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Lifetimes have been measured in a superdeformed rotational band recently identified\is thaucleus
36Ar. A large low-spin quadrupole deformatio4=0.46+0.03) is confirmed and a decrease in the collec-
tivity is observed as the high-spin band terminatior &t 16" is approached. Detailed comparisons of the
experimentaB(E2) values with the results of cranked Nilsson-Strutinsky and large-ssald4,)-pf spheri-
cal shell model calculations indicate the need for a more refined treatment of transition matrix elements close
to termination in the former, and the inclusion of the compkadep f model space in the latter description of
this highly-collective rotational band.
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The microscopic description of collective motion in the siderable progress in this direction. The recent identification
many-nucleon system is a fundamental goal of nuclear strumf a superdeformedSD) band in %Ar [14], in which four
ture physics. Progress in this direction is closely linked withparticles are promoted from tisel to thep f shell, permits an
the identification of the symmetries governing the underlyingextension of these studies to a case where, in analogy with
many-particle dynamics. In the lowexd-shell nuclei, the rotational motion in heavier nuclei, two major shells are ac-
degeneracies of the harmonic oscillator potential remain aptive for both protons and neutrons. In this Rapid Communi-
proximately valid and the resulting $8) symmetry plays a cation, we report lifetime measurements which provide sen-

central role in understanding the relationship between thejtive tests of the theoretical description of this highly-
deformed intrinsic states of rotors such #le and Mg,  cgllective rotational band.
and the laboratory-frame shell-model description of these nu- High-spin states in 3Ar were populated via the

clei [1]. In heavier nuclei, the strong spin-orbit interaction 24Mg(2°Ne,22) 3Ar reaction in two experiments. In the first

sty e cclistr 9 syvty, 3 et el e conite o S i AT 1 o
PP PraC24mg, while in the second the 420g/cn? 24Mg target was

tical by the huge dimensionalities of the valence spaces. o
Considerable effort has thus been devoted to the identific:QaCKe_d by 11'7.5 mg/ctrof Au, sufficient to stop all of the
ecoiling nuclei. In each case, an 80-Me?!Ne beam of

tion of approximate symmetries which enable a microscopi(,r . : X -
description of rotational motion in these nuclei within an ~2 PnA intensity was provided by the ATLAS facility at

appropriately truncated model spa@é [2—4)). It is impor- ~ Argonne National Laboratory. Gamma-rays were detected
tant to test the validity of such models with experimentalWith 101 HPGe detectors of the GAMMASPHERE array
data and exact diagonalizations in cases where the valen¢5], arranged in 16 annular rings at angles between 31.7°
space is large enough for collective rotation to develop, yeand 162.7° relative to the beam axis. The Hevimet collima-
small enough to be approached from the shell-model pertors were removed from the HPGe detectors to enable event-
spective. Detailed experimen{d@—7] and theoretical8—13]  by-eventy-ray multiplicity and sum-energy measurements
studies of the deformepf-shell rotor “Cr have led to con- [16] and evaporated charged particles were detected with the
Microball [17], a 4+ array of 95 CHTI) scintillators. Events
populating *Ar were cleanly selected by requiring the de-
*Present addresses: Physics Division, Oak Ridge National Labdection of two a particles in combination with a total de-
ratory, Oak Ridge, TN 37831-6373 and Department of Physics antectedy-ray plus charged-particle energy consistent with the
Astronomy, University of Tennessee, Knoxville, TN 37996-1200. Q value for the 2v channel[18]. Totals of7.75x 10® and
Present address: Daresbury Laboratory, Daresbury, Warringto8.27X10® y-y-y and higher-fold coincidence events were
WA4 4AD, U.K. recorded in the first and second experiments, respectively.
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A partial decay scheme fot°Ar, showing states relevant the band termination is approached.
to the present discussion, is presented in Fig. 1. The inset In order to test the quadrupole properties predicted by the
shows they-ray spectrum from the thin target experiment two models, we have measured state lifetimes throughout the
obtained by summing coincidence gates set on all member®Ar band by Doppler-shift attenuation techniques. For the
of the SD band. Configuration-dependeft9] cranked high-spin statesl8%), the high transition energies lead to
Nilsson-Strutinsky (CNS) calculations and large-scale |ifetimes which are short compared to the mean time
(Syds2)-pf shell-model (SM) diagonalizations with the (100 fg taken by the recoils to exit th&Mg target. These
ANTOINE code [20] assign the band to a configuration in |ifetimes were measured by the thin-target centroid-shift
which four pf-shell orbitals are occupied. A comparison of method[21]. For each transition from an SD state, the cen-
these calculations with the energetic properties of the banggig of the y-ray peak was measured in spectra from each of
was presented in Ref14]. Here we focus on tests of the the 16 rings of the GAMMASPHERE array. These data were
predicted electromagnetic properties based on state lifetimgted to obtain the mean Doppler shift associated with each

measurements. _ _ transition. The resulting fractiors of the full Doppler shift
Equilibrium deformations in thee;,y) plane from the

CNS calculations are shown in Fig. 2. At low spin, a prolate

deformatione,=0.40 (8,~0.45), which remains approxi- 05 i Faol @ g

mately constant up tb==8%, is calculated. At higher spins » FRCE

the nucleus is predicted to change shape smoothly, with the : 04 fige i .‘,.f§2°°>_mmm(eﬁo_a;;.\
band terminating atl™=16" in a fully-aligned oblate & r iy, ACEIM sl e, ‘
(y=60°) state. Assuming the rotor model and the initial- g ingum:‘{omemﬁm 5
state deformations, thB(E2) values corresponding to this & o
shape trajectory are shown by the circles in Fi@).2At low T e
spin, the predicted excursion to negatiyevalues leads to 36 n
B(E2)’s slightly larger than those of an,=0.40 prolate r-.,:.
rotor, while at high spin the transition to an oblate shape i T

implies a loss of collectivity and a vanishig(E2) at the
terminating state. Also shown in Fig(a&) are theB(E2)
values from the shell-model calculations, with the effects of Fig. 2 calculated shape trajectory in the,(y) plane for
core polarization associated wittk @ excitations outside of {he SD band in *Ar. The inset (@ shows the predicted
the model space accounted for by use of the isoscalar effeg(g2;]—1—-2) values from the shell modeidiamonds and
tive chargesg,=1.5 andq,=0.5. The spin dependence is cranked Nilsson-Strutinskicircles calculations. TheB(E2)'’s for
observed to be weaker in the SM than in the CNS calculaa fixed prolate deformatios,=0.40 are also shown for comparison
tions, with the SMB(E2) values remaining substantial as (squares

€, cos(y + 30°)
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are shown in Fig. 3. In cases where more than one decay FIG. 4. Doppler-shift on linesh | ; "
branch was observed from a given state, the weighted ave - cke oi-ta'rge?p:xzre;zn’:en?tt?rnhueanlg?t ":iz df;peair;a ?’IZ?]‘:‘ crc?lr:mng
ageF \:calue LPS1 prteser?tectll. WItT tthe ?ﬁceptll:(;n Ofl the ﬁ%‘sev\lferé)resent data for the 1630, 2160, and 4166 keV transitions, respec-
y ray from _e erminating s _a e, these 0_pp er shitts we ively, while the top, middle, and bottom rows correspond to mean
measured with gates set on in-band transitions aboveythe

. - . . ngles of 35°, 90°, and 145° relative to the beam axis. The fully-
ray of interest. The time structures of the feeding associate opped peak in the middle column is the 2208 keV-82; tran-

with the actual gating transitions used in the analysis Wergjion in 3Ar and arises from coincidence with a weak 2604 keV

incorporated in the fitting procedure, which began at the toRay (not shown in Fig. 1 contaminating the 2602 keV gating tran-
of the band and allowed a variable lifetime value for eachjijon.

state. Stopping powers were calculated with #rem-2000
code[22]. Also shown in Fig. 3 are thE values(solid line) cedure, which correctly accounts for both the broad initial
calculated assuming the shell-mod®(E2) values. These recoil momentum distribution produced by theparticle
calculations clearly underestimate the measured Dopplegvaporation and the bias in this distribution resulting from
shifts at intermediate spins, indicating that the 8E2)’'s  the angle-dependent particle detection efficiency, was essen-
are smaller than the experimental values and/or that the stopial to obtain the excellent fits to the lineshapes illustrated in
ping powers used in the calculation were too large. In ordefFig. 4. Equally good fits were obtained with the three stop-
to investigate sensitivity to the stopping powers, the calculaping power options available in the code, with the deduced
tions were repeated with thsriM-2000 values shifted by mean lifetimes varying by less than5%. In order to match
+10%, a generous estimate of their uncertainty. As showithe procedure for the thin-target measurements discussed
by the dashed lines in Fig. 3, even at the lower extreme ofbove, we have adopted the Ziegler and CPdj stopping
this range the~ values calculated with the SB(E2)’s re-  powers and assigned a conservativé0% uncertainty.
main systematically below the measured values for the Lifetime andB(E2) values for all transitions involving
intermediate-spin states. members of the SD band, from both the thin- and backed-
For the lower-spin states in thAr SD band, a substan- target experiments, are summarized in Table |. We note that
tial fraction of the decays take place after the recoils havehe B(E2) of 372+ 59 e? fm* for the 4" —2* SD transition
exited the ?*Mg target. For these states, additional lifetime corresponds to a deformatig,=0.46+0.03 for a prolate
information was obtained in the backed-target experimentshape. Tha&(E2)’s for the in-band transitions are compared
Figure 4 shows examples ofray lineshapes for transitions with the CNS and SM calculations in Fig. 5. The inner error
from the 8", 6%, and 4~ SD states. These spectra were bars in this figure represent the statistical uncertainties, while
obtained by gating on the 2821 and 2602 keV transitionsthe outer error bars show the effects 0fl0% shifts in the
which defined the feeding time structure and eliminated thestopping powers. For the terminating state, the necessity of
slow feeding component from the 11902-keV," 1€tate. The gating from below leaves the possibility of a feeding delay
spectra at mean angles of 35°, 90°, and 145° relative to thand yields only an upper limit on the state lifetime. Never-
beam axis were simultaneously fitted using a version of theéheless, the lower limit of 842 fm* derived for the
LINESHAPE code[23] modified so that the initiaP°Ar recoil 16" —14" B(E2) corresponds to 12 Weisskopf unit&/.u.),
momenta used in the stopping simulations were sampledonfirming the shell-model prediction of a substantial re-
from the experimental distribution calculated from the mo-maining collectivity. The CNS calculations are in quite good
menta of thex particles detected in the Microball. This pro- agreement with the experimenfa(E2) values at low spin,
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TABLE I. Spins, y-ray energies, branching ratios, mean life- particularly in removing the artificial vanishing of the CNS
times, andB(E2;l—1-2) values for transitions involving SD transition matrix element at the terminating state where the

states(subscriptS) in *°Ar. The uncertainties for the lifetime and mean field predicts an oblate/€ 60°) equilibrium deforma-
B(E2) values include both the statistical uncertainties and the efs:

fion.
fects of an estimated- 10% uncertainty in the stopping powers. P— . .
The lifetime of the 8 state is a weighted average from the thin- As shown in Fig. 5, the SM calculations provide a good

and backed-target measurements. descr!pt|on of the spl_n—dependence of BEE2)’s, but sys-
tematically underestimate the absolute values, particularly

| K E, B . B(E2) for the 67 and 8" SD states. An excellent fit to the data

(keV) (%) (fs) (€2 fm®) (x?/v=0.84) is obtained by simply scaling all of the SM

" . B(E2) values by a factor of 1.20. While this result could, in
25 Os 622 <0.8 4824) principle, be achieved by increasing the effective charges,

4g 2¢ 1186.G3)  20.38) 19030 37259 the isoscalar values employed here accurately describe
65 45 1629.83)  70.012) 10916 45467 B(E2) values in calculations for othé&=Z nuclei(cf. Ref.

8s 65 2160.43) 100 39.362 44070 [7]), and are expected to be equally appropriate’fér in a

105 85  2821.44) 100 14.533) 31672 “complete” valence space. In this context, we note that the
125 105 2602.24) 81712 20.341)  27556) CNS calculations predict that the spherichj, orbital is

14g 125 2947.79) 100 15.836) 23253 only ~90% full in the *®Ar SD band, while dimensionality

165 145 4066.412) 100 <8.7 >84 considerations required this orbital to be closed in the SM
2% 0; 4949.816 79.314 48(24) 4.6023) calcula’Fions. The impressive description qf the_ e_nergetic
4l oF 41656100  73.49) 190(30) 2.54) properties of the banfl4] by the SM calculations mo“catgs
4; 27 1696.74) 6.34) 19030  19.230) Lhat ;t)he |anlfern9e ?f sucl;mw ho(lje_s 02 the momlent 01_‘ mer]Elah
62 4 3352.58) 30012 10916 5.38) as been effectively subsumed in the 1 MeV lowering of the

Sy/, €nergy necessary to reproduce t8i spectrum in the
truncated space. However, this provides no guarantee that
the dg;-hole contribution to the quadrupole moment has
been properly accounted for. The intrinsic quadrupole mo-
mentQ,=113e fm? obtained in the ¢;/,d3,)*(pf)* model

but underestimate the high-spin collectivity. These result . , ,
are not unexpected. Although pairing correlations are neSPace, from either the low-spin spectroscopic quadrupole
oments or the calculated in-bam{E2;2*—0") value,

glected in the CNS calculations, these correlations lead td , , !
only a minor perturbation of the wave function for such aIrealgy reEresents 80% of the maximum available in the full
strongly deformed band$,11], and the low-spin quadrupole (S@(Pf)” space(as realized in the S@) limit [27,28).
properties are thus accurately reproduced. At high spinevertheless, a-5-10 % increase in the quadrupole mo-
quantum fluctuations about the equilibrium deformations ofent, corresponding to a 10-20 % increase inB(E2)'s,

Fig. 2 are expected to become relatively more important affom theds;-hole component in the wave function is plau-
the rotationaB(E2) values decrease. In R§L3], inclusion  Sible, and would considerably improve the agreement with
of the zero-point motion in the, direction was shown to &xPeriment. Indeed, projected shell mo{i2b] calculations

lead to excellent agreement between the CNS and gppcluding the entireN=1, 2, and 3 major shells have recently
B(E2) values for“Cr. For the *Ar SD band, shape fluc- Peen performed for thé®Ar SD band[26]. These calcula-

tuations in they degree of freedom will also be important, {iONS, using the same isoscalar effective charges employed
here, yieldB(E2) values which are 10-20% larger than

. T those of the $;,,d5,,)*(pf)* SM calculation, in good agree-

5001 E i - ment with the experimental data presented in Fig. 5.

107 8  1974.810) 100 623106  43.674)
12; 100 34484100 18312 20.341)  15.030)

Further study of the role of thes,, orbital in the *°Ar SD
band, perhaps through a complaté-pf diagonalization by
guantum Monte Carlo techniqug29] would be of consider-

] able interest. Such a calculation would also provide insight
. into the mixing of configurations involving different num-
bers of excitations across tiNgZ= 20 shell gap. Such mix-

400+

3001

B(E2) (e2fm¢)

200

Experiment

[ Cranked Nilsson-Strutinsk: . . . . .
0 el Model (sl,zd;;t(pfyy . i ing is important for an understanding of the interaction of the
0 N S S 10" SD state with the nearby yrast 1Gtate at 11902 keV
0 4 8 12 16 [predicted to belong to the dominantlg{)? configuration in
Angular Momentum (h)

both calculation§ and also the decay out of the band at low

FIG. 5. B(E2:l —1—2) values for the SD band iA°Ar com-  SPIN: For the latter, we note that tIﬁiEg) values given in
pared with the results of cranked Nilsson-Strutingiigshed ling ~ 1able | for the 4-4h transitions connecting the'2 4", and
and (,,,05,)*(pf)* shell model(solid ling) calculations. The inner 6" SD states to the ground band are in the range of 0.3-0.8
error bars represent statistical uncertainties, while the outer errdfV.u. These are comparable to the decay-out transition
bars show the effects of systematicl0% shifts in the stopping Strengths measured for the SD band %zn [30], which
powers(see text for details involves the analogous p44h excitation across the
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N,Z=28 shell gap, but are 3—4 orders of magnitude largewvalues decrease, but remain significartl2 W.u) at the
than an upper limit set on tHe2 decay-out strength if"Pb  terminating 16 state, in agreement with the SM predictions.
[31]. In the heavier nuclei, the superdeformed to sphericalvith essentially complete spectroscopic information, includ-
transition involves the rearrangement of a large number ofng spins, parities, excitation energies, aB(E2) values,
particles. Nevertheless, the opportunity to study the microcombined with a valence space small enough to be ap-
scopi_c structure of the wave fqrjction components_whicrbroached from the shell model perspective, fiar super-
contribute to the decay-out transitions $PAr could provide  geformed band provides many exciting opportunities for fur-

new insight into the macroscopic barrier-penetration modelgner siudies of the microscopic structure of collective motion
[32] which have been used to describe this process. in nuclei.

In summary, lifetimes have been measured throughout a
superdeformed band recently identified ifAr. The low- This work has been partially supported by the U.S. DOE
spin B(E2) values, corresponding t6,=0.46+-0.03 for a under Contract Nos. DE-AC03-76SF00098, W-31-109-
prolate shape, are in agreement with cranked NilssonENG-38, and DE-FG05-88ER40406, the Natural Sciences
Strutinsky calculations, but suggest the need to include thand Engineering Research Council of Canada, the Swedish
completesd-pf space in the shell-model description of this Institute, NFR (Swedef, DGES (Spain under Grant No.
highly collective rotational band. At high spin, th&(E2) PB96-53, and IN2P8France.
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