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e(Re
eived April 3, 2001)A highly-deformed rotational band has been identi�ed in the N = Znu
leus 36Ar. At high spin the band is observed to its presumed terminationat I� = 16+, while at low spin it has been �rmly linked to previouslyknown states in 36Ar. Spins, parities, and absolute ex
itation energieshave thus been determined throughout the band. Lifetime measurementsestablish a large low-spin quadrupole deformation (�2 = 0:46 � 0:03) andindi
ate a de
reasing 
olle
tivity as the band termination is approa
hed.With e�e
tively 
omplete spe
tros
opi
 information and a valen
e spa
elarge enough for signi�
ant 
olle
tivity to develop, yet small enough to bemeaningfully approa
hed from the shell model perspe
tive, this rotationalband in 36Ar provides many ex
iting opportunities to test and 
ompare
omplementary models of 
olle
tive motion in nu
lei.PACS numbers: 21.10.Re, 21.10.Tg, 21.60.Cs, 23.20.Lv� Invited talk presented at the High Spin Physi
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ed Resear
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2414 C.E. Svensson et al.1. Introdu
tionThe mi
ros
opi
 des
ription of 
olle
tive phenomena is a fundamentalgoal of quantum many-body physi
s. In the �eld of nu
lear stru
ture, a
lassi
 example is the desire to 
onne
t the deformed intrinsi
 states and
olle
tive rotational motion of nu
lei with mi
ros
opi
 many-parti
le wave-fun
tions in the laboratory system. For nu
lei in the lower sd shell, this
onne
tion is well understood in terms of Elliot's SU(3) model [1℄. For heav-ier nu
lei, however, the spin�orbit intera
tion removes the degenera
ies ofthe harmoni
 os
illator, destroying the SU(3) symmetry. Furthermore, ro-tational motion in these nu
lei generally involves valen
e spa
es 
omprisedof two major shells for both protons and neutrons [2℄. Exa
t shell modeldiagonalizations in su
h spa
es are well beyond 
urrent 
omputational 
a-pabilities, and mu
h e�ort has, therefore, been devoted to determine theapproximate symmetries that permit a des
ription of the 
olle
tive motionin these nu
lei within an appropriately trun
ated model spa
e (
f. [3�5℄.) Itis 
learly desirable to test the validity of su
h approximate symmetries in
ases where the valen
e spa
e is large enough for 
olle
tive motion to de-velop, but small enough to permit exa
t diagonalizations. Here we dis
ussthe identi�
ation [6℄ of a SuperDeformed (SD) band in the N = Z nu
leus36Ar whi
h, like rotational bands in heavier nu
lei, involves two major shellsfor both protons and neutrons, yet satis�es the above 
riteria.2. ExperimentsHigh-spin states in the N = Z nu
leus 36Ar were populated via the24Mg(20Ne,2�)36Ar fusion-evaporation rea
tion in two experiments with an80 MeV, � 2 pnA 20Ne beam provided by the ATLAS fa
ility at ArgonneNational Laboratory. In the �rst experiment, a self-supporting 440 �g/
m224Mg foil was used, while in the se
ond experiment a 420 �g/
m2 24Mglayer was deposited onto a 11.75 mg/
m2 Au ba
king in order to measurelifetimes by Doppler-shift attenuation methods. In both experiments, 
 rayswere dete
ted with 101 HPGe dete
tors of the Gammasphere array [7℄, in 
o-in
iden
e with 
harged parti
les dete
ted and identi�ed in the Mi
roball [8℄,a 4� array of 95 CsI(Tl) s
intillators. The Hevimet 
ollimators were re-moved from the BGO Compton-suppression shields of the HPGe dete
torsin order to provide 
-ray sum-energy and multipli
ity information for ea
hevent [9℄. The 2� evaporation 
hannel leading to 36Ar was 
leanly sele
tedin the o�ine analysis by requiring the dete
tion of 2 alpha parti
les in theMi
roball in 
ombination with a total dete
ted 
-ray plus 
harged-parti
leenergy 
onsistent with the Q-value for this 
hannel [10℄. Totals of 775 mil-lion and 827 million parti
le�
�
�
 and higher fold 
oin
iden
e events werere
orded in the �rst and se
ond experiments, respe
tively.
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leus 36Ar 24153. Results and dis
ussionThe 
-ray spe
trum from the thin-target experiment obtained by sum-ming 
oin
iden
e gates set on all members of the superdeformed band iden-ti�ed in 36Ar is shown in Fig. 1, and a partial de
ay s
heme for 36Ar ispresented in Fig. 2. As shown in Fig. 2, the high-energy 
 rays indi
ated bydiamonds in Fig. 1 link the SD band to previously known low-spin states, andthereby �x the absolute ex
itation energies of the SD levels. The spe
trumof the SD band obtained with a single gate on the 4950 keV 
 ray, shownin the upper inset of Fig. 2, illustrates the quality of the 
oin
iden
e datafor these linking transitions. Angular distribution measurements establishstret
hed quadrupole 
hara
ter for the high-energy linking 
 rays and for allof the in-band transitions. The lower insets in Fig. 2 present two examplesof su
h measurements, whi
h determine the spins, and, under the reasonableassumption that the transitions are E2 rather than M2, the parities, of theSD states from 2+ to 16+. Although 
 de
ay by a 622 keV transition tothe previously known (0+) state at 4329 keV [11℄ was not observed in thisexperiment, this state is presumed to be the SD bandhead based on theregular rotational spa
ing.
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Fig. 1. Gamma-ray spe
trum obtained by summing 
oin
iden
e gates set on allmembers of the superdeformed band (
ir
les). Diamonds indi
ate linking transi-tions 
onne
ting the band to low-spin states in 36Ar.
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Fig. 2. Partial de
ay s
heme for 36Ar showing the superdeformed band (left). Theupper inset shows a spe
trum of the band obtained with a single gate set on the4950 keV linking transition. Angular distributions relative to the beam axis arepresented for the 3352 keV and 4166 keV linking transitions in the lower insets.We have performed both 
on�guration-dependent [12℄ Cranked Nilsson-Strutinsky (CNS) and large-s
ale s1=2d3=2-pf spheri
al shell model (SM)
al
ulations with the diagonalization 
ode Antoine [13℄ for the 36Ar SDband. As detailed in Ref. [6℄, these 
al
ulations provide a good des
riptionof the energeti
 properties of the band and enable its �rm assignment to a
on�guration in whi
h four pf -shell orbitals are o

upied. Here we fo
usprimarily on the quadrupole properties of the band.



Fast Rotation of the N = Z Nu
leus 36Ar 2417The predi
ted equilibrium deformations for the SD band from the CNS
al
ulations are shown in Fig. 3. At low spin, a prolate shape with defor-mation "2 = 0:40, whi
h remains approximately 
onstant up to I = 8~,is 
al
ulated. At higher spins, the nu
leus is predi
ted to 
hange shapesmoothly, be
oming in
reasingly triaxial until the band terminates in a fullyaligned oblate (
 = 60Æ) state at I� = 16+. Assuming the rotor model withthe initial state deformations, the B(E2; I ! I � 2) values 
orresponding tothis shape traje
tory are shown by the 
ir
les in the inset of Fig. 3. Alsoshown in this �gure are the B(E2) values from the SM 
al
ulations. Both
al
ulation indi
ate a large 
olle
tivity at low spin whi
h de
reases as theband termination is approa
hed. However, the shell model 
al
ulations areseen to predi
t somewhat smaller B(E2) values for the intermediate spinstates, but somewhat larger values 
lose to termination.
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Fig. 3. Cal
ulated traje
tory in the ("2,
) deformation plane for the SD band in36Ar. The inset shows the 
orresponding B(E2) values from the 
ranked Nilsson�Strutinsky (
ir
les) and shell model (diamonds) 
al
ulations. The B(E2)'s for a�xed prolate deformation �2 = 0:45 are also shown for 
omparison (squares).In order to test the quadrupole properties shown in Fig. 3, we havemeasured state lifetimes throughout the 36Ar SD band by Doppler-shift at-tenuation te
hniques. These measurements rely on 
hanges in the velo
itiesof the re
oiling 36Ar nu
lei as they pass through the target and, in the 
aseof the se
ond experiment, the Au target ba
king. It is, therefore, essential to



2418 C.E. Svensson et al.have a good understanding of the initial re
oil velo
ity distribution for theevents in the parti
le-gated data set. In the 24Mg(20Ne,2�)36Ar rea
tion,the evaporation of two alpha parti
les from the 
ompound 44Ti nu
leus pro-du
es a very broad re
oil distribution for the 36Ar nu
lei. Furthermore, thealpha-parti
le dete
tion e�
ien
y is strongly angle dependent. The alphasemitted forward (relative to the beam dire
tion) in the Center-of-Mass (CM)frame re
eive an energy boost in the lab frame from the CM motion, andare dete
ted more e�
iently than those emitted at ba
kward angles, whi
hhave lower energies in the lab system. A result of requiring 2� dete
tion isthus to bias the experimental data set towards events in whi
h the alphaparti
les were emitted in the forward dire
tion, and 
onsequently the 36Arre
oil velo
ity was redu
ed 
ompared to that of the 
ompound system. Thise�e
t is 
learly seen in Fig. 4, whi
h shows the experimental re
oil velo
itydistribution for the 36Ar nu
lei re
onstru
ted from the measured energiesand dire
tions of the dete
ted alpha parti
les. In order to obtain meaningfullifetime measurements, it was ne
essary to modify the Lineshape 
ode [14℄to in
orporate this experimentally determined initial re
oil velo
ity distri-bution. The ex
ellent �ts to the 
-ray lineshapes that were obtained by thismethod are illustrated with the 2160 keV 8+ ! 6+ SD transition in Fig. 5.
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Fig. 4. Initial re
oil velo
ity distribution in the vx�vz plane for 36Ar nu
lei in the2�-gated data set, as re
onstru
ted from the measured alpha-parti
le momenta.The beam is in the z-dire
tion, and the re
oil velo
ity for a 
ompound nu
leusformed at the 
enter of the target was vz=
 = 4:18%.
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Fig. 5. Doppler-shift attenuation lineshape analysis for the 2160 keV 8+SD ! 6+SDtransition. The stopped peak at 2208 keV is the 3�1 ! 2+1 transition in 36Ar.A 
omplete des
ription of the lifetime measurements for the 36Ar SDband is given in Ref. [15℄. Here we summarize the resulting B(E2) valuesin Fig. 6. The CNS 
al
ulations are seen to provide a good des
ription ofthe measured low-spin B(E2) values, but underpredi
t the high-spin 
ol-le
tivity. This result is expe
ted as these 
al
ulations do not in
lude thee�e
ts of shape �u
tuations about the equilibrium deformations, whi
h willremove the arti�
ial vanishing of the B(E2) at the terminating state arisingfrom the predi
tion of an exa
tly oblate equilibrium deformation. The SM
al
ulations provide an ex
ellent des
ription of the spin-dependen
e of theB(E2) values, in
luding the substantial remaining 
olle
tivity at the ter-minating state, but systemati
ally underestimate the experimental valuesby approximately 20%. In order to further investigate these e�e
ts, it isinteresting to 
ompare the mi
ros
opi
 stru
tures of the wavefun
tions forthe SD band from the two 
al
ulations. Figure 7 shows the o

upan
ies ofspheri
al j-shells in the SD band from the CNS and SM 
al
ulations. We
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omparedwith the results of 
ranked Nilsson�Strutinsky (dashed line) and (s1=2d3=2)4(pf)4spheri
al shell model (solid line) 
al
ulations. The inner error bars represent thestatisti
al un
ertainties, while the outer error bars show the e�e
ts of systemati
�10% shifts in the stopping powers.note that the relatively 
onstant o

upan
ies at low spin 
on�rm the 
on-
ept of a rotational band built on a �xed intrinsi
 
on�guration. At higherspins, the in
reasingly rapid o

upan
y 
hanges re�e
t the 
hanges in theintrinsi
 deformation shown in Fig. 3. For the pf shell, the o

upan
iespredi
ted by the two 
al
ulations are very similar, indi
ating the dominan
eof the quadrupole deformation in determining the stru
ture of the wave-fun
tion for this highly 
olle
tive rotational band. The full treatment of all
orrelations, in parti
ular pairing, in the shell model leads only to a smallin
rease in the o

upan
ies of the upper pf shell orbitals relative to the dom-inant deformation-indu
ed mixing of the spheri
al j-shells re�e
ted in theCNS o

upan
ies. For the sd shell, dimensionality 
onsiderations requireda trun
ation of the shell model spa
e to s1=2d3=2. The CNS 
al
ulations,however, indi
ate that the d5=2 orbital is only � 90% full in the SD band.It is worth noting that the intrinsi
 quadrupole moment Q0 = 113 e fm2 de-du
ed for the SD band from the (s1=2d3=2)4(pf)4 SM 
al
ulation is already80% of the maximum possible in the full (sd)16(pf)4 spa
e (as attained inthe unrealisti
 SU(3) limit). Nevertheless, a � 5�10% in
rease in Q0 dueto the d5=2-hole 
omponent of the wavefun
tion is plausible, and would a
-
ount for the � 10�20% underestimate of the B(E2) values by the 
urrentshell model 
al
ulations. Further study of the role of the d5=2 orbital in thestru
ture of this highly 
olle
tive band, perhaps through Monte Carlo ShellModel te
hniques [16℄, would 
learly be desirable.
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upan
ies of spheri
al j-shells in the 36Ar superdeformed band from (a)
ranked Nilsson�Strutinsky and (b) (s1=2d3=2)4(pf)4 shell model 
al
ulations.4. Con
lusionsA superdeformed rotational band has been identi�ed in the light N = Znu
leus 36Ar. The linking of this band to previously known low-spin states,
ombined with lifetime measurements throughout the band, have establishedabsolute ex
itation energies, spins, and parities, as well as in-band and out-of-band B(E2) values for the SD states. With e�e
tively 
omplete spe
tro-s
opi
 information and a model spa
e large enough for substantial 
olle
-tivity to develop, yet small enough to be approa
hed from the shell-modelperspe
tive, the 36Ar SD band o�ers many ex
iting opportunities for furtherstudies of the mi
ros
opi
 stru
ture of 
olle
tive rotational motion in nu
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