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Quadrupole moment of the yrast superdeformed band in'*Gd
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A mean lifetime measurement using the Doppler shift attenuation method has been performed at GASP in
order to measure the quadrupole moment of the yrast superdeformed ba#Gaf The extracted intrinsic
quadrupole moment above the backbend@gs 13.7f(1):$ eb, is in nice agreement with cranked shell model
predictions. To fit the data properly below the backbending a sm@leralue is required (11B}jg)e b. This
is consistent with the predicted lower deformation in the second well for the configuration withoul high-
(mN=6 andvN=7) intruder orbitals occupiedS0556-28189)02210-4

PACS numbes): 21.10.Re, 21.10.Tg, 23.20.Lv, 27.69.

. INTRODUCTION 152Dy [4], and 115Dy, 5Tp [5]. Various theoretical cal-
culations, in the framework of the cranked Nilsson-
The yrast superdeformé8D) band of14‘Gd is one of the ~ Strutinsky [6,7], Woods-Saxon-Strutinsky[3], Skyrme-
few examples of rotational bands built on the second miniHartree-FocK 8], and relativistic mean field approachiéy
mum which exhibits a backbendiri@,2]. The backbend oc- have been able to predict the dependence of the charge quad-
curs at a rotational frequenc§w=0.45 MeV and is ex- rupole moment on the content of high-ntruder orbitals.
plained by the crossing between bands based oWery recently, two of these theoretical approack®g] have
configurations with zero and two protons in tNe=6 i3>  shown that the relative quadrupole moments of SD bands in
orbital. The observation of the band even below the backthe A=150 mass region can be written as a sum of indepen-
bending, where the protons do not occupy the strong defordent contributions from the single-particle—hole states
mation drivingi s, orbital, points to a delicate balance be- around the doubly magic superdeformed cdréDy. The
tween proton and neutron SD-shell gaps that stabilizes abowsnfiguration of the yrast SD band &t‘Gd above the back-
the proton backbenfd,3]. The highly fragmented decay-out bending differs from that of>Dy by two N=6 protons and
of the band, which prevented so far the observation of angix neutrons(four N=6 and twoN=7). Since the!*Gd
linking transitions, speaks in favor of a pronounced differ-nucleus is also considered to be doubly magic at superde-
ence in deformation between the states built on the first miniformed shapes, it is very interesting to test whether the ad-
mum and the SD states below the backbending where 100%itivity of single particle quadrupole moments holds from
of the decay-out occurs. Cranked shell model calculation®ne doubly magic nucleus to another.
predict an increase in deformation by about 10% when pass- We report in this paper on a Doppler shift attenuation
ing from the w6° configuration below the backbending{  method(DSAM) lifetime measurement for the yrast SD band
~0.47) to thew6? configuration above the backben@,( of *4Gd performed with the goal to test the predictive power
~0.51)[1]. of current theories with respect to the deformation driving
The dependence of the quadrupole deformation on theontribution of specific highN orbitals. A preliminary report
number of occupied hight intruder orbitals is well estab- of our results has been presented elsewh&dg
lished in theA=150 region from lifetime measurements of
many superdeformed bands. Of particular relevance, in this Il DSAM LIFETIME EXPERIMENT
respect, are the recent measurements doné*¥t*Gd, " AND DATA ANALYSIS

Superdeformation in*Gd has been studied previously
*On leave from Institute of Physics and Nuclear Engineering,by our group using thé®Mo + “®Ti reaction at three differ-

Bucharest, Romania. ent bombarding energi¢&] and the "“Ge+ "“Ge reaction at
TOn leave from Instituto di Bica, Universidade de”8aPaulo, 318 MeV[11]. Despite the relative higher population of the

S@ Paulo, Brazil. yrast SD band obtained in thé'Ge+’“Ge reaction, the
*On leave from China Institute of Atomic Energy, Beijing, China. °Mo+“®Ti reaction at 214 MeV has been preferred be-
80n leave from Warsaw University, Warsaw, Poland. cause of the higher beam current available in this second
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FIG. 1. Double-gated coincidence spectra corresponding to the ) ] ] ) )
detectors of the 35° and 145° rings with respect to the beam direc- FIG- 2. Experimentafilled circles fractional Doppler shifts for
tion. Gates are set on clean transitions belonging to'tf@d yrast ~ y-ray transitions depopulating states of téGd SD band above .
SD band. The shifts of the rays are indicated by arrows. The line the backbending. Tha data are taken from the spectra corresponding
marked with an asterisk corresponds to the 1018 keV-120" to the most forward and backward rings of detectors. The solid line
represents the best fit to the data when keeping the same value for
the SD band and the side-feeding quadrupole moments leading to
Qy=13.7 eb. The limits to theQ, value as obtained by a standard

) X2 minimization procedure are also drawn. The inset shows the
case. The beam was delivered by the XTU Tandem accelergyo-dimensionaly? minimization surface as a function 6, and

tor of the Legnaro National Laboratories. The target con-Q,. The star represent the absolute minimum in the surface
sisted da 1 mg/cnt %Mo foil evaporated on a 10 mg/ém  whereas the dashed line correspond€te- Q.
gold backing which completely stops the recoiling nuchei.

rays were detected by the GASP array consisting of 40 high

efficiency Compton-suppressed HPGe detectors and of an AE,

inner ball of 80 bismuth germanatBGO) detectors. Events F(7)= 28E.,o COSOp,g’
were collected when at least 3 suppressed Ge detectors and 7

five BGO detectors of the inner ball fired in comc@ence. AwhereAEy is the energy difference between the centroids of
total of 2.13x 10° gvents were (;ollected on tape, Whlch, gfterthe shiftedy rays corresponding to the forward and back-
the data unpacklr)g resulted in 3:940° threefold €oiNCi-  \ard angles g, and m— fyq, respectively, E,o is the
dence events available for off-line analysis. unshiftedy-ray energy, ang=v,/c, wherev, is the mean
The Ge detectors in the GASP array are placed symmetrinitial recoil velocity. The resulting F) values versus the
cally with respect to the beam direction in seven rings, agnergy of the SD band transitions are presented in Figs. 2
follows: six at 35°, six at 60°, four at 72°, eight at 90°, four and 3; the error bars drawn in the figure are the statistical
at 108°, six at 120°, and six at 145°. In the off-line analysiserrors derived from the spectra of the 35° and 145° detec-
the highest spin states df4Gd (including SD stateswere  tors. The points corresponding to the 1084 and 1134 keV
enhanced by setting proper conditigihggh sum-energy and transitions are taken only from the forward ring, since these
high multiplicity) on the inner BGO ball. In order to simplify transitions are strongly contaminated in the backward ring.
the analysis, the data were reduced by sorting only the events The slowing down process of the recoiling nuclei and the
with energy comprised between 750 and 1625 keV, whichvelocity profile have been simulated using the codes devel-
corresponds to the region where the SD band transitions limped by Bacelaet al. [12], as modified by Gascogt al.
The analyzed spectra were obtained by double gating on if43]. The stopping power and the multiple scattering of the
band transitions seen by all detectors and projecting on theecoils were described using a Monte Carlo simulation based
seven rings of detectors available in the GASP geometryon the LSS parametrizatidi4]. We used a number of 5000
Typical double-gated spectra at forward and backwardistories and up to 1600 steps of 1 fs. The electronic stop-

transition in the low-spin part of the level scheme.

(2.9

angles are shown in Fig. 1. ping power was calculated according to the formalism of
The experimental fractional Doppler shift, §( was de- Braune[15]. The calculation of the theoretic(r) values
termined according to the following relation: depends on the mean decay time of the staften called
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“apparent lifetime”), which is defined by the mean lifetime T '
of the state and the entire decay history above the state ' [~
including the unknown sidefeeding. The program we used is
a modified version of the one reported in Rpt] and is L
dealing with a rotational cascade, having a constant intrinsic
quadrupole momen®,, where each state has a sidefeeding
provided by a rotational sideband with the same dynamical
moment of inertiad® as the SD band and an intrinsic quad-
rupole momenQg;. L
The assumption is furthermore made that all sideband<&e
feeding the SD band levels have the sahg, as suggested -
previously by Ref[16] and measured more recenil] for
this mass region. Since the cranked shell model calculation:
(see Introductionpredict a configuration change associated

08 —

with the backbending, we have chosen to fit separately the 10

data points above and below the backbending. In the follow- | 116

ing we will therefore denote b@gP the intrinsic quadrupole 106

moment of the states above the backbending an@$fythe

one for the states below the backbending. It is clear that the C |

analysis will be more accurate for the states above the back 800 1000 1200 1400
bending where a larger number of experimental points is E (keV)

available.

The intensity of the sidefeeding was taken from a previ-  fiG. 3. Experimentaffilled circles fractional Doppler shifts for
ous measurement using thin targt and recalculated ac- the whole yrast SD band itf4Gd extracted from the spectra corre-
cording to the double gating procedure employed to build theponding to the most forward and backward ring of detectors. The
spectra. For a better description of the in-band decay historyolid line represents the best fit to the data with the corresponding
we took into account in the calculations all foysray tran- Qg values above and below the backbending indicated. The limits
sitions above the one of 1418 keV, the last one for which weo theQ, value below the backbending as obtained by a stangard
could measure the(7) value(see Fig. 1 The side-feeding minimization procedure are also drawn. The inset shows the two-
effects are stronger in the upper part of the SD band wherdimensionaly® minimization surface as a function Qf§” andQg°.
the side-feeding intensities are large compared with the in-
band decay. In order to reproduce the side-feeding effects t
program allows to add on top of the SD band a cascade Ei
virtual y-ray transitions having the sand€ as the SD band Fi
and a quadrupole mome@;. In our case, the best fit of the
data was obtained by adding a cascade of three vigtaly 5 ¢ correspond tQyP=13.7 eb (with practically the
transitions on top (_)f the known SD band transitions. g5 me error limits as from the analysis of the points above the

_In Fhe inset of2F|g. 2 we show the two—d_mensmgal MiNi- hackbending and QI°=11.6"14 eb. We also show in Fig.
mization of thex” values in the space defined " and 3 e F(7) curve calculated for the entire band wiepuP
Qs- One can notice the large covariance betw€gfi and =13.7 eb anng": 11.6 eb and the limits defined by the
Qst Which results in a wide minimum. The absolute mini- ¢rrors on thngo_
mum x? value correspond toQ_t‘,pz 14.2 eb and Qg The errors on the final values Qf, both above and below
=9.6 eb (that point is marked with a star on the figure the backbending, as obtained from th®minimization pro-

This would lmply a slow Sidefeeding which is not ConSiStentcedure, are rather |arge_ This |mp||es that the Q(pvahjes

with the data since the apparent lifetime of the highest levelgverlap at 12.8—13.@& b and a uniqu&, of about 13.0eb

of the SD band is very shotabout 10 fs or legs The same  along the whole band could also fit the data. This gives on
situation has been encountered in the case of the yrast SfBe other side a much highgf and we therefore believe that
band in **Dy [16] and, following that work, we have also the data are indicative of a decrease of the quadrupole mo-
assumed that the side-feeding bands have the same feedifgnt when going from states above to states below the back-
history as the SD band leading to equal values for the sidgending. If we take the values corresponding to the best fit of
feeding and effective in-band feeding times. This assumptiofhe data QiP=13.7 eb, Q8°=11.6 eb) a 15% change in

is also supported by a more recent work on several neighdeformation is derived. A drop of collectivitfout not quan-
boring nuclei[4]. In order to derive the SD band quadrupole tified) has been also reported for the SD band 2'fGd
moment we have then followed ti@)"= Qg line marked in  pelow the backbending observed at low frequenfids

the inset of Fig. 2 by a dashed line. The minimyrhvalue We have also to note that the results are, as usual, subject
corresponds  toQjP=13.7" 55 eb. The calculated to 10—15 % systematic errors due to the uncertainties on the
curves for the best fit of the experimental data and for thestopping power parametrizations. However, this does not af-
error limits are also shown in Fig. 2 together with the experi-fect the relative deformations below and above the back-
mental points. bending.

Once obtained in this way the quadrupole moment of the
D band above the backbending we extended the analysis to
clude also the points below the backbending. In the inset of
g. 3 we show the two-dimensional minimization of the
values in the space defined QP andQJ°. The minimum
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[l. DISCUSSION which induce the partial occupation and mixing of the two

1 configurations. The doubly magic shell closuréNat 80 and
The quadrupole moment of the yrast SD band'$fGd 7=64 becomes effective only after the proton alignment,

has been calculated by cranked Strutinsky type calculations . :
based on an average Woods-Saxon potential with a mon(\)/\-lhere the occupation of the strongly downslopiNg=6

- _ i 130 Orbital opens up the proton shell gap at a similar de-
pole pairing forc_:e[S]. _The C?Ic%la_\teq value d@p=13.5(3) formation as the neutron shell gap, thus stabilizing the super-
eb for the configurationm6-v7" is in excellent agreement

with our experimental value above the backbending. deformed shapésee Fig. 5 in Ref[2] and the general dis-

The calculations of Ref.3] have been later on improved cussion in Ref[19)). It is thus .the. combined effecF of shgll
by treating deformation and pairing self-consisterflyl7]. structure(shell-gap}s and polarization, that result_s in the in-
The results of these calculations yie@,=12.5 eb and creased de_forma'_uon after the proton _backbendlng. _
Q,=13.9 eb below and above the backbending, respec- As mentioned in the Intrpducuon, dl_fferent theoretlcall ap-
tivoely [1] ' proaches are succgssful in rgproducmg many properties of

In the present work, we have further improved the param-SD bands, in particular their quadrupole moments. The

; .. cranked Nilsson-Strutinsky and cranked relativistic mean
eters of the Woods-Saxon potential and extended the pairingl, approaches have been applied for systematic investiga-

force to include both monopole and quadrupole component%cms of SD rotational bands in tha~140-150 mass re-
(For details conceming the method, see [RE8].) The quad- . gion. They both yield &), value of~13.8 eb for the yrast

rupole moment of a specific configuration is calculated M-S band of ¥4Gd band above backbendifi@,g], a value
croscopically from the expectation values of Qg andQy, which is in excellent agreement with our experimental result.

operators at the minimum of the total Routhian surface. Thc?_| .
i : ) . owever, these theoretical analyses do not quote any value
backbend in the calculations is considerably smoother than

1.
in experiment(see also Ref1]). This is related to a short- of the quadrupole moment for the yrast SD band'#1Gd

coming of the cranking model, when a mixing between abeIOW the backbend.

zero and two quasiparticle configuration occurs at a given
frequency. The quadrupole moment above the backbend

yields atfw=0.5(0.8) MeV a value of 13.212.9 eb for We have measured the deformation along the yrast SD
the (Qyq) operator and 1.11.8) eb for (Qyy), resulting ina  pand of 1%Gd by means of the DSAM technique and de-
total value of 14.3(14.7) eb. In contrast, below the back- q,ced quadrupole moments 6,=11.6"1% eb and Q,
bend, the quadrupole moment is calculated to have a value of 13 711 o below and above the backbending respec-
12.7 eb at Aw=0.25 MeV. We have taken a rather low tively.iO'g |

: . . . This result is nice agreement with theoretical calcula-
value of the rotational frequency, in order to avoid the region; < \which predict a change in configuration fram6° to
where thew6° and thew6? configurations are mixed in the

. 62 for the yrast SD band and the corresponding increase of
calculations. The absolute value of the calculated quadrupolw y P g

L s quadrupole moment. The stabilization of the-64 and
moment depends on the uncertainties related to the prot

charge radius of the Woods-Saxon potential, but the relati\?%]c)?go SD shell gaps occurs therefore at enhanced deforma-

changes between different configurations should be ac-
counted for by the model. We note an increase=df1% in
the quadrupole moment when going from t6°»7° to the
aligned w62v7° configuration, that agrees rather well with  We are indebted to the technical staff of L. N. L. for the
the experimental estimate. This corresponds to a calculateshreful operation of the Tandem accelerator. A. Buscemi, R.
(experimental effective quadrupole moment change &® Isocrate, and R. Zanon are thanked for their skillful help in
=1.6 eb (2.1 eb) for the 7([660]1/2)? configuration. the preparation of the experiments at GASP. N.H.M. and
As discussed previouslyl], our calculations yield a M.N.R. acknowledge partial support from the Fupaacie
change in the structure of the yrast band in the second weAmparo aPesquisa do Estado de&Raulo(FAPESR and
from predominantlyr6°»7° to w62v7° in the aligned band. the Conselho Nacional de Desenvolvimento Cléstie Tec-
Note, however, that these particle-hole assignments amgologico (CNPg), Brazil. T.R.Z. was partially supported by
rather schematic, since pairing correlations are still preserKBN Grant No. 2P03B 05312.

IV. CONCLUSIONS
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