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The i 13/2 proton intruder orbital in the superdeformed 193Tl nucleus:
Effective magnetic moment and blocking of proton pairing
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From the observed competition betweenM1 andE2 g transitions deexciting the states of the two signature
partner yrast superdeformed bands in193Tl, the i 13/2 ~V55/2! intruder proton orbital is found to have (gK
2gR)K/Q050.13860.008. A model dependent value ofgs

eff5(0.760.2)gs
free is deduced. A saturation of the

T 2 moments of inertia, at rotational frequency\v.0.32 MeV, is observed for the two bands. This feature is
discussed in terms of exhausted quasineutron alignment in the presence of substantially reduced quasiproton
alignment due to Pauli blocking.

PACS number~s!: 21.10.Re, 21.10.Ky, 21.60.Cs, 27.80.1w
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More than 40 rotational bands characteristic of super
formed ~SD! nuclei are now known to exist in Au, Hg, Tl
and Pb isotopes withA'190 @1#. Recently this mass region
of superdeformation has been extended to Bi and Po isoto
@2,3#. A striking difference between the SD nuclei of the 19
mass region and those in other mass regions is the beha
of the dynamic moment of inertiaT 2. While theT 2 patterns
of the SD bands nearA'130 and 150 show pronounce
differences~closely correlated to the high-N proton and neu-
tron intruder orbital occupancy!, the majority of the SD
bands in the 190 mass region display the same large, sm
increase ofT 2 in the rotational frequency range 0.15,\v
,0.40 MeV. This behavior ofT 2 has been interpreted@4,5#
as resulting from the gradual alignment of quasiparticles
cupying high-N intruder orbitals~originating from thei 13/2
proton andj 15/2 neutron orbitals! in the presence of pair cor-
relations. In this picture, Pauli blocking of high-N intruder
orbitals is expected to induce a flattening of theT 2 moments
of inertia. Such effects are indeed observed in some odd
@6,7# and odd-Pb@8,9# SD nuclei, where the blocking of the
N57 quasineutron orN56 quasiproton alignment is though
to be responsible for the flattening of theT 2 moments of
inertia. In some odd-odd Tl isotopes@10,11#, the blocking
effects of both theN57 quasineutron andN56 quasiproton
are also observed. A direct consequence of this interpreta
would be that, after the quasiparticle alignments have ta
place, theT 2 will exhibit a saturation toward a rigid-body
value. Indeed, an onset of saturation of theT 2 has been
530556-2813/96/53~1!/9~5!/$06.00
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observed in192Hg @12#, and even more significantly a marke
decrease of theT 2 was seen in194Hg @13#, for rotational
frequencies\v.0.4 MeV. In the present work, from the
study of their magnetic properties, the two yrast SD bands
193Tl @14# have been unambiguously assigned to the config
ration where the single proton is occupying thei 13/2 intruder
orbital. The two bands have been extended to higher ro
tional frequencies and their moments of inertia have be
found to exhibit a saturation for\v.0.32 MeV, reflecting
the combined effects of the proton pairing blocking and t
completej 15/2 neutron alignment. Furthermore, a model d
pendent value of (gK2gR)K/Q0 has been obtained with
considerable accuracy for thei 13/2 ~V55/2! proton intruder
orbital and the proton effectivegs value in the SD193Tl has
been deduced. This represents the first estimate of
strength of the effective magnetic operator in a rotating ve
deformed field, which has been a question of discussion fo
long time @15–20#.

The experiment was carried out at the newly operati
Vivitron tandem accelerator at CRN Strasbourg. Excit
states in 193Tl were populated with the reaction
181Ta~18O,6n! 193Tl at a beam energy of 110 MeV. The targe
consisted of a stack of two self-supporting~'500 mg/cm2!
181Ta foils. Theg rays emitted in the reaction were detecte
with the EUROGAM2 detector array@21#, consisting of 126
Compton-suppressed Ge detectors~24 quad-clover and 30
large volume Ge detectors!. In order to have the full effi-
ciency of the array for low energyg rays, no absorbers have
R9 © 1996 The American Physical Society
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FIG. 1. Spectra of SD bands 1
and 2 in 193Tl. The spectra are
from quadrupole coincidences
showing g rays in coincidence
with three g rays that are in the
band of interest;~a! band 1~all in-
dicated transitions of band 1 are
used as gates except the 227 an
782 keV!; g transitions in band 2
in coincidence with band 1 are in-
dicated by empty triangles.~b!
Band 2~all indicated transitions of
band 2 are used as gates except t
207, 247, 751, and 783 keV!; g
transitions in band 1 in coinci-
dence with band 2 are indicated b
solid triangles. The dipole transi-
tions linking band 1 and band 2
are indicated in boxes. Theg tran-
sitions connecting low-lying nor-
mal deformed states are labeled b
‘‘ y.’’ The newly observed transi-
tions are indicated by stars for
both bands. Typical uncertainties
for E2 transition energy are 0.3–
0.5 keV.
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been used in front of the detectors. Approximately 0.83109

g-ray coincidence events were recorded to tape for which
least 5 unsuppressed Ge detectors had fired. After unfold
a total of 83109 quadruple-suppressedg4 coincidences were
obtained. In addition to the two known yrast SD bands, thr
excited SD bands have been discovered in the193Tl nucleus
@22#. The triple-gated spectra of the two signature partn
yrast SD bands in193Tl, obtained in the present experimen
are displayed in Fig. 1. All transitions reported earli
@14,23# are clearly observed, together with known193Tl yrast
transitions @24# associated with the decay out of the S
bands. The higher selectivity of the EUROGAM2 array e
ables us to extend the bands to higher and lower transi
energies. In the spectrum of band 1@Fig. 1~a!#, g transitions
of band 2 can clearly be seen up to'400 keV. The corre-
sponding cross-talk transitions are seen at energies ran
from 100 keV to 200 keV, as indicated in Fig. 1~a!. In the
spectrum of band 2@Fig. 1~b!#, the situation is reversed an
transitions in band 1 are seen, as well as cross-talk tra
tions. Information on transition multipolarities has been o
tained by measuring the ratio of theg-ray intensities detected
in the clover detectors, near 90°, to the intensities detecte
the single detectors nearer 0° and 180° to the beam direct
This ratio indicates that the cross-talk transitions are
DL51 type in contrast with theDL52 in-band transitions.
The interband transitions together with the transitions
band 1 and band 2 can be organized in a unique way
shown in Fig. 2~a! . Having in mind the fact that band 1 an
band 2 are probably signature partners@14,23#, it is therefore
suggested that in this case, the two-way cross talk wo
most likely indicate the presence ofM1 decays. This assump
tion is corroborated by the evaluation of the conversion c
efficient values extracted from total intensity conservati
@Fig. 2~b!#.

In order to extract theM1 strengths from theI g(M1)/
I g(E2) branching ratios, two different methods have be
at
ing,

ee

er
t,
er

D
n-
tion

ging

d
nsi-
b-

d in
ion.
of

in
as

d

uld
-
o-
on

en

used. In both methods this has been done in a region of
bands where no signature splitting is present and where
may neglect the contribution of theK51/2 component due
to Coriolis mixing. The details of the first method are d
scribed in Ref.@25#. In this method we assume there is n
decay out from the SD states to the normal deformed sta
and, provided a proper gating procedure is used, one
obtain an expression for (gK2gR)

2K2/Q0
2 which, in addition

to the theoretical total internal conversion coefficients~taken
from Ref. @26#!, involves only the intensities of theE2 g
transitions in both signature partner bands. This proced
has been applied and values of the ratio (gK2gR)

2K2/Q0
2

have been extracted for several SD states in both bands.
ure 3~a! shows the deduced (gK2gR)K/Q0 values for differ-
ent levels of the two signature partner bands as a function
their evaluated spins. The spins of the SD states are s
gested using the methods of Draperet al. @27# and Becker
et al. @28#. The details of the second method are described
Ref. @29#, where the (gK2gR)K/Q0 values are directly ex-
tracted from the measuredI g(M1)/I g(E2) ratios. Figure
3~b! shows the measuredI g(M1)/I g(E2) for the two SD
bands in193Tl as a function ofA, whereA represents the
dependence on energy and Clebsch-Gordan coefficient
the M1/E2 branching ratio „A5@Eg(M1)33^IK10uI
21K&2#/@Eg(E2)53^IK20uI22K&2#…. Taking the quadru-
pole momentQ051962 eb, which is the average of the
measured quadrupole moments in the neighboring192Hg
@30–32# and 194Pb @33# nuclei, we have indicated in Figs
3~a! and 3~b! by dashed and long-dashed lines the theoreti
limits @34# for the configurations where the single proton
occupying the orbitals@642#5/2 and @514#9/2, respectively
~the limits come from the uncertainty on the adopted expe
mental Q0 value!. These are presumably the two lowe
strongly coupled orbitals available for the single proton
the thallium isotopes@35–37#. The results from both meth-
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ods are in agreement with the assignment of the intru
configuration@642#5/2 ~with both signatures! to the two SD
yrast bands in193Tl. The agreement between the two met
ods, where one of them is based on the use of theoreticalM1
internal conversion coefficients for the interband transitio
could be taken as evidence of the magnetic character of th
dipole transitions, which is nicely illustrated in Fig. 2~b!. The
average (gK2gR)K/Q0 value obtained from the two meth
ods was found to be equal to 0.13860.008. Subsequently, the
corresponding experimentalgK value would be 1.4660.17 if
thegR factor is taken equal toZ/A ~this value ofgR is quite
conventional for normal deformations and justified in part
cranking estimates made by Semmeset al. @34#!. It is worth
pointing out that, despite the very good accuracy of t
branching ratio measurements~6%!, the accuracy of the ex-
tracted values forgK is always limited by the accuracy o
Q0. In the strong coupling limit of the particle-plus-roto
model, thegK factor can be expressed asgl1@(gs2gl)/V#
3^sZ& where ^sZ& is the expectation value of the intrinsic
spin projection on the symmetry axis. The theoretical valu
of ^sZ& for a pure i 13/2 ~V55/2! proton configuration ob-
tained with Hartree-Fock@36# and Woods-Saxon calculation

FIG. 2. ~a! Low energy part of the level scheme for the pair o
signature partner bands in193Tl. The energies of the dipole transi
tions ~shown in boxes in Fig. 1! are assigned within a 0.2–0.3 keV
uncertainty. Dotted arrows indicated unobserved cross-talk dip
transitions.~b! The total internal conversion coefficients for the in
terband dipole transitions linking the two signature partner S
bands in193Tl have been deduced from the total intensity conserv
tion. The solid curves represent the theoretical total internal conv
sion coefficients dependence on transition energy forM1, E1, and
E2 transitions@25#.
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@34# are found to be in excellent agreement. These values
^sZ&50.4 and^sZ&50.39, respectively. UsinĝsZ&50.4, the
renormalization factor for the magnetic moment due to th
intrinsic spin gs

eff/gs
free was found to be equal to 0.760.2

~considering only the uncertainties on the experimental va
ues ofgK andQ0). It is worth pointing out that the observed
values of gK for normal deformed odd-A nuclei ~150,A
,190! indicate a polarization effect of the same magnitud
of gs

eff'0.7gs
free @38#. This represents the first experimenta

estimate of the effective magnetic operator in a superd
formed nucleus at high spin.

With the extension of the two SD bands toward highe
energies, it is now possible to extend the dynamic momen
of inertiaT 2 up to frequencies\v'0.4 MeV as is shown in
Fig. 4. For both bands a change in slope of theT 2 with \v
is noticeable at low~\v'0.15 MeV! and high ~\v'0.32
MeV! frequencies. Furthermore, a smooth turnover of th
T 2’s can be seen around\v'0.36 MeV. TheT 2 moments of
inertia of the vacuum SD bands in the neighboring even-ev
isotones192Hg @12# and194Pb@39# are displayed for compari-
son in the same figure. At low frequencies these zer
quasiparticle SD bands have reducedT 2 values compared
with the one-quasiparticle bands in193Tl. This is what one
expects for odd nuclei: a substantial increase of the mome

f
-

ole
-
D
a-
er-

FIG. 3. ~a! The (gK2gR)K/Q0 values~extracted indirectly, see
text! for SD states in band 1 and band 2 of193Tl ~the units are
mN/eb! as a function of their evaluated spins.~b! Measurements of
the I g(M1)/I g(E2) branching ratio taken on band 1 and band 2
plotted as a function ofA „A5@Eg(M1)33^IK10uI21K&2#/
@Eg(E2)

5^IK20uI22K&2#…. TakingQ051962 eb, the theoretical
@33# limits are indicated for@514#9/22, gK51.31 ~long dashed
lines! and the@642#5/21, gK51.45 ~dashed lines! proton configu-
rations. The theoretical limits come from the uncertainty on th
experimental quadrupole moment.
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of inertia due to the well-known blocking effect that reduc
superfluidity and hence increasesT 2. At intermediate rota-
tional frequencies 0.2 MeV,\v,0.3 MeV, all the SD bands
shown in Fig. 4 exhibit roughly the same increase ofT 2.
Generally this increase is qualitatively understood in the 1
mass region in terms of gradual alignment ofn j 15/2 and
p i 13/2 in the presence of pairing correlations@4,5#. Having in
mind that thei 13/2 proton orbital is blocked for pairing cor-
relations in the193Tl SD bands, the relatively small differ-
ences in theT 2 between192Hg, 193Tl, and 194Pb ~see Fig. 4!
can be taken as evidence for a relatively small contribut
of the p i 13/2 quasiparticle alignment to the increase of th
moment of inertia. In other words, it is mainly then j 15/2
quasiparticle which contributes to the rise ofT 2 at the inter-
mediate rotational frequency range~0.2 MeV,\v,0.3

FIG. 4. Experimental dynamic moments of inertia as a functi
of \v for the SD bands:193Tl 1 ~solid triangle!, 193Tl 2 ~empty
triangle!, 192Hg ~dotted line!, 194Pb ~dashed line!. The inset shows
results from new theoretical calculations@39# for the yrast SD con-
figuration (p i 13/2! in

193Tl. The three sets of curves in the inse
represent the calculated totalT 2 values and their decomposition
into neutron and proton contributions for both signature partners
the @642#5/21 orbital.
es

90

ion
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MeV!. This is confirmed by recent studies of the SD odd-P
isotopes, where the blocking of thej 15/2 neutron orbital was
found to affect the flattening of theT 2 moments of inertia
@8,9# more dramatically than in the SD odd-Hg isotope
@6,7#. Furthermore, theT 2 moment of inertia of the vacuum
SD band in194Pb exhibits the same slope at intermedia
rotational frequencies as band 1 in193Tl. This suggests that
pairing correlations for protons are weaker in Pb isotop
than in Hg isotopes. The saturation of theT 2 at \v'0.32
MeV in 193Tl SD bands indicates that the alignment of th
j 15/2 neutron quasiparticle is exhausted. In the

192Hg vacuum
SD band thei 13/2 quasiparticle alignment takes over and th
T 2 continues to increase until a beginning of saturation
\v'0.4 MeV. It is worth pointing out that recent theoretica
calculations, where deformation and pairing effects a
treated self-consistently by means of the cranked Strutin
Lipkin-Nogami approach and where a quadrupole pairing
teraction is included@40#, reproduce very well the dynamic
moment of inertia of the yrast SD bands in193Tl ~see the
inset of Fig. 4!.

To summarize, we have observed dipole transitions
tween signature partner bands in the SD193Tl nucleus. This
enables us to measureM1 strengths and to extract thegK
factor for thep i 13/2 ~V55/2! orbital. A model dependent
strength of the effective magnetic operator in a rotating s
perdeformed nucleus is deduced for the first time. From
comparison to the SD192Hg core, the Pauli blocking effect
generated by the occupancy of thep i 13/2 orbital is found to
produce a fairly different behavior of theT 2 moments of
inertia as a function of rotational frequency. In particular,
saturation of theT 2 moments of inertia at relatively low
rotational frequency\v'0.32 MeV is observed for the two
yrast SD bands in193Tl, illustrating a completedj 15/2
quasineutron alignment and/or a substantial reduction of n
tron pairing correlations at large rotational frequencies~\v
.0.32 MeV!.
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