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Lifetime Measurements of Superdeformed Bands id*3-14Gd and 1*?Dy:
Evidence for Structure-Dependent Elongations
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Precise level lifetimes have been measured for various superdeformed badt<’@d and'>’?Dy
with the Doppler-shift attenuation method. From the derived quadrupole monm@ntsye find large
differences in deformation between the yrast bands and some excited bands in the gadolinium isotopes.
Moreover, two of the excited Gd bands and tf&Dy yrast band, which have identical moments of
inertia, have different elongations, supporting the picture that alignment and deformation effects cancel
in identical bands. [S0031-9007(96)00390-0]

PACS numbers: 21.10.Re, 21.10.Ky, 21.10.Tg, 27.70.+q

The existence of superdeformed (SD) rotational bands Many excited SD bands are known in this mass region.
in atomic nuclei is related to the presence of a secontiowever, because of their weaker intensities compared
minimum in the potential energy surface. This mini-to the yrast SD structures, lifetime measurements were
mum, associated with very elongated ellipsoidal shapesot possible until now. Such experiments are even
corresponding to an axis ratio of roughly: 1, is sta- more crucial since the remarkable discovery of pairs of
bilized by shell gaps in the single-particle energy specidentical bands (IBs) with almost identical® values
trum. The gaps remain even when the nucleus is rotatedless than0.3% difference) in nuclei which differ by
except for a few highy, high-V (N being the principal one to four mass units [7]. Various models have been
oscillator number) “intruder" orbitals which are broughtused and different mechanisms have been proposed in
close to the SD Fermi level by a combination of theexplanation, but none is fully satisfactory. To put
large deformation and high rotational frequency. In themore restrictive constraints on theoretical models, it is
massA ~ 150 region, the dynamical moments of inertia important to investigate if identical bands also have the
J® of yrast SD bands show significant variations with same elongations.
particle number, and the observed changes have been at-The present work is devoted to the study of SD bands
tributed to different occupations of the highintruder or-  in gadolinium and dysprosium isotopes. Six SD bands,
bitals [1,2]. These states, i.&/, = 7 neutrons and = 6  with very different 7 moments, are known in*Gd
protons, carry large intrinsic quadrupole moments and8] and in '*8Gd [9,10]: the yrast band labeled band
therefore lead to shape-polarization effects causing defott and five excited bands labeled 2 to 6. Several of
mation variations between the various SD bands: the morthese excited bands are IBs, for exampgiGd(4) and
high-N intruder orbitals occupied, the greater the elon-'*Gd(5) have nearly the samg® as °?Dy(1). By
gation. Such changes in deformation can, in principlemeasuring accurately the level lifetimes of SD bands in
be derived from the quadrupole moments of the bandghese isotopes, we can investigate whether the predicted
which, in turn, can be extracted from lifetime measure-deformation changes associated with different single-
ments. Around the proto = 66 and neutronV = 86  particle configurations do indeed exist. Furthermore, a
SD shell gaps, measurements have been performed for tipeecise quadrupole moment determination of the yrast SD
yrast SD bands in>2~ 53Dy [3,4] and ¥~ 13°Gd [5,6], band in'>’Dy will enable us to establish the deformations
and the results have shown that these bands are indeadsociated with IBs in nuclei differing by 3 and 4
associated with a large elongation, but, because of the umass units. Since, in our experiments, the initial recoll
certainties, no conclusion could be drawn concerning posrelocities of the ions and stopping media were either
sible differences in deformation. identical or very similar, there will be cancellation of
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some systematic errors, such as the uncertainty in thi
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stopping powers, when relativ@, values are compared. o0 w0 o
The 4-149Gd residues were produced via tHéSn + osor oor ]
30Sj fusion reaction after evaporation of six and five neu-  *%[ wGd () ] %01 49Gd (2) ]
trons, respectively. The energy of the silicon beam, de- oror Q,=1502)eb | °70T Q,=156(3)¢eb ]
livered by the CRN Strasbourg Vivitron accelerator, was 0.60 1 o60f 1
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158 MeV. The target consisted of.0 mg/cn? '24Sn
backed with15 mg/cn? of gold. In order to prevent

migration of the tin atoms into the gold backing due tom ® I }r,zﬂ*r“{ =
target heating caused by the beam, it was essential t& % 1 0%r1 1
use an evaporated aluminum layer50 wg/cn?) as a E 0.80 19Gd (3) | 080 149Gd (4)
buffer. In-beamy rays were detected vvjth the Eurogam |l '€ o7 Q,=152(5)eb ] 070F Q,=1756)¢b ]
array [11]. The measurements described here were pelg osof 1 oeo} 1
formed with a total of 54 Comptop-suppressed germanlurr§ 0 T e T T e e Tl T A e
(Ge) detectors, 30 tapered coaxial Ge detectors from Eu+ . S —

33 1.00 pemssencmreanncosessappoy EXBiscnenes. -

beam axis. The number of Ge crystals at each angle 080
with respect to the beam direction [, 22°), (10, 46°), 070l
(24, 71°), (24, 80°), (24, 100°), (24, 109°), (10, 134°),
and (5, 158°). Coincidence events were recorded only
when the number of Ge detectors fired (ignoring the sup-
pression signals) was greater than six. A total.éfx 10° Y-ray energy (keV)
Compton-suppressed fourfold and higher-fold coincidence

events were recorded. Under the same experimental cof!G. 1. Measured fractional shifts for SD bands in**'*Gd

ditions, we have investigated the yrast SD band’#Dy and '°’Dy together with the calculated fractional shifts for a

: 120y 36 . L constant in-band quadrupole moment indicated in each panel
using the™Sn(**S, 4r) reaction at an incident energy of (see text). Centroid shifts were determined by comparing

170 MeV and collecting approximatelg X 10° coinci- v-ray triple-gated coincidence spectra measured at 22°
dence events. and 158° or 6 = 46° and 134°. The measuredr values

The lifetimes of SD states in rare-earth nuclei arewere obtained from double-gatedray spectra in the case of
expected to be less thato0 fs [3], and hence they 132Dy(1). Various sets of gates have been tested. For example,

. . . 0 determine the factors at very high spin, only transitions in
rays connecting these states will be Doppler shifted. Th%ne plateau region were selected. Alternatively, théactors

observed shifts were divided by the full Doppler shift at ower spin were obtained with gates set only on transitions in
to generate the fractional shiftg (factors) which are the feeding region. It turns out that the extracfedalues are

shown in Fig. 1 as a function of the energy of the SDvery similar, and the curves shown were obtained from a set of
y-ray transitions. The full shift was calculated with the 9&t€s comprising all transitions.

bombarding energy at the midpoint of the target layer,

assuming that the evaporated neutrons did not perturb

the average speed of the fused system. The fact that

the observedF values closely approach unity at the values. These bands had a common moment of inertia,
top of the bands substantiates the experimental methodnd their intrinsic quadrupole momef®,)sg could be
since we would not expect significant time delays invaried from band to band.

feeding the highest observed SD states. An obsefred The slowing-down history of the recoiling nuclei was
value represents the average recoiling velocity and hendeeated by two different but standard techniques. In the
mean time at which a particular nuclear state decayedirst method we considered five trajectories sampling the
But to extract a lifetime of a state it is necessary totarget layer and took the unweighted averdgealues.
know the average time, or time history, over which it Electronic stopping powers for gadolinium or dysprosium
was populated. The problem simplifies if most of theions in tin, aluminum, and gold materials were taken from
population of a level proceeded from an observed statehe Northcliffe and Schilling tables [12], scaled accord-
This is the case for SD bands in the so-called plateaing to experimental values fdiHe ions as suggested by
region (the spin region where the relative intensitiesSie et al. [13]. The nuclear contribution to the stopping
of the SD band members are100%). In the region power was taken from the theory of Lindhard, Scharff,
where unobserved feeding occurs, i.e., at spins above tlend Schiott [14] as parametrized by Winterbon [15]. Mul-
plateau, the unknown time history presents a serious, buiple scattering was taken into account in an approximate
nevertheless tractable, problem. To calculatevalues, way with the treatment of Blaugrund [16]. The second
we assumed feeding into each SD state by a rotationahethod for calculating the slowing down history used
band according to the experimentally observed intensitghe code of Bacelaet al. [17], as modified by Gascon
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et al. [18]. Electronic stopping was calculated accord-stopping power, and we will defer this discussion to a
ing to the compilation by Ziegler, Biersack, and Littmark subsequent publication.
[19], and the code used Monte Carlo techniques to treat The present data are sufficiently good to draw some
nuclear scattering processes according to the cross semnclusions concerning the time history of the side
tion of Lindhard, Scharff, and Schiott [14]. This method feeding. The best fits to all bands requit@)sr =
allowed events to be initiated uniformly over the targetl5 e¢b in a short cascade of no more than two or three
layer. The agreement between the two methods was exransitions. For the case of the yrast band'fiGd,
cellent. where the data are very precise, the fit requires that only
The analysis of the decay curves proceeded from thene transition be involved. We can state our findings
top of the bands. The free in-band and side-feedinguccinctly by noting that the side feeding is equivalent to
quadrupole moment parametei@y)z and (Qg)sg were  the decay of a single state with a lifetime approximately
varied in a two-dimensional minimization gf?> for the  equal to that of the observed precursor state. Therefore,
F values in a particular band. Assuming the validity ofthis flux is decidedly faster than that coming down the
the rotational model, the partial decay ratgn ps ') ofa  superdeformed band: Indeed, tRevalues for!'*Gd(1)
band member with spih can be written are fit very poorly if the side feeding is not taken into
_ 5 o 2 account.

(1 —1—2) = 122E,Q:(IK20|(1 = 2K)", (1) Deformation trajectories in the,, £4) plane calculated
whereE,, is they-ray energy in MeV and), is expressed with the Nilsson-Strutinsky cranking model and the mod-
in e barn. ified oscillator potential with parameters of Ref. [20] are

For all bands analyzed in the present work, we find thashown in Fig. 2. The previously assigned configurations
good fits to the data can be obtained with a single valu¢l,8—10] are indicated by arrows relating a given band to
for (Qo)s, except for the lowest spin state in bands 1 andhe 32Dy core. Assuming a sharp uniform charge dis-
2 in ¥Gd. The quadrupole moment values are reportedribution p,, contour lines of the macroscopic quadrupole
in Table I, and the quoted statistical errors include themoments,

covariance betweefQy)z and (Qg)se. Concerning the 167

yrast band in'*°Gd, there is a sharp discontinuity in Qo = =7 A f R3(Q, &2, £4)Y20(Q)dQ,  (2)
Qo for the last state which deexcites via @7 keV 503

transition(Qy = 8 ¢ b), and a similar drop of collectivity are drawn with radius parametey = 1.2 fm, and corre-
occurs in band 2 after the backbending observed at lowpond to the nucleu§’Gd. For other nuclei, a scaling
frequency (see Fig. 1). Fdf?Gd(1) and '“®Gd(1), the  factor must be applied. The theoretical valuesQgffor
fits can be improved if we allow, for the lowest three
levels (excluding the state deexciting via thé7 keV
y-ray transition in'*Gd) to be ~10% larger than the
average for the whole band. However, the solidity
of this result depends on a very detailed analysis of  0.040
experimental uncertainties, in particular, the choice of

0.050 sl vv ool errva g lve v vrsaly g teaaa by

0.030

TABLE I. Qq quadrupole moment values (iab) derived w 0.020
for SD bands in'*'4%Gd and Dy compared with calculated )
values, Eq. (2), at spih = 407%. In the last column, the values

have been scaled by a factor of 0.92. The quoted errors dc 0.010
not include stopping power uncertainties. Notice that, due

to possible differences in the stopping powérs2%) when

comparing relativeQ, values for ®Dy and *®*%Gd (same 0.000 e e A
stopper but different recoiling ions), the error g for 5Dy 0.54 0.56 058 0.60 0.62
should be increased to Oeb. €5

Qo (exp) Qo (calc)  0.92Q, (calc)
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FIG. 2. Calculated deformation trajectories in tle,, 4)

¥Gd  Band 1 15.0 (2) 16.5 15.2 plane for various SD bands. The deformation is shown for
Band 2 15.6 (3) 16.7 15.4 spin I = 204, 304, 404, 504, and 60/, where in all cases,
Band 3  15.2 (5) 17.4 16.0 increases with spin. Contour lines of macroscopic quadrupole
Band 4  17.5(6) 19.3 17.7 momentsQ, valid for '*°Gd (and to a good approximation for
148Gd) are shown. Fot*2Dy, these contours must be scaled
“Gd Band1l 14.6 (2) 16.0 14.7 (see text). The arrows show the deformation changes induced
Band 2 14.8 (3) 16.0 14.7 by a particle and/or a hole in the following orbitalg:770]1/2
Band 3  17.8 (13) 19.6 18.0 (v7), w[651]3/2 (76), v[651]1/2 (v6), m[301]1/2 (w3), and
v[411]1/2 (v4). The configurations are taken from [1,8—10].
15Dy Band 1 17.5 (2) 18.9 17.4 The deformation trajectory drawn with closed triangles and not

labeled by a band number has not been observed to date.
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spinl = 407 are listed in Table | together with the exper- mation changes caused by the extra particle and from the
imental values. In general, the calculated values are largedignment (difference in spin between the two bands at a
than the measured ones by approximatélyo. Because constant rotational frequency) brought in by this particle
of uncertainties on the absolute values (stopping powerare not negligible, but their effects Qfi® cancel in IBs.
andry parameter), this discrepancy is not serious, and we In summary, we have measured accurate lifetimes in
have concentrated on relative values using an empiricdD bands of**~'“Gd and'>?Dy nuclei. Differences in
scaling factor of 0.92 which brings experiment and theorythe observed yrast band quadrupole moments are nicely
into agreement (Table ). explained in terms of the different occupation of high-

The yrast SD band of?Dy has a closed core config- N orbitals. Furthermore, the present results indicate
uration containing foutv = 6 protons, twoN = 7, and that alignment effects and deformation changes tend to
eight N = 6 neutrons. The yrast SD bands of lighter nu-compensate in identical bands. The calculations also
clei are formed by removing particles from these high- predict small shape changes as a function of spin. This
orbitals which are strongly deformation driving. Conse-is the case both in the macroscopic calculations presented
quently, we calculate smaller deformations f¥8/Gd (two  here and in the microscopic ones of Ref. [1]. Our data
N = 6 protons and on&/ = 7 neutron removed) and for neither support nor exclude such deformation changes,
148Gd (also onaV = 6 neutron removed) than fd??Dy.  and it will be an important goal of future experiments to
This is seen in Fig. 2, where deformations for these threéest this prediction.
bands can be read out as = 0.582, 0.555, and 0.545. Eurogam is funded jointly by the EPSRC (U.K.)
We note that the calculated changeseincontribute so and IN2P3 (France). This work was supported by EP-
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