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The neutron-deficient isotopes ' "Tl have been studied using collinear fast atom beam laser
spectroscopy with mass-separated beams of 7&(10 to 4&( l0' atoms per second. By laser excita-
tion of the 535 nm atomic transitions of atoms in the beam, the 6s 7s S1&2 and 6s 6p P3/2
hyperfine structures were measured, as were the isotope shifts of the 535 nm transitions. From
these, the magnetic dipole moments, spectroscopic quadrupole moments, and isotopic changes in
mean-square charge radii were deduced. A large isomer shift in '"Tl was observed, implying a
larger deformation in the —, isomer than in the —'+ ground state. The " ' '' 'Tl isotopes have
deformations that increase as the mass decreases. A deformed shell model calculation indicates
that this increase in deformation can account for the drop in energy of the —' bandhead in these
isotopes. An increase in neutron pairing correlations, having opposite and compensating effects on
the rotational moment of inertia, maintains the spacing of the levels in the —, strong-coupled
band. Results for ' Tl differ from previously published values, but are consistent with the
190, 192Tlm d

INTRODUCTION

The mass region around Pb has been of particular in-
terest to nuclear physicists due to the doubly-magic shell
closures at Pb. Nuclei near a closed proton or neu-
tron shell can often be modeled by a single- or few-
particle approximation. Thallium isotopes, with Z =8],
have one less proton than the closed shell. The stable
isotopes ' Tl are known to have a ground-state nu-
clear spin of —,'+, attributable to a single unpaired proton
in a 3s, iz orbital. This same ground-state spin has been
detected or inferred both in the higher mass ' Tl and
in the lighter odd-mass Tl isotopes down to ' Tl. ' In
all of these, the neutrons remain paired as their numbers
change and thus do not inhuence the ground state spin.
Higher energy states of —', + and —', + have been observed
in most of these isotopes. In addition, rotational bands
built on a 1h9&2 state intruding across the Z=82 shell
gap have been observed in the lighter isotopes. Nuclear
spectroscopy has shown that the —', bandhead excitation
energy above the ground state varies with mass number
reaching a minimum at ' Tl. ' In spite of this variation
of energy, the rotational band spacings remain virtually
constant throughout the isotopes. There have been
several attempts to explain the decrease in excitation en-
ergy of the —,

' state. ' One simple explanation is that

nuclear deformation produces the lowering, but the con-
stancy of the level spacings (or moment of inertia) in the
band implies the deformation is not changing. Similar
intruder states are known in Au, Hg, Pb, and Bi. The
need for direct information concerning the deformations
of the Tl isotopes prompted this work.

Since the nucleus of an atom interacts with the elec-
trons of the atom, one way to study nuclei is to measure
the hyperfine structure (hfs) of the electrons. The hfs
perturbations to the electronic levels are produced by
the magnetic and electric multipole moments of the nu-
cleus and vary from isotope to isotope. In addition, the
centers of gravity of the atomic levels shift between iso-
topes. In heavier atoms, this isotope shift (IS) is pri-
marily due to the changes in the size (radius) and shape
(deformation) of the nucleus. By measuring the hfs these
properties of the nucleus may be deduced if a calculation
of the electronic factor is possible, or if an experimental
calibration exists to determine it. In earlier work hfs
measurements have been made in Tl down to mass 194.
This work takes advantage of collinear fast atom beam
laser spectroscopy to observe the hfs of isotopes further
from the region of stability.

EXPERIMENTAL METHOD
The experiments were performed at the University

Isotope Separator at Oak Ridge (UNISOR) on-line to
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FIG. 1. Schematic of the UNISOR laser facility.
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the Holifield Heavy Ion Research Facility (HHIRF). A
schematic of the UNISOR laser facility is given in Fig.
1 ~ A description of the experimental method used is
given in Ref. 6. The laser frequency was scanned to ex-
cite transitions in the Tl atoms (Fig. 2) while holding all
voltages constant. Through utilization of an efficient
fiber optic collection device, a detection rate of one event
per 1000 atoms in the beam was observed when the laser
frequency coincided with the strongest ' Tl spectral
line. With this efficiency and typical noise rates ob-
served during the experiments, it was essential to obtain
a separator beam intensity exceeding 6)&10 atoms/sec.
Data were accumulated for one isotope at a time; an Iz
spectrum taken simultaneously with the data gave an ab-
solute frequency reference. When operating on-line, pos-
itive identification of each mass was made by y -ray spec-
troscopy of the beam deposits on a tape transport sys-
tem. The short-lived Tl isotopes were produced via the
Ta(' O,xn)Tl reaction using stacked Ta foils in a high
temperature ion source. Data were obtained on

Tl. For each isotope, wide laser scans were made
to locate transitions, followed by scans of smaller regions
to allow precise measurements of the hfs splittings. For
demonstration purposes, the wider spectra obtained have
been compressed to the same scale and are shown in re-
lation to each other in Fig. 3. The average beam rate
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1600 tag Tl I I

M T1200
I hfs Spectrum2
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I
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FIG. 3 ~ Summed data sets for the Tl isotopes studied on line
in comparison with the spectrum from ' 'Tl at the same beam
energies. The observed shifts in the centers of gravity of the Tl
spectra are due to a combination of their isotope shifts and
their different Doppler shifts.

and total time required to obtain the spectra in Fig. 3
are given in Table I. An expanded view of the ' Tl data
is given in Ref. 7 where the peaks are identified for both
the —,

' + ground state and the —,
' isomer. Only the

isomeric state was observed for all of the other light Tl
isotopes due to the preferential population of these states
in heavy-ion reactions.

RESULTS AND DISCUSSION
The hyperfine structure observed arises from the split-

ting of the atomic terms as a result of interaction of the
electrons with the dipole, quadrupole, and higher mo-
ments of the nuclear charge. The coupling of the nu-
clear and atomic angular momenta I and J determines
the number of hyperfine lines in the spectra. The spac-
ings of the observed peaks are related to the moments of
the nucleus. For any spin greater than 1A, the Tl
6p P3/Q atomic J term is split into four F levels
(F=I+J) whose spacings are given in terms of the
hyperfine constants 3, 8, and C, related, respectively, to
the dipole, quadrupole, and octupole moments of the nu-
cleus. The spectral separations of peaks corresponding
to transitions from the hfs levels F, and Fz to a common
F level in another J term are given by the classical for-
mula'

2
P~/2 3/2

5/2

3/2
1/2

I+ 3/2

1+1/2
I —1/2I- 3/2

Mass
Half-time

(min)
Average beam rate

(sec) Total time

TABLE I. Average beam rate and accumulation time for
summed spectra shown in Fig. 3.

FIG. 2. Thallium hfs splitting for various nuclear spins I.
Atomic terms are given at the left. Levels are numbered with
their F values for the four possible cases of nuclear spin listed
along the top. Allowed transitions and their normally ordered
spectral patterns are shown. The hfs separations are not to
scale.
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3B K2(K2+1)—K&(Ki+1)
2 4 2IJ (2I —1)(2J—1)

(K23 —Ki )+4(K~ —Ki )+—(K2 —Ki )[ —3IJ(I +1)(J+1)+I(I+1)+J(J +1)+3]
+

4 IJ (I —1)(2I —1)(J —1)(2J—1)

where

K, =F, (F; +1) I(I +—1)—J(J+1)
and I & 1, J & 1. The Tl 7s S&&2 term is split only by the
dipole term since its J=—,

' will not couple to an observ-
able higher multipole effect in the laboratory frame. The
splittings of both J terms appear in the spectra. Peak
identification is aided by two fundamental properties: (1)
the ratio of dipole constants A (7s S,&2)/A(6p P3/2) is

relatively unchanging between isotopes ( —46 for Tl) and
(2) for I & —,

' there are necessarily two pairs of transitions
having the same energy spacing (see Fig. 2). These
features permitted unique peak assignments for all of the
isotopes in spite of the unresolved doublets in the even
mass spectra. Further confirmation of assignments was
obtained by agreement of the observed peak intensities
and profiles to those predicted by a mathematical model
of the system.

The spectra were analyzed by least-squares fitting to
the observed peak separations both with Eq. (1) and with
the assumption that the octupole term was negligible.
The values of the A and B constants for each isotope
agreed for both fits; the C constant, when evaluated, was
consistently within one standard deviation of zero.

Nonzero values of C have been measured in ' I and" In using atomic-beam magnetic resonance
(ABMR). ' These values, however, are considerably
smaller than the resolution of the current experiment.
For these reasons the values of C were assumed to be 0
MHz and results with just the A and B terms are report-
ed here. For the even mass isomers, whose nuclear spins
are not certain but believed to be I=7, analysis was
done for both spins 6 and 7 since these two nuclear spins
give virtually identical atomic spectra. Table II lists the
values of A and B obtained from the present measure-
ments.

Tl MAGNETIC DIPOLE MOMENTS

For a chain of isotopes, corresponding dipole con-
stants 3 are known to be related by [p/IA], =[@/
IA ]z(l+b, , z), where p is the nuclear magnetic dipole
moment and A, 2, known as the hyperfine anomaly,
corrects for the nucleus being nonpointlike. Ekstrom
et al. ' ' have determined that this anomaly can be
given approximately by

]+a&/p&
1+u~/p2

TABLE II. Tl hyperfine structure constants measured in the present experiment in comparison
with the best previous results (in MHz).

Isomer

205g

203g

201g

194m

193g
193m
192m

191m
190m

189m

'Reference 11.
Reference 12.

'Reference 13.
Reference 14.

(7$ Sl/2 )

12 292.4(8.3)
12 291(15)'
12 284(6)'
12 179.7(5.6)
12 184(15)'
12 172(6)'
12 045.3(9.4)
12 052( 120)

287.5(2.6)
331.7(2.9)

11 942(14)
3263.0( 2.4)
275.9( 1.9 )

318.3(2. 1 )

3225.9( 3.4)
263.9(2.3)
304.5( 2.6)

3204.5(4.8)

3 (6p P3/2)

264.65( 80)
265.038 273(2)
264.35(75 )'
262.3( 1.0)
262.029972( 2 )

262.25( 75 )'
255.0(5 ~ 0)
510(12)

5.4(1.8)
6.9(2.0)

259.9(7.0)
66.7(2.3)

5.8( 1.0)
7.2( 1.3)

66.5(3.4)
5.4(1.6)
6.6(1.8)

65.3(4.8)

B (6p P3/2 )

671(26)
647(25)

—2476(20)
526(18}
507(17)

—2562(31)
296(24)
286(23)

—2578(44)

Comment

If I=7
If I =6

If I =7
If I =6

If I =7
If I =6
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TABLE III. Tl magnetic moments and isotope shifts of the 535 nm transition.

Isomer

207g
205m
205g
204m
204g
203m
203g

202m
202g
201g

200g
199g
198m

1.876(5)'
0.41(5)
1.6382136(1)'
1.187(6)"

+0.09(1)
0.16(5)"
1.6222569(1)'

1.6231(13)'

0.896(42)
+0.06(1)

1.61(2)'
1.6051(17)'

+0.04(1)
1.60(2)

+0.64(7)'

IS (GHz)

1.783(3)'

0.0'

—1.08(12)'

—1.766(21)"
—1.757(2)'
—1.758(18)'

—3.12(12)'

—3.72(12)'
—3.537(15)'

—5.07(12)'
—5.31(12)'
—6.48(12)"

Isomer

198g
197g
196m
196g
195g
194m

194g
193m
193g
192m

191m
190m

189m

+0.00(1)
1.58(2)'

+0.07(1)"
1.58(4)~

0.5397(49)'
0.5313(47)'

+0.14(1)b
3.9482(39)'
1 ~ 5912(22)'
0.5180(36)'
0.5121(34)'
3.9034(48) '

0.4953(36)'
0.4900(42) '

3.8776(63)'

IS (GHz)

—6.87(12)'
—7.02(12)'
—8.64(12)~

—7.033(17)'
—9.743(19)'

—10.892(30)'
—10.877(30)'
—8.265(65)'

—12.286(65)'
12.275(65)'

—9.484(70)'

(I =7)
(I =6)

(I =7)
(I =6)

—8.22(12)~

—10.37(12)~

—9.482(37)' (I =7)
—9.471(37)' (I =6)

'Reference 13.
"Reference 15.
'Reference 17.
Reference 18.

'Reference 15 which used the value from Ref. 19 with some corrections.
'A11 isotope shifts listed here are given relative to ' 'Tl.
Reference 20.

"Reference 21.
'Reference 14.
'Reference 22.
"Reference 11.
'Present work. The values for p include the hfs anomaly but no errors due to it. Values for alternative spins are given for
190, 192, 194Tlm

Reference 23.
"Reference 24.

where, for the Tl 7s S,&2 term, a=+0.01 pN (j,=1+—,
'

or j =l + —,; j, l describing the nuclear particle orbitals)
based on similar values for gold. Knowing the magnetic
dipole moment for the stable Tl isotopes, p for the other
isotopes was found using the above relations and the
measured splittings of the 7s S,&2 term. All known
magnetic dipole moments in the Tl isotope chain as well
as the isotope shifts of the 535 nm line (to be discussed
below) are given in Table III. These dipole moments,
under the assumption that the spins of ' ' ' Tl are
7+, are plotted in Fig. 4.

An interpretation of the moments down to mass 194
has been given by Ekstrom, Wannberg, and Shishodia. '

The spin —,
' moments of about 1.6 pN are well below the

Schmidt-limit value of 2.793 pz for a single 3s, &2 proton
orbital. Covello et al. , however, were able to derive
such a value for the moments using calculations involv-
ing the intermediate coupling unified model by taking a
spin gyromagnetic ratio g, —0.62(g, )f„,. The discon-
tinuity at Tl has been attributed' to a significant
change in the contribution of configuration mixing due
to the filling of the core-polarizing vp, &z hole between

Tl and Tl and an expected decrease in the second-
order effects from admixing with the 2+ +~d 3/p
configuration.

I—

0

4—
~ I =9/2
o I -7+
& I=2
~ I = 3/2+
o I =1/2+

LLJ

D
CL

C)

I ~-I-~ ~ A, z -- ~-I-
190 195 200 205

MASS

FIG. 4. Tl magnetic dipole moments. See Table III for data
origins.

The most noticeable change in moments occurs for the
spin 7 isomers. The variation of the moments with mass
follow a smooth curve in Fig. 4, suggesting a common
dominant configuration. (Note that the moment of

Tl, previously assumed to have a magnitude less than
0.089 pN in the hfs measurements of Goorvitch, Davis,
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and Kleinman and based on the paper by Brink has
been shown by this work to be in error). The obvious
candidate for the dominant single-particle configuration
is ~s, /2vi, 3/2 The standard spherical shell model for-
mulas for the magnetic moments'

8=i (g i+(g, —gi )/(»+1)l
for one-particle configurations with j =l + —,

' and

P =P&+92

for two particle configurations with I=j, +j2 will be
used in the following discussion, since the spectroscopy
of the odd Hg isotopes shows that the i, 3/p neutron
remains largely decoupled from the deformation.
With g, /(g, )

"' of 0.5 —0.6, the empirical values

p(msi/2)=1. 6 pz and p(vi, 3 p/)= —1.0 p~ are repro-
duced. Our measured values iu(7+ ) =0.6 p~ for the
light Tl isotopes are then also reproduced. Since the
empirical —,

' moments are constant for odd Tl isotopes
with N(124 (Fig. 4), and the empirical —'+ moments
are almost constant for Hg, Pb, and Po isotopes with
N ( 124, the variation of the 7 moments are remark-
able. Hashimoto et al. ' attribute the elevated mo-
ment of Tl to a modest admixture of ~hi]/2vp3/p in
the wave function. It would then appear that the
configuration mixing decreases in the lighter and more
deformed isotopes. Alternatively, one could surmise
that an increasing admixture of ~d3/2vl ]3/2 could lower
the magnetic moments of the lighter isotopes. Certainly
deformation mixes the ~s i /z and d 3/2 orbits, and ( S~ )
for the 0= —,

' orbital is reduced from 0.5 for spherical
shape to 0.4 at P2 ———0. 15, but if this explanation were
correct it is hard to understand why the —,

'+ moment of
the odd-mass Tl isotopes would remain constant. A fac-
tor could be that the decoupled vi&3/p orbit polarizes the
nucleus to oblate shape ' where the s, /2 d3/2 interaction
is strongest. Taken at face value, however, the measured
moments appear to imply that the dominant shell model
configuration is purer for the more deformed isotopes.

Neither spin —', + excited states nor spin 2 isomers
were seen in the new data due to their absence or pauci-
ty in the separator beam. Moments for the excited —,

'+
states have been measured only for ' Tl where they
were excited by bombarding natural Tl with elec-
trons. ' ' The —', + moments indicate small admixing of
other configurations with the ~d3/2 configuration which
has a Schmidt limit of 0.13 p~. The moments of the 2
states, measured by ABMR, are believed to change al-
most linearly from negative to positive as the Tl-isotope

mass decreases. ' The likely origin of this is a changing
mixture of the configurations 2 (~s i /2 vf ~/2 ) and
2 ( mrs, /z vp 3/2 ) with a possible contribution from
2 (~d&/zvp, /~) as the first two configurations vie for
dominance.

The newest addition to the dipole moment measure-
ments are the three spin —', values from this work. These
moments are very similar to other spin —,

' moments in the
neighboring regions of the chart of the nuclides and are
a result of a ~h9/2 configuration. The values of the Tl
moments are about 3.9 p&, well within the Schmidt lim-
its for a j= —,

' nucleus which are 2.63 pz for j =l —
—,
' and

6.79 p~ for j =l+ —,'.

Tl ELECTRIC QUADRUPOLE MOMENTS

No previously measured quadrupole moments are
known for Tl, so no calibration exists to extract the mo-
ment from the hyperfine constant B. The screening elec-
trons and relativistic correction factors prevent an accu-
rate simple calculation of the electronic factor relating B
and Q, but complex calculations using a relativistic
Idartree-Fock approach and an optimized Hartree-
Fock-Slater method have been done by Lindgren and
Rosen. Taking from those calculations an approximate
value of (r )„2=12, the relation obtained between the
spectroscopic quadrupole moment Q, and B is

Q,. =(8.9&&10 b/MHz)B. Other methods give values
of Q, which vary by + 10% from the values obtained
here. The Sternheimer correction for screening elec-
trons is difficult to calculate accurately for Tl (Ref. 8)
and is not included in these calculations. Its effect
would be only to scale the magnitudes of the moments
without changing their relative sizes. The Q, value ob-
tained in this manner and listed in Table IV may be ei-
ther too large or too small but are proportionally
correct. The error range shown reflects only the mea-
surement uncertainty; for absolute quadrupole moment
values a conservative error range of 20% should be as-
sumed.

The moments in the even-mass Tl isotopes result from
the coupling of an odd proton and an odd neutron and
so are not connected by simple relations with the intrin-
sic quadrupole moments Qo. Assuming the moments are
proportional to the B's, there is a large change in going
from ' Tl to ' Tl' . This change shows up as a re-
duced spacing of the peaks in the even-mass data of Fig.
3. The actual values of these moments are not estimated
here.

For the —', nuclei, the well-known relation for axially

TABLE IV. Moments and deformations of light Tl isotopes.

Isomer

193g
193m
191m
189m

S

(e b)

—2.20(2)
—2.28(3)
—2.29(4)

0

(e b)

—4.04(3)
—4. 18(5)
—4.21(7)

2

from Q„

—0.144(1)
—0.151(2)
—0.153(3)

(p2 ) 1 /2

from
isotope shift

0.099(1)
0.158(1)
0.170(2)
0.181(2)
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symmetric deformation and strong coupling of the odd
proton

3K I (I—+ 1)
(I +1)(2I +3)

has been used to give the Qo values in Table IV. The
strong-coupled character of the h 9/2 band suggests
predominantly oblate deformation; hence I=—', and
K = 9, giving negative values of Qo. Assuming an axial-

ly symmetric ellipsoid, the nuclear deformations /32 can
be derived from the expression

2ZA ro/32(1+0. 36/32)

)1/2

and are also tabulated. The relationship of the deforma-
tion parameter Pz and other quadrupole deformation pa-
rameters is also given in Ref. 35. A quite important
feature to come out of the present calculations is that
even though the absolute scale for the quadrupole mo-
ments is unknown, there is an observable trend of in-
creasing deformation in going away from stability. This
point is addressed further in the discussion below.

Tl ISOTOPE SHIFTS

The isotope shifts, the changes in the centers of gravi-
ty of the transitional frequencies from one isotope to the
next, yield information concerning sizes and shapes of
nuclei. Values for all known isotope shifts for the 535
nm transition in Tl are given in Table III. It can be seen
that the values from the present work are consistent
with previous measurements. With the exceptions of

Tl, the isotope shifts measured here are more
precise than previous optical measurements by a factor
of from 2 to 6. This improvement is attributable to the
line widths in these collinear laser experiments
(-60—150 MHz) as compared to the previous optical
experiments which used lamps as the light sources and
which had corresponding Doppler widths of -0.9—1.5
0Hz.

The isotope shift is composed of a field shift due to
volume changes and a mass shift due to a difference in
isotopic mass. The mass shift in turn is composed of a
normal (NMS) and specific (SMS) mass shift. For the Tl
535 nm line, the NMS is only —8 MHz for adjacent iso-
topes. Arising from electron correlations, the SMS can-
not be readily calculated, but for Pb it has been estimat-
ed that the SMS equals (0+10) NMS (Ref. 37) and for
Hg SMS equals (0+0.5) NMS. The value (0+1) NMS
was chosen for the Tl data based on the arguments of
Heilig and Steudel. After determining the centers of
gravity and correcting for the Doppler shifts in the
current data, subtracting the calculated mass shifts
yielded the field shifts. A variety of expressions relating
the field shifts to nuclear radial moments have appeared
in the literature; nearly all of them predict a product of
electronic and nuclear factors. Taking Seltzer's values
for the nuclear component of the field shifts gives

A. = (r ) —0.0111(r )+2.936X 10 (r ) +

where A, times an electronic factor gives the field shift.
Assuming a deformed radius rd ——r&(1+PY2o), where /3

is the deformation parameter and rb is chosen to make
the nuclear volume equal to that of a sphere of radius
ro 3 ', it can be shown that for Tl

A, -0.93(r ) „+0.89(r )p, (2)

where 3 and /3 refer to mass-only and deformation-only
changes in mean-square radii. This agrees with formulas
used by Thompson et al. for Pb and by Bonn et al.
for Hg.

As with most other electronic constants in Tl, the pro-
portionality factor between the field shift and k is not
accurately calculable due to screening electrons. Having
no certain calibrations for the electronic factor, various
normalizations were investigated. Muonic x-ray data
and electron scattering data give the moments (r e "),
not differences in radial moments, but a model depen-
dent value of —0. 115(3) fm for the ' Tl isotope
shift may be obtained. ' Assuming negligible higher mo-
ments, an electronic factor of 15.16(43) GHz/fm is de-
duced. Droplet model predictions give the ' Tl
shift to be 0.106(10) fm and thus the electronic factor
would be 16.4(1.6) GHz/fm . If the muonic atom data
were used for calibration, a plot of (r ) for the Tl iso-
topes would have data points which for the most part
would fall about one-fourth of the way between the pre-
dictions of the droplet model and the values of (r ) ob-
tained from calculations for a spherical nucleus having
radius ro 3 ' . Such a plot for Pb is given by Thompson
et al. 37 However, both the droplet model and Eq. (2) in-
dicate that points should lie on or above the droplet
model P=O line. By normalizing the droplet model pre-
dictions to the measured field shifts, estimates of the nu-
clear deformations were obtained. Since Tl is only
one proton away from a doubly closed shell, the assump-
tion was made that it has a deformation of zero. The
electronic factor was chosen to make the P=O droplet
model prediction for the field shifts pass through the

Tl point and be below or on the experimental values
for all the other isotopes. Figure 5 shows the results of
this normalization. Note that with this normalization
the point for Tl also falls on the P=O prediction.
Lines obtained for nonzero deformations are included.
There is considerable odd-even staggering in the data.
As with the quadrupole moment data, an increase in de-
formation in going away from stability is observed. De-
formations obtained for the —, isomers are included in

Table IV. Agreement in the deformations obtained from
the isotope shifts and from the quadrupole moments is
very good considering the assumptions made and consid-
ering also that the quadrupole moment gives (/3) while
the isotope shift gives 6(/3 ). A disagreement in derived
values similar to those here has previously been observed
in the neutron-deficient Hg isotopes, where it is be-
lieved that Qo is underestimated from Q, because of
violation of strong coupling and axial symmetry. We
have checked this explanation for the case of ' 'Tl by a
model calculation in which a triaxial rotor is coupled to
a quasiparticle in the corresponding triaxial Woods-
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FIG. 5. Tl 535 nm field shifts. The field shifts (shown as
points) are derived from the isotope shifts listed in Table III.
Predictions of the deformed droplet model, calculated for vari-
ous deformations and normalized to masses 200 and 207, are
given as lines.

Saxon potential. Setting pz ——0. 16, the spacing of the —',
and —", levels is reproduced with the core moment of
inertia corresponding to F. (2&+) =250 keV, and the posi-
tion of the —", level (i.e., the signature splitting) is

reproduced with the triaxiality parameter y =39 . The
resulting Q, for the —,'level is 6% lower than the value
for strong coupling to an axially symmetric core with
Pz —0. 16, @=60'. Since (r ) is very weakly dependent
on y, this accounts for one-half of the difference between
the Pz values from the quadrupole moment and the iso-
tope shift. The differences in Tl are larger for the lighter
isotopes and may be in part due to mixing with a coex-
isting state of opposite and larger deformation, which
could simultaneously reduce the quadrupole moment
and increase the effective radius.

The assumption of zero deformation for Tl in nor-
malizing the droplet model calculations to the data re-
sults in predictions with smaller slopes than if Tl were
assumed to have a nonzero deformation. Thus, it is like-
ly that the lines in Fig. 5 represent minimum slopes and
that deformations obtained by reading the plot are
minimum values. Regardless of actual values, the plot
shows that in going away from the closed shell of Tl
the deformations are increasing. Similarly increasing de-
formations in going away from the shell closure have
been deduced in Au, Hg, and Pb. The deforma-
tions for each nuclear spin are in general smoothly
changing. Furthermore, the isomer shift in ' Tl can be
interpreted as a large change in deformation between the
ground and excited states, a change of as much as 60%
if the normalization is correct. There is remarkable
similarity in the relative isotope shifts in the Pb region.
Comparisons of the shifts in Os, Pt, Au, Hg, Tl, and Pb
appear in the article by Strieb et al. but perhaps more
strikingly in the article by Barboza-Flores, Redi, and
Stroke. The latter article compares Hg, Tl, Pb, Bi, and
Fr isotope shifts normalized to the shift between the iso-

topes with neutron numbers 122 and 124. Figure 2 in
their article can be expanded with the new ' ' Tl data
of this work and the extended ' ' Pb data of Ansel-
ment et al. The addition of a proton from one isotope
chain to the next causes virtually no change in relative
isotope shifts.

The remeasurement of the ' Tl isotope shift in the
present work resulted in a somewhat higher value than
previously obtained. The new value is in better agree-
ment with an extrapolation of the ' ' ~' ' Tl data
and shows better similarity to the Hg data. From the
description of the data analysis in the previous

Tl experiment, it is reasonable to expect that a
reanalysis of the old data with the new values for ' Tl
could alter the derived isotope shifts for ' " Tl bring-
ing them closer to the pattern prevalent in this mass re-
gion. The shifts of ' ' " Tl, being —,'isomers, show
a new pattern since they do not correspond to other
neighboring isotones having a different number of pro-
tons.

THEORETICAL INTERPRETATION
A calculation was carried out to see if all of the ob-

served features of the Tl isotopes would emerge from the
deformed shell model. Details and results of the calcula-
tion were first presented in Ref. 7. The deformations de-
duced from the present measurements were shown to be
sufficient to account for the mass dependence of the —',
excitation energy. The upturn in the —', energy in the
lightest Tl isotopes also was reproduced in the calcula-
tion owing to the difference in rate at which the Strutin-
sky shell corrections change with mass at the respective
deformations of the —,

'+ and —', configurations. Rota-
tional excitation energies for ' ' Tl are also repro-
duced by the calculation. Whereas it was previously
thought that a simple correspondence existed between
deformation and the rotational moment of inertia, both
changing deformation and the presence of nearly con-
stant strongly-coupled bands based on the —,

' level in

the Tl isotopes indicate that the relationship is more
complex. The calculation suggests that when the num-
ber of valence neutron holes increases, both the deforma-
tion and the neutron-pairing correlations increase with
opposite and compensating effects on the moment of in-
ertia, producing the experimentally observed features.

While the deformed shell model has reproduced all the
observed features, it may be possible that other models
could do as well. Krygin and Mitroshin" interpreted
the large isotope shifts in the Hg data in terms of an in-
crease of the effective charge on the nuclear surface rath-
er than in terms of a deformation change. Due to simi-
larities in this mass region it may be possible that such a
model could be applied to the Tl isotope shift data as
well. Nevertheless, as pointed out earlier the sizes of the
quadrupole moments and their changes with decreasing

tends to confirm the interpretation in terms of a
larger deformation for the intruder h9/Q level and its
variation with mass number.

SUMMARY
Isotope shifts and magnetic dipole moment measure-

ments have been extended away from stability to ' Tl



36 NUCLEAR STRUCTURE OF LIGHT THALLIUM ISOTOPES AS. . . 2567

Estimates of electric quadrupole moments and nuclear
deformations show an increase in deformation as A is
decreased away from stability. The changing deforma-
tion occurs despite the constant moment of inertia, re-
vealing the fallacy of assuming that a constant moment
of inertia implies a constant deformation. An interesting
aspect of the competition between quadrupole and pair-
ing correlations has been demonstrated, offering insight
into the properties observed not only in Tl but in neigh-
boring masses as well, potentially being applicable to
many parts of the chart of the nuclides.
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