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Intrinsic proton states around the superdeformed shell closureZ=380
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High spin states in°Tl have been populated by th&'Ta(*?O, 6n) reaction at 110 MeV andy-ray
spectroscopy was performed using the EUROGAM Il array. In addition to the two known superdef@&bed
bands, three new superdeformed bands have been identified. The dynamic moments of inertia of two of these
new bands display a sudden and opposite change of slope and two of them have identical transition energies
within 2 keV. The behavior of their dynamic moments of inertia and thdnansitions allowed us to propose
configurations for the proton orbitals involved around the SD shell cla8exr80. The intrinsic proton states
identified are the two signature partners of fdd1]1/2 and the negative signature of the51]1/2 orbitals.
Their properties are compared to the predictions of two theoretical calculat®dB56-28138)04312-X]

PACS numbsgs): 21.10.Re, 21.60.Ev, 23.20.Lv, 27.8Qv

[. INTRODUCTION posed as the lowest excitation abo¥e=80 shell closure
[8-11]. This assignment was found to be in agreement with
An impressive experimental and theoretical effort hasmost theoretical calculatiofd2—14. Recently, in the'*°TI

been devoted to determine the intrinsic states on which susD nucleus, the magnetic dipole character of transitions link-
perdeformedSD) rotational bands are built. For example, in ing the two known signature-partner SD baridands 1 and
the mass 190 region, the study of several odd-neutron SR) has been established and the experimental value of their
nuclei has revealed many excited SD bands which have beagy factor has been found to be consistent with the proton
interpreted in terms of individual excitations of the valenceintruder configuration 642]5/2 [15]. Beyond this intruder
neutron around the Fermi surface. Thus, the characteristics ofbital, the sequence of the quasiproton orbitals given by
the intrinsic neutron states around the SD shell closure aifferent theoretical calculations has never been experimen-
N=112 have been experimentally well determined*3fdg tally identified. In this paper, we report on the observation of
[1], g [2], %%Pb [3,4], and %Pb [5] SD nuclei, the three new SD bands it*°Tl. From the behavior of both the
blocking effect of the neutron intrudét= 7 orbital has been 3 moments and the transition energies, these bands are
established, causing a flattening of t{& dynamic moment interpreted as due to quasiparticle excitations involving the
of inertia of SD bands. Furthermore, from the observation of 411]1/2 and[ 651]1/2 proton orbitals.
cross-talkM 1 transitions between SD bands'itiHg [6] and
9%p [4], it has been possible to extract the experimental L. EXPERIMENTAL PROCEDURE
value of thegy factor of the single neutron and, by compari-
son to theoretical calculatiod], the occupancy of the two ~ The nucleus'®3Tl has been populated at high spin by the
strongly coupled neutron orbital§12]5/2 and[624]9/2 has ~ *¥'Ta(*0, én) reaction at a beam energy of 110 MeV. The
been clearly shown. All these results have provided satisfadseam was provided by the Vivitron tandem accelerator at
tory knowledge of intrinsic neutron states in SD nuclei of thelReS Strasbourg. The target consisted of two stacked
mass 190 region, and have brought relevant information t@50ug cm 2 self-supporting foils of8'Ta. Herey rays were
different theoretical models which reproduce the sequence afetected with the multidetector EUROGAM [IL6], which
neutron states very well. However, the sequence of protonomprised 54 Compton-suppressed Ge detectors consisting
states around the SD shell closureZat 80 remains experi- of 30 large volume Ge detectors at backward and forward
mentally unknown. From previous studies of odd-proton Tlangles and 24 “clovers” located around 90° with respect to
isotopes, the proton intrud§€642]5/2 orbital has been pro- the beam axis. Approximately 0&8l0° 1j-ray co-
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FIG. 2. (a) High energy part of the triple gated coincidence
spectrum on they-ray transitions of band 8excluding the 714.0
keV and 735.0 keV transitions(b) High energy part of the triple
gated coincidence spectrum on all theay transitions of band 4.

FIG. 1. Spectra ofy rays in coincidence with combinations of (c) High energy part of the spectrum gfrays in coincidence with
threey rays in(a) band 3,(b) band 4, andc) band 5 of the super- combinations of the 686.7 keV transition and two other transitions
deformed®3TI nucleus. They transitions connecting low-lying nor-  of the SD band 3. The arrow indicates the missing 686.7 keV tran-
mal deformed states are labeled by the symbol “y.” sition used as a gatéd) Spectrum ofy rays in coincidence with

combinations of the 716.0 keV transition and two other transitions
incidence events, in which at least five unsuppressed Ge déf the SD band 3excluding the 735.0 keV transitignTransitions
tectors had fired, were recorded to tape. The search for exf SD bands in spectr@), (b), and(d) are labeled by “SD" and the
cited SD bands has been performed by the analysis of spectP&€s connecting low-lying normal deformed states are labeled by
from y-y matrices as well as multigated spectra. Y
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always required, they transition used as a gate should be
IIl. ANALYSIS AND RESULTS missing, as does the 686.7 keV line in Figc)2 A similar

In addition to the two known yrast SD banid 15, three procedure has been used in order to establish the double
new rotational bands have been observed wittay spac- components pf the peaks around 735.0 keV in band 3. Fur-
ings characteristic of superdeformation in this mass regionthermore, using a Gaussian deconvolution, it has been pos-
Sums of triple gated coincidence spectra onffray transi- ~ Sible to separate the SD components from the known yrast
tions of the three new excited SD bands, labeled 3, 4, and gfansitions of the twoy lines around 716.0 keV and 735.0
are shown in Fig. 1. The assignment of the three new band(€V and determine the energy of the two highest transitions

to 199T| was based on the observation pfrays connecting ©f band 3. _ o
yrast normal deformedND) states in'**T| [17] in coinci- Thej(z) dynamic moments of inertia of the three new SD
dence with they sequences of the SD ban@ege Fig. 1. The  bands in*®Tl are shown in Fig. &), as a function of the
relative intensity of bands 3, 4, and 5, with respect to band otational frequencyiw. Up toZw~0.35 MeV, they behave
(the strongest SD band in this nuclgus measured to be as the majority of SD bands in the mass 190 region and their
60%, 33%, and 16%, respectively. smooth increase is similar to the one of the yrast SD band of
In Fig. 2, spectra of bands 3 and 4 are displayed in a rangé’Pb. Above/iw~0.35 MeV, theJ® moment of band 5
of energy between 600 keV and 800 keV. In these figuresgontinues to increase smoothly; however, those of bands 3
one can notice that the spacing between the three highead 4 display a sudden and opposite change of slope. Indeed,
transitions of band 3 is diminishing while the one betweenthe 3?) moment of band 3 displays a large increase of about
the three highest transitions of band 4 is increasing. Th@5:2? MeV~! while the 3 moment of band 4 decreases by
energies of the two highest transitions of band 3, 714.0 ke\approximately 282 MeV ! as compared to th&®) moment
and 735.0 keV, are very close to the known yrast transitionef the unperturbed band 5, at the same rotational frequency.
716.0 keV (13/2—9/27) and 735.5 keV (13/2—11/2°)  This is interpreted as being due to interactions between the
in 1971 [17]. As a consequence, the 715.0 keV and 735.08D states in band 3 and band 4. In order to determine the
keV lines in Fig. Za) exhibit different shapes and widths crossing frequency accurately, we have plotted the alignment
than other neighboring lines. In order to firmly establish of bands 3, 4, and 5 with respect to both the yrast SD band of
the doublet structure of these two lines in the spectrum of *Hg [18] and ***Pb[19]. From these plots, shown in Figs.
Fig. 2(@), a spectrum obtained by requiring triple gates in-3(b) and 3c), one can draw the following conclusions(i)
cluding the 716.0 keV transition and any two other transi-The alignment of the three excited SD bari@s4, and % is
tions from band 3 is shown in Fig(®. The presence of the more constant as a function of rotational frequency when the
716.0 keVy line in this spectrum can be taken as evidence of**Pb yrast SD band is taken as the referer(@e.At the
its double components. It is worth noting that in a multigatedcrossing frequencyf we,,=0.36 MeV, the relative align-
coincidence spectrum where a gate on a noncomposite line isent between the interacting orbitalsi igo=(1.23+0.2)%.
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') 01 02 03 0.0 01 02 0.3 0.4 are fixed(see text Experimental Routhians of bands(dpen tri-

Rotational frequency (MeV) Rotational frequency (MeV) angle and 2(solid triangle in 1°3TI for which the single proton is
. ) ~(2) . occupying thg 642]5/2 intruder proton orbitdl15]. Their positions,
FI_G' 3. (@ Dynamic moments of !nemﬁ as function _Of with respect to the Routhians of bands 3, 4, and 5, are arbitrary.
rc_)tatlonal frequencyie for banql 3(solid squarg band 4(soI|d_ Dashed lines represent their extrapolation back to zero frequency.
circle), and band Fopen squarein °3TI and the yrast SD band in
**%Pb (dashed ling (b) Experimental alignments for SD bands 3 frequency, which is consistent with the measured relative
(solid squark 4 (solid circle, and 5(open squarein "°TI. The -~ jyendities’ of the three SD bands. It is worth noting that the
yrast SD band of *Pb is taker.‘ as the rmerenc{e} FTXpe”mental usual spin assignment procedure for the SD bands in this
(ai'ggr:n sgﬁ;%nsl'iaﬁavcsj tgseoyfa:tqggrtaif;gg_'C'zgl?éna::tr?e mass region is not suitable in our case mainly because of the
reference. g nature of the orbitals involve®4]. The relative energies of
bands 3 and 5 can be fixed, assuming that they are signature

From a simple two-level mixing scenarj@0], one can ex- Partners and, therefore, coincide at zero frequency whereas
tract the experimental value of the strength of this interacthe relative energies of bands 3 and 4 are determined by the

tion, |V|exp=(8=1) keV. This value corresponds to a weak fact that they (_exhibit a crossing At ¢,,=0.36 MeV. A lin-
interaction influencing only three transitions. This is in €& €xtrapolation of the experimental Routhians to zero fre-

marked contrast to the strong interaction 26 keV) ob- duency(see Fig. 4 suggests a 400 keV energy gap between
served for bands 1 and 4 #§%Hg, which has a measurable the orbitals involved in these three new SD bands.

effect over seven transitiog,21].
The y-ray energies of bands 3 and 5 are identical within 2 IV. DISCUSSION

keV up to .450 keM{see Fig. J‘ I_n the strong coupling limit These experimental results can be compared with the pre-
O.f the particle-rotor quel, this is expec_ted to_happen for Woyictions of theoretical models in order to assign proton con-
signature partners built on i=1/2 orbital with a d_ecou- figurations and to evaluate the predictive power of some the-
pling parametem= 1 [22]. Moreover, the comparison of , atica| approaches already used with success to interpret the
the y-ray energies in the oda-nucleus aqd in the EVeN-eVen gp pands of oddN nuclei in this mass region.
core determines the sign of the decoupling paranétdrey
are as midpoint, it is negatij@3]). For each pair of transi-
tion energies of bands 3 and 5, the values ofdlicoupling
parameter have been extracted. UpEtp~450 keV, where Theoretical Routhians for protons in the $#TI nucleus
the transition energies of bands 3 and 5 are identical within ®btained with a cranked Strutinsky-Lipkin-Nogami ap-
keV, the experimental decoupling parameter values wer@roach, using a Woods-Saxon potential and a quadrupole
found to be roughly constant and equal to an average valugairing term[25], are shown in Fig. 5. The two lowest can-
Of @gyp=—0.93+ 0.03. AboveE ~450 keV, the decoupling didates for band crossings are #at=0.3 MeV and%w
parameter is no longer constant. This seems to indicate thata0.4 MeV, respectively. The first one involves the two
Coriolis mixing with different effects on the two signature negative signatures of ti&70]1/2 and 514]9/2 orbitals and
partners is taking place at the highest values of rotationalhe second the two negative signatures of [th&1]1/2 and
frequency. [651]1/2 orbitals. The first interaction can be ruled out be-
The experimental Routhians of the five SD band$%, cause, if one of the two interacting ban@sor 4) was built
where the yrast SD band d?%Pb is taken as the reference, on the[514]9/2 strongly coupled proton orbital, one should
are shown in Fig. 4. They have been calculated usingbserve, at low frequency, cross talk between this band and
(15/2)h, (23/2)h, and (21/2} as the spin values of the its signature partner. Indeed, tMe1/E2 competition for the
lowest level of bands 3, 4, and 5, respectively. Only such 514]9/2 orbital is expecteddue to the largeyy factor of
values give a sequence of the Routhians, at high rotationdhis orbital[7]) to be even stronger than the one observed in

A. Cranked Woods-Saxon calculations
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FIG. 5. Theoretical Routhians for protons in the BTl nucleus. They are obtained by a cranked Strutinsky-Lipkin-Nogami approach,
using a Woods-Saxon potential with a quadrupole pairing {&%5h

the same experiment between bands 1 and 2 associated whhnds based on thd11]1/2,[651]1/2, and 514]9/2 proton
the[642]5/2 statd 15]. In the spectra of bands 3 and 4, there orbitals have been investigated. At a rotational frequency of
is no evidence of sucM1 transitions(see Fig. 1 0.3 MeV, the band based on the negative signature of the
Taking into account their relative intensity observed at[651]1/2 orbital is excited by only a few hundred keV with
high rotational frequency, bands 3 and 4 are thus interpreteqiespect to the yrast SD bar(Bands 1 and )2 three other
respectively, as the negative signature of t681]1/2 and  pands(the positive signature of theg51]1/2 orbital and the
[411]1/2 proton orbitals. One may extract the interactionyy,o signatures of 411]1/2 orbita) lie all around 1 MeV
streng.th between 'these orbitals from thg .calc'ulateqﬂbove the yrast SD band. TH&14]9/2 bands, being the
Routhians. The obtained valud/|neory=7.5 keV, is in nice ¢t excited. have been disregarded here. Many features
agreement with the experimental ofi¢]ex,=(8+1) keV. In support the same configuration assignments as performed on
addition, the relative energy of the two orbita[t11]1/2 o hadis of the Strutinsky method, discussed in the previous

and [651]1/2) at zero frequency is 450 kesee Fig. 3 paragraph. Whereas, thgray energies calculated for the

which is in agreement with the one determined from the  _ .~ ; .
linear extrapogllation of experimental resultsee Fig. 4. positive signature band based on [i#1]1/2 orbital do not

. : . agree with the experimental ones, the ones obtained for the
From the_ gxpenmental Routhians of bands.3 and 5, a sign hree others[411]1/2, a==1/2 and[651]1/2, a= — 1/2)
re spliting of 130 kev can be estimated dtw agree within a few keV with bands 3, 4, and 5. Moreover, the
~0.15 MeV (see Fig. 4 This value is also in striking agree- 9 e X '

ment with the theoretical value of 100 keV estimated at tthpm values obtained in t_h|s Skyrme HFB calculation, for the
. : owest states observed in the bands, are exactly the same as
same rotational frequency for thg411]1/2 orbital

(see Fig. 5. Thus, having in mind that band 3 is built, at low those deduced experimentallgee Sec. I). The main dis-

crepancy between the Skyrme calculations and the data is the

rotational frequency, on the negative signature of theabsence of an interaction between the negative signature of

[411]1/2, band 5 has been interpreted as the positive SIgNJr . 411)1/2 and the 651]1/2 orbitals which is proposed to
ture of this same orbital. ;
correspond to the observed crossing between bands 3 and 4.
_ _ Nevertheless, the theoretical dynamic moments of inertia
B. Hartree-Fock-Bogoliubov calculations agree with the experiment at low spiisee Fig. 6. The
The quasi-particléqp) Routhians obtained from the self- absence of an interaction may be related either to a slightly
consistent Hartree-Fock-BogoliubdMFB) method with the  too large separation between {&51]1/2 and[411]1/2 pro-
Lipkin-Nogami prescription, Skyrme interaction, and aton orbitals or to a residual interaction beyond a mean-field
density-dependent zero-range pairing interaction have beeapproach between bands having the same symmetry. The
presented for several even-even Hg and Pb isotopes in Refacua on which the 1gp bands 6Tl are constructed are
[26] and for some odd-N isotopes in RE27]. To go further  determined fully self-consistently and result directly from the
in the analysis, self-consistent calculations of 11 bands  variational calculation. It is interesting to note that these
have been performed with two different Skyrme parametrivacua are always very close t§%Pb for bands 3 and 5,
zations: the same SKmSkyrme parametrization as in Ref. which is in agreement with the experimental analysis of the
[26] and the more recent one SL{/28]. This new interaction alignments. On the other hand, the vacuum on which band 4
has been shown to reproduce dynamic moments of inertia iis constructed is always close &Hg, which is not clearly
this mass region with very good accurd@g]. Six excited reproduced by the dafasee Figs. &) and 3c)].
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130 ' ' . scheme can be considered to be rather fortuitious. These dy-
_ e®® namical effects are included in the Skyrme HFB calculations.
% 120 1 ° The decoupling parameter for the three and firtansitions
% ® :_/ of the theoretical bands 3 and 5-50.96 and does not vary
= o 3/’ much as a function of the rotational frequency. The fact that
E 110 ,/ - . it is closer to—1 at the top of the bands than suggested by
5 ° jon the experimental data is probably due to the absence of an
E o ® i © interaction between bands 3 and 4 in the calculation.
g 100 - o® :Ouo'o 1 One should note that while bands 3 and 5 behave as
2 d .,039 (K=1/2,a~—1) signature partners, their transition energies
§ 90 L P i significantly deviate from the midpoint values of the transi-
& tion energies of thé%Pb yrast SD band. This is illustrated in
Fig. 5 where the Routhians of bands 3 and 5 do not exhibit
8000 o1 0z 03 04 the expected+1/2 slope. This seems to indicate that the

Rotational frequency (MeV) yrast SD band ot®*Pb cannot _be considere_d as the effect_ive
core of bands 3 and 5 even if from the alignments of Figs.
FIG. 6. Theoretical dynamic moment of inertia, as a function of3(b) and 3c) °**Pb seems to be a better core thdfHg for
rotational frequency, for th¢411]1/2, «=—1/2 (band 3 (solid  the configurations involved in the excitédd®Tl SD bands.
squarg, [411]1/2, a=+1/2 (band 3 (open circlg, and[651]1/2,  Consequently this demonstrates the polarization effect of the

a=—1/2 (band 4 (solid circle orbitals. They are obtained with the [411]1/2 occupancy on the collective rotation BRI
self-consistent Hartree-Fock-Bogoliubdi#FB) method with the

Lipkin-Nogami prescription, SLy4 interaction, and a density-
dependent zero-range pairing interaction. The dashed line repre-
sents the experimental dynamic moment of inertia of the yrast SD  Tg symmarize, in addition to the two known SD bands,
band in***Pb. three new SD bands have been identified¥iT1. All these
bands have been interpreted as due to excitations of a single
proton around the=80 SD shell closure. The interaction
Within the pseudospin schenidQ], the[411]1/2 orbital  observed between bands 3 and 4 and the identical energies of
can be viewed as t[[éiﬁ]llz state leading to a decoupling transitions in bands 3 and 5 allowed their assignment to pro-
parametera=(—1)N&3,=—1. This expectation has been ton excitations, involying the[411_]1/2, ‘.Y:illz and_
confirmed to first order by experimental data at normal del65111/2, a=—1/2 orbitals. Comparison with two theoreti-

formation where the decoupling parameter of fHa1]1/2 cal calculations strongly supports this interpretation.
orbital was found to be of the order of 0.75 [22]. The Despite the general agreement between the experimental

decoupling parameter can be calculated from the wave fund@sults and the theoretical calculations, some specific dis-
tions of the[411]1/2 proton orbital obtained in the Woods- agr_eem(_ants concerning the negatwe parity proton orb|tal_s re-
Saxon potential. The pure single-particle value obtained iff"2": Itis, for instance, not satisfactory that no other excited
this manner corresponds to a valueagfy,,= —0.48 which D bz_;\nds _cogld be Seen iHeTI, _wh_||e the th_eoretlcal

is approximately half the experimentally extracted ValueRouthlans indicate fairly low e?<0|tat|on energies for the
(8exp=—0.93+0.03). This result is somewhat surprising, [770]1/2 and[514]9/2 proton orbitals. The lack of observa-

since we expect the Woods-Saxon wave functions to give go_n Of. hegative parity orbitals can be_ used as an important
egmdellne to better understand the single-particle structure

ﬂljd residual interactions at superdeformed shapes.

V. SUMMARY AND CONCLUSION

C. Decoupling parameter

pseudospin scheme. In a microscopic model, the near dege
eracy of the two signature partner orbitals results from the

d_ifference in the effective.alignment of the two configgra— ACKNOWLEDGMENTS
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