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Quadrupole moments of the first excited states of Ru, Ru, Ru,
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The static quadrupole moments of the first 2+ excited states of "' " ' " 'Ru were measured employing the
reorientation effect in Coulomb excitation. For constructive interference via the second 2+ excited states the
determined quadrupole moments are ( —0.13+0.09) eb for "Ru, ( —0.20+0.09) eb for 'Ru,

( —0.43+0.07) eb for ' Ru, ( —0.57+0.07) eb for ' 'Ru, and ( —0.70+0.08) eb for ' 'Ru. These Q, +

represent, respectively, 29%, 36%, 67%, 78%, and 84% of the rotational value.

NUCLEAH HEAGTIQNS x, os, ioo, i02, &04Hu(e n'), E= 8.5—9.5 MeV
Hu(' Q 0') ( 6Q, Q'y), E=36—44.8 MeV; measured (T(E, 8),

deduced Q2+, B(EA, ), B(M1), J, m, T&~2. Enriched targets.

I. INTRODUCTION

As has been pointed out by several theoretical
studies, ' the neutron-rich nuclei in the mass re-
gion A around 100 may belong to a new region of
deformation. Indeed many experimental studies
have clearly shown that deformations occur in the
neutron-rich Zr, Mo, and Ru nuclides. " How-
ever, according to some theoretical calculations '
these nuclei, in contrast to those belonging to the
rare-earth and actinide regions, are softer on
both beta and gamma deformations. The softness
in the gamma direction usually brings about such
effective rotation-vibration interactions that pure
rotational bands cannot occur. Thus, these nuclei
should be always characterized by a more or less
marked destruction of the rotational structure. Ex-
perimental studies of fission product decay '"
seem to confirm this feature in the neutron-rich
Ru nuclei and, less markedly, also in the moly-
bdenum ones. For instance, the value of the E,, /
E2. ratio increases monotonically from Mo
(N=56) (E4, /E2, =1.92) to 'o~Mo (N=64)
(E4, /E2, ——3.04}, whereas the same ratio increases
more slowly in the Ru isotopes reaching a constant
value of 2.75 in ' Ru (N =64) up to "2Ru (N =68).
Thus, it would appear that the deformation charac-
teristics of the neutron-rich Ru nuclei taper off
more rapidly than in the neighboring Mo nuclei.
This trend is somewhat unexpected since in the
vicinity of the N =50 closed shell the Ru nuclides
display, apparently, a more pronounced collective
nature than the corresponding Mo isotopes. '

A promising and direct way of exploring the de-
formation properties of nuclei is to measure the
static quadrupole moments of their first 2' excited
states. '5 This is easily realized for the Ru nuclei
since several stable even-A isotopes are available
over a large and important nuclear region (from

N = 54 to N = 62). The present report can be con-
sidered as a part of a systematic study of the elec-
tromagnetic properties of nuclei around the region
A =100 (Refs. 16-19) and it should be related par-
ticularly to a similar investigation performed on
the even-A Mo nuclei. "

II. EXPERIMENTAL PROCEDURES AND RESULTS

The present experiment consists of two parts:
gamma spectroscopy (or multiple Coulomb excita-
tion measurements) carried out by the thick-target
y-ray yield method employing 44.8 MeV GO ions,
and particle spectroscopy performed with a and
0 beams. Only a brief description of the experi-

mental and data reduction procedures will be given
here since these techniques have been already de-
scribed in detail elsewhere. '

A. Gamma spectroscopy

To derive the static quadrupole moment of the
first 2' excited state of even nuclei one has to in-
sert in the appropriate program (see below) the
reduced matrix elements M„, of the quadrupole op-
erator. These matrix elements are obtained from
B(E2}values which are usually determined by Cou-
lomb excitation measurements.

' 0 ions (44.8 MeV) from the University of Mon-
treal tandem Van de Graaff accelerator were used
to bombard targets of ~ '9 ' ' ' Ru whose iso-
topic enrichment is given in Table I. The targets
were evaporated onto a thick tantalum backing and
ranged in thickness from 30 to 50 mg/cm . The
thick-target y-ray yields were measured position-
ing the target at 45 with respect to the incident
beam and with a 90 cm Ge(Li) detector having a
2.2 keV resolution at 1.33 MeV. The detector was
located at 10 or 15 cm from the target depending
on the yield of the experiment and at 55'with re-
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T~LK I. Isotope composition of targets in percent. All material was obtained from Oak Ridge Separated Isotopes
Divisions.

Target 96 99
Isotopes

100 101 102 104

96
98

100
102
104

98.07 (0.1)
0.56

&0.05
0.02 (0.01)
0.02 (0.01)

0.12(0.03)
89.34
&0.05
0.01(0.01)
0.01(0.01)

0.39(0.03)
3.61
0.54(0.05)
0.07 (0.01)
0.06 (0.01)

0.30(0.03)
1.70

97.24 (0.1)
0.09(0.01)
o.o7(o.o1)

o.32(o.o3)
1.71
1.20 (0.05)
0.24 (0.01)
0.13(0.01)

o.49(o.o3)
2.17
0.83(0.05)

99.35(0.03)
o.34(o.o1)

0.30(0.03)
0.90
0.19(0.05)
0.22 (0.01)
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FIG. 1. Level schemes of +'~ +' '+Ru as deduced
from the present Coulomb excitation measurements.
The energy and intensity values of the transitions in
these nuclei have been measured in this work. The 2'
-0' transitions have an error of +0.1 keV whereas the

energy of the other y rays are determined with a pre-
cision between +0.2 and +0.5 keV.

spect to the incoming beam. The y rays which are
attributed to the even-A Ru nuclei are presented in
the level schemes of Fig. 1.

From the measured y-ray yields the reduced
transition probabilities were calculated by means
of the first- and second-order time dependent per-
turbation theory of Alder et al.2' The stopping

power values were taken from the table of North-
cliffe and Schilling. The results of these mea-
surements are summarized in Table II where the
data obtained in a previous work performed with
the same techniques are also shown for compari-
SOll.

Lederer et al. in their in-beam y-ray spectro-
scopy experiment proposed a second 2' level in

Ru at 1477 keV de-exciting to the 833 keV first
excited state and to the ground state via the 644
and 1477 keV transitions. This state does not ap-
pear to be excited in the present study, casting
some doubt on its existence, since if the B(E2;
2' -2')/B(E2; 2'-0') had a value as large as (or
even lower} that of the equivalent ratios in the oth-
er Ru nuclei, the 2' -2' 644 keV photopeak should
show very clearly in the singles excitation spectra.
The existence of the 1477 keV level, also, was not
confirmed in a recent investigation on the decay
properties of the Rh '~ isomeric pair. y rays
of 644 and 1478 keV were detected in that study.
These transitions, however, could be placed else-
where in the Ru decay scheme via coincidence
measurements.

A weak 1099 keV y ray was detected in the Ru
Coulomb excitation spectra. This photopeak was
not observed in the spectra of the other even-A Ru
isotopes so that it can be assigned to Ru. An

equivalent transition de-exciting a level at 1931
keV in Ru was found by Guj rathi et al. in the de-
cay of Rh . Those authors inferred a spin of 2
or 3' for the 1931 keV level. Since this levelseems
to be excited in the present Coulomb excitation ex-
periments, we assign 2' to this state and conse-
quently calculate its B(E2; 2' -2') value (see Ta-
ble II}[the faint possibility of a 0' assignment to
the 1931 keV level is discarded since it would give
an unrealistic B(E2}value to the 1099 keV transi-
tion].

From an inspection of the results shown in Table
II it can be observed that the phonon-model pre-
diction, 5' 6 i.e. , B(E2; 4-2')/B(E2; 2'-0')
=2.0 for J=4', 2', and 0', is far from being sat-
isfied in the Ru nuclei. Generally the B(E2;
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4'-2')/B(E2; 2'-0') agree better with the value
of 1.4 given by the rigid triaxial rotor model. On
the other hand, only in Ru and SRu the B(E2;
2' -2')/B(E2; 2'-0') are in fair agreement with
the phonon-model, whereas in ' Ru, ' Ru, and

Ru this ratio is approximately equal to 1. In
these latter nuclei, also, the B(E2; 0' -2')/B(E2;
2'-0'} are considerably smaller than the theoret-
ical ratio. Furthermore, they decrease rapidly
with the increase of the neutron number.

3 states have been Coulomb excited in three of
the five studied isotopes. In ' Ru the decay pat-
tern of the 3 level at 1970 keV agrees'very well
with that previously evinced. ' These states
clearly show collective features and our data are
in excellent agreement with those found in (d, d')
(' ' Ru) and (n, n') (' Ru) experiments. ' It
should be remarked, however, that the 3 levels
in the Ru nuclei are markedly less collective than
the corresponding states of the Mo nuclei. "

B. Particle spectroscopy

I05 =

IO
4

lO

X
3„ IO

U.
O
K I

IU
CO

IO

IO I

IOO

RU t 0 0') RLI

37. I MeV
0

8 = l72.5'

2'

I

l400

(a)

98 99 100 101 102 104
I I

I I I I I I

1500 I600

CHANNELBeams of n and "O particles were used for the
inelastic scattering measurements. The various
Ru targets were prepared by evaporation in va-
cuum of the enriched isotopic material (see Table
I) on 10 or 20-pg/cm —thick carbon backings.
Target thickness ranged from 3 to 30 p, g/cm . The
Coulomb excitation probabilities for both projec-
tiles were determined by direct measurements of
elastic and inelastic yields observed in four sur-
face-barrier detectors placed at scattering angles
of +157.5' and +172.5'. The spectra were obtained
at bombarding energies ranging from 8 to 9.5 MeV
for He and from 36.0 to 37.2 MeV for ' O. The
energy resolution was approximately 30 keV for
the alpha particles and varied from 100 to 130 keY
for the O ions depending on the target thickness
and scattering angle. Typical alpha and 60 spec-
tra are shown in Fig. 2 ("Ru} and Fig. 3 ('"Ru).
The ratios R,~=day, /do, were extracted from
the data after the contributions from the isotopic
impurities were subtracted from the spectra (see
Table I}. Particular care was also taken to detect
possible target contaminants which at the bom-
barding energies used could produce elastic peaks
underneath the Ru isotope inelastic peaks. These
contaminants are isotopes with masses from
A =54 to A = 76 for the 0. data, and Mo and Zr for
the ' 0 data. To this end the various ruthenium
thin targets were bombarded with 1.6 and 3 MeV
proton beams and their elemental analysis was
carried out by PIXE methods and techniques de-
veloped in this laboratory. 3 ~ It was found that
all the Ru targets were free of the contaminants
which could have affected the '~O data. However,
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FIG. 2. (a) The 0 (37.1 MeV) spectrum from +Ru at
a scattering angle 8htb=172. 5 . (b) The 0f (9.4 MeV)
spectrum of ~u at a scattering angle 8I,b =172.5'.98

relatively large amounts of Zn, Cu, Fe, and Ni
were detected in aQ targets. The presence of these
elements did not hamper the analysis of the o
spectra of Ru, ' Ru, and ~ Ru, but it affected
the data of Ru and Ru which could be analyzed
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FIG. 3. (a) The 0 (36.0 MeV) spectrum from ' Ru at a scattering angle 8I b =172.5 . (b) The e (8.5 MeV) spectrum
of Ru at a scattering angle 81,b =172.5 .

only at some angles by a suitable choice of the e
beam energy. Table III summarizes the R,~ val-
ues of all Ru nuclei. Finally the Q, .and B(E2;
0'-2') values were assessed by the appropriate
program employing the reduced matrix elements
M„calculated from the B(E2) values given in Ta-
ble II. The energy levels included in the analysis
are those shown in Fig. 1 with the exception of the
3 states. The final results are summarized in

Table IV. In this table the values of the static
quadrupole moments measured by other groups
with a variety of methods are also presented for
comparison.

III ~ DISCUSSION

Only the Q2, values obtained from the construc-
tive interference term via the second 2' excited
states (P3 & 0 in our notation) will be considered

TABLE III. Values of the experimental and least-square-fitted ratios.

Isotope
Beam energy

(Mev)
Lab angle

(deg. ) R~~ x 103 b
Rf, t x 103

96

98

100

102

104

9.4 ( He)
37 1 (60)

8.5 (4He)

9.5 (4He)

36.0 (~60)

8.0 (4He)

8.5 (4He)

360 ('O)

9.0 (4He)

37.2 ('O)

8.5 (4He)

36.0 ( 60)

172.5
157.5
172.5
172,5
172.5
157.5
172.5
157.5
172.5
157.5
172.5
157.5
172.5
157.5
172.5
157.5
172.5
157.5
172.5
157.5
172.5

(0.84)
~ (1.55)

(1.57)
+ (1.33)

(1.40)
(1.70)
(2.22)

+ (1.10)
(1.08)
(2.30)
(1.88)
(0.92)

+ (1.01)
(1.17)

+ (1.07)
~ (1.25)
+ (1.29)

(0.94)
+ (0.98)
+ (1.65)

(1.69)

2.330
20.60
20.95
3.388
5.734

42.75
44.20
4.076
4.364
5.604
5.986

72.50
75.00
10.96
11.50

127.70
129.25
14.38
14.91

187.65
192.75

2.331
20.55
20.98
3.319
5.980

42.82
43.95
4.161
4.319
5.656
5.884

72.71
74.87
10.99
11.49

126.40
130.60
14.31
15.01

186.70
193.70

The experimental errors for R,~ are statistical only and are quoted in percent.
The fitted ratios are those obtained for a positive value of P3= Mp2 M2g M02.
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T~LE p7. Summary of the results for the B(E2:0' 2') and Q2+ values obtained from the present study and from
other experiments.

B(E2:0' 2+)

(e2b2)

Isotope P3 Present work Present work Ref. 36
@2+ (eb)

Ref. 37 Ref. 38 Ref. 39

96

98

100

102

104

0.236 + 0.007

0.373+ 0.007
0.372+ 0.007
0.494 + 0.006
0.492 + 0.006
0.640 + 0.006
0.640 + 0.006
0.834 + 0.007
0.835 + 0.007

-0.20
-0.01
-0.43
-0.20
-0.57
-0.35
-0.70
-0.35

+ 0.09
+ 0.09
+ 0.07
+ 0.07
~ 0.07
+ 0.07
+ 0.08
+ 0.08

-0.13 + 0.09 -0.08 + 0.19
[-0.19 + 0.19]
-0.03 + 0.14
[-0.17 ~ 0.14]
-0.13 + 0.07
[-0.30 + 0.07]
-0.38 (assumed)
[-0.57 (assumed)]
-0.66 + 0.05
[-0.89 ~ 0.05]

-0.37 + 0.24

-0.84 + 0.21 -0.63 + 0.20

-0.68 + 0.08

The values of Q2+ in brackets are those of Naynard et al. 6 renormalized to the Q2+ of Ru found in the present
work.

here since these values are strongly favored from
experimental and theoretical considerations. ' ' '
A close examination of the results shown in Table
IV shows us the following two points: (i) a prolate
deformation is favored for the Ru nuclei, (ii) there
is an increase in deformation with an increase
of the neutron number. These two features are
common to all doubly even isotopes around N =50
(with the exception of the Cd nuclei which do not
show evidence of significant variations in Q2, and

Q2,/Q, . with mass number ') and are in agree-
ment with the calculations of Tanaka and Tomoda, '
Faessler et al. , and Bucurescu et al. Another
theoretical approach predicts the same increase
in deformation' but favors an oblate shape which
is certainly not the case in point. Very recently
Koo and Tassie carried out a model independent
energy weighted sum rule calculation to determine
the Q2, for a large number of even-A isotopes. For
the Ru nuclei the agreement with our experimental
results is good even though the Q2, of Ru and Ru
seem slightly overemphasized in the theoretical
calculation. Furthermore, our data do not indi-
cate the interruption of the regular increase of Q2,
in ' Ru shown in the calculation of Koo and Tas-
sie.

A number of nuclear models have been invoked
to explain the structure properties of the even-A
Ru nuclei as the rigid triaxial rotor model of

Davydov and Filippov, the generalized triaxial
rotor which includes P vibrations, ' the inter-
acting boson approximation of Arima and Iachello, '
and the generalized collective model of Gneuss
and Greiner. 3 For ' Ru, ' Ru, and ' Ru the ex-
perimental data seem to agree better with the pre-
dictions of the asymmetric rotor model. "'"'"
The experimental data on Ru and Ru are still
too scanty to have a firm comparison with theoret-
ical predictions. It can be observed, however,
that also in these two latter nuclei the B(E2;
4'-2')/B(E2; 2'-0') value is in agreement with
the triaxial rotor model expectation. Thus, it
would appear that the Ru nuclei show a triaxial
deformation even near the neutron closed shell
N=50. This is in contrast to the even-A Mo iso-
topes whose features seem to be more classically
"vibrational" at least up to ' Mo. ' '" Triaxial de-
formations for the Ru nuclei are, however, pre-
dicted also theoretically. "

As a conclusion, this work as well as other ex-
perimental studies show that the onset of deforma-
tion is not a clearcut feature at A -100 since the
isotopic chains in this region behave much less
uniformly than in the traditional deformed regions
as at N=90.

This work was supported by the National Re-
search Council of Canada.
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