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594 M.A. Riley et al.1. Introdu
tionThe quest to observe in
reasingly high angular momentum states inatomi
 nu
lei has helped drive the �eld of gamma-ray spe
tros
opy for manyde
ades. Many surprising features have been dis
overed along the way andan ever blossoming variety of phenomena, exhibited by the nu
leus as itbuilds up angular momentum, 
ontinues to be 
harted throughout the peri-odi
 table. It is in the rare-earth region near A � 150�160 that the highestspin dis
rete states in both normal deformed (I � 50~ [1, 2℄) and superde-formed (I � 65~ [3℄) nu
lei have been dis
overed. We report the �rst ob-servation of dis
rete levels with spin I = 60~ in a normal deformed nu
leus,156Dy [4℄, utilizing the high e�
ien
y and resolving power of the Compton-suppressed Ge spe
trometer array GAMMASPHERE [5℄, and dis
uss the
ompetition between 
olle
tive and terminating band stru
tures at very highspin in N = 90 nu
lei.The re
ent studies of highly deformed (�2 = 0:3�0.4), sometimes referredto as �superdeformed�, stru
tures in the region near mass A � 130 have re-vealed an important interplay between mi
ros
opi
 shell e�e
ts, su
h as theo

urren
e of large gaps in the nu
leon single-parti
le energies, and the o
-
upation of high-j low-
 (intruder) orbitals in driving the nu
leus towardshigher deformation. Initially, it was thought that only the involvement ofone or more i13=2 neutrons 
ould result in a strong polarization on the nu-
lear shape in this mass region [6℄. However, it was re
ently shown thatbands built upon the 9/2+[404℄ (g9=2) proton orbital in the odd-Z 131Pr [7℄and 133Pm [8℄ isotopes, exhibit quadrupole deformations 
omparable to thevalues found for highly deformed stru
tures whi
h in
lude i13=2 neutrons.Furthermore, for nu
lei below N = 73 where the o

upan
y of the �i13=2orbital is energeti
ally unfavored, there are indi
ations that bands involvingthe 1/2�[541℄ (f7=2,h9=2) neutron may also be highly deformed [9, 10℄.In order to elu
idate the impa
t of the o

upation of spe
i�
 orbitals onthe nu
lear deformation, a

urate lifetime measurements for a large numberof bands in a variety of nu
lei have been measured.2. Dis
rete line spe
tros
opy in 156Dy at the very highest spinsStates at high spin and ex
itation energy in 156Dy were populated inthe 124Sn(36S,4n) rea
tion using a 165 MeV beam from the 8800 Cy
lotronat Lawren
e Berkeley National Laboratory. The target 
onsisted of twosta
ked 400 �g/
m2 thi
k foils of 124Sn. The GAMMASPHERE array
omprised 93 large-volume Compton-suppressed Ge dete
tors. A total of� 1:3 � 109 events were 
olle
ted, when �ve or more Ge dete
tors were inprompt 
oin
iden
e. The data were unfolded o�-line into � 2:5 � 1010 
3events and in
remented into a number of RADWARE [11℄ 
ubes.



Dis
rete Line Spe
tros
opy at the Extremes of Angular Momentum 595In 156Dy, more than thirteen sequen
es are observed beyond 45 ~ withseveral near spin 60~ [4℄. For positive parity, the (+; 0)2 and (+; 0)1 bandsare extended from I�=36+ and 46+ [1℄ to (62+) and (58+), respe
tively.These are the highest spin dis
rete states observed to date in a normaldeformed nu
leus with the I�=62+ state 
orresponding to an ex
itationenergy of 30 MeV. The intensity of the highest observed transition being lessthan 0:02% of the rea
tion 
hannel leading to 156Dy. For negative parity,the (�; 0)1 band is extended from 42� up to 52�, but the (�; 1)1 bandis not extended, presumably be
ause this stru
ture terminates at the 53�state [1,4℄. A similar termination e�e
t also o

urs for the (�; 0)1 sequen
eat 52�.The ex
itation energy of the (parity, signature) (+,0) bands in 156Dyobserved to high spin are plotted with respe
t to a rigid rotor referen
e inFig. 1. These stru
tures are 
ompared with the unpaired 
ranked Nilsson�
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Fig. 1. (a) Cal
ulated ex
itation energy minus a rigid rotor referen
e as a fun
tionof spin for the (+,)) bands in 156Dy [4℄. (b) Cal
ulated evolution with spin of the
 deformation for the yrast band in 156Dy and 158Er. (
) and (d) Experimentalex
itation energy of the (+,0) bands in 156Dy and 158Er, [4, 14℄.



596 M.A. Riley et al.Strutinsky 
al
ulations, similar to those des
ribed in referen
e [12℄. Thebehavior of the highest spin states in the (+; 0)1 and (+; 0)2 bands is par-ti
ularly interesting. These sequen
es begin to downslope above spin 40~where an �unpaired� band 
rossing o

urs between 
ompeting stru
tures [1℄,gaining energy with respe
t to the rigid rotor referen
e, but both display anupturn near I = 55. This is a 
hara
teristi
 of the phenomena of smooth, un-favored or soft band termination, typi
al in the A � 110 mass region [13℄ butnot previously seen in nu
lei near A = 160. In soft band termination a parti
-ular 
on�guration is followed through a long sequen
e of states and slowlyevolves from a prolate 
olle
tive (
 � 0Æ) shape to a fully aligned oblate(
 = 60Æ) shape. In general for this type of termination the state whi
hhas the maximum available spin for the 
on�guration is high in energy andthus unfavored with respe
t to the rigid rotor, see Fig. 1. The 
omparisonsbetween the 
al
ulations (Fig. 1(a)) and experiment (Fig. 1(
)) for 156Dyare parti
ularly impressive. For example the 
al
ulations predi
t that the(+; 0)2 sequen
e may be asso
iated with the �55 �63 
on�guration. The 
al-
ulations also predi
t [4℄ that the deformation of the (+; 0)2 sequen
e evolvessmoothly with in
reasing spin from "2 � 0:19, 
 � 0Æ at 40+ (prolate) to"2 � 0:16, 
 � 16Æ at 54+ (triaxial), and �nally to "2 = 0:10, 
 = 60Æ for 62+(oblate) as shown in Fig. 1(b). The aligned state at 62+ is asso
iated with the
on�guration �[(h11=2)5(g7=2d5=2)�4(d3=2)1℄29� 
 �[(i13=2)3(h9=2f7=2)5℄33� .The observation of unfavored band termination in 156Dy is in sharp 
on-trast to the 
lassi
 example of favored band termination in the neighboringN = 90 nu
leus 158Er, see Simpson et al. [14℄ and referen
es therein, andFig. 1(b) and 1(d) above. In 158Er the oblate terminating states are veryfavored and a rapid transition from prolate to oblate shape is observed alongthe yrast line. While the above data reveal 
ompelling information regardingthe energy behavior of the 
ompetition and evolution between 
olle
tive andterminating stru
tures in these N = 90 nu
lei, a 
omplete understanding re-quires lifetimes of the states to be measured. While our results from a thi
ktarget experiment aimed at 155Dy have provided low statisti
 data on 156Dywhi
h are 
onsistent with the positive parity bands near I = 40 being 
ol-le
tive, a further more optimized study is needed to probe the highest spinsin 156Dy. Also an experiment using the Cologne plunger with GAMMAS-PHERE has re
ently been performed on 158Er whi
h will help elu
idate thehigh spin behavior of this nu
leus [15℄.3. Di�erential quadrupole moment measurements in A � 130highly deformed nu
leiWhile the quadrupole moment, Q0, for some of the highly deformedbands in the A � 130 region had been measured in the past using the



Dis
rete Line Spe
tros
opy at the Extremes of Angular Momentum 597Doppler-shift attenuation method (DSAM), 
on
lusive 
omparisons betweendi�erent nu
lei were limited owing to systemati
 distin
tions between exper-imental setups su
h as varying rea
tions and target retardation properties.Spe
i�
ally, due to di�eren
es in the parameterization of the nu
lear andele
troni
 stopping powers, whi
h a
t as an �internal 
lo
k� in the DSAMlifetime measurements, large variations in the measured Q0 values have beenreported for the same band. The absen
e of adequate experimental infor-mation on the time stru
ture of the quasi
ontinium sidefeeding 
ontribu-tions also results in an additional ina

ura
y on the measured quadrupolemoments. In the 
urrent work we have greatly redu
ed these systemati
problems by measuring the lifetime de
ay properties of a large sele
tion ofbands in di�erent nu
lei under nearly identi
al experimental 
onditions interms of angular momentum input, ex
itation energy and re
oil velo
itypro�le. Furthermore, the high e�
ien
y and resolving power of GAMMAS-PHEREmade it possible in favorable 
ases, to greatly minimize the e�e
t ofsidefeeding on the measured quadrupole deformations, by gating on shiftedtransitions at the top of the band of interest, thus gaining some insight intothe nature and time s
ale of the sidefeeding.High-spin states in a wide range (Z = 58�62) of nu
lei were populatedafter fusion of a 35Cl beam with 105Pd target nu
lei. Thin and ba
ked tar-get experiments were performed at the 88-In
h Cy
lotron at the Lawren
eBerkeley National Laboratory with beam energies of 180 (thin target) and173 MeV (ba
ked target). The thin target 
onsisted of an isotopi
ally en-ri
hed 105Pd foil with a thi
kness of 500 �g/
m2. The ba
ked target was a1 mg/
m2 thi
k 105Pd foil mounted on a 17 mg/
m2 Au ba
king. Emitted
-rays were 
olle
ted using the GAMMASPHERE spe
trometer [5℄ 
on-sisting of 57 (thin target) and 97 (ba
ked target) HPGe dete
tors. Theevaporated 
harged parti
les were identi�ed with the MICROBALL dete
-tor system [16℄, whose sele
tion 
apabilities allowed a 
lean separation ofthe di�erent 
harged parti
le 
hannels.The present work fo
uses on the properties of stru
tures whi
h involvethe important 9/2+[404℄ (g9=2) proton, 1/2+[660℄(i13=2) and1/2�[541℄ (f7=2,h9=2) neutron orbitals, in the odd-N (Z = 60) 133Nd (popu-lated in the �p2n 
hannel) and 135Nd (3p2n) isotopes, and the odd-Z (Z =59) 130Pr (2�2n), 131Pr (2�1n) and 132Pr (1�2p2n) nu
lei. Typi
ally morethan about 50�106 (thin target) and 20 � 106 (ba
ked target) events (of afold � 3) per parti
le gated 
hannel were 
olle
ted.The ba
ked target data were used to extra
t the quadrupole deformationusing the 
entroid-shift te
hnique in 
onjun
tion with the Doppler-shift at-tenuation method [17℄. This was done in two ways. In the �rst method, thedata were sorted into two-dimensional matri
es in whi
h one axis 
onsistedof �forward� (31:7Æ and 37:4Æ) or �ba
kward� (142:6Æ and 148:3Æ) group of
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tors and the other axis was any 
oin
ident dete
tor. Spe
tra were gen-erated by summing gates on the 
leanest, fully stopped transitions at thebottom of the band of interest and proje
ting the events onto the �forward�and �ba
kward� axes. These spe
tra were then used to extra
t the fra
tionof the full Doppler shift, F (�), for transitions within the band of interest.In the se
ond method, the data were sorted into a number of double-gatedspe
tra whi
h 
ontained 
ounts registered by parti
ular group of dete
tors.Spe
i�
ally, for the relatively strongly populated �i13=2 bands in 133Nd and135Nd, gates were also set on in-band �moving� transitions in any ring ofdete
tors and data were in
remented into separate spe
tra for events de-te
ted at �forward�, �90Æ� and �ba
kward� angles. Sample spe
tra for the�1/2+[660℄ (i13=2) band in 133Nd are shown in Fig. 2. It should be noted,that the implementation of the latter method made it possible to eliminatethe e�e
t of sidefeeding for states lower in the 
as
ade.
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Fig. 2. (a) Forward and (b) ba
kward angle 
oin
iden
e 
-ray spe
tra [36℄ for the1/2+[660℄ (i13=2) band in 133Nd formed from 
ombinations of all double gates onin-band transitions from 345 keV up to 1228 keV. The peaks are labeled with theunshifted energies.In order to extra
t the intrinsi
 quadrupole moments from the exper-imental F (�) values, 
al
ulations using the 
ode FITFTAU [19℄ were per-formed. The F (�) 
urves were generated under the assumption that theband has a 
onstant Q0 value. In the modeling of the slowing pro
ess of



Dis
rete Line Spe
tros
opy at the Extremes of Angular Momentum 599the re
oiling nu
lei, the stopping powers were 
al
ulated using the 1995 ver-sion of the 
ode TRIM [20℄. The 
orre
tions for multiple s
attering wereintrodu
ed using the pres
ription given by Blaugrund [21℄. Where appro-priate, the sidefeeding into ea
h state was taken into a

ount a

ording tothe experimental in-band intensity pro�le using a rotational 
as
ade of threetransitions with the same Q0 as the in-band states. It should be emphasized,that although the un
ertainties in the stopping powers and the modeling ofthe sidefeeding may 
ontribute an additional systemati
 error of 15�20%in the absolute Q0 values, the relative deformations are 
onsidered to bea

urate to a level of 5�10%. Su
h pre
ision allows a 
lear di�erentiationin the Q0 values to be made, whi
h was used in turn as eviden
e for theinvolvement of spe
i�
 orbitals within a band 
on�guration.3.1. Bands involving the 1/2+[660℄ (i13=2) neutron orbitalColle
tive stru
tures built upon the 1/2+[660℄ (i13=2) intruder neutronorbital have been observed in the 
hain of odd-N (Z = 60) Nd isotopes from133Nd up to 137Nd [26, 27℄. These bands have been 
onne
ted to the nor-mally deformed stru
tures [27�32℄, so that their spin, parity and ex
itationenergy are unambiguously determined. In addition, the g-fa
tor experimentperformed in the 
ase of 133Nd [23℄ independently 
on�rms the �1/2+[660℄
on�guration assignment. Quadrupole moment measurements were 
arriedout previously using both the 
entroid-shift and lineshape DSAM te
hniques[22�25, 33℄. Lifetimes of low-spin members of the band in 135Nd and 133Ndwere also measured via the Doppler-shift re
oil-distan
e method [34,35℄. TheF (�) values and the 
orresponding quadrupole deformations dedu
ed in the
urrent work when gates were set on the stopped 409, 440, 513 and 603keV transitions in 133Nd, and 546 and 676 keV 
-rays in 135Nd are shownin Figs 3(
) and 3(d). Our observations (whi
h are of higher pre
ision) arein agreement with the previously measured quadrupole deformations for thebands in 133Nd [22℄, and 135Nd [24℄. The 
omparison of the intensity pro�lesfor these two bands, shown in Figs 3(a) and 3(b), reveals that the sequen
ein 135Nd is fed signi�
antly from the side over a range of transitions forwhi
h the F (�) values 
hange very rapidly. Su
h a behavior led to spe
ula-tions [24, 25℄, that the sidefeeding lifetimes 
ould be as mu
h as four timesslower than the in-band levels whi
h led to the dedu
tion of a quadrupoledeformation for 135Nd whi
h ex
eeded that of 133Nd. Figs 3(e) and 3(f) showour observations, when spe
tra gated on the Doppler-shifted in-band 1158,1228, 1300 and 1377 keV 
-rays in 133Nd, and 1146, and 1216 keV 
-raysin 135Nd, were used. We found a roughly 10% in
rease in the deformationof both these two bands, 
ompared to values dedu
ed when gates were seton stopped transitions. These results allow us to estimate that the sidefeed-
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Fig. 3. Intensity pro�les (a) and (b), F(�) values and 
orresponding quadrupoledeformations dedu
ed by gating on stopped transitions (
) and (d), and �moving�(solid) transitions (e) and (f) for the 1/2+[660℄ (i13=2) bands in 133Nd and 135Nd,respe
tively [36℄.ing lifetimes are only about 1.3�1.4 times slower than those for the in-bandlevels whi
h is 
onsistent with re
ent measurements by Clark et al. [37℄ forsuperdeformed stru
tures in 131;132Ce.The present observations, together with the values for the band in 137Nd(Q0=4.0(5) [�2=0.22(3)℄) [22℄, indi
ate 
learly for the �rst time that in theodd-N Nd nu
lei there is a systemati
 de
rease in the deformation of the�i13=2 band as the neutron number in
reases [36℄. Su
h an experimentaltrend is now in line with predi
tions by Total Routhian Surfa
e and UltimateCranker 
al
ulations with pairing [22, 30℄, as well as by Cranked Nilsson�Strutinsky 
al
ulations [38℄ whi
h do not in
lude pairing.



Dis
rete Line Spe
tros
opy at the Extremes of Angular Momentum 6013.2. Bands involving the 9/2+[404℄ (g9=2) proton orbitalInitially, a highly deformed band built upon the 9/2+[404℄ (g9=2) protonorbital was observed in 131Pr by Galindo-Uribarri et al. [7℄. The presentwork has established a value of Q0 = 5:5(8) eb [�2 = 0:32(5)℄ for thisband whi
h is mu
h larger than Q0 = 3:9(3) eb [�2 = 0:23(2)℄ dedu
edfor the normally deformed �h11=2 stru
ture in the same nu
leus. Re
ently,Brown et al. [39℄ have observed a strongly 
oupled band in the neighboringodd�odd 130Pr isotope whi
h was suggested to in
lude the 9/2+[404℄ (g9=2)proton orbital 
oupled to the 7/2�[523℄ (h11=2) neutron. The measured and
al
ulated F (�) values for this stru
ture, as well as those for the normallydeformed �h11=2
�d5=2 band are shown in Fig. 4(a). The results for the�g9=2 and �h11=2 
on�gurations in 131Pr, dedu
ed from the 
urrent work,are presented in Fig. 4(b). We report Q0 = 6:1(5) eb [�2 = 0:35(3)℄ for the�g9=2
�h11=2 band [40℄, whi
h is similar or perhaps slightly larger 
omparedto the value for the �g9=2 band in 131Pr. Our observations for the quadrupoledeformations of the �g9=2 and �h11=2 bands in 131Pr are in agreement with
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602 M.A. Riley et al.the values reported by Galindo�Uribarri et al. [7℄. It is notable that thedeformation of stru
tures that involve the �9/2+[404℄ (g9=2) 
on�gurationis 
omparable to those for the 1/2+[660℄ (i13=2) bands in the neighboringnu
lei 133Nd and 135Nd isotopes thus 
on�rming the important role playedby the former orbital in building highly deformed stru
tures in the region.3.3. Bands involving the 1/2�[541℄ (f7=2,h9=2) neutron orbitalTwo de
oupled bands, referred to as band 1 and band 2 in the 
urrentwork, were identi�ed in 130Pr [41, 42℄ in agreement with the parallel workof Smith et al. [43℄. We 
on�rm the previously reported de
oupled band in132Pr [44, 45℄, but we propose di�erent spin values 
ompared to Ref. [45℄,and identify several additional in-band and inter-band transitions. These ob-servations, together with the measured rotational alignments, band 
rossingproperties and the orbitals expe
ted near both the proton and neutron Fermisurfa
es, led us to 
on
lude that the 
on�guration of these de
oupled stru
-tures in 130;132Pr in
ludes the 1/2�[541℄ (f7=2,h9=2) neutron orbital 
oupledto the 3/2�[541℄ (h11=2) proton. Su
h an interpretation is also supported bythe measured quadrupole deformations, shown in Figs 4(
) and (d). Thus,the o

upan
y of the 1/2�[541℄ (f7=2,h9=2) neutron orbital results in theobservation of enhan
ed deformed bands for nu
lei below N = 73. The
orresponding growth in quadrupole deformation values, however, is not aslarge as those observed when the �i13=2 or �g9=2 orbitals are involved.4. SummaryThe new generation of gamma-ray spe
trometers, su
h as GAMMAS-PHERE, are now allowing us to perform exquisitely sensitive nu
lear stru
-ture measurements. The �rst observation of dis
rete nu
lear states at spin60~ in normal deformed nu
lei were reported in 156Dy. Eviden
e for thepositive parity yrast sequen
e experien
ing an unpaired band 
rossing nearI = 40~ and then evolving smoothly from a prolate (
olle
tive) shape to-wards an oblate (non-
olle
tive) shape at I � 60~ was presented. This resultwas 
ontrasted with the well known sudden shape 
hange observed in 158Er.In addition, the quadrupole moments of a number of bands, in several Ndand Pr nu
lei, were measured using the Doppler-shift attenuation methodas a part of our systemati
 study dedi
ated to understanding the propertiesof highly deformed stru
tures in mass A � 130 region. Di�eren
es in theobserved deformations 
learly demonstrate the important role played by theo

upation of the 9/2+[404℄ (g9=2) proton, 1/2+[660℄(i13=2) and 1/2�[541℄(f7=2,h9=2) neutron orbitals on the properties of the highly deformed bands.
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