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SPECTROSCOPY OF SUPERDEFORMEDPb ISOTOPES�H. HübelInstitut für Strahlen- und Kernphysik, Friedri
h-Wilhelms-Universität BonnNussallee 14-16, D-53115 Bonn, Germany(Re
eived April 24, 2001)Using the spe
trometer arrays Gammasphere and Euroball a detailedspe
tros
opy of superdeformed 193Pb and 196Pb has been performed. In193Pb nine superdeformed bands are now known and their quasiparti
leassignments are dis
ussed. In 196Pb eviden
e for an o
tupole vibrationalex
itation is presented.PACS numbers: 21.10.Re, 21.60.Ev, 23.20.En, 27.80.+w1. Introdu
tionIn the mass region around A = 190 about 70 SuperDeformed (SD) ro-tational bands are known in 25 di�erent nu
lei [1℄. In many 
ases severalbands have been found whi
h are built on ex
ited states in the SD potentialenergy minimum. The nature of these ex
itations has been the subje
t ofexperimental and theoreti
al investigations in re
ent years. In the odd�evenand odd�odd nu
lei it seems 
lear that the low-lying states are quasiparti
leex
itations. However, in the even�even isotopes the nature of the ex
itedSD bands in this mass region is less 
lear. In almost all 
ases 
on�gurationassignments are di�
ult sin
e the bands are not linked to lower-lying knownstates.With the large highly-e�
ient 
-ray 
oin
iden
e spe
trometers Gamma-sphere [2℄ and Euroball [3℄, it is possible to perform a detailed spe
tros
opyof SD nu
lei and to 
olle
t su�
ient experimental eviden
e to make reliable
on�guration assignments. In this 
ontribution, two su
h investigations ofPb isotopes are sele
ted as examples, the odd-A nu
leus 193Pb [4℄ and theeven�even nu
leus 196Pb [5℄. In 193Pb a total of nine SD bands are nowknown and quasiparti
le assignments are made to all of them. In 196Pb,� Presented at the High Spin Physi
s 2001 NATO Advan
ed Resear
h Workshop, ded-i
ated to the memory of Zdzisªaw Szyma«ski, Warsaw, Poland, February 6�10, 2001.(2673)



2674 H. Hübelwhere an ex
ited band was known to de
ay to the yrast SD band [6℄, ev-iden
e is presented that the 
onne
ting transitions are strongly enhan
edele
tri
 dipoles. This suggests that the ex
ited band is built on an o
tupolevibration. 2. Quasiparti
le ex
itations in SD 193PbIn the previous work on SD 193Pb six bands, the yrast pair plus twosets of ex
ited signature-partner bands, were identi�ed [7, 8℄. In a new in-vestigation, our group has studied high-spin states in this nu
leus [4℄ in anexperiment performed at LBNL using the Gammasphere array. A beam of30Si, provided by the 88-In
h Cy
lotron, with an energy of 160 MeV wasin
ident upon a thin, self-supporting foil of 168Er. Data were 
olle
ted totape when a minimum of 4 Ge dete
tors showed a prompt 
oin
iden
e, withthe se
ondary 
ondition that 3 of these signals remain after pile-up reje
tion.After sele
ting only those events whi
h o

urred during the prompt beamburst, a total of 1:7 � 109 events remained, whi
h unpa
ked to 0:94 � 109four- and higher-fold 
oin
iden
es.The data were thoroughly sear
hed for regular stru
tures with energyspa
ing around 35�45 keV and three new bands were found. On the basis of
oin
iden
es with the lower-lying ND states, these stru
tures are assigned to193Pb. They are referred to as bands 7, 8 and 9 hereafter. Bands 2 to 9 haveintensities of 0.38, 0.46, 0.23, 0.15, 0.20, 0.17, 0.14 and 0.05, normalisedto an intensity of 1.0 for the yrast SD band 1. Ea
h of these values hasan un
ertainty of at least 20% due to 
ontributions from the ba
kgroundsubtra
tion [4℄. The transition energies of all nine bands are given in Table I.None of the nine SD bands in 193Pb are 
onne
ted to low-lying knownstates and, 
onsequently, their ex
itation energies and spins are not known.As the intensities with whi
h bands 1 through 9 are populated in the nu
learrea
tion de
rease, one 
an assume that their ex
itation energies in
rease.The spins of the bands may be obtained by spin-�tting methods. In the
ase of the yrast pair (bands 1 and 2), su
h methods are inappropriate dueto their probable intruder nature. Thus, for these two bands we adopt thespins suggested by Hughes et al. [7℄. For band 9 the results of the spin-�ttingmethods are ambiguous be
ause of the irregularity of the dynami
 moment ofinertia at low rotational frequen
y. The spins of the band heads are in
ludedin Table I. Arguments about the 
on�guration assignments to the bands 
anprimarily be made by 
omparing experimental and theoreti
al Routhians,
al
ulated within the framework of the Cranked Shell Model (CSM). As theexperimental ex
itation energies of the bands are not known, the relativeposition of the Routhians displayed in Fig. 1 are arbitrary; they are ordered



Spe
tros
opy of Superdeformed Pb Isotopes 2675TABLE ITransition energies for all nine SD bands in 193Pb. The transitions in bra
kets havebeen suggested earlier [8℄, but 
ould not be 
on�rmed in the present data.Band 1 Band 2 Band 3 Band 4 Band 5 Band 6 Band 7 Band 8 Band 9(27/2) (17/2) (21/2) (23/2) (17/2) (19/2) (23/2) (25/2) (17/2,19/2)277.0(3) 190.2(5) 251.5(6) [273.0℄ 213.2(4) 234.6(5) 260.6(7) 281.8(6) 212.9(5)317.3(3) 232.6(3) 291.5(3) 313.4(6) 253.6(7) 275.5(5) 299.8(6) 321.5(6) 255.8(5)357.3(3) 275.2(3) 332.4(3) 353.1(4) 296.2(5) 316.2(5) 340.1(4) 360.9(5) 297.3(6)397.5(3) 317.9(3) 372.1(3) 391.9(3) 336.1(4) 355.9(5) 378.9(5) 398.5(5) 336.6(6)437.8(3) 360.9(3) 411.9(3) 430.0(3) 375.1(5) 393.4(5) 417.2(5) 435.9(4) 375.8(5)477.4(3) 403.5(3) 450.6(3) 467.1(4) 413.5(5) 432.8(4) 454.0(5) 472.3(6) 415.9(4)517.3(4) 445.9(3) 488.9(3) 503.9(4) 451.2(5) 470.6(4) 490.1(5) 508.1(6) 455.5(4)556.1(3) 488.2(4) 526.6(4) 539.5(4) 488.6(5) 507.4(4) 526.1(5) 543.2(6) 495.6(6)594.8(4) 528.0(5) 563.4(4) 575.1(3) 526.5(5) 543.5(5) 561.3(5) 578.0(5) 535.4(7)633.4(5) 569.8(6) 599.9(5) 610.0(5) 562.2(6) 579.7(5) 596.4(6) 612.0(6) 575.3(8)671.8(6) 610.5(7) 637.0(5) 644.5(6) 596.2(7) 614.6(7) 631.1(7) 646.8(7)[708:2℄ 650.0(7) 672.2(6) 676.4(6) 631.3(8) 649.5(5) 664.2(7)[689.8℄ 709.2(7) 707.2(8) 666.8(9) 684.0(6)700.5(8) 717.9(7)
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Fig. 1. Experimental Routhians with arbitrary ex
itation energy. For the signature-partner bands it was assumed that the splitting vanishes at ~! = 0.a

ording to the intensities of the bands. For the signature-partner bandsit was assumed that the energy splitting at ~! = 0 vanishes. The lowest-energy bands are built on the 72 quasineutron intruder orbital (originatingfrom the [761℄3/2 Nilsson state). The large signature splitting of the strongly



2676 H. Hübelfed bands 1 and 2 supports this assumption. With the spins adopted forbands 1 and 2 (see Table I) these bands have signature � = �1=2 and +1=2,respe
tively. This result is in agreement with the 
al
ulation whi
h gives� = �1=2 for the favoured signature. For bands 3 and 4 Hughes et al. [7℄suggest the [512℄5/2 
on�guration. Our WS 
al
ulations predi
t a higherenergy for this orbital. The 
al
ulations show that, after the yrast pair,the next available quasineutron ex
itations whi
h exhibit some signaturesplitting are the bands built on the levels of [642℄3/2 origin. Therefore,we assign this 
on�guration to bands 3 and 4. This agrees well with theHF+BCS 
al
ulations presented by Du
roux et al. [8℄. On the basis ofthe �tted spins (see Table I), band 4 (whi
h is favoured in energy at highrotational frequen
y) has � = �1=2.For bands 5 and 6 the results of a g-fa
tor analysis suggest the [624℄9/2
on�guration. This orbital appears in our 
al
ulations at rather high ex-
itation energy at low frequen
y, but it de
reases rapidly in energy within
reasing frequen
y. It is, therefore, populated with reasonable intensityat high spin in the heavy-ion rea
tion. It should result in a strongly 
ou-pled pair of signature partners, showing very little signature splitting overthe entire frequen
y range and exhibiting 
ross-talk between the bands, inagreement with the experimental observation.In addition to the quasiparti
le Routhians assigned to bands 1 to 6,the 
al
ulations show several further Routhians 
lose to the Fermi surfa
ewhi
h 
ould be populated with similar intensities to bands 5 and 6. Theseare the Routhians based on the [640℄1/2, [505℄11/2, [521℄1/2, [512℄5/2 and[752℄5/2 Nilsson orbitals [4℄. They display either a large signature splittingdown to the lowest frequen
ies ([640℄1/2, [521℄1/2 and [752℄5/2), a verysmall signature splitting at high frequen
y ([512℄5/2) or no splitting at all([505℄11/2). For the new bands 7 and 8 we �nd a small signature splittingat higher frequen
ies. Thus, the logi
al assumption seems to be that thetwo new bands 7 and 8 are based on the [512℄5/2 quasineutron ex
itation.The new band 9, for whi
h we do not observe a signature partner, may beasso
iated with the favoured signature of any of the 
al
ulated Routhianswith a large splitting. However, the dynami
 moment of inertia =(2) of band9 does not show an in
rease with in
reasing rotational frequen
y similar tobands 3 to 8. This is a behaviour whi
h is typi
al for intruder orbitals inthis mass region. A look at the relative intensity of band 9, whi
h � withabout 5% of the yrast SD band is even smaller than the relative intensity ofband 8 � suggests that this band lies higher in ex
itation energy than theother eight bands in 193Pb. Therefore, the 73 quasineutron intruder orbitaloriginating from the [752℄5/2 Nilsson orbital is a plausible 
andidate for the
on�guration of band 9.
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tros
opy of Superdeformed Pb Isotopes 26773. O
tupole vibration in SD 196PbThe new experiment to study SD 196Pb [5℄ was performed at Strasbourgusing the Euroball IV 
-ray dete
tor array. High-spin states were popu-lated in the 170Er(30Si,4n)196Pb rea
tion at a beam energy of 144 MeV. Thebeam, provided by the Vivitron Tandem a

elerator, was in
ident upon aAu-ba
ked 170Er target of 1.65 mg/
m2 thi
kness.In a previous study of SD 196Pb [6℄ 
 rays were observed to 
onne
t statesof the se
ond ex
ited band (band 3) to states of the yrast band (band 1),see Fig. 2. A dire
tional 
orrelation (DCO) analysis indi
ated that thesetransitions are dipoles. In our experiment the linear polarization of thelinking transitions was measured using the Clover dete
tors of the Euroballarray as Compton polarimeters [5℄. The high e�
ien
y of the array wasne
essary to measure the linear polarization of the weak linking transitions.Their intensity is of the order of 10�4 of the intensity of the 4n rea
tion
hannel. Two linear polarization spe
tra are shown in Fig. 3 for horizontally
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Fig. 2. Partial level s
heme of 196Pb showing the de
ay of the se
ond ex
ited SDband (band 3) to the yrast SD band (band 1). Bands 2 and 3 are thought to besignature partners with signature � = 0 and 1, respe
tively [6℄. The transitionenergies are given in keV.



2678 H. Hübeland verti
ally s
attered 
 rays, respe
tively. In-band transitions are markedby an asterisk, transitions whi
h belong to the normal-deformed (ND) levels
heme of 196Pb are labelled y. The high-energy region of ea
h spe
trumis expanded in the insets. The energies of the inter-band transitions lie be-tween 935 and 946 keV (see Fig. 2). The three transitions around 945 keV
annot be resolved in the 
-ray spe
tra and appear as one broadened peakmarked by the arrow in Fig. 3. As the multipolarities of these transitions arene
essarily the same, the summed peak has been used to make a 
ombinedmeasurement of the polarization. This in
reases the statisti
al a

ura
y ofthe measurement. The spe
trum shown in Fig. 3 
ontains only a fra
tion ofthe total statisti
s used to determine the linear polarization. Several spe
trawere 
reated with di�erent gating 
onditions. In the least squares �ts to the945 keV peak di�erent ba
kgrounds were subtra
ted in order to estimate thissour
e of un
ertainty. Average 
ounts in the peaks are 743(63) and 561(50)in the spe
tra of verti
ally and horizontally s
attered 
 rays, respe
tively.Using the experimentally derived sensitivity [5℄, the polarization P has been
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Fig. 3. Proje
tion spe
tra 
reated from matri
es with verti
ally (upper part) andhorizontally (lower part) s
attered 
 rays. See text for details. The group oftransitions around 945 keV 
onne
ting band 3 to band 1 is marked by the arrows.
al
ulated for the group of inter-band transitions (the sum peak at 945 keV),for in-band E2 transitions between the SD states and for several ND transi-tions of known multipolarity. The results are shown in Fig. 4. Although the



Spe
tros
opy of Superdeformed Pb Isotopes 2679

200 400 600 800 1000
Eγ [keV]

−1.0

−0.5

0.0

0.5

1.0

1.5

L
in

ea
r 

P
ol

ar
is

at
io

n 
P

945 keV
E1
E2 (ND)
E2 (SD)
M1

Fig. 4. Polarization of the SD inter-band transitions (full 
ir
le), SD in-band tran-sitions (full triangles) and transitions from the ND de
ay s
heme of known multi-polarity (open symbols). For pure stret
hed ele
tri
 transitions P is positive, formagneti
 transitions it is negative.un
ertainty in the value for the linking transitions, P (945 keV) = 1:14�0:51,is quite large due to their low intensity, we 
an strongly assert that they areele
tri
 transitions. This result for 196Pb represents only the se
ond 
asein the A = 190 region (after 190Hg [9℄) in whi
h the E1 
hara
ter of thetransitions 
onne
ting an ex
ited SD band to the yrast SD band has beendetermined experimentally. Sin
e no lifetime measurement is available fromwhi
h the E1 transition probability 
ould be obtained, an estimate of theB(E1) values may be obtained from the inter-band (E1) to the in-band (E2)bran
hing ratios. In the analysis the same quadrupole moment as has beendedu
ed for the yrast SD band (Qt = (19:5�0:4) b) from a lifetime measure-ment [10℄ has been used for band 3. This gives B(E1)=(1:0�0:2)�10�4 Wu.This value is mu
h larger than E1-transition strengths normally found be-tween ex
ited quasiparti
le states.The most natural explanation of the enhan
ed E1 transitions is the pres-en
e of o
tupole 
orrelations. Re
ent RPA 
al
ulations by Nakatsukasa etal. [11℄ suggest that the lowest ex
itations in 196Pb are the K = 2 o
tupolestates. The signature partners based on this state are predi
ted to lie about850 keV above the SD va
uum at spin I = 0. This is remarkably 
lose tothe extrapolated ex
itation energy of band 3 relative to band 1. The 
al
u-lations also predi
t that only the � = 1 signature of this mode will exhibita strong de
ay bran
h to the yrast SD band, as is observed experimentally



2680 H. Hübelfor band 3. Su
h de
ay be
omes possible only through mixing with lower-Kwave fun
tions. The degree of mixing for the K = 2 signature � = 1 is pre-di
ted to be mu
h greater than for the � = 0 state. Band 2, whose energieslie at the midpoints of band 3, thus seems a likely 
andidate for the K = 2,� = 0 o
tupole state.The situation is similar to 190Hg, where SD band 2 is also explainedas the K = 2, � = 1 o
tupole vibration [9, 11, 12℄. Experimental and
al
ulated B(E1) values for these states are 
ompared in Table II. The samequantities are in
luded for 194Hg, the only other 
ase in whi
h transitionshave been observed between ex
ited and yrast SD bands in this mass region.Although there is no dire
t experimental eviden
e that these transitions areele
tri
 dipoles, it is reasonable to assume their E1 multipolarity from theobserved de
ay of the ex
ited band [13℄. In all three 
ases, the E1 transitionprobabilities are unusually large. TABLE IIExperimental and 
al
ulated B(E1) values (in Wu) for transitions between ex
ited(K = 2, � = 1) and yrast (K = 0, � = 0) SD bands in the A = 190 region.196Pb 190Hg 194HgB(E1)exp 1:0(2)� 10�4 2� 10�3b 10�5
B(E1)a
al
 10�6 10�6�10�4 10�8�10�6a from [11,12℄; b from [9℄; 
 from [13℄4. SummaryIn SD 193Pb all the quasineutron Routhians that one 
an reasonablyexpe
t near the Fermi level have been observed. Cal
ulated Routhians notidenti�ed in experiment may well lie at higher energies in more realisti
mean-�eld 
al
ulations. Thus, 193Pb is the �rst nu
leus in whi
h a near-
omplete spe
tros
opy has been performed at superdeformation.In an investigation of 196Pb the Ge Clover dete
tors of the Euroball
-ray spe
trometer array were used as Compton polarimeters to measurethe linear polarization of transitions linking states of the se
ond ex
itedSD band (band 3) to states of the yrast SD band. The identi�
ation ofthese transitions as enhan
ed ele
tri
 dipoles gives strong eviden
e that theex
ited band is built on an o
tupole vibration. This measurement is animportant step towards establishing that this phenomenon is wide spread inthe A = 190 region of superdeformation.
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