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2684 M.A. Riley et al.1. Introdu
tion to nu
lear shapesIn 1936 Casimir argued that non-spheri
al nu
lear shapes were ne
essaryto explain the hyper�ne stru
ture seen in atomi
 and mole
ular spe
tra [1℄.A year later Bohr and Kal
kar [2℄ suggested that by observing the gamma-ray emissions from ex
ited nu
lei one 
ould �nd out more about these shapeproperties. Following these pioneering suggestions, the strongly intera
tingaggregation of fermions in nu
lei have been found to display a remarkablediversity of both stati
 and dynami
 shape phenomena (see for exampleRefs. [3, 4℄ and [5℄).Few s
ientists have 
ontributed as mu
h to the amazing developments andex
itement in our �eld as Szyma«ski. I well remember the �rst time I heardhim speak. It was at one of the famous May high spin gatherings at the NielsBohr Institute in Risø in the early 1980's. The dis
ussion had be
ome some-what bogged down on something rather trivial. It was then that Szyma«skirose to his feet from the ba
k of the audien
e, (in a similar manner to howhis mind had just �risen above the tree-line in order to see the forest�) andspeaking softly in his wonderful way, he was able to steer the 
onversationout of the �trees" and towards something mu
h more important. So often we�regular mortals" get 
arried away with the little details and fail to 
ompre-hend the grand s
heme or how it all �ts together. Szyma«ski 
learly possesseda rare ability to see the �big pi
ture". Amazingly, he has been able to passthis leadership gift onto his �s
ienti�
 
hildren�. His a
hievements, and thoseof the Warsaw group whi
h he 
reated and 
ultivated, are legendary. He wasa true �Titan� of our �eld!The basi
 mi
ros
opi
 me
hanism leading to the existen
e of deformed
on�gurations, spontaneous symmetry-breaking, was �rst proposed by Jahnand Teller for mole
ules [6℄. The basi
 element of the Jahn�Teller (JT)e�e
t is the vibroni
 
oupling (the JT matrix element) between the 
olle
-tive ex
itations of the system and the single-parti
le motion. The JT e�e
twas brought to nu
lear stru
ture by A. Bohr in his paper on The Couplingof Nu
lear Surfa
e Os
illations to the Motion of Individual Nu
leons [7℄.In Bohr's pi
ture, the vibroni
 
oupling was represented by the intera
tionbetween the single-parti
le motion of valen
e nu
leons and the 
olle
tive ex-
itations (multipole vibrations) of the 
ore, known as the Parti
le-Vibration(PV) 
oupling. This 
oupling is a 
entral element in the analysis of nu
lear
olle
tive modes and nu
lear deformations [3℄. Depending on the geometri-
al properties of the individual valen
e nu
leon (i.e., anisotropy of its wavefun
tion), the PV 
oupling 
an result in 
ore polarization that 
an 
hangethe original deformation of the 
ore. If residual intera
tions are present, theye�e
tively redu
e the magnitude of the JT 
oupling. In parti
ular, pairing
orrelations in atomi
 nu
lei give rise to a large residual energy (energy gap)
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h weakens deformation e�e
ts. As a result, nu
lear ground-state 
on�g-urations experien
e weak JT (or pseudo-JT) e�e
t; the extreme JT e�e
t 
antake pla
e in ex
ited nu
lear states su
h as high spin states. (See Refs. [8,9℄for more dis
ussion of the nu
lear JT e�e
t.)2. Nu
lear superdeformation, rotation, and quadrupole momentsA stunning observation in studies of rapidly rotating atomi
 nu
lei is thatdue to the strong Coriolis for
e residual two-body 
orrelations (e.g., pair-ing) are signi�
antly quen
hed at high angular momenta. Indeed, the ex
el-lent reprodu
tion of experimental high spin data (moments of inertia, align-ments, routhians) by 
al
ulations without pairing (see, e.g., Refs. [10, 11℄and referen
es quoted therein) suggests that, in the high-frequen
y regime,the 
on�guration mixing due to pairing is weak. Another fa
tor that fur-ther 
ontributes to the diminished role of residual 
orrelations is the redu
edsingle-parti
le level density at the Fermi surfa
e due to the presen
e of strongshell e�e
ts at deformed shapes. The resulting deformed potentials give riseto magi
 numbers that appear just as strikingly, but at quite di�erent Nand Z values, as for a spheri
al nu
leus. Consequently, highly deformed andsuperdeformed bands are probably the 
learest examples of a pure single-parti
le motion in a deformed potential [12℄ and wonderful laboratories ofthe nu
lear JT e�e
t and shape polarization.In the A � 135 (Z = 58�62) light rare-earth region, a variety of rota-tional sequen
es with 
hara
teristi
s 
onsistent with highly-deformed pro-late shapes with quadrupole deformation of �2 � 0:30�0.40, 
ompared with�2 � 0:20 for normal ground state deformations, have been observed [13℄.These studies have revealed that the existen
e of highly-deformed bandsis the result of an interplay between mi
ros
opi
 shell e�e
ts, su
h as theo

urren
e of large shell gaps near Z = 58 and N = 72 in the nu
leon single-parti
le energies, and the o

upation of high-j low-
 intruder orbitals. Ini-tially, it was thought that the involvement of one or more i13=2 neutronswas ne
essary for the strong polarization of the nu
lear shape to stabilizelarge deformation in this mass region [14℄. However, re
ently it was shownthat bands involving the partial de-o

upation of the extruder g9=2[404℄9/2proton orbital in the odd-Z praseodymium (see [15℄ and referen
es therein)and promethium [16℄ isotopes also exhibit 
omparable quadrupole defor-mations [17℄. Furthermore, for nu
lei below N = 73 where the o

upan
yof the i13=2 neutron is energeti
ally unfavored, there are indi
ations thatbands involving the f7=2; h9=2 [541℄1/2 neutron orbital may also push thenu
leus to �enhan
ed� deformation (see [18℄ and referen
es therein). (Forrepresentative single-parti
le diagrams, see Refs. [14, 17℄.) In an attemptto further understand the deformation properties of a variety of di�erentsingle-parti
le orbitals throughout the A � 135 mass region, a 
omprehen-sive lifetime experiment with measurements on over 15 di�erent nu
lei was
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h an idea has been exploited for several 
ases in theA = 80 [19℄ and 135 [20, 21℄ highly-deformed, and the A = 150 [22�24℄and 190 [25℄ superdeformed regions, it has never been done before in su
h aglobal manner.From the measured lifetimes, one 
an extra
t �di�erential� transitionquadrupole momentsÆQt(AZ; 
) � Qt(AZ; 
)�Qt(
ore) ; (1)where 
 stands for the 
on�guration of the band in the nu
leus AZ andQt(
ore) is the transition quadrupole moment of the assumed 
ore nu-
leus. A

ording to the �additivity prin
iple� proposed in Ref. [26℄ (see alsoRef. [27℄), the quadrupole moment ÆQt 
an be expressed as a sum of individ-ual 
ontributions 
arried by individual parti
le and hole states whi
h appearnear the Fermi level. Namely, the relative transition quadrupole moment 
anbe very well approximated by the �extreme shell model� expressionÆQt � ÆQSMt =Xi qt(i) ; (2)where i runs over the parti
les and holes with respe
t to the 
ore 
on�gu-ration in the nu
leus AZ. The quantity qt(i) represents the e�e
tive single-parti
le transition quadrupole moment, i.e., the 
hange of the total intrinsi
moment whi
h is indu
ed on the whole nu
leus by the given parti
le or hole.By measuring or 
al
ulating values of Qt(AZ; 
) for a number of nu
lei and
on�gurations, one 
an extra
t values of qt(i) hen
e the quadrupole polariz-abilities asso
iated with individual orbitals.The transition quadrupole moments for various highly-deformed stru
-tures in the A�135 region have been measured in separate past experimentsusing the Doppler-Shift Attenuation Method (DSAM), however 
on
lusive
omparisons between similar stru
tures in di�erent nu
lei were limited be-
ause of systemati
 di�eren
es su
h as rea
tion 
hoi
e and target retardationproperties. Spe
i�
ally, the di�eren
es in the parameterization of the nu-
lear and ele
troni
 stopping powers, whi
h a
t as an �internal 
lo
k� inDSAM measurements, have 
ontributed to large variations in the extra
tedQt values reported for exa
tly the same nu
leus and band. The absen
eof adequate experimental information on the time stru
ture of the quasi-
ontinuum side feeding 
ontribution also provided additional un
ertainty.In the present study, these systemati
 un
ertainties were greatly redu
edbe
ause a variety of di�erent nu
lei were produ
ed under similar 
onditionsand then analyzed using the same te
hniques. Furthermore, the high e�-
ien
y and resolving power of Gammasphere 
oupled with Mi
roball madeit possible to explore the time stru
ture of the side-feeding into parti
ularbands.



Global Lifetime Measurements of Highly-Deformed and Other : : : 26873. MeasurementsIn this study, high-spin states of a variety of A�135 nu
lei (Z = 58�62)were populated after fusion of a 35Cl beam with an isotopi
ally enri
hed1 mg/
m2 thi
k 105Pd foil mounted on a 17 mg/
m2 Au ba
king. The173 MeV 35Cl beam was provided by the 88-In
h Cy
lotron at the Lawren
eBerkeley National Laboratory. The emitted 
-rays were 
olle
ted using theGammasphere spe
trometer [28℄ 
onsisting of 97 Compton-suppressed HPGedete
tors. The evaporated 
harged parti
les were identi�ed with the Wash-ington University Mi
roball dete
tor system [29℄ allowing a 
lean separationof the di�erent 
harged-parti
le exit 
hannels.The 
entroid-shift Doppler-shift attenuation method [30℄ was used inseveral di�erent ways. For the most intense bands, spe
tra were generatedby summing gates on the 
leanest, fully stopped transitions at the bottom ofthe band of interest and proje
ting the events onto the �forward� (31.7Æ and37.4Æ) and �ba
kward� (142.6Æ and 148.3Æ) axes. These spe
tra were thenused to extra
t the fra
tion of the full Doppler shift, F (�)(= E
(�)�E0E0�0 
os(�) ), fortransitions within the band of interest, [E
(�) is the 
entroid of the 
-rayenergy distribution as measured in a dete
tor at angle � with respe
t to thebeam dire
tion, E0 is the unshifted 
-ray energy, and �0 is the mid-targetre
oil velo
ity℄. In addition, for many bands double gates were set on in-band �moving� transitions in any ring of dete
tors and data were on
e againin
remented into separate spe
tra for events dete
ted at �forward�, �90Æ�, and�ba
kward� angles. For the most intense bands, Doppler-shifted 
oin
iden
egates 
ould also be set on the highest spin transitions within the band,making it possible to eliminate the e�e
t of side-feeding for states lowerin the 
as
ade. Approximately a 10% in
rease in the dedu
ed quadrupolemoment was found for the i13=2 neutron 
on�gurations when using the lattermethod 
ompared to the value extra
ted by gating on the stopped transitionsat the bottom of the same band, whi
h is in agreement with re
ent 131;132Ceresults [21℄. A sample of these results is presented in Fig. 1.In order to extra
t the intrinsi
 quadrupole moments from the experi-mental F (�) values, 
al
ulations using the 
ode FITFTAU [31℄ were performed.The F (�) 
urves were generated under the assumption that the band has a
onstant Qt value. Although the un
ertainties in the stopping powers andthe modeling of the side-feeding may 
ontribute an additional systemati
 er-ror of 15�20% in the absolute Qt values, the relative values are 
onsidered tobe a

urate to a level of 5�10%. Su
h pre
ision allows a 
lear di�erentiationbetween the quadrupole polarizability of di�erent orbital 
on�gurations fora variety of N and Z values, see Fig. 2 and Ref. [32℄.
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Fig. 1. Global F(�) 
urves for some of the (a) normal deformed, (b) �f7=2h9=2,(
) �g9=2, and (d) �i13=2 bands measured in this work. Extra
ted quadrupolemoment values are also given.The present results, displayed in Table I, espe
ially when taken togetherwith values for 131;132Ce [21℄, extra
ted using an identi
al analysis pro
edure,
learly indi
ate that for stru
tures involving the �i13=2 orbital there is asystemati
 de
rease in the deformation as a fun
tion of in
reasing protonand neutron numbers, see Fig. 2.
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Fig. 2. Plot, as a fun
tion of Z and N , summarizing the quadrupole moments, Qtextra
ted from this experiment. Quadrupole moments for the (a) highly-deformedbands in 131;132Ce [21℄ and (b) the superdeformed bands in 142Sm [24℄ using similartarget and Au ba
king 
omposition together with the same analysis pro
edures andstopping powers as the 
urrent work.Another important �nding involves the highly-deformed bands built uponthe 9/2+[404℄ (g9=2) proton orbital in 130;131Pr and 133Pm [16,34,35℄. Our re-sults 
on�rm the important role played by the �g9=2[404℄9/2+ hole orbitalsin building highly-deformed stru
tures in this region. It is seen in Fig. 2and Table I that the largest deformations are observed for the Ce isotopes(Z=58) where the 9/2+[404℄ orbital lies above the Fermi surfa
e [17℄.It is also of interest to see by how mu
h the strongly downsloping 1/2�[541℄(f7=2,h9=2) neutron orbital polarizes the nu
leus towards an �enhan
ed� de-formation. The trends for this orbital, whi
h has Qt values intermediatebetween the highly-deformed (�i13=2 and �g9=2) and normal deformed 
on-�gurations, also seem to exhibit slightly de
reasing Qt values as a fun
tionof in
reasing Z. The normal deformed stru
tures whi
h dominate the yrastlines of these nu
lei for low spin values, display Qt values distin
tly lowerthat the above mentioned 
on�gurations, with a generally 
onstant trend asa fun
tion of Z and N . However, sin
e these normal deformed stru
turesare predi
ted to be extremely 
-soft and strongly in�uen
ed by pairing 
or-relations, one has to exer
ise 
aution when interpreting trends in terms ofsingle-parti
le o

upations.



2690 M.A. Riley et al. TABLE ITransition quadrupole moments measured in this work. Unless stated otherwise, Qtvalues were dedu
ed assuming Qt(side feeding)=Qt. The stopping power un
ertaintiesmay 
ontribute an additional systemati
 error of 10-15% in the absolute Qt values.Nu
leus Con�gurationa Qt(eb)130Pr �h11=2
�d5=2 3.4(2)�h11=2
�(f7=2,h9=2) (band 1)/(band 2) 4.3(3)/4.5(3)�g9=2
�h11=2 6.1(4)131Pr �h11=2 3.3(3)�g9=2 5.3(4)132Pr �h11=2
�(f7=2,h9=2) 4.1(3)�g9=2
�i13=2 7.0(7)133Pr �h11=2 3.3(3)132Nd �h11=2 4.2(2)133Nd �h11=2 < 3.0�h11=2
 �(h11=2)2 3.5(3)�g7=2 (� = +1/2)/(� = �1/2) 3.4(2)/3.5(2)�(f7=2,h9=2) (� = +1/2)/(� =�1/2) 4.2(3)/4.1(3)�i13=2 5.8(2),6.5(2)b134Nd �h11=2 4.0(2)135Nd �h11=2 < 3.0�h11=2
 �(h11=2)2 3.0(3)�i13=2 5.1(2),5.7(2)b133Pm �h11=2 4.0(2)�d5=2 4.1(2)�g9=2 5.0(4)134Pm �h11=2
�h11=2 3.3(2)�h11=2
�(f7=2,h9=2) 3.9(2)135Pm �h11=2 3.3(2)�d5=2 3.5(2)136Pm �h11=2
�h11=2 < 3.0�h11=2
�i13=2 (band 1) 4.8(3),5.2(3)b�h11=2
�i13=2 (band 2) 4.8(4),5.2(4)b�g7=2
�i13=2 (band 1) 5.7(6)�g7=2
�i13=2 (band 2) 5.7(6)135Sm �i13=2 5.8(4),6.4(4)
136Sm �(h11=2)2 
 �(h11=2)2 3.3(2)137Sm �i13=2 4.4(3),4.8(4)ba�g9=2: 9/2+[404℄, �h11=2: 3/2�[541℄, �d5=2: 3/2+[411℄, �h11=2: 7/2�[523℄ and 9/2�[514℄,�g7=2: 7/2+[404℄, �d5=2: 5/2+[402℄, �(f7=2,h9=2): 1/2�[541℄, �i13=2: 1/2+[660℄.bDedu
ed by gating above the level of interest, so that side-feeding was eliminated. Onemay reasonably expe
t a similar in
rease of �10% for the other highly-deformed bandslisted [33℄.
Assumed that the sidefeeding time stru
ture was similar to other highly-deformed �i13=2bands, where the �sf � 1:2�band.
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al 
al
ulations and di�erential Qt valuesTo obtain quantitative understanding of measured quadrupole moments,we performed systemati
 
ranking 
al
ulations without pairing using twodi�erent self-
onsistent mean-�eld methods, namely the 
ranked SkyrmeHartree�Fo
k method (CSHF) (
ode HFODD [36℄) with the Skyrme pa-rameterization SLy4 [37℄, and the 
ranked relativisti
 mean-�eld theory(CRMF) [38, 39℄ with the parameterization NL1 [40℄. Both methods haveshown to provide an a

urate des
ription of various properties of rotationalbands in di�erent mass regions (see, e.g., Refs. [10,26,39,41℄). For the detailspertaining to theoreti
al 
al
ulations, see the forth
oming Ref. [42℄.For the referen
e band, we took the lowest highly deformed �(i13=2) in-truder band in 131Ce. A

ording to 
al
ulations [14℄, large deformed energygaps develop at high angular momentum for Z = 58 and N = 73, i.e., 131Ce
an be 
onsidered as a (super)deformed 
ore in the A�135 mass region. Inorder to perform a reliable statisti
al analysis of individual quadrupole mo-ments a

ording to Ref. [26℄, it was ne
essary to 
arry out 
al
ulations fora large number of nu
lei and 
on�gurations: our data set 
onsisted of over100 bands in both CSHF and CRMF 
al
ulations.Within the 
ranking model, the transition quadrupole moment 
an bewritten as [43℄ Qt = Q20 +r23Q22 ; (3)where Q20 and Q22 are 
al
ulated 
omponents of the quadrupole moment.(Let us note that due to the non-standard normalisation of Q22 in Ref. [36℄,one gets Q22(Ref. [36℄)=�p2Q22.) Figure 3 shows the experimental and 
al-
ulated (CSHF) values of Qt relative to a 131Ce 
ore, for the highly deformedbands in nu
lei with Z=57-62 involving i13=2 neutrons and/or g9=2 protonholes. The agreement between experiment and theory is quite remarkable,with all the major experimental trends dis
ussed previously being well re-produ
ed.From the di�erential proton quadruple moments ÆQ�20 and ÆQ�22 
al-
ulated at rotational frequen
y of ~!=0.65MeV, e�e
tive single-parti
le
harge quadrupole moments q20(i) and q22(i) were extra
ted for protonsand neutrons a

ording to the additivity prin
iple, Eq. (2). Of 
ourse,qt(i) = q20(i) +q23q22(i) are the e�e
tive values for the single-parti
le/holestates. The results of our linear regression analysis for q20 are displayed inTable II. (For tabulated values of q22 and angular momentum alignments,see Refs. [42℄.) It is seen that the two models give very similar results. Inparti
ular, quadrupole polarizabilities of the lowest i13=2 neutron orbitals,[541℄1/2 neutron orbitals, and g9=2 proton holes are 
omparable. The fa
t
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e 
ore
on�guration. The data for 131;132Ce were taken from Ref. [21℄. The 
orrespond-ing values for 142Sm (see Ref. [24℄ for experimental data) are shown in the inset.It is to be noted that for the di�erential quadrupole moments the problem withthe stopping-power un
ertainties is less severe. For 
omparison with Fig. 2, the
al
ulated value of Qt for the 131Ce 
ore 
on�guration was 7.75 eb in CSHF and7.57 eb in CRMF.that the bands attributed to the [541℄1/2 neutron orbital are experimentallysigni�
antly less deformed than the i13=2 intruder stru
tures 
an probably beattributed to pairing 
orrelations whi
h e�e
tively redu
e the o

upation of[541℄1/2. With these values at hand one 
an 
al
ulate quadrupole momentsQ20 for near-axial bands in the A � 135 mass region.The general trend of de
reasing Qt in the highly-deformed stru
tureswith in
reasing Z and N , see Fig. 3, is 
onsistent with general expe
tationsthat as one adds parti
les above a deformed shell gap, the stabilizing e�e
tof the gap may be diminished. This trend 
ontinues until a new �magi
� de-formed number is rea
hed. Su
h an event 
learly o

urs from 132Ce to higherN and Z until Z=62 and N=80 (142Sm), where a large jump in quadru-pole moment o

urs marking the point at whi
h it be
omes energeti
allyfavorable to �ll the high-j �i13=2 and �j15=2 orbitals 
reating the A � 142superdeformed island, see the inset in Fig. 3. It is gratifying to see thattheory 
an reprodu
e the Qt in 142Sm using both 131Ce and 152Dy 
ores.
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tive 
harge quadrupole moments q20 (in eb) for single-parti
le orbitals around131Ce 
ore. The values were extra
ted from the set of 183 
al
ulated bands inCSHF and 105 bands in CRMF. The orbitals are labeled by means of asymptoti
quantum numbers [Nnz�℄
 and the signature quantum number � (the subs
ripts� stand for �=�1/2). Note that in most 
ases the signature dependen
e is veryweak (as observed in experiment, see Table I).Orbital CSHF CRMFNeutrons[402℄ 52� �0.35 �0.26[402℄ 52+ �0.33 �0.26[411℄ 12� �0.15 �0.11[411℄ 12+ �0.12 �0.06[411℄ 32� �0.15 �0.13[411℄ 32+ �0.11 �0.12[413℄ 52� �0.13 �0.13[413℄ 52+ �0.12 �0.11[523℄ 72� 0.03 0.05[523℄ 72+ 0.04 0.01[530℄ 12� 0.22 0.17[530℄ 12+ 0.17 0.19[532℄ 52� 0.19 0.17[532℄ 52+ 0.24 0.38[541℄ 12� 0.35 0.35[541℄ 12+ 0.37 0.33[660℄ 12+ 0.38 0.40[660℄ 12� 0.36 0.36

Orbital CSHF CRMFProtons[404℄ 92� �0.32 �0.37[404℄ 92+ �0.32 �0.37[422℄ 32� 0.33 0.33[422℄ 32+ 0.34 0.28[532℄ 52� 0.43 0.41[532℄ 52+ 0.56 0.54[541℄ 32� 0.50 0.48[541℄ 32+ 0.57 0.50[550℄ 12+ 0.49 0.47

5. Summary and 
on
lusionsIn summary, it has been possible to extra
t di�erential transition quad-rupole moments, free from 
ommon systemati
 errors for over 15 di�erentnu
lei at high spin within a single experiment. This 
omprehensive studyestablishes Z, N , and 
on�guration dependent quadrupole moment trendsin the A � 135 light rare-earth region. Detailed 
omparisons are made withtheoreti
al 
al
ulations using the Cranked Hartree�Fo
k and Cranked Rel-ativisti
 Mean Field frameworks. Theoreti
al di�erential transition quadru-pole moments agree very well with experimental data for highly deformedintruder bands in this region. Based on the additivity prin
iple, valid in
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orrelations, the e�e
tive single-parti
le 
hargequadrupole moments have been obtained. Together with values of Ref. [26℄around 152Dy, they 
an be used to estimate the quadrupole moments ofspe
i�
 near-axial 
on�gurations in a wide range of nu
lei.Dis
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