '>At and for similar bands in '’ At
[13] and '°"'3Bi [3]. The low-spin part of the weakly deformed
ground-state band in '®3Hg is also shown for comparison [38].

proton configuration in odd-A "' At isotopes. The de-
formations of these minima increase with decreasing mass
to about B, ~ 0.1, ¥ ~ 0° in '7At. A sharp change occurs
between "7 At and '®> At, where the nucleus adopts an oblate
shape (B, ~ 0.2) with the odd proton now occupying the
7/27[514] Nilsson orbital. This is confirmed by the observation
of low-lying I™ =7/2~ states in '""L193195A¢ [14,15]. In
the present work it was not possible to determine the level
structure on top of the 7/2 state in '3 At. A strongly coupled
band might be expected, as such a band is observed in its
a-decay daughter nucleus, '"'Bi. A collective near-oblate
minimum for the 1i3,, proton configuration is predicted to lie
at B, ~ 0.2, y & —50°. The rotation of an oblate nucleus with
this configuration would result in a strongly coupled band,
as confirmed by our experiment (band 1 in Fig. 5). For the
(s /2)_' proton configuration a collective triaxial minimum
at B, ~ 0.17, y =~ —40° is predicted by the TRS calculations.
This would give rise to a decoupled rotational band.

The yrast band in 'At is assigned a wlijzp
configuration. Similar strongly coupled bands based on the
same configuration have been observed in 197 At [17] as well
as in PL193Bi [3]. In Fig. 10 the kinematic moment of
inertia is plotted as a function of rotational frequency for
bands 1 and 2 in '*3At. Data for similar bands in '’ At and
19L193B; are included for comparison. In the case of the 173/,
bands there is a clear trend of increasing moment of inertia,
indicative of increased deformation, when moving further
towards the neutron midshell in both Bi and At isotopes. The
backbend observed in '>’Bi is a sign of an alignment of a
pair of 1i;3,, neutrons. The bands in the astatine isotopes are
not observed to sufficiently high rotational frequencies for
potential backbending to emerge.

The kinematic moment of inertia for band 2 in At is
larger than that of the 1/2% band in '®*Bi. The low-spin part
of the weakly oblate deformed ground-state band in '$%Hg
is also included in Fig. 10 [38]. Deformation of the ground
state in 188Hg is determined to be 8, ~ 0.15 [39]. Figure 10
seems to indicate that the 1/2% state in '*’Bi has a weakly
deformed oblate shape, whereas there is a change to a larger
deformation in ' At. Whether band 2 is a part of a decoupled
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structure feeding the 1/2% state cannot be firmly concluded
with the level of statistics obtained in this experiment.

B. 19419 A ¢

Interpreting experimental data of the odd-odd At isotopes
is greatly complicated owing to the high level density en-
countered in these nuclei. The odd proton and neutron couple
their angular momenta to form a multiplet of states with spins
|1, — I,| <1 < I, + I,. Coupling rules for determining the
level ordering within the multiplet are given in Refs. [40—42].
Energy of the lowest state in a given multiplet can be estimated
by summing the energies of the relevant proton and neutron
orbitals in the neighboring odd-even and even-odd nuclei. To
test this approach, the energy difference between (7 1h9/, ®
vliy3/2)10” and (71351_/12 ® 1)11'13/2)7+ levels, estimated in
the manner explained above, was compared to experimental
data in odd-odd '8-192TI nuclei. The energy difference was
reproduced within about 20 ke V. Unfortunately experimental
data for such comparisons is not available in the case of odd-
odd Bi and At isotopes. Figure 11 shows the estimated level
energies for some low-lying states in several odd-odd astatine

1000

- (rrlh”‘@vlim)‘l()_
—A— (xin,_ ®v3p,)3"
@ (xih, ®v2f,) 7"
800F—1>— @72 [5141@vli )9
~O— @i [s141@v3p, ) 5
—— 13276061 @ v1i_ ) 12"

13/2

/N~ (z13/2"[606] @ v3p, ) 8 W
@ (3 @i, )7
—XK— (m3s,,®v3p, )2/

600

400+

Level energy (keV)

200+

A A
192 194 196 198 200 202
Mass number

FIG. 11. Estimated level energies for the lowest members of some
proton-neutron multiplets occurring in odd-odd astatine isotopes. The
method for computing the energies is explained in the text. One
experimental data point that was available for 2°At is included for
comparison [43].
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FIG. 12. Energy systematics for « decays of odd-odd astatine
isotopes. In addition to experimental data, calculated values for
favored « decays of various configurations are included (see text
for details).

isotopes. Additionally, experimental «-decay systematics for
odd-odd At nuclei are displayed in Fig. 12, along with some
calculated «-particle energies for various possible favored
decays relevant for the following discussion. The calculated
values were obtained by estimating the excitation energies of
the states involved in the parent and daughter nuclei using the
simple method outlined above. The corresponding «-particle
energies were then calculated using the experimental energies
for ground-state-to-ground-state decays in odd-odd astatine
isotopes, assuming that the low-spin isomer remains the
ground state down to '22At.

The absence of an « decay from the high-spin isomer in
1% At can be understood by considering the possible config-
urations expected to be found at low excitation energies (see
Fig. 11). Oblate (77/27[514] @ v1i13/2) and (7 13/21[606] ®
v3p3,;) configurations with spin-parities 9~ (or 107) and
87, respectively, are likely to come below the spherical 10~
state. An oblate (713sf/12 ® v1i13/2)7+ level is expected, in
addition to the spherical (7 1hg/, ® V2 f5/2)7+ state, to lie at
low excitation energy and be located below the 9~ (and 87)
states. Furthermore, a (w7/27[514] ® v3ps /2)5+ level should

also be present at low energy. Thus, the 9~ state in '"®At
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FIG. 13. Hindrance factors for o decays of some odd-odd Bi, At,
and Fr isotopes, calculated using the Taagepera-Nurmia formula [45].
The anomalous situation present in '**At is very evident. Data are
taken from Refs. [30-33,43,44,46-48].

could deexcite via an M2 transition to either one of the 7%
states, with AJ < 2 transitions to the ground state following.
As a result, the only a-decaying state in '*°At would be the
(lhy, ® 1)3»;73/2)3+ level. The observed 157.5-keV E2 y-ray
transition could be a part of this internal decay path from the
9~ state to the ground state, its half-life being determined by
the preceding 9~ — 77 M2 transition. The measured half-life
for the 157.5-keV transition, 4.0(7) us, is consistent with
the Weisskopf estimate for an approximately 50-keV M2
transition, which would remain unobserved in the present
experiment.

In '"*At the ground state does not necessarily have a spin
parity of 37, because the favored « branch s followed by an E'1
transition. As can be seen from Figs. 11 and 12, the «-decaying
low-spin state in '**At may be the /™ = 2~ state originating
from the (7133”1_/12 ® v3p3,2) configuration. The 76.7-keV E1
y ray observed to follow the o decay would then naturally be
explained as a2~ — 3% transition in °Bi.

The (w1hgy ® v1i13/2)10™ state in 194At is expected to
lie even higher in energy than the one in '"°At and also
would not decay by o emission. Contrary to '“SAt, the
(m1hgy ® V2 f5/2)7" and (71351_/12 ® vlijz2)7" states in 4 At
possibly lie above the 9~ (and 87) levels, thus removing the
deexcitation path via electromagnetic transitions. The o decay
from the high-spin state in '°*At is also hindered, as can be
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seen from Fig. 13, where hindrance factor systematics for o
decays observed in various odd-odd Bi, At, and Fr isotopes
are shown.

Also the « decay of '°2At has been observed not to feed
directly the (3%) and (10™) states in the daughter nucleus ¥ Bi,
as reported in Ref. [44]. The energy of the unhindered o decay
from the high-spin isomer is considerably lower that what
would be expected based on the corresponding energies in
heavier odd-odd At nuclei (see Fig. 12). This means that the
decay involves a configuration that is at much lower energy in
the parent nucleus than in the daughter nucleus. This points to
the involvement of the proton 1i,3/, configuration (see Fig. 1).
We therefore propose that the «-decaying high-spin isomer in
192 At has the configuration (7 13/2+[606] ® v3p3/2)8.

V. CONCLUSIONS

For the first time y-ray transitions were observed in the
very neutron-deficient nucleus '“At. A strongly coupled
rotational band based on an oblate (13/2") state was found.
The energy of the bandhead could not be determined as its
decay path remained unobserved. However, using information
on the detection thresholds and efficiencies of the experimental
setup, an upper limit of about 130 keV was deduced for
the excitation energy of the (13/2%) level. The decay paths
and half-lives of the 1/2% and 7/2~ states were investigated
and a 7/2~ — 1/2% E3 transition was inferred. Also, the a
decays of odd-odd isotopes **196 At were studied and possible
configurations for the low-spin and high-spin isomers were
discussed.
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