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Abstract

Mean lifetimes have been measured for superdeformed bantf®@ti with the Doppler-shift
attenuation method. The extracted quadrupole moments of the yrast and first excited superdeformed
bands argDg =118+ 0.8 ¢b andQg = 13.2+ 1.0 ¢b, respectively. The configuration assignments
based on the quadrupole momentszaéér [4049/2v[514]9/2v7° for the yrast superdeformed band
and620v[642)5/2v7° for the first excited superdeformed band between the two known crossings.
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1. Introduction

Superdeformed (SD) bands have been well established in many nuclei in the mass 150
region. It was shown that the observed behaviour of the dynamic moment of fiéftias
function of the rotational frequency depends sensitively on the number of occupied’high-
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intruder orbitals. In the nuclei of this mass region, the intruder orbitals ar&y tae and
N =7 proton and neutron states originating from tfw, and ji5/2> subshells. Therefore,
the SD bands can be associated wit’ v6"17"2 configurations where, n; andn;, are
the number of occupied proton and neutron intruder orbitals. The large dynamic moment
of inertia of a SD band is indicative of an elongated shape, but since the dynamic mo-
ment of inertia is also sensitive to other phenomena (like pairing and alignment effects)
a more reliable measure of the deformation is the quadrupole moment of the SD band, as
obtained in lifetime measurements. Since the quadrupole moment depends sensitively on
the specific orbitals which are occupied, it becomes an important quantity to determine the
configuration of a SD band. It was demonstrated in the cranking Skyrme—Hartree—Fock
model [1] that, independently of intrinsic configurations and proton and neutron numbers,
the quadrupole moment of a SD nucleus in thes 150 region can be calculated very
precisely with respect to the doubly-magic SD core nucl@édy in terms of the contri-
butions of the individual hole and particle orbitals. The influence of the intruder orbitals
on the quadrupole moment could only be probed recently as high-precision data obtained
with largey -ray spectrometer arrays became available. The dependence of the quadrupole
deformation on the number of highi-intruder orbitals is well established in thex 150
region from lifetime measurements for the SD band$8f49Gd, 152Tb [2], 151152Dy
and®®Tb [3]. A recent detailed theoretical investigation of polarization effects [4] showed
that quadrupole moments of nuclei with even up to 10 particles removed from the SD core
nucleust®?Dy can be well described by simply subtracting effective quadrupole moments
of the active single particle states from the quadrupole moment of the core.

In this report we present mean lifetime measurements for SD badt®3d. In our pre-
vious experiment [5] three SD bands have been found in this nucleus. The yrast SD band
shows a smoothly decreasing dynamic moment of inertia with increasing rotational fre-
quency. In the framework of the cranked Woods—Saxon-Strutinsky approach we assigned
a 76207t configuration to this band. The first excited SD band shows two subsequent
band crossings at rotational frequencies00.4 and 0.68 MeV, which were assigned to
the subsequent alignments of @g> proton pair and a crossing of thigs/»[6425/2 and
i11/2[651]1/2 neutron orbitals, respectively. Th&, orbital is not occupied. These fea-
tures can be well reproduced by cranked Woods—Saxon—Strutinsky calculations provided
that the yrast SD band has a larger deformation than the first excited SD band because the
[770]1/2 neutron orbital gives a larger increase of the quadrupole deformation than the
[642]5/2 and[651]1/2 orbitals [4]. More recently cranked relativistic mean field (CRMF)
calculations [6] have been performed for a systematic study of all known yrast and in some
cases also excited SD bands in the: 140—-150 region. According to these calculations
for the yrast SD band it*°Gd the 81st neutron is located in tf642]5/2 orbital at low ro-
tational frequencies. At higher rotational frequencies, the character of this orbital changes
to [651]1/2 due to a crossing which takes placevsat 0.40 MeV. This configuration does
not contain any neutron in theé = 7 orbitals resulting in @7° configuration. This assign-
ment differs from that proposed in our previous work [5] which suggested that the yrast
band contains on& = 7 neutron. By measuring the lifetimes of SD band¥*#Gd one can
establish more conclusively which orbitals are active in the configurations of the SD bands.
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2. Experimental details

High-spin states int*°Gd have been populated in tHé4Cd@®S, 5n) reaction at
a beam energy of 182 MeV. The beam was provided by the XTU Tandem accelerator
of the Legnaro National Laboratories. The target consisted of a 1,/2mifg'14Cd foil
(enrichment 99.19%) evaporated on a multilayer backing. The backing consisted of Ta, Bi
and Cu layers with thickness of 1.2 prgn? and 55 mgcm? for Ta and Bi, respectively.
The tantalum layer was added to prevent migration of the cadmium atoms into the bismuth
backing due to target heating caused by the beam. The beam was stopped in the Bi layer
and the Cu backing served to cool the target. The recoil velocitywas= 2.5%. The
y-rays were detected using the GASP array which consists of 40 bismuth—germanate
(BGO) suppressed Ge detectors and a 80 element BGO ball. Coincidence events were
accepted only when the number of responding Compton-suppressed Ge detectors was
greater than two and the BGO fold greater than eight. Under these conditions, a total of
1x10° events were collected on magnetic tapes. The Ge detectors in the GASP array are
placed symmetrically with respect to the beam direction in seven rings, as follows: six at
~ 35°, six at~ 60°, four at 72, eight at 90, four at 108, six at~ 120° and six at= 145’

The low-lying oblate states if*°Gd have lifetimes larger than a few ps and thus
the corresponding -transitions showed no Doppler shift and provided a reliable energy
calibration for all detectors. In the off-line analysis the high-spin staté®afd (including
SD states) were enhanced by setting proper conditions on the inner BGO ball requiring
a fold > 15. The lifetimes of the SD states in the~ 150 region are considerably
shorter than the slowing down times of the recoiling nuclei, being typically a few ps.
Therefore, most of the SD transitions are emitted from the recoiling nuclei with essentially
the maximum Doppler shift. In the present experiment the Doppler shifts of transitions
originating from states at the bottom of the SD bands we®% of the maximum shift.
The analysis of the data is greatly simplified by this fact, since, if a correction with the
maximum Doppler shift is applied, the majority of the SD peaks will be correctly gain-
matched. Sevep—y—y cubes have been produced, using the software package Ana [7].
Energies from any detector were sorted after full Doppler-shift correction into the first two
axes and the uncorrected energies from detectors placed in one of the seven rings, available
in the GASP geometry, were sorted into the third axis of the respective cubes. From these
cubes coincidence spectra were obtained by double gating on SD band transitions in the
first two axes and by projecting onto the third axis. Two of the spectra resulting for the
yrast SD band if*°Gd are presented in Fig. 1.

3. Analysis and results

In order to extract the lifetime information from the spectra obtained for the SD bands
in 145Gd the fraction of the full Doppler shiff (r) = v/vg has been determined for
each transition. In the standard procedurér) is determined from the centroifl,. of
a Doppler-shiftedy-line as measured at the angbewith respect to the beam direction
according to:
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Fig. 1. Summed double-gated coincidence spectra corresponding to the detectors placed under angles
of ~ 35° and~ 145 with respect to the beam direction. The peaks belonging to the same transition
are for a few cases connected by a dashed line.

Vo
E. — Eo= EoF (1) —x, (1)
C

whereEy is the unshifted/-ray energy and = cog0).

The experimentaF () values are compared with predictions obtained by taking into
account the slowing-down process of the recoils and the deexcitation history for various
values of the quadrupole mome@p and the delays; due to sidefeeding.

The determination of the centroid is rather unreliable if the intensities of the SD
transitions are fairly small, if transitions between low-spin states are superimposed or
if tails due to Doppler effects cannot be distinguished from the background. In the
present work the energieBiop of the maxima of the Doppler-shiftegd-lines, which
can be determined reliably, have been used in the lifetime analysis. From lineshape
calculations the centroids of the Doppler-shifietines have subsequently been evaluated.
The difference between the maximum and the centroidyofiae can be parameterized in
terms of a correction factdt (x2) as:

Etop— Ec = (Ec — E0)K (x?), where (2)

a
K (x?) = . 3
(9 1+exg—k(x2—x2)] 3
The parameters, k andxc2 depend on the quadrupole momedg and the sidefeeding
delaytst. For each set 0@ andzss the values of these parameters have been determined
from lineshape calculations taking into account the deexcitation history and the slowing-
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down process. From the energy differendag, — E. the “experimental’F(r) values

are determined. Because of this procedure Ee) values are to some extent model
dependent. Hence, the word experimental is set in quotation marks. However, the variation
of F () is smaller than its experimental uncertainty for values of the quadrupole moment
ranging from 8 to 14b.

The detailed slowing-down histories of the recoiling nuclei, considering the effects
of particle emission and target-backing composition on the velocity profile, has been
calculated with a Monte Carlo procedure using the codes COMPA and GAMMA [8,9].
The recoil velocities were calculated with the code COMPA using a statistical model of
the nuclear reaction. The slowing down of the recoils in the target and backing including
multiple scattering was simulated with the code GAMMA. In these calculations it has been
considered that the target and backing consisted of three materials, viz. Cd, Ta and Bi. The
mean initial velocity of the recoils in Cd wag/c = 0.025 and the range of recoil velocities
in the Ta and Bi layers werne/c = 0.020— 0.024 and< 0.020, respectively. Practically all
y-rays from SD states with short effective lifetimes, belonging to the upper portion of the
SD band, were emitted in the Cd and Ta layers. For the lower portion of the SD band the
effective lifetime increases te 100 fs and the stopping in Bi has to be taken into account
as well.

The electronic and nuclear stopping powers have been calculated in the framework of
the theory of Lindhard et al. (see Appendix of Ref. [10]). We used correction factors of
fe=1.22,1.12 and 1.17 for the electronic stopping powers of the Gd recoils in Cd, Ta and
Bi, respectively. These correction factors are supported by experimental investigations of
the electronic stopping power for heavy ions [11-14] in the range of velocities occurring in
the present experiment/{c < 0.025). For the nuclear stopping power we used a correction
factor of f, = 0.8. We assume that the accuracy of our stopping power evaluation is
~ 10%, resulting in contributions e¢ 5% to the uncertainties to the quadrupole moments.

To extract the quadrupole moments of SD bands from the experiméatalvalues it is
essential to take properly into consideration the delay due to sidefeegliridhe relative
intensities of the transitions in the yrast and excited SD bandé°6fd [5] as function
of spin show similar profiles as those of other SD bands in this mass region. About seven
high-spin members of the SD bandsit’Gd receive feeding so that the intensities of
the corresponding transitions increase with decreasing spin. The following transitions have
approximately a constant intensity (plateau region). The deexcitation of the SD bands occur
over the last two transitions [5].

Usually the assumption is made that the sidefeeding into the high-lying SD states can be
approximated by a single rotational cascade of a few transitions with the same dynamic
moment of inertia 7@ as that of the SD band and a quadrupole mom@gt The
investigation of quadrupole moments of SD band¥iDy, 1°1Tb and®2Dy by Nisius et
al. [3] shows that for SD bands 61Dy and'®'Tb the F (t) values for high-lying SD states
are close to unity. For the SD band’i??Dy it was found, however, that the corresponding
values are consistently below one. The latter observation has been explained by an initial
delay of 24 fs [3]. An explanation for the origin of such a significant delay in the feeding of
the high-spin members of the SD band ™Dy has not been given [3]. We have calculated
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the entry state distributions for tA&?Sn@4S, 5n)L5IDy and?2Sn@4S, 4n)t52Dy reactions

at a beam energy of 175 MeV used in the experiment of Nisius et al. [3] with the code
COMPA. For!®IDy the entry state distribution lies close to the high-spin members of the
SD band so that they may be fed by one or two fast dipole transitions. Howev&t2iyr

the entry state distribution is shifted considerably higher in spin and excitation energy. This
result may explain the initial delay observed #8fDy. The absence of a significant delay

in the feeding at the top of the SD band:#¥Dy populated in thé2°Sn@6S, 4n) reaction at

a beam energy of 170 MeV [2] may be due to a different entry state distribution. We have
subsequently calculated the entry state distribution for'#i€d(8S, 5n)145Gd reaction

at a beam energy of 182 MeV used in the present experiment. Since large differences
in energies and spins between the entry states and the top of the SD bands have been
found as well, a long-lived sidefeeding component may be expected. Therefore, the usual
sidefeeding model assuming a quadrupole mondgpbut no initial delay may not apply

in our case and we have used the approach described below.

To find an appropriate approach to handle the sidefeeding we have used two models
describing extreme situations. In model (a) we have assumed a population of the high-
lying SD states by one sidefeeding transition each with the same lifetimfer each
initial state. In model (b) we have assumed a long cascade with the same lifetime for
each member of this cascade populating the SD band at the top. This is equivalent to the
assumption thatsgp= 1 for all SD states and leads to an initial dekayfor the highest
observed SD state. This model corresponds to model | proposed by Moore et al. [15].
Both models describe the SD band in terms of two fit parametersQ¢gzand zsf, but
the meaning oftss is different. The real feeding pattern is between these two limits. In
Fig. 2 the F(r) values obtained for models (a) and (b) are plotted as functiaRsdor
the 1240 keV transition of the yrast SD band*?Gd. Furthermore, its “experimental”

F(7) value is indicated. The level deexcited by this transition is the lowest member of the
SD band receiving sidefeeding. Hence, it is expected that the dependef¢e)adn st

is sensitive to the sidefeeding model used in the calculation for the 1240 keV transition.
From Fig. 2 it is obvious, however, that for sidefeeding times g #0 fs theF (t) values

are very similar independent of the model describing the sidefeeding population. In the
following analysis we have used model (b). In FigF8c) values are plotted as function

of 7¢f for the 868 keV transition of the yrast SD band%it?Gd for various values of the
quadrupole momen®g of the SD band. One can see théir) depends weakly onss but
strongly onQyg for a low-lying transition of the SD band. In Fig.A(r) values are plotted

as function ofQg for the high-lying 1409 keV transition of the yrast SD band4PGd for
various values of the sidefeeding tinag. One can see thdt(r) depends weakly oo

but strongly oness for a high-lying transition of the SD band. Hence, one can expect that
both fitting parameters, vido andzst, can be determined with a high reliability.

In the analysis of the spectra obtained for the yrast and first excited SD balt¥&h
at seven detector angles we determined the maxiggof the Doppler-shifted,-lines
belonging to these bands. From line shape calculations the centroids oj/thiess, E.,
have subsequently been evaluated utilizing the methods described above. The line shape
calculations have been carried out for all combinations of five values for the quadrupole



T. Raca-Urban et al. / Nuclear Physics A 677 (2000) 25-37 31

0.90

0.85 -

0.80

0.75 -

0.70

0.65 . I
1 10 100
t; (fs)

Fig. 2. Calculated fractional shift(r) as function of the sidefeeding delay; for the 1240 keV
transition of the yrast SD band #'®Gd assuming (a) a sidefeeding of the upper portion of the
SD band by one transition each and (b) a population of the SD band at the top by a long cascade.
A quadrupole moment ofg = 11.8 ¢b was assumed for the SD band.
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Fig. 3. Calculated fractional-shift8 (r) as function of the sidefeeding delay; for the low-lying
868 keV transition of the yrast SD band}#°Gd for various values of the quadrupole momeng
of the SD band.
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Fig. 4. Calculated fractional-shifts(z) as function of the quadrupole momeny for the high-lying
1409 keV transition of the yrast SD bandif®Gd for various values of the sidefeeding detay
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Fig. 5. Contour plot of2ina plane of the quadrupole momed and the sidefeeding delays for
the yrast SD band ih*°Gd.

momentQp = 8.0, 9.5, 11.0, 12.5 and 1@ ¢b and six values for the sidefeeding delay

si = 0.3, 5.5, 11.3, 16.2, 23.4 and 33.6 fs. The line shapes have been calculated with
the code SHAPE [8,9] for each SD transition, for each detector angle and for each value
of the quadrupole moment and sidefeeding delay taking into account the slowing-down
process. In the Monte Carlo calculation of the slowing-down process 300,000 events have
been simulated. The results of this analysis are the “experimeftalj values which

have to be compared with the calculat&édr) curves. Since the “experimentaF (t)

values depend on the quadrupole moments and sidefeeding delays a two-dimep&ional
minimization has been carried out to find the quadrupole moment and sidefeeding delay
which reproduces best the experimental data. In Figx5 eontour plot in a plane of the
quadrupole momen®o and the sidefeeding delays is shown for the yrast SD band in
145Gd. The contour plot shows a minimum folp = 11.804 0.35 ¢b andrss = 23712 fs.

The errors quoted here reflect only the statistical uncertainties in the determination of the
y-ray maximaFEp. To obtain the full error for the quadrupole moment of the yrast SD
band, we included uncertainties of 5% for the stopping power parameters and 3% for the
accuracy of the lineshape calculations, which giggs= 11.8 + 0.8 ¢b for the yrast SD

band. For the quadrupole moment and the sidefeeding delay of the first excited SD band
we obtainedQo = 13.2+1.0¢b andrss = 16+ 5 fs. In Fig. 6 F (7) is plotted as function of
y-ray energy for the yrast and first excited SD bands. The “experimental” valué&of

as obtained for the quadrupole moments of 11.8 an@ &3 and sidefeeding delays of

7si = 23 fs and 16 fs for the respective two SD bands are shown together with theoretical
F(7) curves for various values of the intrinsic quadrupole moments. Similar quadrupole
moments have been found for the neighbouring nuéfet*6Gd [16,17].

4. Discussion

Many of the SD bands observediff-148Gd and the yrast SD band #1%Gd are from
investigations of the dynamic moments of inertia considered ton&%e7* configurations
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Fig. 6. “Experimental” fractional-shift&' (r) as function ofy -ray energy and theoreticél(z) curves
for various values of the quadrupole momery for the yrast SD band (upper portion) and the first
excited SD band (lower portion) H°Gd. For more information see text.

(two protons in thée 3> orbital and one neutron in this,, orbital). Strong arguments for
configuration assignments can be derived if band crossings are observed in SD bands.
The crossing observed in the yrast SD band®86&d is caused by the intersection of the
vi13/2[642]5/2 andvii1/2[651]1/2 neutron orbitals [18]. Similar band crossings have been
observed in SD bands 6f"148Gd [20]. The yrast SD band found ¥Gd [19] shows

a sharp band crossing at a rotational frequendy®f 0.45 MeV, which is interpreted as

a crossing of ther 6°v7° and 62v7° configurations.

The yrast SD band if*>Gd shows a smoothly decreasing dynamic moment of inertia
with increasing rotational frequency. The first excited SD band shows two subsequent band
crossings at rotational frequencies~f0.4 and 0.68 MeV. The second excited SD band
shows no band crossing in the observed frequency range. In the framework of the cranked
Woods—Saxon-Strutinsky approach the low-lying members of the SD battiSia have
been assigned to thes%[642)5/2v7° andr 6°v[514]9/217° configurations [5]. At higher
frequencies ther6%v[514]9/2v7° configuration is crossed by the6?v7; configuration.

The alignment of they3/2 proton pair drives the nucleus to a larger deformation, and
produces a pronounced rise in the dynamic moment of ingffaat i ~ 0.45 MeV.
In our previous paper [5] we assigned thé2v7' configuration to the yrast SD band
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with a deformation of> = 0.523. Ther6%v[642]5/2v7° configuration is crossed by a
7162v[642]5/2v70 configuration which has been assigned to the first excited SD band in
145Gd between the band crossings [5]. The first crossing observed in the latter band is
due to the alignment of a pair &f = 6 protons and the second intersection is due to the
crossing of the[642]5/2 andv[651]1/2 orbitals. The calculated deformation for this band

is B2 = 0.508. The second excited SD band has been identified as the signature partner of
the first excited SD band. This interpretation implies that both the yrast and first excited
SD bands have a band crossingiat~ 0.40 MeV. However, the increase of the dynamic
moment of inertia is much larger for the first excited SD band than for the yrast SD band,
an observation which has been explained by the different deformations.

The measured quadrupole moment of the yrast SD batt®@d of Qo = 11.8+0.8¢b
is smaller than that of the first excited SD band befhg= 13.2+ 1.0 ¢b. The quadrupole
deformation parametefy have been deduced from the quadrupole moments as described
in Ref. [21], taking into account hexadecapole deformations, resultifg #0.48 for the
yrast SD band anfl; = 0.52 for the first excited SD band. The difference of the quadrupole
moments is independent of the systematic uncertainties associated with the stopping
powers. The measured quadrupole moments are in contradiction to the configuration
assignments discussed above. Therefore, it is necessary to revise them. Already before
our measurements it was proposed from CRMF calculations [6] that the configuration of
the yrast SD band it**Gd does not contain a neutron in tNe= 7 orbital.

In order to assign configurations to the SD band¥'iGd which are in agreement with
the observed quadrupole moments the additivity rules for quadrupole moments in SD bands
as proposed in [1,4] have been applied. To calculate the quadrupole moméftSibtwo
protons and five neutrons have to be removed fromt#Ry core. In order to reproduce the
quadrupole moment of the yrast SD band we consider that the 81st neutron remains in the
[514]9/2 orbital and that no crossing with tid= 7 intruder orbital occurs. Thg14]9/2
orbital is less deformation driving than th = 7 orbital. The[514]9/2 orbital probably
crosses the/orbital at a higher frequency than suggested in our previous work [5]. Also
the lack of a band crossing related to the occupation of theXiest7 neutron orbital in the
yrast SD band ot#4Gd at high frequencies [19] indicates that tNe= 7 neutron orbital
crosses the yrast SD band only at a larger rotational frequency. It is a clear indication that
the 7 neutron intruder orbital is placed too low in energy if the Woods—Saxon potential is
used. It is furthermore assumed that the 64th proton occupidd@49,/2 instead of the
76y orbital. This interpretation implies the absence of a crossing in the yrast SD band at
hw ~ 0.40 MeV, in agreement with the observation that the dynamic moment of inertia of
this band does not show a pronounced increase at low rotational frequencies [5].

The measured quadrupole moment of the first excited SD band agrees fairly well with
that calculated for the assigned configuration. Since furthermore the calculated moment
of inertia reproduces fairly well the observed two band crossings [5] we suggest to keep
the previous configuration assignment. Hence, our new configuration assignments are
7617 [404]9/2v[51419/2v70 for the yrast SD band and62v[642]5/2v7° for the first
excited SD band between the two crossings.
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The additivity rules have been applied to calculate the difference of the quadrupole
moments of the yrast and first excited SD band¥*iGd. To reproduce the experimental
difference between the quadrupole moments the 81st neutron has been placed in the
[514]9/2 and[642]5/2 orbitals and the 64th proton in tHd04]9/2 and 76, orbitals,
for the yrast and first excited SD bands, respectively. In Ref. [1] effective charge
quadrupole momentg have been extracted from Hartree—Fock mean-field calculations
using a Skyrme force in the SkM* parameterization for most of the hole states necessary
to calculate the quadrupole moments for the SD ban#®$®d with respect to the doubly-
magic SD core nucleu$2Dy utilizing the additivity rule. Only the effective quadrupole
moment of the[660]1/2 proton hole configuration, required in our case, has not been
reported in Ref. [1]. We have determined it using the HFODD (1.75) code [22], obtaining
a value ofgp, = —0.89 eb. The calculated difference between the quadrupole moments
of the two SD bands if*°Gd is 161 eb in agreement with the measured difference of
1.4+ 0.7 eb.

A quadrupole momentaPo = 13.71%:3 eb has been found in a recent experiment for the
yrast SD band of**Gd above the band crossing [16]. This band ha§% 7° configuration
above the crossing deviating from that of the first excited SD baf@®@d between the
two crossings only by §642]5/2 neutron. The effective quadrupole moment for a neutron
hole in this orbital isg2 = —0.22 eb [1]. Therefore, it is expected that the quadrupole
moment of the yrast SD band 6#Gd is by 02 ¢b smaller than that of the first excited
SD band in#5Gd. Within statistical uncertainties the two experiments are in excellent
agreement.

5. Summary

In conclusion, the quadrupole moments of two SD band436d have been measured
using DSAM. The measured values of the quadrupole momen3@se11.8+ 0.8 ¢b for
the yrast SD band anf@g = 13.2+ 1.0 ¢b for the first excited SD band. The interpretation
of these results requires a modification of the previous configuration assignment. Our
results show that for the configuration assignment to the yrast SD band one should take
into account thg404]9/2 proton configuration and consider that §%14]9/2 neutron
orbital is not crossed by the neutroniitruder orbital because the latter is lying higher in
excitation energy than expected from calculations using the Woods—Saxon potential. Our
new configuration assignments aré'z [404]9/2v[514]9/2v7° for the yrast SD band and
7162v[642]5/2v70 for the first excited SD band between the two crossings.
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