
PHYSICAL REVIEW C JANUARY 1998VOLUME 57, NUMBER 1
Electromagnetic properties of the first 21
1 excited states in100,102,104Ru

J. H. Hirata, S. Sale´m-Vasconcelos, M. J. Bechara, L. C. Gomes, and O. Dietzsch
Instituto de Fı´sica, Universidade de Sa˜o Paulo, Caixa Postal 66318, Sa˜o Paulo, SP 05315-970, Brazil

~Received 2 July 1997!

Measurements of Coulomb excitation probabilities of the first 21
1 state of100,102,104Ru were carried out using

back-scattered ions of4He and16O. The static quadrupole momentsQ2
1
1 and the reduced transition probabili-

ties B(E2;01
1→21

1) have been determined using the reorientation effect. The quadrupole momentsQ2
1
1

deduced for the positive sign of the 22
1 interference term are20.5460.07eb, 20.6460.05eb, 20.6260.08

eb for 100Ru, 102Ru, and 104Ru, respectively. The reduced transition probabilitiesB(E2;01
1→21

1) are
0.49360.003e2b2, 0.61460.004e2b2, and 0.80960.006e2b2, respectively. A compilation of the available
experimental results for the reduced eletric quadrupole transition probabilityB(E2;01

1→21
1) and for the static

quadrupole momentsQ2
1
1 for the even ruthenium stable isotopes (96<A<104) are presented.

@S0556-2813~98!00201-5#

PACS number~s!: 25.70.De, 27.60.1j, 21.10.Ky
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I. INTRODUCTION

The phenomena of shape coexistence and shape tr
tions in transitional nuclei such as the ruthenium isoto
have been receiving considerable attention in the past
decades. Because of its symmetry structure, the ‘‘algebra
interacting boson approximation~IBA ! model is particularly
appropriate@1# for treating transitional nuclei. The Ru iso
topes, in particular, have recently been investigated wit
the IBA1 model by Frank@2,3# where an SO~5! dynamical
symmetry Hamiltonian with fixed parameters was used
geometrical interpretation@4# of those results revealed a tra
sition from spherical shape (96,98Ru! to ag-unstable structure
for the higher mass isotopes (1002108Ru!.

The ‘‘geometrical’’ general collective model~GCM! has
also been recently applied to the Ru isotopes by Trolte
et al. @5# and a spherical structure with a tendency to tria
ality has been obtained. A spherical-triaxial transition
982108Ru with a prolate onset for96Ru is indicated, in con-
tradiction to the results of the IBA calculation@4#. Common
features, e.g., the spherical shape for98Ru and theb defor-
mation of 0.3–0.4 for the heavier isotopes, are neverthe
obtained in both studies. Phenomenological models suc
GCM, use experimental data~excitation energies, electro
magnetic matrix elements! to generate an adjusted collectiv
Hamiltonian in a least-squares-fit procedure. If not enou
data are available, this procedure can lead to difficulties
the theoretical interpretation@5#.

A wealth of new information now exists on the lev
structure either of neutron-rich Ru isotopes (A51082114)
obtained mainly with largeg-detector arrays observin
prompt g decay in spontaneous fission fragments of252Cf
@6,7# or 248Cm @8#, and from radioactive decay of proto
induced fission products@9# or on the properties of high
lying states in the stable isotopes obtained from incomp
fusion reactions@10#. Those data provide a large set for com
parison with model predictions and will most certain
prompt a reinvestigation of the phenomena presented by
clei in this mass region.

The fact that transition probabilities are a very sensit
570556-2813/98/57~1!/76~7!/$15.00
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tool for the investigation of nuclear properties also makes
availability of precise transition data~even for the low-lying
states of the stable isotopes, 96<A<104) highly desirable
for such an analysis. We report here an experimental de
mination ofB(E2;01

1→21
1) andQ21

1 for 100,102,104Ru using
the reorientation effect@11#. Preliminary results of this study
@12# have been reported previously@13#, and an investigation
of the nuclear form factor in the scattering ofa particles on
100,102,104Ru at energies in the vicinity of the Coulomb barri
is the subject of another study@14#. We also present here
compilation of the available experimental information o
B(E2;01

1→21
1) andQ2

1
1 values@15–29# for the even ruthe-

nium stable isotopes (96<A<104). A comparison with the-
oretical model predictions is also made.

II. EXPERIMENTAL PROCEDURE

The experimental method and procedures for data red
tion are similar to those used in previous works@30–32# and
will not be described in detail here. Targets of100Ru, 102Ru,
and 104Ru were bombarded with4He and16O ions from the
‘‘tandem’’ electrostatic accelerator at the University of S˜o
Paulo. The targets consisted of thin layers~;5 mg/cm2 thick
for 16O and;15 mg/cm2 thick for 4He! of metallic ruthe-
nium enriched in isotopes of masses 100~97.2%!,
102~99.35%!, or 104~96.35%! evaporated@33# onto;15 mg/
cm2 thick carbon backings.

The scattered ions were detected in cooled silicon surf
barrier detectors of 100mm depletion depth placed at back
ward angles. At the most backward scattering an
(u lab'174°), an annular detector with an 8 mm diame
hole was used. Standard techniques@33,12# were applied to
achieve good energy resolution and to minimize the ba
ground in the spectra.

Typical spectra are shown in Fig. 1 together with the
used in the analysis of the data. Resolutions full width at h
maximum~FWHM! of ;30 keV for 4He and;120 keV for
16O were obtained. The elastic and inelastic peaks were w
resolved in all heavy-ion spectra, which usually displaye
76 © 1998 The American Physical Society
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high ratio (;20:1! between the inelastic peak height and t
valley between peaks.

The excitation probabilities defined as the ratio of the

elastic to the elastic cross sectionsRexp5(ds/dV)
lab
21

1

/

(ds/dV)
lab
01

1

were extracted from the spectra using the me
ods and line fitting programs described in Ref.@34#. The
elastic and inelastic contributions of the other Ru isoto
were subtracted from the spectra using the shape of the
tic peak of the main isotope and the supplier assay~Oak
Ridge National Laboratory, Isotopes Division! of the target
material. Small contributions from Mo isotopes in natu
concentration~from impurities present in the W crucibl
used in the target preparation! were also subtracted. Th
search for contaminants was made through a careful c
parison of 4He and 16O spectra taken with the same targ
Particle induced x-ray emission~PIXE! methods were also
used with many of the targets in determining elemental
purity concentration@33#. As in other works of this group
@35–38#, observation of elastically scattered particles with
position sensitive proportional detector@39# located at the
focal plane of a high-resolution magnetic spectrograph w
also employed in examining the purity of some of the targe

Statistical plus fitting uncertainties in the evaluation
Rexp are of the order of 1% for most of the data taken w
the annular detector. Larger uncertainties inRexp are present

FIG. 1. Spectra of16O ions anda particles backscattered from
100Ru. The curves through the experimental points are fits to
spectra from which the contributions of scattering from conta
nants have been subtracted.
-
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in the data taken with the smaller solid angle detectors at
other backward angles. The results of this analysis for
experimental excitation probabilities are shown in Table
~together with the corresponding uncertainties!, for the dif-
ferent projectiles, bombarding energies, and laboratory s
tering angles that were employed.

The validity of the analysis is based on the assumpt
that the contribution to the 21

1 intensity from sources othe
than pure Coulomb excitation is negligible. The data used

e
-

TABLE I. Summary of the experimental excitation probabilitie
~Rexp) and associated errors~in percent!.

Isotope Projectile Elab Q lab Rexp Error
~MeV! 31023 %

100 4He 7.987 174.4 4.27 1.1
8.236 174.4 5.07 1.0
8.485 174.4 5.80 0.9
8.732 174.4 6.71 1.0

16O 34.95 174.2 62.9 1.0
130.0 54.0 3.7
110.0 43.0 3.5

35.45 174.2 68.1 0.9
110.0 48.0 3.1

35.93 174.2 72.7 0.9
130.0 60.0 3.8
110.0 51.0 3.0

36.44 174.2 76.5 0.9
110.0 55.0 3.0

36.93 174.2 84.5 0.8
130.0 70.0 3.2
110.0 57.0 3.0

102 4He 8.234 173.4 7.43 1.0
150.0 6.9 1.4

8.484 173.4 8.51 1.0
150.0 7.7 1.5

8.733 173.4 9.7 1.1
150.0 8.4 2.1

8.982 173.4 11.0 1.0
150.0 10.2 1.4

16O 37.17 173.6 126.0 0.9
37.41 173.6 127.0 0.9
37.92 173.6 132.0 0.9
38.16 173.6 142.0 0.8
38.90 173.6 149.0 0.9

104 4He 7.736 150.0 8.7 1.3
7.987 172.8 11.4 1.1

150.0 10.3 1.3
8.234 172.8 13.2 1.0

150.0 11.5 1.3
8.485 172.8 14.6 1.0

150.0 13.2 1.3
16O 37.68 173.4 234.0 1.1

37.92 173.4 239.0 1.2
38.17 173.4 250.0 1.0
38.42 173.4 256.0 1.1
38.68 173.4 261.0 1.1
38.93 173.4 263.0 1.2
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78 57J. H. HIRATA et al.
the present analysis~Table I! were taken at bombarding en
ergies below ‘‘safe values’’~9.5 MeV for a particles and
38.9 MeV for the16O beam! obtained using the criterion tha
half the distance of closest approach in a headon collis
must be greater than or equal to the sum of the two nu
radii @1.25(A1

1/31A2
1/3)#, plus 6.0 fm. It is estimated@32# that

for energies below these values the nuclear contribu
should be less than 2%.

The determination of theB(E2;01
1→21

1) and Q21
1 val-

ues was accomplished by comparing the measured ra
(Rexp) with the results of a semiclassical coupled chann
calculation (Rcomp) for multiple Coulomb excitation~MCE!
@40#. The first five levels in100Ru, 102Ru, and104Ru, respec-
tively, were used in the calculation. Their excitation en
gies,Jp values, and the associated electric quadrupole ma
elementsMi j 5^I j iM (E2)i I i&, obtained from the measure
B(E2) values and branching ratios~Ref. @20#! are given in
Tables II, III, and IV, for 100Ru, 102Ru, and 104Ru, respec-
tively.

The quadrupole matrix elementsM125@B(E2;01
1

→21
1)#1/2 andM22521.319Q2

1
1 were treated as free param

eters in a least-squares analysis of the data, after expre
Rcomp in a functional form given by@34,30#:

Rcomp
i ~M12,M22!5a iM12

2 1b iM12
2 M221g iM12

3 ,

where the indexi refers to the experimental parameters
Rexp

i to which the computed ratio shall be compared. T
expression reproduces within less than 0.06% the MCE
culations over our range ofM12 and M22 values. The coef-
ficients a i , b i , andg i were determined fromRcomp calcu-
lated for given values ofM12 andM22.

The dependence ofB(E2;01
1→21

1) and Q21
1 values on

the matrix elementsMi j (E2) used in the MCE calculation

TABLE II. Level energy, spin and parity, and reducedE2 ma-
trix elements~in eb! used in the multiple Coulomb excitation ca
culation for 100Ru.

Level I p Energy 1 2 3 4 5
~MeV!

1 01
1 0.0 0.0 M12 0.0 0.0 -0.143

2 21
1 0.5396 M12 M22 -0.309 -1.140 -0.663

3 02
1 1.1306 0.0 -0.309 0.0 0.0 0.0

4 41
1 1.2265 0.0 -1.140 0.0 0.0 0.0

5 22
1 1.3621 -0.143 -0.663 0.0 0.0 0.0

TABLE III. Level energy, spin and parity, and reducedE2 ma-
trix elements~in eb! used in the multiple Coulomb excitation ca
culation for 102Ru.

Level I p Energy 1 2 3 4 5
~MeV!

1 01
1 0.0 0.0 M12 0.0 -0.145 0.0

2 21
1 0.4750 M12 M22 -0.315 -0.765 -0.138

3 02
1 0.9435 0.0 -0.315 0.0 0.0 0.0

4 22
1 1.1031 -0.145 -0.765 0.0 0.0 0.0

5 41
1 1.1062 0.0 -1.380 0.0 0.0 0.0
n
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has been investigated. This has been done by varying
matrix elements listed in Tables II, III, and IV by 50%. Th
largest change inB(E2;01

1→21
1) was of 0.29% due to the

M21218 matrix element. All the others changes we
;0.05%. The largest change inQ21

1 due to the matrix ele-
ments variations was;10%.

It is a well-known fact that the computed excitation pro
ability is sensitive to the sign of the second order interf
ence termM12M2sM1s arising from the direct excitation o
the first 21

1 level and the excitation through a higher lyin
intermediate 21 states. For 100,102,104Ru, there is one such
prominent 22

1 state, the 21 member of the (02
1 , 22

1 , 41
1)

triplet at about twice the energy of the first 21
1 state. There-

fore, the values ofB(E2;01
1→21

1) andQ21
1 were computed

for both signs of the matrix elements productM12M1sM2s ,
wheres55 for 100Ru ~see Table II!, ands54 for 102,104Ru
~see Tables III and IV!.

The B(E2;01
1→21

1) values obtained in the present wo
include small corrections for the effects of atomic screen
@41# and vacuum polarization@42#. Corrections arising from
the semiclassical approximation have also been taken
account, but no corrections have been made for effect
excitation modes other thanl52. The Q2

1
1 values are

strongly affected by the sign of the productM12M1sM2s ,
whereas that ofB(E2;01

1→21
1) shows essentially no depen

dence on it. The quoted errors have been calculated fro
quadratic combination of statistical uncertainties with err
in spectra fitting, incident energy, scattering angle, and in
adopted values for the matrix elementsMi j (E2).

The results of the analysis are presented in Fig. 2, wh
the ratioRexp/Rcomp(Q50) ~computed in this case for pos
tive interference terms only! has been plotted against th
sensitivity parameter% defined@11# by

Rcomp~Q!5Rcomp~Q50!~11%Q!,

where Rcomp(Q50) is the computed excitation probabilit
for Q50. In the MCE calculation ofRcomp(Q) and
Rcomp(Q50), the values ofB(E2;01

1→21
1) determined in

the present work were used.

III. RESULTS AND DISCUSSION

In Tables V and VI experimental results of other autho
on B(E2;01

1→21
1) and Q2

1
1 for 96,98,100,102,104Ru are also

presented, together with the results of the present work.
weighted average of all experimental results f

TABLE IV. Level energy, spin and parity, and reducedE2 ma-
trix elements~in eb! used in the multiple Coulomb excitation ca
culation for 104Ru.

Level I p Energy 1 2 3 4 5
~MeV!

1 01
1 0.0 0.0 M12 0.0 -0.183 0.0

2 21
1 0.3579 M12 M22 -1.468 -0.914 -0.269

3 41
1 0.8885 0.0 -1.468 0.0 0.0 0.0

4 22
1 0.8930 -0.183 -0.914 0.0 0.0 0.0

5 02
1 0.9880 0.0 -0.269 0.0 0.0 0.0
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B(E2;01
1→21

1) ~present results and results from Refs.@20–
25#! and forQ2

1
1 ~present results and results from Refs.@20–

22,26–29#! are also presented. Only relative values forQ2
1
1

were determined in Ref.@26#. In Table VI the results of Ref
@26# were normalized to the average value ofQ2

1
1 for 102Ru

obtained by combining the result of the present work w
those of Refs.@20,21,27,28#. The renormalized values from
Ref. @26# for Q2

1
1 for 96,98,100,104Ru presented in column 1

of Table VI were included in the calculation of the avera
Q2

1
1 value for those four isotopes. The average values for

isotopes are presented in column 11 of Table VI. In comp
ing the average values of Tables V and VI with those of R

FIG. 2. The ratioRexp/Rcomp(Q50) as a function of the sensi
tivity parameter%, calculated for the positive sign of the interfe
ence termM12M1sM2s ~see text!. The lines are fits to the data usin
the values ofB(E2;01

1→21
1) obtained in the present work.
ll

r-
f.

@19# one should note that in their compilation the authors
Ref. @19# used weighing values that are inversely prop
tional to the quoted uncertainty rather than inversely prop
tional to the square of the quoted uncertainty as adopte
the present work. The reduced transition probabilit
@B(E2;01

1→21
1)# and the static quadrupole moments (Q2

1
1)

values obtained in the present work are in good agreem
with the values of Refs.@20# and @21# which were also de-
termined using the reorientation effect in Coulomb excitat
with uncertainities comparable to those of the present wo

Figure 3 displays the available information o
B(E2;01

1→21
1) ~from the present work and Refs.@20–25#!

for the even ruthenium isotopes with 96<A<104 together
with results of theoretical calculations~Refs. @43–45#!. In
Fig. 4, the experimentalQ2

1
1 values determined for the con

structive interference termM12M1sM2s ~from the present
work and Refs.@20–22,26–29#! are compared with mode
predictions~Refs.@5,43,44#! for the even ruthenium isotope
with mass numbers 96<A<104.

The ruthenium isotopes have been subjected to a var
of theoretical model analysis and in most of these stud
they have been examined within the framework of the int
acting boson model~IBM ! @47# and its extensions. In the
IBM, valence nucleon pairs are treated as bosons, and in

FIG. 3. B(E2;01
1→21

1) experimental values for the even ma
ruthenium isotopes compared to model predictions. The experim
tal data are from the following:~a! Ref. @23#, ~b! Ref. @20#, ~c! Ref.
@22#, ~d! Ref. @24#, ~e! Ref. @25#, ~f! Ref. @21#; the experimental
average values~see text! are shown as a full line. The model pre
dictions are from IBM2~dashed line! Ref. @43#, CQF ~dotted line!
Ref. @45# and VAP formalism~dashed-dotted line! Ref. @44# ~see
text!.
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TABLE V. B(E2;01
1→21

1) values in units ofe2b2 obtained in the present work and from other experiments.

Isotope Signa Present workb Ref. @20# b Ref. @20# c Ref. @21# b Ref. @22# b Ref. @23# b Ref. @24# c Ref. @25# c Average value

96 0.236~7! 0.266~26! 0.26~1! 0.268~32! 0.254~41! 0.246~6!

98 1 0.373~7! 0.389~31! 0.411~35! 0.475~38! 0.378~11!

- 0.372~7! 0.372~7!

100 1 0.493~3! 0.494~6! 0.482~26! 0.520~44! 0.572~40! 0.30~6! 0.493~5!

- 0.493~3! 0.492~6! 0.493~3!

102 1 0.614~4! 0.640~6! 0.651~35! 0.617~5! 0.659~56! 0.733~51! 0.63~10! 0.621~4!

- 0.613~4! 0.640~6! 0.621~12!

104 1 0.809~6! 0.834~7! 0.834~44! 0.819~57! 0.928~65! 1.04~16! 0.820~7!

- 0.805~6! 0.835~7! 0.818~15!

aSign of the interference term̂01
1iME2i22

1&^22
1iME2i21

1&^21
1iME2i01

1&.
bValues obtained from reorientation effect measurements in Coulomb excitation, with detection of inelastically scattered particles
cValues obtained from Coulomb excitation measurements with detection of the emittedg rays.
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original version of IBM~IBM1! no distinction is made be
tween neutron and proton bosons. One of the extension
the IBM is the proton-neutron interacting boson mod
~IBM2! @48# which distinguishes proton and neutron degre
of freedom. Another development of the IBM1 is th
consistent-Q formalism~CQF! @49# based in a simple Hamil
tonian with four parameters which can be determined fr
experimental data. In the CQF Hamiltonian, the quadrup
operator is the same used for the eletromagnetic transiti
There are also theoretical investigations of the even-even
thenium isotopes based on a microscopic study in which
B(E2) transition probabilities and theQ2

1 values are calcu-
lated by carrying out variation after projection~VAP! for-
malism in conjunction with the Hartree-Fock-Bogoliubo
of
l
s

le
s.
u-
e

~HFB! calculations@44#. The Ru isotopes have also bee
studied within the framework of the general collective mod
~GCM! @5# which describes the collective low-energies pro
erties of even-even nuclei in terms of quadrupole surf
vibrations@50#. The eletromagnetic properties of the even R
isotopes have also been analyzed in terms of the boson
pansion description@46#.

In Fig. 3, the experimentalB(E2) values ~from the
present work and from Refs.@20–25#! are compared with
IBM2 predictions~dashed line in Fig. 3! @43#, with the re-
sults of CQF calculations~dotted line! @45#, and with the
values obtained by carrying out VAP calculations~dashed-
dotted line! @44#. Figure 3 shows that theB(E2) values ob-
tained from IBM2@43# and from CQF@45# calculations are
fs.
TABLE VI. Q21
1 values in units ofeb obtained in the present work and from other experiments.

Isotope Signa Present work Ref.@20# Ref. @22# Ref. @21# Ref. @27# Ref. @28# Ref. @29# Ref. @26# b Average value

96 -0.13~9! -0.15~27! -0.24~19! -0.15~8!

98 1 -0.20~9! -0.23~14! -0.21~8!

- -0.01~9! -0.01~9!

100 1 -0.54~7! -0.43~7! -0.40~12! -0.36~8! -0.44~4!

- -0.33~7! -0.20~7! -0.27~7!

102 1 -0.64~5! -0.57~7! -0.68~8! -1.06~40! -0.37~24! -0.63~4! -0.63~4!

- -0.33~4! -0.35~7! -0.99~40! -0.19~24! -0.34~3!

104 1 -0.62~8! -0.70~8! -0.76~19! -0.84~21! -0.63~20! -0.98~7! -0.78~7!

- -0.05~7! -0.35~8! -0.53~21! -0.20~12!

aSign of the interference term̂01
1iME2i22

1&^22
1iME2i21

1&^21
1iME2i01

1&.
bValues from Ref.@26# renormalized to the average value~20.6360.04eb! of Q2

1 for 102Ru calculated with data of present work and Re
@20#, @21#, @27#, and@28#.
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systematically higher than the experimental mean val
~full line in Fig. 3! for 98,100,102,104Ru isotopes. However
B(E2) values obtained from another IBM2 study@51# of the
even ruthenium isotopes are systematically lower than
experimental mean values for982104Ru. An equally good
agreement between the experimental data and theB(E2)
values obtained from both IBM2 calculations is observ
when relative values only are considered. A visual inspec
of this figure also shows that the IBM2~dashed line! calcu-
lations provide a better description of the experimental
sults when compared to the CQF~dotted line! approach. The
B(E2) values calculated in the framework of the IBM
@52,53# are significantly lower~20–70 %! than the experi-
mental mean values. Figure 3 also shows that theB(E2)
values calculated in the VAP formalism are in reasona
good agreement with the experimental results, with val
lower than that resulting from the IBM2 and from the CQ
calculations. The reduced transition probabilities obtain
for 98,100,102,104Ru isotopes from the boson expansi
description @46# @B(E2;21

1→01
1)58.131022 e2b2;

FIG. 4. Q2
1
1 experimental values for even mass ruthenium i

topes for constructive interference term~see text! compared with
model predictions. The experimental data are from the followi
~a! Ref. @26#, ~b! Ref. @20#, ~c! Ref. @22#, ~d! Ref. @21#, ~e! Ref. @28#,
~f! Ref. @27#, ~g! Ref. @29#; the experimental average values~see
text! are shown as a full line. The model predictions are from IBM
~dashed line! Ref. @43#, GCM ~dotted line! Ref. @5# and VAP for-
malism ~dashed-dotted line! Ref. @44# ~see text!.
s

e
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d

10.031022 e2b2; 12.731022 e2b2; 15.731022 e2b2, respec-
tively# are in good agreement with the experimental resu
The tendency of increasingB(E2) values with the neutron
number is reproduced by the various models.

In Fig. 4 the experimental quadrupole moment (Q21
1) val-

ues for the even Ru isotopes are compared with the IB
calculations~dashed line in Fig. 4! @43#, with VAP formal-
ism ~dotted-dashed line! @44# and with GCM predictions
~dotted line! @5# and, in agreement with the experiment
results, theQ21

1 values obtained from the various theoretic
calculations are negative. Figure 4 shows that theQ21

1 val-
ues obtained from the IBM2@43# are smaller than the aver
age of the experimental quadrupole moments~full line in
Fig. 4! for 98,100,102,104Ru isotopes. TheQ21

1 values deter-
mined in another calculation@51# in the framework of the
IBM2 model show a decrease in the absolute value in go
from 100Ru (Q21

1520.46 eb! to 102Ru (Q21
1520.39 eb!.

This result is in disagreement with the experimental data
shows an increase in the magnitude of theQ21

1 values with
the mass number. TheQ21

1 values calculated by employin
the VAP formalism increase with the neutron numb
smoothly than the experimental results and than the o
theoretical model predictions. TheQ21

1 values obtained from
the GCM calculation show a large jump for98Ru which is
not in agreement with the experimental results. TheQ21

1

values obtained from the boson expansion description@46#
are smaller than the average of the experimental results
100,102,104Ru isotopes and is higher than the experimental v
ues for 98Ru.

The Q21
1 values calculated from the rigid axial rotor ex

pressionuQ21
1u50.906uB(E2;01

1→21
1)u1/2, using the aver-

age of the experimentalB(E2) values, are higher than th
experimentalQ21

1 mean values, ranging from20.45 eb for
A596 to 20.82 eb for A5104. The discrepancy betwee
the experimental and the rigid rotor modelQ21

1 values de-
creases with the mass number.

The comparison of the predictions of the various mod
with the experimental results presented in Figs. 3 and
seems to indicate that a better overall agreement is obse
between the experimental values forB(E2) andQ21

1 and the
results obtained with the variation after projection~VAP!
formalism @44# in conjunction with the Hartree-Fock
Bogoliubov ansatz in the mass region investigated in
present work (A596–104!. An extension of such a compar
son to the neutron-rich isotopes (A5108–114! where a large
body of experimental data is now available would be use
in explaining the phenomena presented by nuclei in this m
region.

ACKNOWLEDGMENTS

We would like to acknowledge the help of the membe
of LIP-IFUSP. This work was partially supported by Fina
ciadora de Estudos e Projetos~Finep!, Conselho Nacional de
Desenvolvimento Cientı´fico e Tecnolo´gico ~CNPq!, and
Fundac¸ão de Amparo a` Pesquisa do Estado de Sa˜o Paulo
~Fapesp!.

-

:



i-

.
K
.
A
J.
r-
.

R
B.
. E
dy

.
L

n-

, H
.
P.

-

re
J

.
,

r.,

h

h

T.

, I.

in
.

s.

ky,

O.

O.

.
gi,

h,

h,

.

K.

.

M.

tt.

r-

ys.

,

82 57J. H. HIRATA et al.
@1# R. F. Casten and D. D. Warner, Rev. Mod. Phys.60, 389
~1988!.

@2# A. Frank, P. Van Isacker, and D. D. Warner, Phys. Lett. B197,
474 ~1987!.

@3# A. Frank, Phys. Rev. Lett.60, 2099~1988!.
@4# A. Frank, Phys. Rev. C39, 652 ~1989!.
@5# D. Troltenier, J. A. Maruhm, W. Greiner, V. Velazquez Agu

lar, P. O. Hess, and J. H. Hamilton, Z. Phys. A338, 261
~1991!.

@6# Q. H. Lu, K. Butler-Moore, S. J. Zhu, J. H. Hamilton, A. V
Ramayya, V. E. Oberacker, W. C. Ma, B. R. S. Babu, J.
Deng, J. Kormicki, J. D. Cole, R. Aryaeinejad, Y. X
Dardenne, M. Drigert, L. K. Peker, J. O. Rasmussen, M.
Stoyer, S. Y. Chu, K. E. Gregorich, I. Y. Lee, M. F. Mohar,
M. Nitschke, N. R. Johnson, F. K. McGowan, G. M. Te
Akopian, Yu. Ts. Oganessian, and J. B. Gupta, Phys. Rev
52, 1348~1995!.

@7# K. Butler-Moore, R. Aryaeinejad, J. D. Cole, Y. Dardenne,
G. Greenwood, J. H. Hamilton, A. V. Ramayya, W. C. Ma,
R. S. Babu, J. O. Rasmussen, M. A. Stoyer, S. Y. Chu, K
Gregorich, M. Mohar, S. Asztalus, S. G. Prussin, K. J. Moo
R. W. Lougheed, and J. F. Wild, Phys. Rev. C52, 1339
~1995!.

@8# J. A. Shannon, W. R. Phillips, J. L. Durell, B. J. Varley, W
Urban, C. J. Pearson, I. Ahmad, C. J. Lister, L. R. Morss, K.
Nash, C. W. Williams, N. Schulz, E. Lubkiewicz, and M. Be
taleb, Phys. Lett. B336, 136 ~1994!.
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