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Shell model level structure in 2 6At
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Mass separated sources of Ac with Fr in secular equilibrium were used to study the level
structure of At following alpha decay of Fr. The levels in At can be interpreted in terms of
the m(hgiz) v(gs/z) & ~(hs/z) f7iz &(gomez) ~

and vr(hsiz) iisiz v(ggiz) shell model configurations.
No evidence for reflection asymmetry is found.

PACS number(s): 21.60.Cs, 23.60.+e, 27.80.+w

In the process [1] of studying the level structure of
zisFr following the alpha decay of zzsAc, we produced
not only the alpha spectra of z sAc (tilz ——2.2 min),
but also the alpha spectra of zisFr (tilz ——0.02 s) and

sAt (tilz ——0.10 ms) which are in secular equilibrium
with Ac. The combined alpha spectra of Ac, Fr,
and zisAt in coincidence with all gammas are given in
Fig. 1. By studying the gamma rays in coincidence with
the alpha particles of Fr which are well separated from
zzsAc alpha particles (Fig. 1), we are able to deduce the
level structure of zisAt which up to now has not been
well studied.

The level structure of zisAt is of considerable interest.
With just 3 protons and 4 neutrons beyond the double
closed shell in zosPb, zisAt might be described by the
shell model, or alternatively, like Fr [1], with 2 more
protons and 2 more neutrons, it might be described in
terms of a reflection asymmetric model. It is of interest
to learn where the border is between nuclei described by
the shell model and nuclei described by the quadrupole-
octupole deformed model.

The level structure of zi At was studied by observing
the alpha decay of Fr in secular equilibrium with mass
separated sAcFz+ and the accompanying gamma tran-
sitions. A 10 g Th-Ce alloy target (40—60%%uo by weight)
was heated to 1100'C and bombarded with 1 pA of
200-MeV protons. While passing CF4 vapor over the tar-
get [2] during the bombardment, zzsAcFz+ ions of mass
261 were separated using the Orsay ISOCELE separa-
tor. A tape transported the zsAc and zisFr activities
between alpha and gamma detectors in 180' close geom-
etry. The alpha detector had a resolution of 15 keV
for zsAc and 18 keV for z Fr alpha particles while the
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I'IG. 1. Alpha spectrum of Ac and daughters Pr and
At in coincidence with all gammas. Energies of the major

alpha groups are given in keV and taken from Leang [3]. The
7313 and 8012 keV alpha groups are random coincidences
(ground state ground state transitions). The 7211 keV
alpha group is a sum group (7148 keV alpha group + electron
conversion K of 169 keV transition) due to the very close
geometry and high K conversion of the 169.9 keV transition.

gamma detector had a resolution of 600 eV at 100 keV.
Measurement cycles were 2 min, in accordance with the
2.2 min half-life of the zsAc parent. Singles alpha and
gamma spectra and 4096 by 4096 channel alpha-gamma
coincidence measurements were recorded simultaneously.

The alpha spectra of zzsAc, zisFr, and ziiBi in coin-
cidence with all gamma rays observed in the experiment
are shown in Fig. 1. The alpha energies used to label the
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peaks in Fig. 1 are the more accurate values of Leang [3]
who employed a magnetic alpha spectrograph.

The clearly separated alphas of Fr from 6697 to 7190
keV were used as coincidence gates to give the gamma
spectra shown in Fig. 2. Gamma rays in 2isAt are la-
beled by their energies in keV while x rays are specifically
labeled. The gamma-ray spectra of Fig. 2 are relatively
simple with a total of only 7 transitions which can be
assigned to the ~isAt level structure. This simplicity has
made possible the use of K x-ray to gamma intensity
ratios from specific states populated in alpha decay in
coincidence experiments (Fig. 2) to derive the internal
conversion coefficients and therefore the multipolarities
of 4 of these 7 transitions. Table I lists the gamma rays
observed, together with their energies, intensities, and
multipolarities when they could be determined. The as-
signments in the level scheme are also indicated.

Using the results from Fig. 2 and Table I the level
scheme of Fig. 3 is proposed for 2i At. It represents
more than 99.7% of the alpha decay of isFr. The level
structure including the transitions between states is quite
firm. However, except for the ground state the spins (but
not most of the parities) are listed in parentheses because

Energy (arbitrary units)

FIG. 2. Gamma spectra in coincidence with particular al-
pha groups: (a) with the 7148 keV alpha feeding the 169.9
keV level, (b) with the 6968 keV alpha feeding the 352.0 keV
level, (c) with the 6849 keV alpha feeding the 472.2 keV level,
and (d) with the 6805 keV alpha feeding the 517.0 keV level.

of uncertainties. The ground state of 2 At has previ-
ously been assigned [1] as 9/2 based on the alpha decay
hindrance factor of 1.2 between the ~ Fr 9/2 ground
state and the ground state of ~ sAt. This assignment
is confirmed by the hindrance factor of 2.7 between the
2isAt ground state and the known 9/2 state of Bi
[4]. Presumably the 9/2 ground state results from the
coupling of three hs~2 protons to a partial J of 9/2
and the coupling of the four gs~q neutrons to a partial
J~ of 0+. Thus the ground state configuration of i At
is (vr(h&yz) v(g9/Q) )9j2—.

We expect to see evidence of the f7~2 and iisgq shell
model states in that order based on the level ordering
in 209Bi and the theoretical shell model. These are the
states assigned at 169.9 and 363 keV to the right in
Fig. 3 with the complete configurations (vr(hsy2) f7g2
i (ps)2) )zy2- and (vr(hsgz) iisgz v(gsi'2) )isi'2+, respec-
tively. We also expect to see the rest of the low lying
part of the vr(hsg2)s configuration at about the level of
the 2+ states in the neighboring even-even nuclei. The
nuclei 21 Po and 6Rn, with one less proton and one
more proton than At, have 2+ states at 609 and 465
keV, respectively [5, 6], or an average of 537 keV (to the
right in Fig. 3). This is near, but somewhat above,
the average position of the rest of the observed states in
~isAt (in the middle of Fig. 3). Unfortunately the spin
sequence of the seniority three n(hs~q) configuration is
incomplete and uncertain in the experimental spectra of
2iiAt and 2isAt. We therefore used the experimental
spin sequences in the vr{gsy2) configuration in Tc [7],

Tc [8], and "Tc [9] for guidance. They suggest the fol-
lowing spin sequence: 9/2+(g. s.) followed by 7/2+, 5/2+,
13/2+, ll/2+, 3/2+ in that order. The ll/2+, 3/2+ spins
are reversed in one case and the 5/2+ state is missing in
one case, but the trend of spins is clear. In addition,
the experimental level structures in At and At are
consistent with these sequences, but not nearly so well
determined 4, 10]. Therefore, the sequence of spins as-
signed to 2isAt for the partial ~(hgy2)s configuration is
9/2 (g.s.), 5/2, 7/2, 13/2, and 3/2 . This is very
similar to the sequence of spins observed in the x(gs~2)
configuration except that the 5/2 and 7/2 states are
reversed and the ll/2 state is missing. It is quite clear
why the 7/2 state is above its expected position. Pre-
sumably it mixes with the fry2 shell model state at 169.9

TABLE I. Energies, intensities, multipolarities, and assignments in At.

E~ (keV)

(153}
169.9
(225)
302.6
352.0
472.2
517.0

x&(~+ p)

(0 1)

(o.3)
(o.i)
(o.2)
(o.2)

I,(xl, )/10'~
~0.06

1.o (o.i)
~0.1
~0.06

5.6 (0.5)
0.5O (O.15)

1.9 (0.4)
2.2(O.3)

Multipolarity~

M1+ (E2) a~=1.5+0.2

E2 n~ =0.06+0.01
(M1) o~ o.1

E2 a~=0.03+0.01

Levels
Initial ~ Final

517 —+ 363
167 -+ 0

472 —+ 169
352 —+ 0
472 -+ 0
517 —+ 0

Calculated electron
conversion coefBcients

~w(M&) 2.3; (E2} 0.23

n~(M1) 0.30; (E2) 0.05
o,~(M1) 0.14; (E2) 0.03
n~(M1) 0.11; (E2) 0.02

The n~ values are deduced from A~/I~ intensity ratios in coincidence with the alpha feeding groups.
The 363 keV level was observed in the magnetic alpha spectrum [3],
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FIG. 3. The level structure of 85At&30 compared with the low lying level structures of 84Poi30 and 86Rn]3Q with one less
proton and one more proton, respectively. Shell model configurations are indicated. To the far right the energies, percentage
populations, and hindrance factors for the Fr alphas which populate the levels in At are given.

keV. This results in the observed larger alpha hindrance
in populating this state when compared with the other
members of the vr(hsing) configuration and an increase
in energy of the state, lifting it above the 5/2 state.
It is also to be noted that calculations [ll] of the level
structure of the neutron closed shell nucleus 2~iAt give
the same sequence of states as that observed in 2isAt
except that the order of the 5/2 and 7/2 states is re-
versed. Presumably the greater mixing between the two
7/2 states in 2isAt is responsible.

All of the rationale for the level scheme is presented in
Fig. 3. It must be noted however that, although no other
spin sequence is as satisfactory either experimentally or
theoretically as that in Fig. 3, the spins except for the

ground state are uncertain.
Assuming the correctness of the level scheme of Fig.

3 it is interesting to note that it fits well with all con-
cepts of the shell model, but has very little in common
with reflection asymmetric models. There are no parity
doublet bands and no observed enhanced El transitions.
The only possible indication of reHection asymmetry is
the presence of 13/2 and 13/2+ states 150 keV apart.

We are indebted to J. Obert and J.C. Putaux for col-
laboration in the mass separations. One of us (R.K.S.)
wishes to thank the National Science Foundation for sup-
port under Contract No. PHY92-07336 with Florida
State University.
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