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Role of Deformation in the Intrusion of the h9/2 Levels below the Z = 82 Proton Shell
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The hyperfine structure and isotope shifts of '89' " Tl and ' Tl have been observed by means
of collinear atom beam laser spectroscopy, Deduced deformations for the ~ isomers are larger

than for the ~ ground states and increase with decreasing neutron number. This explains a

strong neutron-number dependence of the odd-proton energy levels in these nuclei near the Z = 82
shell closure. Despite different deformations, rotational properties are nearly identical in '~ ' Tl.
Microscopic theory ascribes this to a systematic balance between changing deformation and neutron
pairing,

PACS numbers: 21.10.Ft, 21.10.Ky, 27.80.+w

The transition region below the Z = 82 shell gap has
been a topic of considerable interest for the last dec-
ade. ' The —,

' states in the odd Tl isotopes were
discovered in 19632 and were interpreted as an in-
truder h9/2 from above the shell gap soon thereafter. 3

The level systematics were extended as low as A = 185
by UNISOR decay work4 and showed that the energy
difference between the h9/2 state and the st/2 ground
state reaches a minimum at A =189. A simple ex-
planation of this behavior is that deformation is pro-
ducing the lowering of the h9/2 level. However, in-
beam spectroscopy on the high-spin states of Tl re-
vealed that the rotational bands based on the
states have very constant level spacing, i.e. , the mo-
ment of inertia of the —, state is apparently not
changing as the neutron number is reduced and thus
gives no evidence of deformation change. This ap-
parent discrepancy has been resolved in this work.

The present experiment was designed to observe
differences in the deformation of a series of Tl iso-
topes by measurement of their isotope shifts. The iso-
topes were produced by the reaction '8'Ta('60,
xn) '97 "Tl and mass separated by the UNISOR isotope
separator. 5 The collinear fast-atom beam laser spec-
troscopy technique was used to record the atomic hy-
perfine structure (hfs) of the 535-nm transition 6 P3/2
to 7 St/2. Details of the laser system have been re-
ported elsewhere. 7 The hfs spectrum for the transi-
tions observed in ' Tl, shown in Fig. 1, spans approxi-
mately 20 GHz. In order to measure absolute frequen-
cies of the Doppler-shifted Tl transitions, a saturated-
absorption reference spectrum of I2 and frequency
markers from a passively stabilized etalon were simul-

taneously recorded. Similar spectra were obtained for
189-192Tl

Examination of Fig. 1 reveals that both the charac-
teristic three hfs transitions due to a Tl —,

'+ ground
state and the six transitions due to a —, isomeric state
are observed in '9 Tl. The ('60,xn) reactions used
here predominantly populate the —,

' isomer. Because
of the isomeric decay (tt/2 = 2 min) to the —,

+ ground
state in '93T1, both states can be studied. In '89 '9'Tl
the —', isomer has fallen below the —', + state and
isomeric decay is insufficient to permit the ground
states to be observed. Figure 1 clearly shows the iso-
mer shift in '93T1.

The observed frequency shifts were corrected for
the different Doppler shifts of the isotopes in order to
obtain the rest-frame isotope shifts. The isotope shift
is composed8 of the normal mass shift of —8 MHz
between adjacent masses, the specific mass shift,
which also has a small value for large masses, and the
field shift. We obtained excellent approximations to
the field shifts by subtracting the normal mass shifts
from the isotope shifts while ignoring the specific mass
shifts which are smaller than the experimental error.
The resulting field shifts for mass 3 ~ 193 are plotted
in Fig. 2 along with values obtained earlier by other
groups'o for A ~ 194.

The field shift can be expanded as an electronic fac-
tor multiplied by a series of terms A. , where
X = g ( C„/ C~ )5 ( r2"), with 5 ( r2") being the difference
in the mean 2nth radial moment between two masses.
It has been found with Pb and Hg (Thompson et al."
and Bonn et al. '2) that the series A. is proportional to
5 (r2) ) to a good approximation, and thus we assume
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FIG. 2. Experimental field shifts in Tl compared to pre-
dictions with different droplet-model deformations (Ref. 9).
Data for 3 ~193 are from the present work; results for
A ~194 are cited in Ref. 10. All errors are +(~120
MHz) .

FIG. 1. (a) Hyperfine structure for the 6'Py2 and 7'St~2
atomic states for I = ~ and ~ nuclei (hfs level spacings are
not to scale). The transitions observed in '93T1 are identi-
fied. (b) Sample of data taken in the present experiment.
Hyperfine spectrum from '93Tlg (I=

2
+ ) and '93T1

(I = T ). The frequency shift between the centers of gravi-

ty of the transitions for the two isomers is apparent. Sensi-
tivity is such that 1 atom per 1000 in the mass-separated
beam is detected at the strongest transitions.

the same for Tl. Since the electronic factor is not
directly calculable for Tl (King'3) but should be virtu-
ally the same for all of its isotopes, 6 the field shift
should then be proportional to 5(r2). To deduce the
proportionality factor in our analysis we employ the
droplet model, 9 which reproduces rms radii throughout
the periodic table where deformations are known, and
we assume zero deformations for 207Tl (which has 126
neutrons) and zooT1 (which from Fig. 2 apparently has
the least deformation of the other isotopes). In this
model the change in the mean-square radius depends
on the mass difference and the change in shape and
thus it was used to extract deformations from the field
shifts. Droplet-model values of 5(rz) (Eq. 21 in Ref.
9) with P = 0 are normalized to the field shifts of 207Tl

and zooTI. Predictions with different deformations us-
ing the same normalizing factor are shown as solid
lines in Fig. 2. If the deformation of 2OOTl is not zero
but some small value, the lines would be slightly
steeper and would result in slightly higher values for
the deformations in all isotopes except zo Tl. Thus the

deformations deduced from Fig. 2 may be slightly un-
derestimated. The deformation of the odd-A Tl —,

'+
states is seen to increase with decreasing A to a value
of 0.1 in '93TI while the deformation of the —', state
exceeds 0.15 in '93Tl and increases to 0.18 by 's9T1.

The isomer shift is ascribed to quadrupole deformation
under the assumption that the monopole radial contri-
bution from the change of single-particle orbit is rela-
tively small, as suggested by spherical shell-model cal-
culations of Speth, Zamick, and Ring'4 which include
the giant monopole resonance.

The deformations of the isomers were also deduced
in another way which assumes that they can be charac-
terized by a single parameter P2. A least-squares fit to
the measured frequency intervals for each mass pro-
duced the standard hyperfine constants A and B'5
from which the magnetic dipole and spectroscopic
quadrupole moments, p, I and Q„can be deduced.
Since no quadrupole moments have been previously
measured in any Tl isotope, a direct calibration cannot
be made. Instead, calculations were made by use of
the procedure outlined by Lindgren and Rosen. '6

Their relativistic calculations were used with the mea-
sured B's to give the values of 0, listed in Table I.
The strong-coupled character of the h9/z band corre-
sponds to oblate deformation and suggests that the
spectroscopic and intrinsic quadrupole moments are
related by'7

Negative values of Qo are in fact obtained for I = —', ,
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TABLE I. Moments and deformations of light Tl iso-
topes.
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K= —,
' and are listed in Table I, as are the deforma-

tions p2 obtained by the relation's

Qo= &2ZA rop2(1+0. 36p2).tj2

The deformations thus obtained are found to be some-
what smaller than those obtained from the isotope
shifts. The errors shown represent measurement un-
certainties but not uncertainties stemming from the
method of Ref. 16, which would be proportionally the
same for all points. A disagreement in derived p2's
from the isotope shift and from Q, similar to ours has
been previously observed in the neutron-deficient Hg
isotopes, where it is believed that Qo is underestimat-
ed from Q, because of violation of strong coupling and
axial symmetry. " The differences in Tl are larger for
the lighter isotopes and may be in part due to mixing
with a coexisting state of opposite and larger deforma-
tion, which could simultaneously reduce the quadru-
pole moment and increase the effective radius.

A theoretical calculation was carried out to see if all
the observed features of the Tl isotopes will emerge
from the deformed shell model. It is an a priori micro-
scopic calculation in the sense that the parameter
values are standard. First the equilibrium shape of the
intrinsic mean field was determined for both the —,

'+
and the —', configurations of tss '99Tl. The energy as
a function of quadrupole (e2) and hexadecapole (e4)
deformation was calculated in the Strutinsky approxi-
mation to Hartree-Fock theory as described by Nilsson
et ai. '9 The only difference in the present calculation
compared to the older ones2o 2' is the use of updated
spin-orbit and orbit-orbit strengths in the single-
particle potential. The new strengths are a universal
set proposed by de Wieclawik et ai.22 for use in all re-
gions of nuclei with several improvements over the
older sets. The main difference in the present results
is that the —, excitation energy now has a minimum
near A = 189 as deduced from experiment [Fig. 3(a)].
The quadrupole deformation coordinate ~2 is shown by
the dashed line in Fig. 3(c) for the —, configuration
(for the —,

' + configuration, e2 = —0.07). Both the
value and the rate of change of the deformation in
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FIG. 3. Results of the theoretical calculations for ' ' Tl

described in the text in comparison with experiment. (a)
Energy of the 2 isomer with respect to the —,

+ ground
state. (b) Energy of the first state in the rotational band
based on the 2 isomer [experimental energies for (a) and

(b) are cited in Ref. 1]. (c) Deformation, e2, from theory
(dashed line) and from the experimental Q, (squares) and
isotope shifts (circles) obtained in this work. The odd-even
energy difference, 6„, from BCS theory (solid line) and
from experimental masses (triangles).

0.5

ts9 '9't93T1 are seen to be compatible with the experi-
mental results from the present work. Clearly the rate
of change of the deformation is more than enough to
account for the A dependence in the —', excitation en-
ergy, through the deformation dependence of the
lowest Nilsson orbit from the h9i2 shell. The mechan-
ism for the upturn in the lightest Tl isotopes is more
subtle, namely, a difference in the rate at which the
Strutinsky shell correction changes as a function of A
at the respective deformations of the —,

' + and —,
' con-

figurations.
The main reason for doubting the role of deforma-

tion in the past was based on the notion that a simple
correspondence exists between the deformation and
the rotational moment of inertia. The observation in

Tl of almost identical strong-coupled bands
based on the —, level would then be incompatible
with changing deformation. In order to investigate
this we calculated microscopic moments of inertia for
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the K = —, bands at their respective equilibrium defor-
mations. The method is described by Andersson et
al. 3 and Arve, Chen, and Leander. The essence of
the method (see Sect. 6.5h of Ref. 17) is to achieve
self-consistency between collective motion and single-
particle response to that motion with use of the
random-phase approximation (RPA). For rotations,
the change in the single-particle Hamiltonian, H,„, is
proportional to —[H,~,J+ ]/K. Here, the coupling
constant a can be fixed by the physical requirement of
a zero-energy solution to the RPA dispersion relation,
which corresponds to a reorientation of the band-head
spin in space (M degeneracy). The lowest excited
solution represents the first excited member of the K

band.
The results are plotted and compared to experiment

in Fig. 3(b). The agreement in overall magnitude
between theory and experiment is some~hat arbitrary
since the scaling of the theoretical results is sensitive
to the prescription for the strength of the pairing in-
teraction (for the RPA calculations it was determined
by the average-gap method with 6=14/JA MeV).
The significant result is that the rotational excitation
energy stays almost as constant for t~s '99T1 in theory
as in experiment, despite the changing deformation.
The microscopic mechanism for this lies in changing
neutron-pairing correlations, as can be verified by
varying e2, b,~, 5„, and W one at a time, holding the
others fixed. The self-consistent neutron gap parame-
ter, b, „, is plotted in Fig. 3(c) and is seen to increase
with decreasing A. Thus, when the number of'va/ence
neutron holes increases, both the deformation and the
neutron-pairing correlations increase with opposite and
compensating effects on the moment ofinertia The latter.
point is illustrated quantitatively by the arrows on the
end points of the theoretical curve in Fig. 3(b). These
arrows show the shift that comes from the use of the
self-consistent and W-dependent values of b, „, rather
than a single intermediate value.

In summary, the present work clearly demonstrates
the fallacy of assuming that a constant moment of in-
ertia infers a constant deformation. The magnitude
and the effect of deformation changes in light Tl iso-
topes have been established and there has been
demonstrated an interesting aspect of the competition
between quadrupole and pairing correlations in near-
singly-closed-shell nuclei.
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