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The properties of odd At isotopes have been described by coupling three valence-shell protons to the
quadrupole vibrational field. Qualitative and quantitative results have been compared with recent
experimental data from the Dubna and Stockholm groups. It is interesting to note that two lowest
7/2 states exchange their character in At nuclei away from the N = 126 shell closure. This
pronounced feature of At isotopes is a combined effect of the particle-vibration coupling and the Pauli
principle.

NUCLEAR STRUCTURE ~At; calculated spectra, electromagnetic proper-
ties. Three valence-shell particles coupled to quadrupole vibration.

I. INTRODUCTION system"'"'" is
3 5

The properties of "'At have been extensively
studied, both experimentally and theoretically.
Experimental investigations have been performed
by the radioactive decay of '"Rn and by (o'. , 2nz)
"in-beam" spectroscopy. ' ' Rather limited experi-
mental information on '"' '"' '"' '"' '"' '"At has
been obtained by studying the radioactive decay
of the corresponding Rn isotopes. ' " Low-lying
negative-parity states of '"At have been calculated
in the framework of restricted shell-model cal-
culations involving the three protons outside the
doubly magic '"Pb nucleus. Shell-model calcula-
tions have been performed using the surface-5
interaction, "signer singlet and tensor force, ""
semirealistic matrix elements, "and empirical
matrix elements from "Po."'" In Ref. 16 the
coupling in lowest order to the 2' core state was
included into the effective charge. In Ref. 22 the
shell-model calculations with empir'ical matrix
elements was performed only for (h „,') con-
figurations, including also the coupling to zero
and one-quadrupole-phonon core excitations. No
calculations for '"' '"' '"' '"' '"' '"At are avail-
able.

In the present paper we describe odd At isotopes
by coupling three valence-shell protons to the
quadrupole vibrational field (Alaga model). "'"
In this way important shell-model and collective
features of these nuclei are accounted for. '
The coexistence of both aspects seems to dominate
in creating nuclear properties of At nuclei away
from the X=126 closed shell ("'At)

II. CALCULATION

The Hamiltonian of the three-particle shell-
model cluster —vibrational-field coupled

H =H~ga +H v&o +HR~:q +h g g n2" Y2~ (8;, P;).
i=i @=1

Here II~„' describes the motion of three valence-
shell particles (cluster), H &» represents the free
quadrupole vibrational field, and B R&:s is the resid-
ual interaction between the valence-shell particles.
The last term represents the cluster-vibration
interaction.

In the present calculation we use the proton
single-particle energies from "'Bi

~(f„,) ~(h„,) =0.88 M—ev,

e(f„,) —e(h», ) = 2.81 MeV,

e(i„(,) —e(h„, ) =1.60 MeV.

The bare phonon energy corresponds to the energy
of the 2', state in the cor responding Pb vibrator
nucleus. For '"At the phonon energy hw, ('"Pb)
=4.07 MeV, while for the other At isotopes the
phonon energies from the corresponding Pb iso-
topes with open neutron shells are approximately
1 MeV. The bare particle-field coupling strength
is roughly estimated as a = (4z)'I'/(3ZeR')(h)
x[B '"(E2)(2;-0,')]'". Here B '"(E2) corre-
sponds to vibrator nuclei and (h) =50 MeV." For' 'At the bare coupling strength a is approximately
0.3. However, the Q-Q component of the bare
residual force as well as high-frequency quadru-
pole modes and the isovector potential renormal-
ize the bare particle-field coupling strength. "' '
In the present calculations only the pairing force
was explicitly included in the residual interaction
H Ri-.s.' ' " The Hamiltonian is diagonalized in the
basis built from three antisymmetrized shell-
model particles of angular momentum J, coupled
with an 2V-phonon state of angular momentum A
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to the total angular momentum I. States up to
two phonons have been included in the calculation.
Figure 1 shows the calculated negative-parity
spectra for parametrizations (I) a =1, (II) a =0.5,
(III}a =0.4, (IV} a =0.4, and (V) a =0.8. In pa-
rametrizations I, II, and III we used a phonon
energy 6+2 of 1 MeV, and in parametrizations
IV and V we employed a phonon energy 6+2 of
4.07 MeV. In parametrizations I-V the pairing
strength G was 0.15. In parametrization VI we
used a particle-field coupling strength of 0.4, a
pairing strength of 0.10, and a phonon energy of
0.84 MeV. Figure 2 shows the calculated positive-
parity spectra for parametrizations III and V.
Figure 3 represents the available experimental
spectra. Table I lists the largest components of
wave functions in parametrizations IV and III

211At and 205~ 207~ 209At nucle j Like 0 & 0 & Tl
isotopes, which have the same corresponding

basic vibrators, '"'' '' 'At nuclei also exhibit
remarkable mutual similarity. Because of that
and since we are not looking at details, the ener-
gies and wave functions in case III correspond
approximately to ' ' At nuclei.

The E2 and M1 operators in the cluster-vibra-
tion coupling model consist of a cluster and a
vibrational part

1Vi "(E2)= g e"r; 'Yf (8&, P; )+—ev)))R,'

x[b"t + (-))'I) )'],

Here e'~ and e»~ are the single-particle and
vibrator charge, respectively, and g„, g„and
g, are the gyromagnetic ratios. The bare value
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FIG. 1. Calculated negative-parity spectra of odd At isotopes. For description see Sec. II.
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TABLE I. Largest components (~BIII)) in the wave functions of negative-parity states of
'2 At and 1 At and the shell-model wave functions of "At.
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TABLE I (Continued)
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' geference 16.

of the vibrator charge ' ' ~ is expressed by
e «" = -'s m(1/R, s)I B 's (E2)(2', - 0')]' ' The symbol
b,"~ is the phonon creation operator and S is the
spin operator. The electromagnetic operators
are obtained by calculating the matrix elements
of the M(E2) and M(M1) operators using the wave
functions from diagonalization. Tables II and III
give the calculated electromagnetic properties
corresponding to the wave functions, the main
components of which are listed in Table I. In
this calculation we chose the value of the vibrator
charge ev'" =2, as used in the calculations for
Tl, Hg, and Au." For nuclei away from doubly-
closed shells the value of the single-particle
charge e'.~ is 2, and for "'At it is 1.5.""Fol
the gyromagnetic ratios we use ass = Z//l, g, =1,

Q 7~ free 24, 2s, 28
~s es

In the present calculation the basic vibrator was
assumed to be harmonic, i.e., the physical an-
harmonicities related to the quadrupole moment
of the one-phonon state and to the splitting of the
two-phonon multiplet are neglected. The quadru-
pole moment of one-phonon states in even Pb
isotopes is theoretically predicted to be small. "
On the other hand, the one-phonon components in
low-lying states are not sizeable. The two-phonon
components in the wave functions of low-lying
states are small and, therefore, their properties
are not very sensitive to the two-phonon inter-
action. The general influence of explicit phonon
anharmonicities on the present model is discussed
in Refs. 27 and 31.

III. DISCUSSION

The lowest group of negative-parity states in
odd At isotopes is based on (ks/s')~ and

E(vevj
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FIG. 2. Calculated positive-parity spectra of odd At
isotopes. For description see Sec. II. The origin of the
energy scale is placed arbitrarily.
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( (h„,')0,f„,( —,
' states of seniority one and

3 3- 5- 7- 9- 11- 13- 15- lv- 21
9/2 )F l F 1 F t 2 l F l 2 t 2 t F ) F

of seniority three, as in the case of shell-mendel
calculations for three particles. The mixing of
(h,/, ')29 states of seniority one and three is very
weak, while the mixing of the two —,

' basic states
(h,/, ')-,' and ~(h, /, ')0,f„,~-,

' is sizeable. Small
one-phonon admixtures relatively slightly affect
the wave functions but appreciably increase the
electric moments (static and transition) through
the coherence mechanism. ""The main com-
ponents of the wave functions resemble those in
shell-model calculations. For these states the
present calculation corresponds approximately
to the shell-model calculation with the pairing
plus quadrupole-quadrupole force and with the
effective charge included. In fact, the exchange
of a phonon between valence-shell particles in-
volves the same topology as the matrix elemt. nt
of the Q-Q component of the residual interaction.
The similarity between our results and those:: of

the shell-model calculation for lowest-lying
states in '"At can easily be seen from compari-
'son in Table I. The amplitudes of the dominant

,components are larger in the shell-model cal-
culation than in our results, since we explicitly
included admixtures of phonon multiplets; thus
the basic components were additionally renor-
malized. It should be pointed out that only pair-
ing and quadrupole-quadrupole correlations are
included in the present model. However, in )he
.case of '"At with three particles outside of the
doubly-closed shell '"Pb nucleus the effective
particle-vibration coupling strength a/Su&, is
small. Therefore, the other components of the
residual force also become important, giving
mainly diagonal contributions. This leads to
shifts in energies, without sizeably affecting other
properties. In the presen'. description of '"At
the resulting spectrum is, therefore, poorer than
the electromagneti:c properties.

The effective particle-vibration coupling strength
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FIG. 3. Available experimental spectra of odd At isotopes (Refs. 1-14).
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a/k&u, becomes appreciably larger in the region
of nuclei away from the doubly-closed shell vi-
brator, and the role of the particle-vibration
interaction in the formation of spectra becomes
more important relative to the other components

211At

B(&2) (~b)'
Th Exp

205, 207, 209At

B(Z2) (eb)2

9

21 21

2

5' 9

21 21

fg
21 21

if 9
21 21

0.029

0.028

0.037

0.034

0.017

0.174

0,006

0.149

0.148

0.101

7 7
2 f

0.001 0.001

TABLE II. Calculated and available experimental
B(E2) values for transitions between low-lying negative-
parity states in t At and ' ' ~At. The $2 21
transition with B(M1)= 0.37 and B(M1)=0.15 (pz)2 in
"'At and 205, 207, 209At, respectively, is the only sizeable
calculated M1 transition among those listed in the table.
Ml transitions between the predominantly (h9y2 ) states
are strongly hindered by a hindrance factor of ~104.
Quantitative estimates for these small values are not
reliable because they involve the interference of small
terms and, therefore, the sensitivity to details of para-
metriz ation.

of the residual force.
However, the lowest group of states retains its

predominantly particle character, although the ad-
mixtures of phonon multiplets increase. The only
qualitative change consists in the exchange of
character of the two lowest —,

' states.
In "At, states which fpllpw the group pf lpw-

lying states are based on
~ (h», ')JI 0,f„,~

l con-
figurations. The low-spin states of this group are

(It I )» I2la 2 l(h9» )»7»I2 2 2

(h,f,')6,f,»[-,' . These states are expected to
be populated by the radioactive decay of "'Rn
(-,' ). Indeed, in the energy region at about 2 MeV
five states, ~~, —,', (-,' ), —,', and —,', were ob-
served. These might correspond to the model
states. Such shell-model identification was pre-
viously suggested in shell-model calculations. ' 2

In other At isotopes, states which follow the
lowest group also involve sizeable components
of the one-phonon multiplet

[~ (h», ')0,f», [ —,', 12;I), are also involved in the
corresponding wave functions with not too small
amplitudes.

The electromagnetic properties calculated in
Sec. II can be discussed in terms of generalized
vibrational intensity and selection rules (GVISR).
For the intermediate coupling strength, GVISR is
based on partial summation of leading diagrams
of the perturbation expansion and on the inco-

7

21 21

7

21 21

0.003
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TABLE III. Static electric quadrupole and magnetic
dipole moments for negative-parity states in 211At and
205, 207, 209At
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herence among the remaining higher-order
terms. "'"'"

Here we discuss E2 transitions between the
cluster states j J,)- j J,) (i.e. , nN=O, N=O). In
zeroth order the transition moment (J, jj

e""r'Y, jjJ,)
= e"' x(M. E.) is of the single-particle order of
magnitude. However, first-order induced collec-
tive contributions, which involve the emission or
absorption of a virtual phonon and its interaction
with the electromagnetic field, can be incorporated
into the single-particle charge renormalization,
as illustrated diagrammatically"' "'"in Fig. 4(a).
The corresponding renormalized effective charge
is e'„-f =e" + (5/2(v)"')e '8

j a j [1/(k(u, +E, —E, )
+1/(8'~, —E, +E,)], where E, and E, are the ener-
gies of the cluster in the initial and final state,
respectively, and ja j is the absolute value of the
coupling strength a. In the case E, =E, this ex-
pression becomes e',«(E, =E,) = e".+ I5/(w)'~'
x(cv'~ ja j/hw, )], i.e., it is independent of the
cluster state. The effective charge e,'«. (E, =E,)
in the case j J,) =

j J,) corresponds to the static
quadrupole moment of the j J,) state.

There are two types of higher-order contribu-
tions to E2 moments between cluster states:
(a) Vertex corrections (VC), where the electro-
magneticfield interacts with the cluster state in
the presence of virtual phonons, or with virtual
phonons which are created or annihilated by the
cluster in the presence of virtual phonons.
(b) Self-energy corrections (SE), which contain
the initial- and/or final-state cluster as an inter-
mediate state.

Lowest-order VC and SE are illustrated in Figs.
4(b) and 4(c), respectively. If one takes into
account only one cluster configuration and the
classical limit of large j (i.e., small angular-
momentum transfer), then VC+SE = 0." This is
the analog of the Ward identity" from field theory;
the cluster-vibration E2 moment is then exactly
equal to the shell-model cluster quadrupole mo-
ment with the effective charge e',«(E, =E,). For
0& jE, —E, j&kcu the approximate relation reads"

(M.E. +VC+ SE)e„'«= (M.E.) e„'„(E,=E,),
i.e. , e,'«(E, =E,) plays the role of the usual shell-
model effective charge. Therefore, the corre-
sponding transitions are sizeably enhanced over
the single-particle magnitude if (M.E.) does not
involve spin-flip. Consequently, non-spin-flip
transitions between clusters (i.e. , n. N=O, N=O)
with jE, —

jEh&u&are in GVISR classified as
allowed.

For the parametrizations from Sec. II we have
e,'„-(E,=E, ) = 2 for '"At and e,';&(E, =E~) = 4 for'"' '"' '"At. Most transitions between the lowest
group of states in odd At isotopes are non-spin-

flip, of the type &N=O, N=0
the calculated B(E2) values from Table II reflect
the GVISB prediction.

In the zeroth-order approximation the two low-
est —,

' states are
j —,
' "')=-

jj (h „,')0,f,z j —,') and

j —,
' "')= j(h,&,)'-,'), respectively. By including the

particle-field coupling the j-,' "') state is strongly
pushed down with respect to the other states due
to one-phonon admixtures, and this state may
even become the ground state if the coupling
strength is sufficiently strong ("I=j —1 anomaly" )."
Such a situation might appear in neutron-deficient
At isotopes A 203." The scarce experimental
information indicates that the ~ state might be

1
the ground state of '"At, and/or the —,

' and —,
'

states lie very close. ' " The lowering of the —,
'

state can also be understood in the deformed
representation, where the —,

'
j 514j state becomes

the ground state. ' lt should be stressed that gen-
erally, both the spherical representation (coupling
of the spherical shell-model cluster to vibrations)
and the deformed representation (coupling of Nil-
sson states to rotations) can be successfully used
in describing the properties of nuclei lying close

1 g.p.---I X ee f f /e '"'

+ f + y +

(b)

I'IG. 4. Leading diagrams for E2 moments between
cluster states. (a) Zeroth-order diagram and first-order
induced collective diagrams contributing to the E2 mo-
ment. The solid lines correspond to cluster states; the
wavy lines are phonons, and the dotted lines with x at
the free end represent the interaction with the electro-
magnetic field. (b) Lowest-order vertex corrections to
the E2 moment between cluster states. (c) Lowest-
order self- nergy corrections to the E2 moment between
cluster states.
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to the transitional region. '4 This situation is
analogous to that, for example, for the (g„,')-,'
configuration in odd Ag isotopes. '4 In

At isotopes we
therefore expect the lowering of the dressed.

I
—,',"')

state. Thus for the intermediate values of the
effective coupling strength we expect the first —,

'
state to be based on the I —,

' "') component. Since
in '"At the effective particle-vibration coupling
strength a/5&v is considerably smaller, the —,

'
and —,

' states retain their zeroth-order character.
The basic component of the —,

' and —,
' states is

reflected in the —,
' --,' and —,

' - ~ M1 transitions.
The -,

'"' —-', transition is I forbidden and, there-
fore, small in the framework of the present model.
However, velocity-dependent interactions may give
additional contributions of the order of magnitude
of 0.1p.N to the corresponding transition mo-
ments. " On the other hand, the —,

'"'-
—,
' ransi-

tion is of the type (j')Z - (j')J'f J a.nd, there-
fore, exactly forbidden. " This shell-model fea-
ture is conserved in the present calculation owing

to the smallness and incoherence of higher-order
contributions. The corresponding B(M1) values
are of the order of magnitude of &10 '(t&„)', the
magnitude itself being sensitive to parametriza-
tion and truncation. The -' - -' and -' --' M12 y

. 2 2 2 2

transitions in '"At are, therefore, expected to
be moderately and strongly hindered, respective-
ly, while in other odd At isotopes the situation is
reversed. The —,

' - -', M1 transitions in the latter
nuclei are predicted to be more hindered than the

transitions.
In '"At the -' - -' E2 transition is spin-flip2

g
2

forbidden in zeroth order. On the other hand,
this transition is increased due to the particle-
vibrator coupling; this is, in fact, a (b N= 0, N= 0)
transition between the states on the yrast line. "'"
The -' —-' transition is not forbidden but involves2 2 2 ]

I

a state away from the yrast line. Therefore, the
and -' - -' E2 transitions in "'At are pre-2y2~222

dieted in GVISR to be modera]ely e'nhancpd over
the single-particle magnitude. In ' ""'' 'At the

E2 transition is allowed (yrast states, and
no selection rule is violated) and the =- a E22 2 2

transition is forbidden. These predictions are in
agreement with the available experimental data
for "'At (-,' - a2, is of the M1+E2 type and —,

'
is of the E2 type)' and '"' "'At (-,' - —,

' is of
the E2 type and —,', ——,

' is of the M1 type). "
The exchange of character of the —,', and ~7

states in lighter At isotopes is also reflected in
the population of these states in the radioactive
decay of Rn. In the '"Rn (—,

'
) decay the —,

' and
—,', states in 'O'At are populated by logft values
of 6.7 and 6.1, respectively. '3' ' This indicates
that the amplitude of the f(h,&,')0,f„,I —,

' com-
ponent in the —,

' state is larger than that of such
a component in the —,', state. An analogous situa-
tion appears for the —,', and —,

' states in '"' '"At
isotopes. ' For other low-lying states in ' 'At
below 1.9 MeV the log ft value is &7.&3 This indi-
cates that the low-lying —,

' states contain small
admixtures of the

I
()&&„,')0,f„,I -,' component. In

our calculation the corresponding amplitudes
amount to 2%, 2%, and 1% for the 2,, —,', and

states respectively.
In "'At the —,

' - —,
' transition is forbidden in

zeroth order, so we consider the contributions
coming from the mixing of ~'," and —,"," states,
i.e., from the components

(0 + C 7(0)

I 2, &
= Id ff

7&,'»+ Id'll 2',"&,

where fed f=fc'&I' f.
The —,

' - —,
' E2 and M1 transitions are then domi-

nated by
3 3

( —,
' &M(d2)()-,', ) =(-(cd) ( r )

[ P 7(() )
r ))+~c'd'( ( r )

) P Y
(()'(-'c)))(r')c'.„. ,

5=1 &=1

, Sll-,'-, &=(-feel&-,'('& Ilail-,'&;»+Ic d I&-,'"'ll SII-,'&'»)g„

respectively. Since the non-spin-flip matrix ele-
ments are of the same order of magnitude and
since the terms of this type also appear in the
induced collective terms (GVISR), the selection
rules for the —,

' - —,
' E2 and M1 transitions are

essentially given by the relative signs of the re-
duced matrix elements

«—,
''&

f Q I;(I) I
7&0» -&I&„,III; Iffy&„, & &0,

&2',"I Q y2(t) il(,"& -&f7g2111'2llf, g2& &0
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&-,'&'& ilsll-,''»-&f„, lfsllf„, & 0.
Therefore, the —,

' ——,
' E2 transition involves in-

coherence and is hindered, while the M1 transi-
tion involves coherence between the main terms.
In the degenerate case and classical limit of large
angular momenta such a selection rule becomes
exact. Thus the —,

' - —,
' transition is predicted to

be predominantly of the M1 type. This is re-
flected both in the results of calculation in Table II
and in experiment. Since in At isotopes away
from the neutron closed shell the effective particle-
vibration coupling strength is larger, the wave
functions are more complex and the —,', and —,',
states exchange their basic character, but the
particle-vibration coupling mechanism preserves
the same qualitative features.

M1 transitions between the states which are
based on (h„,')I configurations are forbidden in
zeroth order. " This shell-model feature is con-
served in the coupled system because of the re-
petition of the same shell-model clusters and due
to the incoherence between partial contributions.
Thus the absence of strong M1 transitions is a
characteristic feature of the low-lying part of
the spectrum. M1 transitions between the

ff (h „,')0,f„,f
-,') and

f (h», ')J& states are l for-
bidden, but additional velocity-dependent forces
relax the retardation.

E2 transitions between the yrast states are
generally strongly enhanced due to GVISR, except
if they are additionally hindered because of the
change of the basic cluster (spin-flip or vanishing
matrix element). " The B(E2) values for transi-
tions between states based on the (h„,')J' and

(h„,')J' configurations are in GVISH proportional
to 1/(2J+1) f

&J'
ff

y'
ff J& f

Since the reduced matrix elements for J =-,'-J'=-2' are of similar magnitude, as most of the
other large matrix elements between (h, &,') con-
figurations, and since the corresponding statisti-
cal factor involves the smallest angular momen-
tum, this E2 transition is predicted to be the
strongest one.

6/=1 transitions from higher-lying one-phonon
multiplet states to (h„,') cluster states are hin-
dered jn GVISR.

and -' —-' E2 transitions also reflect2y 2g 2g 22
the structure of the —,

' and —,
' states. Since —,

'
and&--2', E2 transit ion s involve vanish ing

and non-spin-flip matrix elements, respectively,
the B(E2)(a2,- & )/B(E2)(&, - &,) ratio is approxi-
mately equal to the ratio of squares of amplitudes
for the

f
—,', ) component in the corresponding wave

functions. In "At the value of the experimental
ratio (0.003/0. 014)=0.2 should be compared with

the ratio of squares of amplitudes [(0.53) /(0. 81) ]
=0.4. Thus, there is indirect evidence that the

strength is split with more strength being con-
tained in the —, state. Quantitatively, the mixing
between the —,

' and —,
' states seems to be some-

what overestimated in our parametrization used
for '"At. For ' ' '"' '"At the theoretical pre-
diction is opposite, i.e. , B(E2)(—,

' ——,', )/B(E2)(-,',
——,

'
) =[(0.66)'/(0. 24)'] = 8. No experimental in-

formation on this ratio is available.
Thus, our conclusions on the structure of the

Y~ Y2and ' states in ' ''"'" At drawn from
B(M1)(-,', - —,', ), B(M1)(-,', - —,', ), and B(E2)(-,'- ~, ), B(E2)(~3,- —,

'
), and ft values in the radio-

active decay of o5, 20 . Rn respectively are
mutually consistent.

The mechanism of the particle-field coupling
creates two sequences of strong AI=2 E2 transi-
tions along the yrast line, which resemble the
"decoupled" bands in odd deformed nuclei. This
is a general feature of the present model. "'"
This quasirotational feature is partly dissolved
in the low-lying part of the spectrum. The ex-
perimental '-' -'-' - '-' - -' E2 cascade"repre-2)212y2y
sents an element of the AI=2 sequence on the
yrast line.

The lowest-lying positive-parity state '-,
' is

based on the
ff (h», ')0, i »„f'2', 00; '-,") configura-

tion, which amounts to 97% in the "'At and 56%
in the ' ' ' At wave function. The followjn~;
group of positive-parity states is largely based on
the

f f (h», ')J'4 0, i »„ f I, 00; I '& configurations.
Because of several available degenerate basis
states of the same spin (differing only in the in-
termediate angular momentum 8) the positive-
parity states in that region are rather dense. As
an example, we present the main components in
the wave functions of two lowest '-," states in '"At:

+ 0.49
f f (h „,')4, i „„f

'-,5 &,

f'-,"& =0.46ff(h„,')2, i „„f'—,'&
-O.62 ff(h„,')4, i„„f'-,'&

In "''"''"At the strength is more split, and one-
phonon admixtures become sizeable.

At about 2.6 MeV one expects the octupole-
phonon septuplet f(h„,')'" "-,', 13;I = —,",. . . ,

'—,"&
to be analogous to the well-known septuplet in' 'Bi."'"'"" The admixtures of these states
to the negative-parity states of the present model
are small, because the matrix element

& I(h9&2')~, i»~. ll I p 1',(i) 1(h,&.')l&
, i=a
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is of the spin-flip type and, therefore, small.
The pairing-phonon multiplets expected in the
same energy region are ~s, /2

', 10~; —,"),
lsl/2 P~ 2 ~ 2 ) ld3/2 0 ~ 2 ~ 2 ~ 2 ~ 2)
etc. The pairing phonons 0~, 2~ are the correlated
states in the particle-particle channel and cor-
respond to the states from the neighboring even
Rn isotopes. The first two pairing-phonon multi-
plet states are appreciably populated in '"At by
the decay of "'Rn, ' while the second and third
pairing-phonon multiplet states are populated in
lighter At isotopes by radioactive decay. " This
situation is similar to that in '"Bi, where pairing
phonons are states from '"Po. The coupling be-
tween octupole and pairing-phonon multiplets may
be sizeable" "but pairing phonons are weakly-
coupled to our positive-parity model states, be-
cause in leading order they differ microscopically
in at least two single-particle configurations
~s 1/2 9/2 9/2 13/2 ) '

IV. CONCLUSION

In the present work the interplay of three va-
lence-shell protons outside of the Z=82 closed
shell and the low-frequency vibrational field is
presented for the case of odd At isotopes. This
mechanism accounts for the explicit appearance
of broken and promoted pairs, as well as for part
of the anharmonic structure created by the cluster-
phonon interaction (i.e. , anharmonicities from
the neighboring even Po isotopes). The present, '

approach provides a simple understanding of the
main experimental properties of odd At isotopes.
However, the quantitative results should not be
interpreted too rigidly because of the neglected
modes and correlations. Especially the relative
importance of the particle-vibration coupling for
"'At is diminished because of the substantially
smaller effective coupling strength.
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