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Deformation increase of high-spin core-excited isomers in the astatine nuclei
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Quadrupole moments of six high-spin isomers in the At isotopes have been measured with the

level-mixing-spectroscopy method: 'At(16 ), At( —+
),

' At(19+, 15 ), "At( —',—+ ). The

results show that level mixing spectroscopy is a promising technique to determine quadrupole mo-

ments of isomers that are dificult to measure by other in-beam hyperfine interaction methods. A

large increase of the quadrupole moment is observed if neutrons are excited across or removed from

the X= 126 shell closure. This behavior is explained in terms of an enhanced core softness for fewer

core neutrons; the aligned valence particles, moving in equatorial orbits, then easily polarize the
core towards oblate deformation.

I. INTRODUCTION

High-spin yrast traps, where the high spin is built up
by the alignment of single-particle angular momentum,
are of current theoretical interest. ' Because of their
isomeric character, a number of nuclear parameters can
be measured for these states. Whereas energy, magnetic
dipole moments, and spins provide valuable information
on the particle configuration of these states, electric
quadrupole moments are very sensitive to the collective
deformation of the core.

Until now, in-beam quadrupole moment measurements
on high-spin isomers are almost exclusively performed
by time-differential perturbed angular distribution
(TDPAD). ' The TDPAD method becomes increasingly
difficult for higher spins and lifetimes larger than several
microseconds. For this reason our group developed the
level-mixing-spectroscopy (LEMS) technique, which is
extensively discussed in Ref. 5. It has the advantage of
not becoming more difficult for higher spins, and it is
applicable to a broad lifetime range for which the upper
limit is only limited by thermal spin-lattice relaxation.
The results reported in this paper clearly demonstrate the
high-spin feature of LEMS.

The high-spin yrast traps in the mass region of Pb
have been studied extensively during the past few years.
For their theoretical description, two models are fre-
quently applied. The spherical shell model with empiri-
cal residual interactions is very successful in the descrip-
tion of the valence particle properties of these states; see,
for example, Refs. 6 and 7. The other model is a
Nilsson-type model of independent particles moving in a
deformed potential, similar to the model that has been
applied to explain the strongly deformed nuclei in the Gd
region. Because of the small deformations involved in
the Pb region, a linear approximation has been developed
by Matsuyanagi, Dressing, and Neergkrd, the deformed-
independent-particle model (DIPM). Both pictures, the
one of independent particles moving in a deformed poten-
tial and the other of a few interacting valence particles
moving in a spherical potential, predict the same general

behavior for the energy levels, but differ substantially in
their prediction of the quadrupole moments. The already
measured moments favor the DIPM model; although the
theoretically predicted core deformation is too large, the
increasing core softness as neutrons are removed from
the %= 126 shell closure is well-established experimental-

3,4

At very high spin, core-excited neutrons are needed to
build up the spin. If this happens, the polarizing effect
should greatly increase, since, in addition to the presence
of an extra polarizing particle, the magic core has been
broken. The only core-excited state hitherto measured is
the —", state in "Rn. ' However, the small core defor-
mation derived from those data [P= —0.03(1)j seems to
contradict the predictions.

In this paper we report on the quadrupole moments of
core-excited isomers in the At isotopes. In addition, we
have also measured the Q moment of isomers previously
known and these serve as a check of our new method.

II. EXPERIMENTAL PROCEDURE

All isomers (Fig. 1) were populated and aligned by the
Bi(tr, xn ) reaction (Table I), with alpha beams of

different energy from the cyclotron Cyclone of the UCL
University (Belgium). Beam pulsing was applied to
prevent the acquisition of fast gamma rays not originat-
ing from the decay of an isomer; data acquisition was
done only during the beam-off period, which was chosen
comparable with the lifetime of the investigated isomer.
This pulsing had no infIuence on the LEMS measure-
ment. Since Bi has a rhombohedral structure, the target
is also used as the recoil and host material to provide an
axially symmetric quadrupole interaction. In all experi-
ments a polycrystalline Bi target of about 1 mm thick was
used. To anneal possible radiation damage, the target
was heated to a temperature near the melting point of Bi;
at this temperature no radiation-damage effects were ob-
served in TDPAD experiments. '

The magnetic field parallel with the beam axis is gen-
erated by a split-coi1 superconducting magnet with a
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FIG. 1. Experimental setup for a LEMS experiment.

maximum field of 5 T (Fig. 2). Gamma rays were detect-
ed by two high-purity n-type Ge detectors, one behind
the magnet at 0' and the other one perpendicular to the
magnetic-field axis. To cancel beam intensity Auctua-
tions, the ratio of the counts of the two detectors
[N(0')/N(90')] was taken. This ratio is measured as a
function of the magnetic-field strength and contains three
free parameters: the ratio of the detection efficiencies,
the initial anisotropy, and the ratio of the quadrupole to
magnetic interaction strength. For a reliable uncorrelat-
ed determination of these parameters, the complete
LEMS curve has to be measured: The zero-field point is
most sensitive to the efficiency ratio; at high field the un-

perturbed anisotropy is measured, and the middle part of
the curve is sensitive to the ratio of the quadrupole to
magnetic interaction strength.

in order to extract the v& value of the 16 isomer in
At. As the uncertainty in the magnetic moments is

much less than the error in the interaction ratio deter-
mined by LEMS, it is the LEMS measurement that deter-
mines the error in the v& values.

Following Ref. 13, the electric-field gradient (EFG) of
At in Bi is calibrated by using the B (E2) value of the

—+ —", transition in "At' and the assumed identical
ratio of the quadrupole moments of the eh 9/2 and

~h9/2l]3/2 isomers in " ' ' At. This derivation of the
quadrupole moments is reliable, but not unquestionable;
the relative values are, however, uniquely determined by
experiment and reAect the essential behavior.

The quadrupole interaction frequencies measured by
both TDPAD and LEMS agree fairly well, demonstrating
the reliability of our new technique. The larger error ob-
tained in the LEMS technique is partly due to the short
counting time available for our experiments, but also due
to the nonresonant and nonperiodic behavior of the
LEMS signal. It should be pointed out, however, that the
uncertainties for the high-spin isomers are no larger than
for the low-spin states, whereas TDPAD measurements
for high-spin states become exceedingly difficult.

IV. DISCUSSION

III. RESULTS

The experimental results are listed in Table II; for
completeness and comparison the TDPAD values taken
from Ref. 13 are also included. Some experimental
LEMS curves, together with the numerical fit to the data,
are shown in Fig. 3. The parameter derived from the
LEMS curve is the ratio p/v&. The error on the interac-
tion ratio is determined by a standard minimum y fit to
the experimental data. The magnetic moments needed to
extract the quadrupole interaction frequencies are includ-
ed in Table II. The g factor of the 16 isomer in At

The high-spin isomers in the astatine isotopes can be
divided into three groups with each approximately the
same valence particle configuration. For each con-
figuration the quadrupole moment significantly increases
toward the more neutron-deficient isotopes (Figs. 4 and
5). This is evidence of an increasing core polarization
when more neutrons are removed from the X= 126 shell
closure. However, the most striking behavior is the
strong increase for the quadrupole moments of the core-
excited states, the —", isomer in "At and the 19+ iso-
mer in ' At. The core-excited states di6'er from the
lower-lying isomers, the —",

+ and 15 isomers, by one

TABLE I. Experimental data.

211A

»1At
210At
210At

209At

Isomer

—+ 70ns
4.2 ps

15 580 ns
19 4.0 Rs—+ 870 ns
2

0At 16 ] 5 ps

Reaction energy

Bi(a,2n ) 35 MeV

Bi(a, 2n) 35 MeV

Bi(a, 3n) 47 MeV
Bi(e,3n) 47 MeV
Bi(a,4n) 55 MeV

Bi(a, 5n ) 73 MeV

Host Temp.

Bi poly 480 K
Bi poly 480 K
Bi poly 480 K
Bi poly 480 K
Bi poly 480 K

Bi poly 480 K

y-energy
(keV)

511
435
644
371
424
578
472
751

Multipolarity

M1
E3
E3
E3
E2
E3
E3
E3
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FIG. 2. Isomers in the At isotopes and their principal mode of decay.

vp&&2 neutron that is excited to the vg9&2 orbital above
the X= 126 gap. This neutron rearrangement does not
directly a6'ect the electric quadrupole moment, but re-
sults in a strongly enhanced core polarization. The in-
creased core polarization has two reasons, which are re-
spectively, the extra neutron hole in the %=126 shell by
which the core softens and the extra valence neutron that
contributes to the polarization of the core. These obser-
vations agree with the systematics predicted by the
DIPM.

The preceding discussion is based on the relative be-
havior of the quadrupole moments and is independent of
the calibration. We shall now proceed to a more quanti-
tative examination. In Table III the experimental quad-

rupole moments are compared to several theoretical pre-
dictions. The shell-model configuration of the isomeric
states is characterized by a stretched coupling of angular
moments. The quadrupole moment of the valence nu-
cleons can then be unambiguously decomposed into
single-particle moments. Different values for the quadru-
pole moments of the valence particles are used to obtain
the results in Table III. The most basic approach is to
use the spherical shell-model orbitals and bare charges
for neutron and proton (e„=1, e =0). The mean-square
radii (r ) of the orbitals involved are taken from Ref. 19.

The quadrupole moments Q calculated with these
pure valence particle quadrupole moments (Table IV) are
certainly much too small (Table III); the deviation rapid-

TABLE II. Results of the LEMS and TDPAD measurements in the astatine isotopes.

21IAt

211At

210At

210At

210At

209At

209At

208At

Isomer

—+ 70ns
4.2 ps

11 27 ns
15 580 ns
19+ 4 ps
21—

—+ 870 ns

16 1.5 ps

p (v~)'

15.31(13)
13.5(1)
9.79(33)

15.57(15)
13.26(13)
9.98(21}

15.38(14)
15.7

vg (MHz)

150(20)
305(25)

220(15)
350(20)

240(20)
270(25)

vg (MHz)'

163(7)

104(6)
196(2)

126(5)
242(2)

Q (fm')

101(19)
191(25)

65(8)
122(12)
220(5)

78(8)
150(15)
169(25)

'The magnetic moments needed to extract v& from the LEMS measurement are taken from Refs. 15
and 16.
Results of the LEMS measurements.

'Results of the TDPAD measurements (Ref. 13).
"For those isomers for which a TDPAD measurement was already performed, the Q moment has been
derived from their value. Calibration standard Q( ''At, —+

) = 101(19);see Ref. 13.
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ly increases with the number of neutron holes present in
the N=126 shell. For the two core-excited isomers, the

isomer in "At and the 19+ isomer in ' At, the ex-
perimental Q moment is a factor of 3 larger than the pure
spherical shell-model predictions. This is a strong indica-
tion for the polarizing effect of the valence particles in
the core: Particles (holes) will polarize the core toward
maximum (minimum) overlap with nuclear matter. The
polarization effect results from a balance between the in-
teraction energy gained by the valence particles and the
increasing core deformation energy.

220(25) fm2

i@(25)fm2
39/2

78(8)fm2 85(8)fm2 58(5)fm2
&&/& ' ' ff+ 2f/2

189(25)f 2 "'(")™2 122(12)fm2 101(19)fm

16~ »/2~
W/2'

208At 209 At 2iOA, At

o 1.4
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o 1
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ll fl~
fl fl
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l I I I I I I I
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FIG. 4. Variation of the Q moments of the astatine isomers.

Sagawa and Arima calculated the admixture of giant
resonances of the Pb core with the valence particle or-
bitals; concerning the quadrupole moments, this effect is
incorporated in an effective charge for the orbitals. ' The
Q,fr moments (Table III) are calculated with these
effective charges for the valence particles and a much
better agreement is accomplished. This is certainly the
case for the isomers with a fully occupied N = 126 neu-
tron shell, as would be expected since the calculations are
performed for a fully occupied neutron core. But for the
core-excited states, the discrepancy is still present. The
effective charges of the valence particles can also be
empirically determined by forcing agreement between the
calculated moments and the measured ones for the
single-particle configuration of the nuclei close to Pb
(Table IV). These empirical quadrupole moments Q, „
(Table III) are very close to the calculated eft'ective mo-
ments and do not further improve agreement with the ex-
perimental values for the core-excited isomers (compare
Qexpf a Qemp)

0.6 -I
0. 0 0.5 1 ~ 0 1.5 2. 0 2. 5 3.0 3.5

B(Tesla)

~~ 1.6

CO

~ 1.4

1.2—

f 1

r
~c

12—

1.0 —+ 1th 9/2 1]3/2 vg, ,

AtEIi 450K
Polycrystal
751 1&ev

0.8 —
,

0.0 0.5 1.0 2 ' 0

I

2. 5
B(Tesla)

FIG. 3. Some experimental LEMS curves.

124123 125 126

Neutron number N

FIG. 5. For each isomeric configuration the quadrupole mo-
ment increases for an increasing number of neutron holes in the
X= 126 shell.
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TABLE III. Theoretical predictions compared to experimental values for the Q moments of the astatine isomers.

211A

211At

'"At
210At

'"At
"'At
209At

208At

Isomer

—"+ 70 ns2

4.2 ps"
2

11+ 27 ns
15 580 ns
19+ 4 ps

24 ns
—+ 870 ns
2

16 1.5 ps

Configuration

2mh 9/2 7Tl 13/2
2 —1~h 9/2 ~l 13/2 Vp 1/2 Vg9/
3 —1~h 9/2 Vp 1/2
2 —1~h 9/2~l13/2Vp»2

1 2 —2&A 9/2 2Tl 13/2 VP 1/2 Vg9/2
3 —2~h 9/2 Vp 1/2
2 —2~h 9/2 13/2 p1/2
2 x —2 —1&A 9/2 5rl 13 /2 Vp 1 /2 Vf 5 /2

—69
—69
—31
—69
—69
—31
—69
—66

—110
—135
—47

—110
—135
—47

—110
—107

Q (e fm ) Q,e (e fm )' Q, p (e fm2)'

—121
—146
—51

—121
—146
—51

—121
—117

Q,„p, (e fm2)

101(19)
191(25)

65(8)
122(12)
220(25)

78(8)
150(9)

169(25)

b
pexpt

—0.011(4)
—0.041(7)
—0.013(5)
—0.019(5)
—0.051(6)
—0.018(4)
—0.029(5)
—0.036(7)

core

—0.02
—0.05
—0.02
—0.03
—0.05

'The effective and empirical quadrupole moments of the valence states used to calculate Q,e and Q, p, are included in Table IV.
The experimental core deformation is calculated with the equations' Q,'=(3/3/52r)ZII '[[1 +5r ( /aR)] p2+(2v'5/73/5r)p2],

Qd, „=Q,'+ Q,' =Q,„„and the sign of Q,„,is taken to be negative.
'Core deformation proposed by the DIPM (Ref. 9).
The core excited isomers.

Variable effective charges, increasing with the number
of neutron holes in the N=126 shell, can accomplish
agreement with the Q,„,; but then, of course, this for-
malism looses its usefulness. The same behavior is ob-
served throughout the whole region around Pb, ' and
it is attributed to the increasing core softness as neutrons
are removed from the closed shell. The Nilsson scheme
for neutrons and protons in the Pb region can explain
the observed behavior qualitatively. Valence protons and
neutrons in orbitals with large spin projection on the
symmetry axis correspond to the particles that build up a
high-spin isomer. These orbitals clearly gain binding en-
ergy by polarizing the core toward oblate deformation.
The neutron Nilsson scheme illustrates that much of the
N=126 core stiffness is attributed to the vp&&2 orbital; if
this orbital is emptied, the core is much easier to polar-
ize.

The core deformations predicted by the DIPM for the
isomers in ' "At are listed in Table III (p„„);they are
rather small, but because of the high charge and large ra-
dii of these nuclei, the effect on the Q moment is large. It
is also possible to calculate p,„p, from the experimental Q
moments. Therefore, we take into account the contribu-
tion of the deformed core explicitly, rather then using
effective charges. In the strong-coupling limit, the spec-

troscopic Q moment is derived from the intrinsic Q' value
as follows:

Q,'= — ZR [1+9r (a/R ) ]P+ —P&s~ (2)

The surface thickness and radius are taken to be a =0.54
fm and R =1.2A' fm, respectively. %'ith the use of
Q,„„„Q,and formula's (1) and (2), experimental values
for the core deformation P,„,can be computed. The de-
formation parameters P„„determined with the DIPM
are in good agreement with the experimental deforma-
tions; certainly, the qualitative behavior is very similar.
Better quantitative agreement cannot be expected with
the use of such a simplified model. The core deformation
for the lower-spin isomers is very small and does not pro-

3K I(I +1)—
(I + 1)(2I+ 3)

For the investigated isomers, no rotation is present and
the component of the spin on the intrinsic symmetry axis
is I. The intrinsic Q has an intrinsic single-particle part
Q,', that is calculated with the bare charges for proton
and neutron; and an intrinsic core contribution Q, which
is a function of the deformation parameter p:

TABLE IV. Empirical and effective Q moments of the valence nucleons.

Orbital

7Tl 1 3/2
Wh 9/2

Vf 5/2

Q p (e fm')'

0
—33.76
—26.62

0

QPp (e fm')"

—30.36
—33.76
—26.62
+20.56

Q,1r (e fm )'

—25.35
—56.82
—40.14
+ 19.43

Q, „(efm)
—29
—62
—44
+20

'The spherical shell Q moments are calculated with e = 1, e =0; the mean-square radii are taken from
Ref. 19, Q,p= —[(2j—1)/(2j+2)](e„/e)r2, and e„=effective charge of the nucleon.
The density Q moments are calculated with e „=l.

'The effective charges to calculate Q,e are taken from Ref. 19.
dThe empirical Q moments are taken from Ref. 12.
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vide a sensitive test as to whether the DIPM mechanism
is really present. But for the core-excited isomers, the
core deformation is strongly enhanced, as predicted by
the DIPM. Even the qualitative agreement between the
experimental (P,„,) and predicted (/3, „)deformation pa-
rameters is excellent for these two isomers.

Our results are support for the DIPM that attributes
the driving force for high-spin isomerism in the Pb region
to deformation. Another mechanism that equally well
explains the large abundance of high-spin isomers in the
Pb region is the particle-octupole vibration coupling.
The extra binding energy resulting from this coupling is
accurately calculated in the empirical shell model with
residual interactions and has roughly the same magnitude
as the binding energy predicted by the DIPM.

The admixture of the octupole vibration is experimen-
tally well established; it is needed to explain the strongly
enhanced E3 decay observed for the high-spin isomers.
Experimental results, quadrupole moments, and E3 tran-
sition rates indicate that both mechanism, deformation

and particle-vibration coupling, are present in the high-
spin isomer. In principle, they do not exclude each other.
The problem is, however, that each mechanism separate-
ly predicts the right energy suppression for the observed
isomers, and if both interaction energies are added, the
energy suppression is much overestimated.

In summarizing the discussion, the quadrupole mo-
ments of the isomers with a fully occupied neutron core
(N=126) are in agreement with the effective charges of
the valence particles calculated by configuration mixing
with giant resonances of the core. ' If, however, the neu-
tron shell is broken, the quadrupole moments drastically
increase. The core-excited isomers provide the most
striking evidence for this behavior, and their deformation
is well explained by the DIPM predictions.

The authors would like to express their gratitude to
Dr. A. P. Byrne for the many fruitful discussions on the
theoretical aspects of high-spin isomers in the lead re-
gion.
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