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Using fusion-evaporation reactions, a gas-filled recoil separator, recoil-gating technique and recoil-
isomer decay tagging technique we have extended the level scheme of 2°*At (N = 118) significantly.
We have observed an isomeric [7 = 14.1(3) us] state with a spin and parity of 29/27. The isomeric
state is suggested to originate from the m(hg/,)®|***Po; 117) coupling, and it is depopulated through
286-keV E2 and 366-keV E3 transitions. In addition, we have observed a cascade of magnetic dipole
transitions which is suggested to be generated by the shears mechanism.

I. INTRODUCTION

The nuclei close to the magic Z = 82 shell gap are
observed to have several interesting nuclear properties
and phenomena. These include, but are not limited to,
shape coexistence, superdeformed bands, shears bands,
and a large variety of low and high-lying isomeric states.
Also, sudden changes in spin, parity and deformation
of the ground state are observed in this region (See,
for example, Refs. [1-3] and references therein). Near
the N = 126 shell closure, spherical or nearly spherical
shapes can be found in even-mass polonium nuclei. When
the neutron number decreases, there is a change to oblate
deformed, and later prolate deformed, structure close to
neutron midshell (N = 104) [4, 5]. As the odd-mass as-
tatine nuclei can be described as an odd proton coupled
to an even-mass polonium core, this onset of deforma-
tion can be predicted to exist also in astatine nuclei, and
indeed the existing spectroscopical studies support this
picture (see, for example, Refs. [6-12]).

In the previous study of 203At [10], around twenty ~-
ray transitions were identified, and the level scheme was
built up to maximum spin of 23/2(_) and an excitation
energy of 1965 keV in the negative parity cascade. Simi-
larly, the level scheme on positive parity side was unam-
biguously identified up to maximum spin and excitation
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energy of 19/2% and 1942 keV, respectively. However,
there is some room for improvements. Above the men-
tioned excited states, there are a couple of low-energy
transitions, A, which Dybdal et al. were not able to
identify. In addition, the present level scheme of 203At
is lacking the isomeric 29/2% state. This state is known
in the neighboring astatine isotopes 199:201,205,209,211 A¢
[7,9, 11, 13, 14], hence one might expect it to exist also
in 203At. Recent studies [9, 15] report observations of
a shears band in nearby nuclei 2°' At and 2°4At, respec-
tively. Therefore, 293At is a good candidate nucleus for
another shears band.

Rotational-like cascades of M 1-type transitions were
found in nearly spherical nuclei in the early 1990s. The
stunning observable in these cascades was the regular-
ity of the observed v-ray energy spectrum, it was almost
like a superdeformed band. Nowadays more than 50 of
these bands have been found mainly in lead and bismuth
nuclei ([16] and references therein), but a few examples
are also known in other mass regions, for example, in
1058n [17], 10961088 [18], 1OCd [19], and 139Sm [20]. To
date, only four shears bands are known in nuclei heav-
ier than bismuth, these are 201 At [9], 294At [15], 2°Rn
[21] and 2%Fr [15]. Shears bands can be described in
detail through the tilted axis cranking covariant density
functional theory (TAC-CDFT) [22-25], which enables
a description of rotational excitations on the basis of a
well-determined covariant density functional. So far, the
TAC-CDFT has been successfully used to describe shears
bands [23, 26], antimagnetic rotation bands [27, 28], chi-
ral doublet bands [29], linear alpha cluster bands [30],
and transitions of nuclear spin orientation [31], and it
has demonstrated high predictive power [24, 25]. In par-
ticular for A ~ 200 region, the shears bands observed in
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FIG. 1. MWPC-vetoed a-particle energy spectrum observed
in the DSSD obtained with the **Ca(198 MeV) + **°Tb reac-
tion. Activities marked with an asterisk most likely originate
from a contaminant **Ti beam, see text for details.

198,199ph were well explained with the TAC-CDFT [26].
In this publication we, present an updated level scheme
for the 203At nucleus including the isomeric 29/2% state
and a suggested shears band. The feeding and depopu-
lation of the isomeric state is extracted and compared to
the systematics of the neighboring nuclei. Also, a justifi-
cation for the shears band assignment is discussed.

II. EXPERIMENTAL DETAILS

The experiment was conducted in the Accelerator Lab-
oratory at the Department of Physics at the University of
Jyvaskylé, where the K-130 cyclotron provided the used
48Ca beam with an energy of 198 MeV, a typical intensity
of 10 pnA and total irradiation time of 70 h. The beam
was guided to a self supporting '*°Tb target with a thick-
ness of 360 ug/cm?. This led, among other reactions,
to a fusion-evaporation reaction of 159Th(48Ca,4n)2%3 At.
The relative yields for other fusion-evaporation channels
may be estimated from the a-decay energy spectrum pre-
sented in Fig. 1. In the high-energy side of the spectrum,
one may observe some contaminant « peaks. If the 48Ca
beam included a contaminant *Ti beam component, it
would populate 2°2Rn, 203mRn, 199 At and 2°°™ At nuclei.
The a-particle energies of these nuclei are close to those
observed contaminant ones, which are marked with an
asterisk in Fig. 1.

Prompt ~-ray transitions at the target position
were observed with the JUROGAMII array. In JU-
ROGAMII, there are a total of 24 clover [32] and 15
tapered [33, 34] Compton-suppressed germanium detec-
tors. In this report, we omit the exact value of the an-
gular distribution parameter, As [35]. This is because
the observed angular distributions showed some irreg-

ular behavior, which might originate from a misplaced
target and/or calibration source. Also, the various iso-
meric states present in the level scheme (See Sec. IV)
make the angular distribution analysis even more chal-
lenging. However, a clear ascending (A3>0) or descend-
ing (A2<0) trend was observed for the angular distribu-
tions of a previously identified [10] stretched quadrupole
or dipole transitions, respectively. Therefore, the sign of
the A3 may be announced.

The gas-filled recoil separator RITU [36, 37] was used
to extract the fusion-evaporation residues (later recoils)
from the primary beam and other unwanted target-like
and beam-like nuclei. At the focal plane of RITU, the
recoils were implanted into a 300-um thick double-sided
silicon strip detector (DSSD), the main instrument of the
GREAT spectrometer [38]. The DSSD was surrounded
upstream by PINs, an array of 28 silicon detectors in a
box arrangement. These charged-particle detector setups
were set to detect o particles and conversion electrons.
A planar germanium detector was placed immediately
behind the DSSD inside the GREAT vacuum chamber.
The planar detector was primarily used for low-energy
~ rays and x-rays. An array of three clover detectors
was placed in close geometry around the DSSD vacuum
chamber to detect «y-ray transitions with higher energies.
The peak-to-total ratio of all clover-type detectors was
improved through an add-back method. A multiwire-
proportional counter (MWPC) was placed between RITU
and GREAT. Energy losses to the MWPC and time-of-
flights between MWPC and DSSD enabled to distinguish
between recoils and scattered beam particles.

Data from all ADC channels were recorded indepen-
dently using the triggerless total data readout method
(TDR) [39]. A 100-MHz clock was used to timestamp all
recorded events, and the GRAIN software [40] was used
in the data analysis.

III. TAC-CDFT

It has been found that the pairing correlations should
be important in the description of shears bands in the
A ~ 200 mass region [26]. Recently, the tilted axis crank-
ing covariant density function theory (TAC-CDFT) with
pairing correlations has been developed in Ref. [31] with
a monopole force, and later in Ref. [41] with the sep-
arable pairing force [42]. Therefore, in the following,
the TAC-CDFT with pairing correlations are employed.
Furthermore, the successful relativistic density functional
PC-PK1 [43] in the particle-hole channel, and the fi-
nite range separable pairing force [42] in the particle-
particle channel are adopted. As commonly done, the
strength of the pairing force is enhanced about 2% to
avoid an unphysical collapse of pairing gaps. The rela-
tivistic Hartree-Bogoliubov equation is solved in a three-
dimensional harmonic oscillator basis in Cartesian coor-
dinates with 12 major shells.



IV. RESULTS
A. TIsomeric 29/2" state

The level scheme below the isomeric 29/2T state was
constructed mainly based on the <+ coincidences, the
angular distribution of prompt 7 rays and energy sums.
The validity of the level scheme was confirmed by ex-
tracting the total transition intensity for each transition
at the focal plane ITgr(FP). The observed transitions
are listed in Table I, and the obtained level scheme is
presented in Fig. 2. The applicable parts of the level
scheme obtained in this study are in agreement with the
one suggested earlier [10]. Some details of the analysis
are now discussed.

Fig. 3(a) shows the singles energy spectrum of the
~ rays observed in the focal-plane clover array within
30 ps from the recoil implantation to DSSD. Most of
the observed transitions are previously assigned to 2°3At
[10]. The search time of 30 us corresponds roughly to
three times the half-life of the isomeric state of inter-
est. This time condition is applied to all delayed ~-ray
and conversion-electron data presented in this work if not
stated otherwise. Extraction of the half-life is discussed
later in this section. Fig. 3 also shows two examples
of vy coincidence analysis using focal-plane clover detec-
tors, these are presented in panels (b) and (¢). In ad-
dition to transitions observed in clover detectors, there
are a couple of low-energy - rays, which are only observ-
able in the planar germanium detector placed inside the
GREAT vacuum chamber.

Two examples of y-ray energy spectra observed using
the planar detector are presented in Fig. 4. Panel (a)
shows the energy spectrum of v rays in prompt coinci-
dence with the 286 or 309-keV ~-ray transition observed
in the focal plane clover array. Panel (b) is the same as
(a), but the gate is set to the 411-keV transition. In panel
(a) one can observe low-energy transitions with transition
energies of 39 and 64 keV. Based on the data obtained
in this study it is impossible to fix the ordering of these
transitions in the level scheme. However, the intensity
analysis dictates M1 and E2 character for the 39 and
64-keV transitions, respectively.

Figs. 3(c) and 4(b) show a coincidence between the
411 and 286-keV transitions. This suggests that there is
a weak link transition between the positive and negative
parity cascades. A comparison of the K, and Kg x-
ray intensities in Fig. 4(b) reveals that there is some
additional intensity in the peak close to the energy of the
astatine K, x-ray energy. The total transition intensity
of this additional 80-keV transition is comparable to the
total transition intensity of the 286-keV transition in Fig.
4(b), if the 80-keV transition is assumed to be of type E1.
In addition, the energy difference between the 25/2% and
the 23/27 state is 80 keV, hence an F'1 transition is placed
between them.

The assignments of the E2 and E3 character for the
286- and 366-keV transitions, respectively, are based on

TABLE 1. Observed « rays below the 29/2" isomeric state in
203At. I, is the relative y-ray intensity and A, is the an-
gular distribution parameter, both are deduced from recoil-
gated JUROGAMII data. Transition energy, E., and the
total transition intensity, Irr(FP), are deduced from the
focal-plane clover singles data if not specified otherwise.
The internal-conversion coefficients for the calculation of the
Itr(FP) were taken from [44]. Ipr(F P) is normalized such
that the 286-keV ~-ray transition has an intensity of 100.

Ey (keV) 1 Irr(FP) As IT I7
38.5(2)* 130(30)® (215T)P 1957
63.5(3)* 160(50)® 25/pTP  (21/51)P
80.0(2)° 8(2)¢ 25/5 23/y~
211.9(2)  47.6(15)  58(9) 13/5+ 11/y
223.2(2)  7.5(5)  8.3(12) 13/+ 13/5~
246.5(2)  10.1(6)° 31(4) <0 19/t 17/5+
254.3(2)  15.4(8)° 24(3) <0 17yt 15/2+
285.8(2) 115(12) 20/5+ 25/5F
308.7(2)  36.3(1.2)  67(7) <0  19/a* 17/5+
316.5(2) 8.5(6) 11.3(14) <O 17/5F 15/97F
328.1(2)  15.2(10)  112(12) <0  23/>~ 21/~
365.8(2) 110(11) 20/5F 23/5
411.2(2) 41.8(14) 116(11) >0 21/5~ 17/97
506.9(2) 44(3)° 51(6) <0  15/2" 13/5+
576.5(2) 79(3) 139(15) >0 17/97 13/57
648.6(2) 100(4) 160(20) >0  13/a 9/a~
660.0(2) 56(3) 90(10) 11/ 9/2~
716.4(2) 10.8(4) 8(2) 19/5F 17/y~
761.4(2)  32.2(10) 60(7) >0 17/t 13/5F
823.7(2) 10.8(4) 33(4) >0 17/5F 13/yF
871.8(2) 15.9(5) 41(5) 13/97% 9/2~

@ Deduced from planar detector data, that is gated with suitable
~-ray transitions observed in the focal-plane clover array.

b Ordering of the 39 and 64-keV transitions is not clear. See text
for details.

¢ Transition observed indirectly, see text for details. Transition
energy is calculated from the energy difference of the 286 and
366-keV transitions. Intensity is from 411-keV (clover) gated
planar vs clover v data. The number of K, x-rays is
subtracted based on the number of observed Kz x-rays.

d Intensity from the 649-keV gated v+ data. Intensity normalized
to the intensity of the 577-keV transition in singles spectrum.

¢ Intensity from the 660-keV gated vy data. Intensity normalized
to the intensity of the 761-keV transition in singles spectrum.

the internal-conversion intensity ratio X/r+Mm+... The
spectra used in this analysis are presented in Fig. 5(a)
and 5(b). For the 286-keV transition the extracted inten-
sity ratio is 0.99(22), which matches with a theoretical
[44] ratio of 0.98(3), calculated for a 286-keV E2 transi-
tion. Similarly, the deduced ratio of 0.55(8) matches with
a theoretical [44] ratio of 0.50(2), calculated for a 366-keV
FE3 transition. In both spectra there are some transitions
overlapping with the transitions of interest, especially
the 309-keV transition which overlaps with the 286-keV
transition. The number of events in each case were ex-
tracted by using a multi-component fit. The validity of
this method was confirmed by extracting also the inten-
sity ratio for the 309-keV transition, which agrees with
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FIG. 2. Partial level scheme of 2°*At. The level scheme of the levels connected to the isomeric intruder /2" state is shown in

Ref [45]. The purpose of the inset is to clarify the low-energy transitions below the isomeric 29/2"

state. The transitions marked

with A and A’ were not observed, but v coincidences suggest that those are present. Energy summing of v rays suggest a

transition energy of 12 keV and 51 keV for A and A/,

a theoretical [44] estimate calculated for a 309-keV M1
transition. The previous study [10] suggested this char-
acter for the 309-keV transition, and the angular distri-
bution of prompt v rays obtained in this study supports
this picture. The theoretical K/rL+M+... intensity ratio
for a 309-keV FE1 transition is nearly equal to the cor-
responding theoretical ratio of an M1 transition, hence
this analysis does not confirm the character of the 309-
keV transition. However, this shows that the used fitting
method produces reasonable K/r+M+... ratios despite the
overlap of the peaks. The contribution of the 212-keV
L+ M + ... conversions to the peak at energy of ~ 200
keV was considered to be negligible. This is reasonable
because the 212-keV transition, being of type E1, has a
small total conversion branch and large X/L+M+... ratio.

In Fig. 6 the time distributions between the recoil im-
plantation and the subsequent ~ rays depopulating the
isomeric state are shown. In panel (a) the 286-keV tran-
sition is observed in the planar detector and it must be

respectively. The circulated numbers refer to group number in Table ITI.

in prompt coincidence with the 761-keV ~-ray transition,
observed in the focal-plane clover array. Panel (b) is the
same, but with transition energies of 366 keV (planar)
and 577 keV (clover). The mean lifetimes, extracted us-
ing a logarithmic time-scale method [46], are nearly iden-
tical, indicating that the 286-keV and 366-keV transitions
are from the same isomeric state. The longer-lived com-
ponent in both distributions are the outcome of random
~-ray coincidences originating, for example, from Comp-
ton scattering. The 30 us time gate was omitted in these
lifetime analyses.

The mean lifetime of the 13/2T and 25/2T states were
extracted through centroid-shift method, which gives life-
times of 4(3) ns and 20(2) ns, respectively. Selected ex-
amples of this analysis are shown in Fig. 7, where the
time distributions between two - rays observed in the fo-
cal plane clover array are presented. The time difference
between the selected ~ rays was taken from the times-
tamp of each observed 7 ray. The dashed distributions
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649
L+M+..
>
[0}
X~ L+M+..
10 I
” o "
§ Gate: 761 keV
o
K 6
© 400+ L+M+...
K2 L+M+..
L+M+
200+
660
K L+M+..
0 1 . . T
0 100 200 300 400 500 600 700
E,C(keV)
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FIG. 6. Natural logarithm of the time difference between
the recoil implantation and the subsequent 286-keV (a) or
366-keV (b) 7-ray observation in the planar detector. In ad-
dition, the transition observed in the planar detector must be
in prompt coincidence with the 761-keV (a) or 577-keV (b)
ray observed in one of the focal-plane clover detectors. A log-
arithmic time-scale method [46] yields nearly identical mean
lifetime for both distributions. The longer living component
is a result of random ~-ray coincidences originating, for ex-
ample, from Compton scattering. In the extraction of theses
spectra the 30 us time gate was omitted.

are a result of reversing start and stop -y rays. After the
background subtraction, the centroid C' of each distribu-
tion was extracted by using the standard equations [47]
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where n; is the number of observations in the time bin
t;. The absolute value for n; in Eq. 2 was added in or-

der to handle a few bins with negative number of events,
which are due to background subtraction procedure. As-
suming no background contribution after the background
subtraction it follows [48] that the centroid shift between
normal C'y and reversed Cp time distribution is equal to
two times the mean lifetime of the state between the start
and stop 7 ray, hence 7 = (Cn—Cr)/2. The validity of the
method described above was confirmed by extracting the
mean lifetime for several states which are assumed to be
prompt (Fig. 7(a)-(c)) and also by extracting a mean
lifetime of the 13/2* state in 2°'At (Fig. 7(d)). This
state is known to have a lifetime of 23(2) ns [10]. The
method described above suggests a mean lifetime of 4(3)
ns and 20(2) ns for the 13/27 and 25/27 states in 203At,
respectively.

B. Shears band

Figure 8 shows an energy spectrum of prompt ~ rays
in coincidence with a 949-keV transition. In this spec-
trum, there are low-energy M1 transitions which, based
on 77 coincidences, form a cascade. The M1 assignment
is based on a stretched dipole like angular distribution
and on a high x-ray yield observed together with this
cascade. The ~ rays in this cascade are listed in Table
IT together with the transitions depopulating this band.
Table 1T also lists lower limits for the B(M1)/p(E2) ratios,
which were extracted by integrating the smallest observ-
able peaks in the noise close to the energies of the unob-
served E2 overlap transitions. The transition energy of
the F2 candidate depopulating the 4639-keV state over-
laps with the 544-keV transition, hence it was not possi-
ble to integrate the noise close to this energy. Therefore,
an average intensity of all the other E2 candidates was
used to extract the lower limit of the B(M1)/p(E2) ratio
for the depopulation of this level. This is justified be-
cause the noise level through the energy range where the
E2 candidates are expected to appear is stable.

There are two observed depopulation paths from the
band-head state. A weaker decay path is observed to feed
the isomeric 29/2% state through an 1156-keV stretched
dipole transition, see Fig. 9(a). This dipole transition
suggests that the band head of the dipole band lies at
the excitation energy of 3486 keV with spin of 27/2 or
31/2,

The majority of the intensity from the band head state
is depopulated through a cascade of 949-keV and 544-keV
transitions. Figures 8(a) and (b) show + rays coinciding
with this decay path. Some of these transitions are pre-
viously assigned to the positive parity cascade below the
isomeric 29/27 state and those are marked with an aster-
isk in Figs. 8(a) and (b). The presence of the 309-keV
transition suggests that this depopulation path must end
up to the 19/27 state or higher in the positive parity cas-
cade. As the energy of the band-head state is fixed by the
1156-keV transition, energy summing of y rays suggests
that the 949-, 544-keV decay path must populate the
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19/9%F state or the (21/2T) state or both of them. As the
949-keV and 544-keV transitions have a stretched dipole
like angular distribution, the spin assignment of 31/2 for
the band head state can be ruled out. Hence, the spin of
the band-head state is likely to be (27/21), which requires
the spin of the 1993-keV level to be (23/27). The parity
assignment of the dipole band is based on TAC-CDFT
calculations, for more details see Sec. V C. The transi-
tion from the 1993-keV (23/27) state to the (21/2T) state
would have an M1 character with possible £2 admix-
ture and an energy of 12 keV. Similarly, the transition to
the 19/2™ state would be a 51-keV E2 transition. These
transition energies were obtained from the energy sum-
ming of y-rays and are both too low to be observed in
JUROGAMII. These unobserved transitions are marked
with A and A’ in the level scheme shown in Fig. 2, re-
spectively. Due to these missing transitions the 544-keV
and 949-keV transitions are placed tentatively in the level
scheme and also the spin and parity assignment for the
shears band remain tentative. It is also worth noting
that the transitions marked with an asterisk in Fig. 8(a)
are lacking some intensity with respect to the 544-keV
transition. This might suggest a lifetime of the order of
some nanoseconds for the 1993-keV state.

The observed dipole band and depopulation paths are
shown in the level scheme in Fig. 2. However, further in-
tensity balance analysis reveals that there must be at
least one unobserved decay path from the band head
state. Further justification for the shears band assign-
ment is discussed in section V C.

TABLE II. Observed ~ rays in the suggested shears band
(above the line) and those depopulating the shears structure
(below the line). If not specified otherwise, E, and I, are
extracted from the vy coincidence data gated with the 949-
keV transition and I, is normalized to the intensity of the
259-keV transition in the recoil gated singles spectrum.

E, (keV) I, As Ir I7  BMY/p(E2)
(H?V/(:‘sz)
133.8(4) 5.1(10) <0 (29/2T) (27/2T) -
178.8(5) 3.3(9)  (<0) (39/2%) (37/2T) >15
193.6(4) 3.5(6)  (<0) (41/2T) (39/27) >2
223.4(4) 13(3) <0 (312%) (29/2T) >10
253.4(4) 10(2) <0 (37/2%) (83/2T) >25%
259.4(4) 16(3) <0 (33/21) (31/21) >20
283.3(4) 13(2) <0 (35/21) (33/2T) >30
321.7(6) 4.0(11) <0 (#3/21) (41/21) >3
381.0(6) 4.4(13) <0 (48/2T) (43/2T) >5
544.2(5) 26.4(9)° <0 (25/27) (23/2T)
948.5(7)>  8.6(3)° <0 (27/2%) (25/21)
1155.5(8)" 2.24(13)> <0 (27/27) 29/27

a Extracted using an average E2 intensity of all other E2
candidate transitions. See main text for details.
b Extracted from recoil gated singles spectrum

C. Other observed states

Levels above the isomeric 29/27 state were probed using
the recoil-isomer decay tagging method. Fig. 9(a) shows
the singles energy spectrum of prompt -rays observed in
JUROGAMII by tagging with the depopulation of the
29/ state. The used gates are listed in Fig. 9(a), and
the v rays used as a gate were observed in the focal-
plane clover array or planar germanium detector. Fig.
9(b) shows an example of recoil-isomer decay tagged v~y
coincidence analysis. The observed «-ray transitions are
listed in Table IIT and those are labeled with group num-
ber 1. The level scheme above the isomeric 29/2% state
was constructed based on vy coincidences, energy sums
and intensity balances. Also, the angular distributions
of v rays were extracted when possible. The observed
low-energy transitions are not placed in the level scheme
due to inconsistencies in the observed transition intensi-
ties. However, based on the ~v coincidence data these
transitions might form a band-like structure which most
likely feeds the 3617-keV state.

The energy of the 1438-keV transition is close to the
energy sum of the 920-keV and 520-keV transitions,
hence it might be suggested to depopulate the 3770-keV
state. This, however, would indicate a spin change of four
units assuming that the consecutive 920-keV and 520-keV
quadrupole transitions set the spin of the 3770-keV state
four units higher with respect to the final 29/2T state.
This would make the 1438-keV transition extremely hin-
dered, hence it is placed tentatively to depopulate a sep-
arate state at the energy of 3768 keV.

Also the level scheme of the negative parity cascade
was extended significantly. This was done through con-
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FIG. 9. Recoil-isomer decay tagged prompt 7 rays observed in
JUROGAMII: (a) Energy spectrum of singles v rays tagged
with any of the most intensive v-ray transitions depopulating
the 29/2" isomeric state. Transitions connected with a dashed
line are associated with the dipole band, see section IV B.
(b) An example of recoil-isomer decay tagged vy coincidence
analysis. Energy spectrum of ~«-rays in coincidence with the
920-keV ~v-transition is shown.

ventional vy and 7y~ coincidence analysis. The observed
transitions are listed as group 2 in Table III, and the ex-
tended level scheme is presented in Fig. 2.

In addition to the above mentioned transitions, there
are seven ~-ray transitions which are only observed to be
in coincidence with the 544-keV transition, see Fig. 8(b).
These transitions are listed as group 3 in Table III, and
those are placed tentatively to the level scheme when
possible. Based on the data obtained in this study it
was not possible to establish a coincidence between these
seven transitions and the rest of the level scheme, other
than the 544-keV transtion. Therefore, these transitions
cannot be firmly assigned to 2°3At. However, it is good
to bear in mind that Dybdal et al. [10] also observed
coinciding v rays with energies of 544.3 keV and 214.8
keV, and based on excitation function study, these were
assigned to 203At.

V. DISCUSSION

We have performed prompt and delayed spectroscopy
for the neutron-deficient nucleus 2°3At. The applicable
parts of the now extracted level scheme are in good agree-
ment with the level scheme obtained in the earlier study
[10]. Also, the presently obtained level scheme for 293 At
is remarkably similar compared to the level scheme of
201At [9]. Therefore, a large fraction of the discussions
presented in these earlier studies can be adopted for the
low-lying states in 203At. It is not necessary to repeat
these discussions here, but instead the reader is encour-

TABLE III. Other observed 7-ray transitions in 2°3At: The
y-ray transitions feeding the 29/2" isomeric state are listed as
group 1. E, and I, for group 1 transitions are extracted
from the recoil-isomer decay tagged JUROGAMII singles
data (Fig. 9(a)). Intensities are normalized to the intensity of
the 920-keV transition in recoil gated singles spectrum. The
~-ray transitions in the negative parity cascade are listed as
group 2. E, and I, for group 2 transitions are extracted from
the 649-keV and 577-keV gated vy coincidence data. Intensi-
ties are normalized to the intensity of the 411-keV transition
in the recoil gated singles spectrum. Transitions in coinci-
dence with the 544-keV transition are listed as group 3.

Group E, (keV) I, As I7 I7
1 101.7(4)" 1.9(2)

1 110.1(4)*  22(2) <0

1 127.8(4)*  2.1(2)

1 213.2(4)*  2.7(2)

1 228.9(4)*  29(2) >0

1 287.3(4)*  2.2(2) <0

1 331.1(4) 88(6) <0

1 365.8(4) 9.3(6) >0

1 506.8(5)*  3.8(4) <0

1 520.2(5) 5.9(4) >0 37/5F 339
1 526.9(5)*  1.7(3) <0

1 919.7(7)  20.7(11) >0 33/aT 29T
1 981.2(7) 47(3) <0

1 1217.8(8) 1.5(2)

1 1286.8(8)  8.2(5)

1 1438.4(9)  29(3)  (<0)

2 265.4(5) 16(6) >0

2 321.7(5)*  4.1(8) >0

2 423.3(6) 4.6(14)

2 430.1(13)*  4.3(24)

2 435.5(6) 9.5(24) >0 2oy 2157
2 467.8(8)" 1.4(8)

2 567.9(6) 85(15) >0  (25/27)  21/ay
2 684.1(7) 7.6(15) >0

2 700.6(7) 55(15) >0 (2927)  (23/27)
2 847.0(7) 13(2) >0 2y 17fp”
2 854.3(7) 11(2) >0

2 923.3(7) 2.5(8)

2 988.5(7) 7.8(14) <0

3 214.3(4) 10.8(10)

3 423.7(5) 54(7) <0

3 429.0(6)*  2.1(5)

3 452.3(5) 85(8) <0

3 476.4(5) 5.6(7)

3 534.5(5) 53(8) >0

3 567.4(5) 7.9(10) >0

2 Transition not placed in the level scheme

aged to see Refs. [9, 10]. Some of the suggested predom-
inant configurations for the low-lying states are summa-
rized in Table IV. Newly observed states, and those with
updated observations are now discussed in more detail.



TABLE IV. Suggested predominant configurations for some
of the excited states of 203 At.

E (keV) I Configuration Ref.
649 1357 w(hes) ® |***Po; 21) [9]
660 157 7(hess) @ [*°*Po; 2T) [9]
872 1827 (irsss) @ w(hoya )3 [10]
1225 17/27  w(hep) @ |*%?Po; 47T) [9]
1633 7)ot w(irass) @ m(heys)as [10]
1636 2157 7(hep) ® |***Po; 61) [9]
1696 17/2% w(hep) @ |*%?Po; 57) [10]
1942 19/2F  7(hep) @ |*%?Po; 57) [10]
1964 28/57  7(fr2) ® |*%°Po; 87)

1981 21/2T  w(hes) ® |**Po; 77)

2045 25/2T  w(hes) ® |°**Po; 97)

2330 29/o%  7(hess) ® [***Po; 117)

3250 33/5T (kg yins2); 29/27) @ [°OPhb; 2T)

3770 37/2% | (hyyine); 29/27) @ [*2Pb; 4F)

A. TIsomeric 29/2" state

Figure 10(a) shows the systematics of the 29/2F, 25/
and 23/27 states in astatine nuclei. These states are com-

pared to the 11~ [7r (h9/2i13/2)], 9~ [V (f;zli;,}z))] and
8+ {77 (hgh)} states observed in respective polonium iso-

tones. In Fig 10(a) it is evident that the isomeric 29/2*
state in astatine isotopes appear to follow the isomeric
11~ state in polonium isotopes. Moreover, the astatine
states 25/27 and 23/2~ appear to follow the systematic
trends of the 9~and 8 states observed in polonium nu-
clei, respectively. In polonium nuclei, it has been ob-
served [49, 50] that the isomeric 11~ state can be depopu-
lated to 9~ and 87 states through E2 and E3 transitions,
respectively. Based on the above mentioned systematic
trends one may propose that the now observed 29/2% and
25/o states in astatine nuclei are a result of a coupling of
the odd hs/, proton to the 117 or 97 states of the polo-
nium core, respectively. Similarly, the 23/2~ state can be
suggested to originate from the odd fr/, proton coupled
to the 8T state of the polonium core. These interpre-
tations are identical to those suggested earlier for the
applicable states in astatine isotopes 199,201,205,209,211 A¢
[7,9, 11, 13, 14].

The observed mean lifetime of 14.1(3) us corresponds
to reduced transition strengths of 21(2) W.u. and
1.92(14) - 10~* W.u. for the E3 and E2 transitions de-
populating the isomeric 29/27 state in 293 At, respectively.
The observed strong hindrance for the E2 transition is
understandable as this transition involves a significant
structural difference between the initial and final states.
Unlike the E2 transition, the E3 transition is strongly
favored. This is a fairly common feature of the F3 transi-
tions observed in nuclei above lead. It is understood as a

coupling of a particle configuration to the octupole vibra-
tions of the core, which gives a collective component for
the E'3 transition [51]. In Fig 10(b), the above mentioned
transition strengths are compared to the analogous values
in neighboring astatine isotopes. From Fig. 10(b), one
may observe that the B(FE3) value stays roughly constant
in all of the astatine isotopes, however, starting from
201At (N=116) there is a rapid increase in the B(E?2)
value. This, together with the energy systematics, ex-
plains the observed intensity balance between the £2 and
E3 transitions in different astatine isotopes. In '99At,
only the E2 transition is observed. In 2°1At, both transi-
tions are observed but the E2 dominates. In 293At, both
transitions are observed with comparable intensities. In
205 At, again both transitions are observed but this time
the E3 transition dominates and finally, in 209211 At only
the E'3 transition is observed.

It is also worth mentioning that there are recent ob-
servations [52, 53] of a similar 29/2% isomeric state in
the nearby nuclei 3195Bi. In bismuth nuclei, the iso-
meric state has been suggested to originate from the same
7 (t13/ h§/2) coupling. However, this requires an excitation
of a proton pair across the Z = 82 shell closure, which
explains the higher excitation energy of the 29/2% isomer
in Bi nuclei. For further details of the 29/2™ isomeric state
in bismuth nuclei, see Refs. [52, 53].

B. States above the isomeric 29/2" state

As discussed above, the isomeric 29/2™ state in astatine
is interpreted to originate from the 413/, proton coupled
to a fully-aligned ho/, proton pair. Therefore, achiev-
ing an angular momentum higher than 29/2 must involve
a structural change with respect to the configuration of
the isomeric 29/2T state. One option is to couple the
i13/2h§/2 proton configuration to a low-lying neutron state
of the respective polonium core. In nearby polonium iso-
topes the lowest known neutron states are 5~ and 7~
[59], both originating mainly from the Vifs}zp;/; configu-
ration. Another way to increase the angular momentum
beyond 29/2% is to couple this state to a low-lying state
of the respective Pb core. This was also suggested in
our earlier publication [9] for 2°*At, but the discussion
presented there was very limited.

In Fig. 11 the energies of the 33/2™ and 37/2" states
feeding the isomeric 29/27 state are shown together with
a low-lying 27 and 4% states of the respective Pb core.
Figure 11 also shows the energies of the 5~ and 7~ neu-
tron states observed in polonium nuclei. From the figure,
one may observe that the energy spacing of the 33/2% and
37/2% states in astatine is similar to the energy spacing
of the 27 and 47T states in Pb nuclei. Therefore, one
may suggest that the 33/2T and 37/2T states in astatine
nuclei originate from the coupling of the i13/2h§/2 proton

configuration to the 2 and 47 states of the Pb core.
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FIG. 10. Panel (a) shows the energy systematics of the iso-
meric 29/2" and the subsequent 25/2% and 23/2~ states in as-
tatine isotopes (solid symbols). These states are compared
to the systematics of the analogous isomeric 117 states in
polonium isotopes (open symbols). In panel (b) the reduced
transition strengths for the transitions depopulating the iso-
meric 29/2" state are shown. Note the scales in panel (b).
Data for At isotopes are taken from Refs [7, 9, 11-14, 54]
and this work and for Po isotopes from Refs. [4, 50, 55-58].
Neutron number of 2%3At is 118.

C. Shears band

Shears bands have certain characteristic properties
which may be summarized as follows [16]:

1. The level energies in the band (away from band
crossings) follow the pattern of E(I) — Ey o (I —
Ip)?, where 0 refers to the band head state.

2. The band is formed from strong M1 transi-
tions with possible weak FE2 crossovers. Usu-
ally BIM1)/p(g2) = 20 #¥/e?b?, and B(M1) ~
2 —10 p%.

3. The nucleus has a small quadrupole deformation.
4. The active orbitals must involve high j values.

5. The ratio of the dynamic moment of inertia over
B(E2) is large, >100 MeV~!(eb)™2, when com-
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FIG. 11. Energy systematics of the states above the isomeric
29/ state normalized to the energy of the 29/2% state in
201,203 At (solid symbols). These energies are compared to
the energies of the 2 and 4T states in the nearby lead nu-
clei. For comparison, also the two lowest lying neutron states
known in polonium nuclei are shown. Energies for the states
in Pb nuclei are taken from Refs. [60-63], for Po from Refs.
[49, 59, 64] and for At this work and Ref. [9]. Neutron num-
bers of 2°1:203 At are 116 and 118, respectively.

pared to well-deformed (~ 10 MeV~!(eb)~?2) or su-
perdeformed (~ 5 MeV~1(eb)~2) bands.

The above listed properties are now compared to the
properties of the dipole band observed in 293 At.

Figure 12 shows the energy of the levels in the observed
band as a function of the level spin. The dashed lines in
Fig. 12 represents two parabolas fitted independently to
the low- and high-spin part of the band. As one may ob-
serve, the energies of the cascade are well reproduced by
these two parabolas, hence, the characteristic property
number 1, listed above, is satisfied with one band cross-
ing taking place at spin and excitation energy of ~18 &
and ~4.6 MeV, respectively. This band crossing can also
be seen as a backbending in the inset of Fig. 12.

As discussed in Section IV B, the high x-ray yield and
the angular distribution of ~y rays suggest an M1 charac-
ter for the transitions in the 293At band. Moreover, the
lack of E2 crossover transitions and the extracted lower
limit for the B(M1)/B(E2) values listed in Table IT suggest
that the observed dipole cascade in 2°3At satisfies the
characteristic property number 2 listed above. However,
it was not possible to extract the exact B(M1) or B(E2)
values from our data.

Total Routhian Surface calculations, presented in Ref.
[65], predict a small prolate deformation for the ground
state of 203At. As there is no observation of a rotational-
like level pattern in 203At it can be suggested that the
ground state of 203 At is nearly spherical. This idea is sup-
ported by the fact that the 2°?Po core nucleus is known
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FIG. 12. Energy of the levels in the dipole band as a function
of spin. The dashed lines are two independent parabolas fit-
ted to the low- and high-spin part of the cascade to guide the
eye. The inset shows the spin of the shears band as a func-
tion of rotational frequency. This is compared to the covari-
ant density functional (TAC-CDFT) calculations (solid line)
for 7(i13/2) ® 1/(1'1_332) and ﬂ(hg/zilg/z) ® u(il_;Q) configurations
below and above the band crossing, respectively.

to be nearly spherical based on an in-source resonant
ionization laser spectroscopy study [66] and Coulomb-
excitation study [67]. A near spherical shape is required
for the observation of a shears band because in well de-
formed nuclei the core rotation dominates over the shears
mechanism (characteristic property No. 3).

The configuration assignment for the shears band was
done through TAC-CDFT calculations as described in
Sec. III. These calculations suggest a configuration of
(i13/,) ® V(ifgfz) and W(h§/2i13/2) ® v(is;,) below and
above the band crossing, respectively. These configura-
tions suggest a positive parity for the dipole band. A
comparison between angular momenta of the now ob-
served dipole band and the results of the TAC-CDFT
calculations are presented in the inset of Fig 12. It is
worth noting that the TAC-CDFT can not produce con-
verged results in the backbending region because such a
phenomenon is beyond the scope of the cranking calcula-
tion [68]. Furthermore, it is found through TAC-CDFT
that, for the configuration of m(iy3/2) ® u(i13/2)_2, the
proton quasi-particle in the 413/, orbital contributes with
an angular momentum of about 6.4% and the two quasi-
neutrons in the same orbital generate an angular momen-
tum of ~ 11.5h4. The appearance of the backbending is
due to the alignment of the two hg /o quasi-protons, which
provide an extra angular momentum of about 7 ~ 8h. In
the present calculations, the shears mechanism has been
found for both configurations by checking the angular
momentum decomposition. Moreover, the i1/, and hoy,
proton orbitals as well as the 713/, neutron orbital, can be
considered as high-j orbitals, hence, the observed dipole
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TABLE V. Reduced transition strengths for the transitions
depopulating the 13/27 state in 2°*2%3At and the 25/27" state
in 2°2At. The data for 2°’ At was obtained by using a mean
lifetime of 23(2) ns [10] for the 13/2T state and a level structure
reported in Ref. [9].

B(oX; I — IF) 201At (W.u) 203 At (W.u.)
B(M2; 13/27 —9/27) 0.18(4) 0.22(14)
B(E1; 13/oT — 13/57) 6.2(13)-107" 4(3)-1077
B(E1; 13/oT — 11/57) 2.2(9)-107° 4(3)-107°
B(E2; 25/2% — 21/5T) 8.2(7)
B(E1; 25/aT — 23/57) 1.1(4)-107¢

band satisfies the characteristic property number 4.

As there is no lifetime data available for the dipole
band states it is not possible to extract the exact B(M1)
or B(E?2) values, hence the property No. 5 can not be ad-
dressed here. However, as discussed above the observed
dipole band appears to satisfy the listed characteristic
properties 1-4 of shears bands. Therefore, the now ob-
served dipole band can be suggested to originate from
the shears mechanism.

D. Isomeric 13/2" and 25/2" states

It is worth expanding this discussion also to the iso-
meric 13/27 and 25/2% states, even though these states
are present in the level scheme of the previous study [10].
In this study, the level structure around the 25/2% state
was clarified and a lifetime was extracted for both of the
mentioned states. The reduced transition strengths cor-
responding to the extracted lifetimes are shown in the
Table V. As the depopulation of the 13/2T state in 291 At
state was updated recently [9], also the reduced transi-
tion strengths for the transitions depopulating this state
are revised. This was done by using the mean lifetime of
23(2) ns [10] and the recent [9] data for the depopulation
of the state. These results are also reported in Table V.
In Fig. 13 these transition strengths are compared to the
strengths of the respective transitions in neighboring as-
tatine nuclei. From the figure one may observe that the
obtained transition strength values are in good agreement
with the values reported earlier for the same transitions
in nearby astatine nuclei. The B(M2) values of 0.18(4)
and 0.22(14) W.u. for the 13/2T — 9/ transition in
201,203 At respectively, are comparable to the values of
0.10(2) W.u. [69] and 0.17(4) W.u. [70] obtained for
the same transition in nearby francium nuclei 2°3:2%5Fr,
respectively. In francium nuclei the 13/2% state is also
suggested to originate from the 7(i1s/,) configuration.

The E2 transition depopulating the 25/2% state is en-
hanced. The initial and final state configurations for the
mentioned E2 transition are m(hop,) @ [2°?Po; 97) and
m(hos) @ [*"?Po; 77), respectively. The dominant com-
ponent of the polonium state wave functions are m’;k f5721
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FIG. 13. Reduced transition strengths for the transitions de-
populating the 13/2" (solid symbols) and 25/2% (open symbols)
isomeric states in astatine nuclei. The data point with an ar-
row is to be considered as a lower limit. Data for this plot
was obtained from the Refs. [7, 11, 65] and the present work.
Some of the 2°*At data points (N=118) are shifted slightly
horizontally for better visualization.

and Vig}zp;/;, respectively, but the wave function of the
7~ state also has a m’fs}z f5721 component [59]. This gives a

collective component for the 25/27 — 21/2" E2 transition
which agrees well with the observed enhanced transition
strength.

The extracted B(E1) values for the three E1 transi-
tions suggest a strong hindrance of the order of 10% or 107
W.u. For each E1 transition, the configuration of the ini-
tial and final states are remarkably different. In such a
case, the reduced transition strengths of 107 or 107
W.u for E1 transitions in the lead region are common.

VI. SUMMARY

We have performed prompt and delayed spectroscopy
of the neutron deficient nucleus 2°3At. We have observed
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an isomeric state with a spin and parity of 29/2%. The iso-
meric state has a mean lifetime of 14.1(3) s, which corre-
sponds to reduced transition strengths of 21(2) W.u. and
1.92(14) - 10~* W.u. for the deexciting 366-keV E3 and
286-keV E2 transitions, respectively. The isomeric state
is suggested to originate from the m(hsy,) ® |*%?Po; 117)
configuration. The states above the isomeric 29/27 state
in odd-mass astatine isotopes exhibits similar systematic
trends as do the low-lying states in lead nuclei. In addi-
tion, the observed properties of a new dipole band satisfy
the characteristic properties of a shears band, hence it is
suggested to arise from the shears mechanism.
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