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Measurements of the Coulomb excitation probability of the first 2+ state of **Ba were carried out
using back-scattered ions of *He and 0. The static quadrupole moment Q ,+ and the reduced tran-

sition probability B(E2;0%*—2%) have been determined using the reorientation effect. It is found
that Q, , =+0.01+0.05 e b (4-0.25+0.05 e b) for the positive (negative) sign of the 2*" interference

term, and B(E2;0T—2%)=0.399+0.003 e2b%

I. INTRODUCTION

The barium nuclei (Z =56) belong to a mass region be-
tween harmonic vibrator nuclei and those with a rotator
character. The energy level spectra for low excitations of
the even isotopes with 130 < 4 <136 can be characterized
by means of anharmonic vibrators. On the other hand,
the spectrum of *®Ba cannot be ascribed to either pure vi-
brations or rotations. The electromagnetic properties of
these nuclei, which are essential for the understanding of
their structure, have been the subjéect of a number of stud-
ies.!~!1 Nevertheless, the experimental information on
the quadrupole moments of the first 2+ excited states
(Q,+ ), one of the important sources of information for as-

sessing nuclear model calculations, is still conflicting.?~®

Several theoretical attempts'>~?° have been made to
describe the barium nuclear structure. These include mi-
croscopic descriptions which consider either anharmonic
effects in spherical nuclei'>!? or axially symmetric'* or
triaxial'® intrinsic states, using the technique of angular
momentum projected quasiboson states. Some of these
models make the unusual prediction of an oblate shape for
the barium isotopes. These nuclei have also been treated
by collective models in terms of shape variables, either
with well-defined nonaxial equilibrium deformation,!6—!%
or as soft nuclei.”~?2 Recently, the interacting boson ap-
proximation’*?* has been applied to this mass region.
The isotope A=136 (N=80) has also been studied by the
unified semimicroscopic model considering the coupling
between two neutron holes and a quadrupole core.?’

While most of these different descriptions have suc-
ceeded in reproducing the general features of the energy
spectra of the barium isotopes, they suggest different
trends for Q,, with the mass number 4. This fact points
to the need for accurate experimental measurements of the
electromagnetic properties, in order to discriminate
among the existing calculations.

We present here an accurate determination of
B(E2;0*—2%) and Q,, for *°Ba, using the reorienta-
tion effect.”® Enough data were collected to allow for a
careful check in the internal consistency of the analysis,
which is essential for this kind of experiment. We also
present a comparison of the available experimental infor-
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mation of B(E2;0*—2%) and Q,, values for various
barium isotopes with model predictions.

II. EXPERIMENTAL PROCEDURE

The experimental methods and procedures were essen-
tially the same as those described in Ref. 27. Targets of
136Ba were bombarded with “He and 'O ions from the
tandem electrostatic accelerator at the University of Sao
Paulo. The targets consisted of thin layers (~8 pg/cm?
thick for 1°0 and ~ 15 ug/cm? thick for “He) of metal or
Ba(NO;), enriched with the isotope of mass 136 (92.9%)
evaporated onto ~ 10 ug/cm? carbon backings. The scat-
tered ions were detected by surface barrier detectors of
100 pm thickness at various angles. At the most back-
ward scattering angle (0,,,~174°), ions were recorded in
an 8 mm diameter annular detector. Standard techniques
were employed in order to obtain very good resolution and
to reduce the background in the spectra.

Typical spectra are shown in Fig. 1. The resolution
(FWHM) obtained was about 30—40 keV for *“He and
140—160 keV for %O projectiles. The '®O spectra have
ratios greater than 10:1 between the inelastic peak height
and the valley between peaks. The procedures used for
unfolding the elastic and inelastic groups, and for deter-
mining the excitation probability of the first 2+ state

[Rexp=(do/d 0)12;,/ (do/d Q)ﬁ:b], were essentially those
described elsewhere.?”?8

Table I presents the experimental excitation probabili-
ties and their uncertainties. The statistical plus fitting un-
certainties in R.,, are, for most of the data, of the order
of 1-2%

The validity of the adopted analysis is based on the as-
sumption that the contribution to the 27 intensities from
sources other than pure Coulomb excitation (i.e., nuclear
reactions) are negligible. The data considered in the
present analysis (Table I) correspond to bombarding ener-
gies below the “safe values”: 46.4 MeV for the 1°0 beam
and 11.5 MeV for incident alpha particles. The “safe en-
ergy” domains were obtained using the criterion that half
the distance of the closest approach in a head-on collision
must be greater than or equal to the sum of the two nuclei
radii [1.25(417 +437%] plus 6 fermis. This requirement
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FIG. 1. Spectra of “He ions (a) and '°O ions (b) back-scattered from '*Ba. The lines passing through the experimental points
represent the fits to the spectra from which the contributions of scattering from contaminants were subtracted.

was fulfilled for the cases where experiments have been
performed.

The Q,, and B(E2;0*—2%) values were determined
from a comparison of the experimental ratios R, with
the results of a semiclassical coupled-channel calculation
for multiple Coulomb excitation (MCE),?’ in which the
electric quadrupole matrix elements M, =[B(E2;0%
—2%)]"? and M =1.319Q,, were treated as free pa-
rameters. The coupling between the first four levels in
136Ba was considered in this analysis. Their excitation en-
ergies, J" values, and associated electric quadrupole ma-
trix elements (M;;=(I;||M(E2)||I;)) are given in Table
II.

In cases where measured B(E2) values were lacking,
explicit values for M;; were calculated from the available
experimental information [B(E2;2%' —0%1)/B(E2;2%'
—2%)=0.029+0.006 (Ref. 30) and B(E2;0t—27)
=0.418+0.011 (Ref. 3)] with the help of predictions by
the asymmetric rotor model of Davydov et al.'>?° This
model has been chosen since it reproduces fairly well the

energy spectra of several transitional nuclei and since its
predictions for the electromagnetic properties of **Ba are
in good agreement with the experimental results.® The
electric quadrupole matrix elements have been calculated
with the help of the branching ratios listed in Ref. 20.
The adiabaticity parameter 1 =0.5 and the asymmetry pa-
rameter ¥ =27° which better reproduce both the 3*Ba and
136Ba energy spectra have been adopted.

The parameters adopted by Kerns and Saladin® had the
values u=0.5 and y=26.5°. The E2 matrix elements
considered in their analysis differ from those listed in
Table II by less than 7%. ’

The dependence of the B(E2;0* —2%) and Q,, deter-

mined values on the matrix elements M;;(E2) used in the
MCE calculation has been investigated. This has been
done by setting M3, equal to zero and varying all the oth-
er matrix elements listed in Table II by 40%. These vari-
ations reflect the degree of agreement of the model predic-
tions with the experimental M,;(E2) values® for '3*Ba.
The largest observed change in B(E2;0"—2%) was of
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TABLE 1. Experimental excitation probabilities (R.x,) and
the corresponding errors.

Epp O Ry Errors
Projectile (MeV) (deg) (1073 (%)
“He 9.98 173.4 1.59 1.1
130.0 1.28 3.4
110.0 1.03 3.1
10.48 173.4 2.16 0.6
110.0 1.38 1.9
10.73 173.4 2.48 1.4
150.0 221 2.0
120.0 1.77 1.5
10.98 1734 2.80 1.2
120.0 2.05 1.3
150 41.95 174.3 25.0 0.9
130.0 21.0 3.7
110.0 18.3 3.2
42.43 174.3 26.4 1.1
130.0 23.1 43
110.0 18.5 3.9
42.92 174.3 27.3 1.4
43.47 173.4 30.6 1.3
43.97 173.4 33.6 1.1
44.43 173.4 34.9 0.8

0.08% due to the M3 matrix element. The Q,, value

was affected mainly by the M3 and M,; matrix elements.
The systematic uncertainty in Q,, related to the matrix
elements errors is estimated to be £0.01 eb.

It is well known that the computed excitation probabili-
ties are sensitive to the sign of the interference term
M ,M,, M arising from the direct excitation of the first
2% level and the excitation through a higher lying inter-
mediate 2%+ state s. Therefore, the values of
B(E2;0*—2%) and Q,, were computed for both signs of
the matrix elements product P;=M 1, M3 M,;.

Table III lists the B(E2;0*—27%) and Q,, values and
their respective errors. The tabulated results include small
corrections for effects of atomic screening®' and vacuum
polarization.?> Corrections arising from the semiclassical
approximation have also been taken into account, but no
corrections have been made for the effects of excitation

modes other than A=2. The Q,, values are strongly af-

fected by the sign of the product P;, whereas that of
B(E2;0"—2%) shows no dependence on it. The quoted
errors have been calculated from a quadratic combination
of statistical uncertainties with errors in spectrum fitting,
incident energy, scattering angle, and in the adopted
values for the matrix elements M;;(E2).

The results of the analysis are presented in a graphical
form in Fig. 2, where the ratio Rey,/Rcomp(Q=0) has
been plotted against the sensitivity parameter p defined®®
by

Rcomp(Q)=Rcomp(Q =0)(1+pQ) .

In this expression, Rcomp(Q =0) is the computed exci-
tation probability for the static quadrupole moment Q
equal to zero. In the MCE calculation of R ,,,(Q) and
Reomp(Q =0), the value of the B(E2;0%—27) deter-
mined in the present work was used.

The full lines in Fig. 2 are the best fits to the present
data (closed circles), and the dashed line is the best fit to
Pittsburgh’s data® (open triangles). The experimental
points of the present experiment for p <0.06 correspond
to back-scattered “He ions. The Pittsburgh datum for
p~0.06 was obtained with !0 ions scattered at a forward
angle of 60.6° with the beam direction. The differences
between the results of both experiments will be discussed
in Sec. III.

III. RESULTS AND DISCUSSION

Table III presents the available experimental
B(E2;0*—2%) and Q,, for "Ba. The results of the
present work correspond to a value of B(E2;0t—2%)
which is smaller than the previous ones and has greater
precision.

The values for @, listed in Table III indicate different
shapes for the nucleus [slightly prolate’ or oblate* or
quasispherical (present work) for P;>0]. Nevertheless,
we cannot consider them as being in complete disagree-
ment since they lie within the standard deviations. The
error of Q,, estimated in this work is 0.05 eb. The
weighted average of the experimental results yields for the
quadrupole moment a value of (Q,,)=—0.002
+0.067 eb and (Q,, )= + 0.23+0.06 e b for the positive
and negative sign of the interference term, respectively.

In order to try to understand the difference between our
results and those of Ref. 3 we refer to Fig. 2, where the
two measurements are compared in a plot of

TABLE II. Energy levels and matrix elements (M;;) of the E2 operator (in e b) used in the multiple

Coulomb excitation calculations (see the text).

Excitation
‘energy
Level JT (MeV) 2 3 4
1 ot 0 M, 0.128 0
2 2+ 0.818 M, M,, 0.751 0.903
3 2+ 1.551 0.128 0.751 0 0.132
4 4+ 1.867 0.903 0.132 0
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TABLE III. The B(E2;0*—2%) and Q,, experimental values of 136Bg,

Sign of
B(E2;0T—2%) Q,+ interference
(e%?) (eb) term® Ref.
0.399+0.003 + 0.01+0.05 + present work
0.399+0.003 + 0.25+0.5 — present work
0.418+0.011 —0.19+£0.17 + Ref. 3
0.417+0.012 + 0.02+0.18 — Ref. 3
0.50 +0.07 + 0.431+0.52 + Ref. 4
0.53 +0.16 Ref. 1

3Sign of the matrix elements product P3; =M ;M 3M3.

R exp/ R comp(Q =0) versus the sensitivity parameter p.
While the two 'O measurements at the backward
scattering angles (p>0.17) are in good agreement, the
Pittsburgh forward angle '°0O datum® (triangle with
p~0.06) exhibits an excitation probability which is about
5% larger than the *He measurements at backward angles
(closed circles with p <0.06) of the present work. The
difference in Ry, for small p data seems to be the reason
why the Pittsburgh value for B(E2) is larger than ours.
Also, the slope of the straight line which best fits their
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data (open triangles) and their Q,, result depend strongly

on only one excitation probability for small p, as shown
by the dashed line in Fig. 2. An error in this datum could
drastically change their B(E2) and Q,, values, whereas

the reliability of our results is ensured by the existence of
many experimental data (ten points) with p <0.06. The
reason for the large difference between our results and
those reported by Towsley et al.* has not been deter-
mined.

Figure 3 displays the available experimental informa-
tion on B(E2;0" —2%) (the present work and Refs. 1, 3,
4, 6, 33, and 34) for the even barium isotopes with
130 < 4 < 138 together with the results of some theoretical
calculations (Refs. 14, 16, and 23). The various models
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FIG. 2. The ratio Rep/Reomp(Q =0) as a function of the
sensitivity parameter p, calculated for both signs of the interfer-
ence term P3;= M ,M,; M; (see the text). The full lines are the
best fits to our data (closed circles) and the dashed line is the fit

to the Pittsburgh data (triangles, Ref. 3) using the
B(E2;0"—27) value from the present work (see Table III).
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FIG. 3. B(E2;0*—2%) experimental values for the even
barium isotopes compared to some model predictions. The ex-
perimental data are from the following: (a) the present work, (b)
Ref. 4, (c) Ref. 1, (d) Ref. 3, (e) Ref. 6, (f) Ref. 34, and (g) Ref.
33. The dashed line represents the results of an angular momen-
tum projected quasiboson calculation including axially sym-
metric intrinsic states (Ref. 14). The dotted line is from a collec-
tive model where the barium isotopes are treated as having non-
axial equilibrium deformation (Ref. 16). The ‘“dashed-dotted”
line is an interacting boson approximation calculation (Ref. 23).



1676
[ [ | [ |
136
Ba
+10 |— —
S ol
B
o
o(b) w(e)
(c) wm(f)
N I R R
130 132 134 136 138
A

FIG. 4. Q,, experimental values determined for constructive

interference (P;>0) compared with some model predictions.
The experimental data are from the following: (a) the present
work, (b) Ref. 4, (c) Ref. 5, (d) Ref. 3, (¢) Ref. 6, and (f) Ref. 2.
The full line represents the rigid rotor model values. The dotted
line is the prediction of a collective model which uses nonaxial
equilibrium deformation (Ref. 16). The dashed line represents
an angular momentum projected quasiboson state calculation
for axially symmetric intrinsic states (Ref. 14). The ‘“dashed-
three dotted” line is from a microscopic model which takes in
account the anharmonic effects in spherical nuclei (Ref. 13).
The “dashed-one dotted” line is an interacting boson approxi-
mation result (Ref. 23).
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reproduce the tendency of decreasing B(E2;0t—27%)
values as the neutron number increases towards the magic
neutron number N =82

In Fig. 4, the experimental values determined for the
constructive interference (P3;>0) (the present work and
Refs. 2—6) are compared with some model predictions re-
cently applied to the even barium isotopes with mass
number 130 < 4 < 138 (Refs. 13, 14, 16, and 23). This fig-
ure shows the marked discrepancy among the various ex-
periments, most of them with large errors. The relevant
difference between the theoretical predictions is the ex-
istence or nonexistence of shape transition(s) in the mass
region considered. The Q,, determined in the present

work for isotope 136 would favor the models which indi-
cate a slightly oblate shape for such a nucleus. While the
plotted Q,, value (P;>0) from the present work is near-
ly zero, the Q,, determined for the negative interference
term (P; <0) has a moderate positive value (see Table III).
However, in order to make any meaningful statement on
which model provides the best description for the nuclear
structure of the even barium isotopes, accurate experimen-
tal Q,, values are still badly needed.
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