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Inelastic proton scattering has been used to measure the do/dQ and 4, angular distributions for
several low-lying collective states in °*1*Pt using 647 MeV polarized protons with special emphasis on
the excitation of the 4% states below 2 MeV. The data have been analyzed in the framework of the
coupled-channels scheme using the program ECIS. Large E4 transition strengths to the 4% states in both
nuclei are found in sharp contrast with the predictions of the interacting boson model with only s
(L =0) and d (L =2) bosons. It is found that although the E2 properties of these nuclei are consistent
with the interacting boson model (sd) predictions, higher degrees of freedom, e.g., g (L =4) bosons, need
to be invoked in order to get a reasonable agreement with the measured E4 properties.

I. INTRODUCTION

Platinum isotopes belong to a very interesting but com-
plex region of the periodic table known as the transition
region. These nuclei are characterized by shape changes
between spherical and deformed. The transition region
can be grouped into two parts: the light transitional nu-
clei; e.g., Nd, Sm, and Gd undergo a rather sudden
change in shape from spherical to prolate axially sym-
metric deformed with the deformation setting in around
N ~90. The heavy transitional nuclei (W, Os, Pt, and
Hg), in contrast, exhibit a gradual change from a prolate
shape [static quadrupole moment, Q (2;7) <0] for the Os
isotopes [1-3] to an oblate shape [Q(2;)>0] for the Pt
isotopes [4-8]. The prolate-oblate transition sets in
around A ~192. Because of the complex and diverse na-
ture of these transitions, simple rotational and/or vibra-
tional models have proven to be inadequate for these nu-
clei. Various models have been used to study these nuclei
in the past, e.g., the rigid asymmetric rotor model (ARM)
[9,10], rotation-vibration models (RVM’s) with sym-
metric [11] and asymmetric [12] shape, and the y-
unstable model [13]. Extensions of these models have
also been invoked, such as the ARM with a variable mo-
ment of inertia [14] and a 8, deformation [15], and the
generalized collective model (GCM) [16] which assumes
an arbitrary-shape potential-energy surface. In addition,
there have been microscopic [17] and semimicroscopic
[18] calculations and more recent results from the boson
expansion theory of Weeks and Tamura [19]. All of these
models have had mixed success in the transition region.

With the emergence of the interacting boson model

44

(IBM) [20], however, it has become possible to give a sim-
ple and consistent description of the transition region. In
its simple form, known as IBM-1, the model describes the
low-lying collective excitations of an even-even nucleus in
terms of the s (L =0) and d (L =2) bosons. A
comprehensive review of the model and its application to
the transition region has been recently given by Casten
and Warner [21]. As the s and d bosons span a six-
dimensional Hilbert space, the Hamiltonian correspond-
ing to the IBM-1 has a group structure U(6). The three
limiting symmetries of this Hamiltonian, SU(5), SU(3),
and O(6), correspond to the geometrical shapes, spherical
vibrator, symmetric rotor, and y-unstable rotor, respec-
tively. In fact, 1°°Pt is considered to be a very good ex-
ample of the O(6) limit [22,23]. Therefore, the Pt—Os
transition can be treated in terms of small departures
from the O(6) limit of the IBM to the SU(3) limit [24].
The model has been remarkably successful in reproduc-
ing a large body of E2 data consisting of level schemes
and transition rates across the Pt-Os region [24]. Howev-
er, the same model scheme has been found incapable of
giving a reasonable description of the E4 data [25,26], in
particular the transition rates from the ground state to
the low-lying 4 states. We argue that, for the high-spin
states, the simple assumptions of the IBM model (s and d
bosons) are too restrictive and that one needs to include
higher degrees of freedom, e.g., g (L =4) boson in the
IBM. In this paper we investigate this extension of the
model to describe the low-lying 4T states in the two plati-
num isotopes '°+1%°pt.

In the past °#!°Pt have been studied with a wide
variety of probes. Among the earliest of these studies
were the Coulomb excitation experiments done by the
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Pittsburgh group [4-7]. The focus of this work was the
precision measurement of the E2 transition probability
and the quadrupole moment of the first excited state to
investigate the prolate-oblate transition in the Os-Pt re-
gion. Recently, Gyapong et al. [8] have performed simi-
lar experiments using a particles, 2C and '°O on
194,196,198pt a5 a test of the Pittsburgh measurements.
There have been other Coulomb excitation experiments
[26-32] as well aimed at studying the level structure and
the B(E2)’s in these nuclei. In some of these, levels as
high as J™=10" have been excited using heavy ions. In-
formation on the Pt isotopes has also come from studies
of B-decay [33-36], deuteron breakup (d,pny) [37], two-
nucleon transfer (p,¢) [38], and average resonance neu-
tron capture (n,y) [23] experiments. In Ref. [23], quite
detailed information on the level structure and branching
ratios of low-spin states in '*°Pt was given.

In an effort to study the higher multipole moments,
inelastic-scattering experiments with electrons [39], pro-
tons [26,40], a particles [41], and '?C ions [42] have also
been performed. J™=4" states in !°#1%°Pt have been pre-
viously studied with proton [26] and electron [39] scatter-
ing, respectively. Because of the competing contributions
of one-step and multistep channels, proton scattering is
an excellent means of determining the higher multipole
moments. The aim of the present experiment was the
precision measurement of the E4 moments for the low-
lying 4™ states below 2 MeV in **!1%Pt and a compar-
ison with the predictions of the IBM.

II. EXPERIMENT

The experiment was performed using the High-
Resolution Spectrometer (HRS) at the Clinton P. Ander-
son Meson Facility of the Los Alamos National Labora-
tory (LANL). Details of the detection system and the
spectrometer have been reported [43-45] elsewhere, and
thus we will give only a brief summary here.

Polarized protons with laboratory energy E,=647
MeV were scattered from '°41%6Pt targets. The particles
after scattering went through a QDD arrangement (a
quadrupole focusing magnet followed by two 75° bend di-
pole magnets) before being detected at the focal plane.
The detector system consisted of two multiwire drift
chambers (MWDC’s) [46] to obtain the particle position
information followed by plastic scintillators for timing
and particle identification. The MWDC’s had an active
area of 10X60 cm? and allowed for a 0.25-mm position
resolution. Typical chamber operating efficiency was
found to be approximately 80%. The polarization of the
beam was monitored by two independent methods. In
the first, a direct method [47], a beam-line polarimeter
was placed ~5 m upstream of the target. The polarime-
ter consisted of a CH, target cell and four pairs of conju-
gate detectors to measure the left-right asymmetry in
protons scattered from hydrogen. The second way of
measuring beam polarization is known as the “quench-
ratio” method [48]. Here the polarization of the beam is
alternately suppressed at the source, and the ratio of the
beam intensities of the polarized and quenched beams is
used to determine the beam polarization. The average

beam polarization during the experiment using these two
methods was found to be 82%. The beam spin direction
was reversed about every half a minute to get a uniform
sampling of both polarization states. The relative beam
intensity was monitored continuously by two ionization
chambers located about 1 m downstream of the target in-
side the scattering chamber. This was then calibrated
against a Faraday cup that was placed several meters
downstream of the target. Typical beam intensity on the
targets was about 1 nA.

The targets employed in the experiment were self-
supporting foils of platinum: for '"Pt, (99.2+0.5)%,
px=30.15 mg/cm? and for '"°Pt, (99.15+0.14)%,
px =29.62 mg/cm?. The overall energy resolution varied
between 50 and 65 keV for '"*Pt and between 61 and 74
keV for °°Pt.

The data were acquired in steps of A@=2° from 6; =3°
to 21°. Since the angular acceptance of the HRS is about
2.5° this ensured a good overlap of data. During off-line
analysis, for each angle, the data were binned into three
equal-size angle bins (~0.7° wide). Sample spectra ob-
tained for °#!°°Pt are shown in Figs. 1(a) and 1(b).
Several well-resolved low-lying 4 states can be seen in
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FIG. 1. (a) Spectra of protons scattered from **Pt at 6, =15°
(spin up). (b) Same as (a), but for '°Pt at 8, = 17° (spin up).



702

both spectra. In !**Pt, three 4" states at E, =0.811,
1.229, and 1.911 MeV were observed, whereas four 4%
states at E, =0.877, 1.293, 1.537, and 1.887 MeV were
excited in °°Pt.

The data reduction was done using a peak-fitting pro-
gram LOAF [49]. The program LOAF uses the least-
squares method to fit up to ten peaks in a spectrum to
any given peak shape. Any offending contaminants in the
spectra were next fitted as separate peaks using another
more sophisticated peak-fitting program NEWFIT [50].
The counts under these peaks were later subtracted from
the states of interest. At small angles between 5° and 10°,
for weak states such as the 2, and for the high-spin
states which peak at larger angles, the contaminants
dominated the statistics and hence some of the data at
these angles were determined to be too unreliable to be of
any use in the analysis. Absolute normalization of the
cross-section data was obtained by taking elastic (p,p)
data at several angles on a CH, target and normalizing
these to the p-p cross sections calculated by Arndt and
Roper (program SAID) [S1]. The (p,p) elastic runs were
repeated for several CH, targets and the results added to
get better precision in normalization calculations. The
elastic data were taken at 7° and 9° since these angles cor-
respond to the flat regions in the elastic p-p cross section.

The plots of the angular distributions for the elastic
and low-lying inelastic states are given in Figs. 2-13.
The absolute cross sections are estimated to be good to
+10%. The error bars in the data represent statistical
uncertainty only.

III. DATA ANALYSIS

A. General

The experimental data were analyzed within the frame-
work of the coupled-channels scheme using the program
ECIS [52]. As a first step, the optical-model parameters
were determined by searching on the elastic cross-section
and analyzing power data with the program RELOM [53].
The optical potential was assumed to have a Woods-
Saxon shape and included both real and imaginary spin-
orbit terms:

U(r,0,0)= V(r,rg,a) +iWf(r,ri,a’)
2

— (V, +iW,) (o~l)%
)4 rre )+ Velr) (1)
dr s ls» s C ’
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FIG. 2. Coupled-channels fits to the elastic cross-section and
analyzing power data of '**Pt.

where

f(rr,a)=[1+exp(r —R,)/a, 17! (2a)

and

R,(0,8)=r A} [1+3 B, Y,0(0) ] . (2b)
A

The Coulomb potential V(r) is that due to a uniform-
ly charged sphere with a radius R, =1.204 /3.

The above ten optical-model parameters were deter-
mined as follows. The elastic cross-section data were
found to have extremely small statistical errors. There-
fore, in the search process, these statistical uncertainties
were uniformly increased by 5% to avoid having the
searches dominated by the cross-section data. The opti-
cal parameters were separately searched in various com-
binations to obtain the lowest possible value of y2.
Several sets of parameters giving almost equally good
visual fits to the data were obtained for both '°4!°°pt,
These are given in Table I along with the y? value for

TABLE I. Optical-model parameters for '**'°Pt. Units are given in fm for lengths and MeV for potentials.

A Set vV 7o a w ro a’ Vis Wi 7l aq xX*/N
194 1 —0.102 1.769 0.008 —58.553 1.084 0.621 —1.143 —0.366 1.079 0.834 6.6
11 14.51 1.094 0.344 —46.661 1.117 0.601 —1.109 —0.046 1.098 0.817 3.6
II1 3.778 1.155 0.002 —54.619 1.093 0.617 —1.038 —0.172 1.105 0.807 5.4
196 I 1.748 1.139 0.003 —51.979 1.100 0.603 —1.002 —0.256 1.099 0.804 6.3
11 6.865 1.134 0.253 —47.160 1.106 0.616 —0.843 —0.190 1.132 0.778 4.3
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FIG. 3. Same as Fig. 2, but for '**Pt.

each set. In the subsequent analysis, the optical parame-
ter set corresponding to the lowest y*/N value (set II for
both isotopes) was used. Quite good fits to the elastic o
and 4, data were obtained with these parameters as
shown in Figs. 2 and 3.

With the above optical-model parameters, the
coupled-channels calculations were performed next.
Throughout these calculations, except otherwise noted,

5 10 15 20

Oerm. (deg)

FIG. 4. Coupled-channels (0f /2{") fits to the cross-section
and analyzing power data for the 2] (0.329-MeV) state of '**Pt.

first-order dU /dr form factors were used for the inelastic
transitions.

B. Ground-state band

The ground-state band was analyzed as follows. As a
first step, the deformation parameters for the 2] state
were determined. Using the program ECIS, the o and 4,

TABLE II. E2 matrix elements used in the coupled-channels analysis. Units are e fm’.

2 2, 4 4,. 4, 4,
194pt 0, 135.6° —10.1*
2, —79° 145.5° 186.4° —6.6°
2, 76.1° 0° —171.6°
4, —88.5¢ 0°
4, 23.2¢
4, 44.8°
196p¢ 0, 131.22 10.5¢
2, —69.3 139.8° 199.6° —16.7°
2, 36.0° —10.2° —148.7° —-17.7° 6.5°
4, —73.7° —134.8° 7.2° —10.9°
4, 8.0° 129.8° 4.7¢
4, 21.5° 58.7°
4, —195.0°

*This experiment. )
®Coulomb excitation, Refs. [4-6].
°IBM calculation.
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FIG. 5. Same as Fig. 4, but for the 2{" (0.356-MeV) state of
196Pt.

data for the 2; state were searched in a 0 /2; coupling
to obtain the f3,’s. Since we have used the same geometry
for the real and imaginary spin-orbit potentials, the de-
formations corresponding to these potentials were as-
sumed to be the same. Quite good fits to both o and 4,
data were obtained, as shown in Figs. 4 and 5. The E2
matrix elements used in the analysis are shown in Table
II. These have been taken either from past measure-
ments, where available, or have been obtained from an
IBM calculation. The 3, deformation parameters ob-
tained for the 2;' state are given in Table III. Since at
647 MeV the imaginary central potential is by far the big-
gest part of the optical potential, it is not surprising that
the imaginary central [3’s are the best determined in our
searches for all transitions in both nuclei. For this
reason, we have used this deformation parameter in the
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FIG. 6. Coupled-channels (0;/2;/4;) fits to the cross-
section and analyzing power data for the 4; (0.811-MeV) state
of Pt. For comparison are shown calculations performed
with only the first-order form factor (dashed curve) and with
both the first- and second-order form factors (solid curve), as de-
scribed in the text.

evaluation of the matrix elements to be discussed later.
With these deformations and a 0; /2, /4{ coupling, a
search was next performed on the deformation parame-
ters, B,’s for the 47 state. Not including the 6 coupling
in the calculations had no significant effect on the search
results. The deformation parameters obtained in an ear-
lier 1*Pt study [26] were used as the initial guess in the
analysis. It was found that although good fits could be
obtained for the 21+ state in the first-order model, the
same was not the case for the 4; state. The simple first-
order B,R (dU /dr) form gave a poor fit to the 4;" data, as
shown in Fig. 6. However, when a second-order term

TABLE III. Deformation parameters 3, for '°*1°6Pt.

Real Imaginary Real Imaginary

A J7 central central spin-orbit spin-orbit
194 21 —0.206(16) —0.161(2) —0.168(12) —0.168(12)
47t —0.062(5) —0.044(2) —0.044(11) —0.044(11)

4 —0.004(5) —0.030(1) —0.025(4) —0.025(4)

4t —0.028(17) —0.064(2) —0.063(11) —0.063(11)

196 21 —0.138(30) —0.157(2) —0.147(12) —0.147(12)
4t —0.040(10) —0.041(1) —0.035(3) —0.035(3)

45 —0.043(12) —0.036(2) —0.054(9) —0.054(9)

4F —0.033(7) —0.015(1) —0.012(5) —0.012(5)

4F 0.006(10) —0.046(1) —0.047(5) —0.047(5)
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FIG. 7. Same as Fig. 6, but for the 4;" (0.877-MeV) state of
196pt, Calculations shown included both first- and second-order
form factors.

proportional to B2R %(d*V /dr?) was included in order to
simulate the rotational model form factor, we were able
to improve the fits in both phase and magnitude (see Figs.
6 and 7). This is not surprising since the 4, state belong-
ing to the ground-state rotational band has evidently
strong rotational characteristics. Except for this case,
the rest of the coupled-channels analysis was done with
the first-order form factor. The 3, deformation parame-
ters obtained in the analysis are given in Table III. As
previously noted, of all four deformation parameters, the
imaginary central deformation is found to have the small-
est uncertainty.

C. Quasigamma band

The 2, state in both '*#!%Pt is quite weak. For 6Pt
we were unable to obtain any useful information for this
state in the present experiment. In fact, for '°°Pt, in the
IBM-1 (sd) model, the 0" —2; matrix element, M%lzz is

predicted to be zero. In contrast, the next member of the
quasigamma band, the 4; state, is quite strongly excited
in both nuclei. The deformation parameters for this state
were determined as follows.

In the first approximation, a search for 3,’s was per-
formed on the 4, data using a 0;" /2;" /4, coupling. The
deformations obtained for the 4, state were used as the
starting guess for the 4,F state. Since the interband ma-
trix element M %142 is expected to be very small, this was
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FIG. 9. Coupled-channels (07" /2 /25 /45 ) fits to the cross-
section and analyzing power data for the 45 (1.229-MeV) state
of °*Pt.
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set equal to zero in the calculations. These resulting ,’s
were fine tuned in a revised search using a 0; /2 /2" /4
coupling. The matrix element M (2,122 obtained in an ear-

lier Pt study [26] was used in the search. The M3,

value was taken from an IBM-1 calculation with a g bo-
son. The new deformation parameters, listed in Table
ITI, differed slightly from the ones obtained before in the
0y /2{ /4] search.

For !9*Pt the data for the 2, state were next used to
search on the M (2)122 matrix element. The calculation was

performed in a 0y /2{" /2] /4; coupling. The value of
M(, =—9.8(4) efm’ obtained in an earlier 135-MeV

(p,p') experiment [26] was used as the starting guess.
Since Ref. [26] is the only known determination of this
matrix element’s sign, both choices for the sign were in-
vestigated in the calculations. The analysis favors a nega-
tive sign for this matrix element. The result is

M§122=—10.1(4) efm?,
in quite good agreement, in both sign and magnitude,
with the value obtained in Ref. [26].

The o and 4, fits for the 25" state are shown in Fig. 8
and for the 4; state in Figs. 9 and 10.

D. Higher 4™ states

In contrast with the predictions of the IBM, the higher
4% states in the platinum isotopes are quite strongly ex-
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FIG. 11. Coupled-channels (0; /2{" /47}) fits to the cross-
section and analyzing power data for the 45" (1.911-MeV) state
of 1*Pt.
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cited. We now turn to the analysis of the 45 (1.911-MeV)
state in '**Pt and the 45 (1.537-MeV) and 4; (1.887-
MeV) states in !°°Pt. The 4™ state at 1.537 MeV in '"°Pt
has escaped observation in a number of experiments.
However, it was measured by Schiiler et al. [37] in a
(d,pny) study, and they interpreted it as the 4, (0 =6,
7=4) state of IBM-1. We have analyzed these 4™ states
in the same spirit as the first 4" state. The searches on
the deformation parameters for the 4% states were per-
formed using a 0{ /2{ /4;" (i =3,4) coupling. The defor-
mation parameters set obtained for the 4;" state was used
as the starting step in these searches. The real and imagi-
nary spin-orbit deformations were considered to be equal
for the reason given before. The matrix elements M %m

and M 3[4i given in Table II were used in the analysis.

The results of these searches for B,’s are given in Table
III. Quite good fits to both o and 4, data for the 4+
states were found as shown in Figs. 11-13.

Having determined the deformations for the states of
interest, it is now straightforward to obtain the multipole
matrix elements to these states. The EA matrix element
can be written as

M(EM)= fo""pm)rmdr . 3)

If the transition density is proportional to the derivative
of the ground-state density,

9pg
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FIG. 13. Coupled-channels (0f /27 /4]) fits to the cross-
section and analyzing power data for the 4; (1.887-MeV) state
of 16pt,

and the deformations of the potential and the charge den-
sity are considered to be equal, then it is easy to show

A+2
T

M(EM=

ZeR B, (r* 1), (5)
which, for the Woods-Saxon distribution, reduces to a
simple expression [54]

(A—1)A+4
6

ma
Ry

3
M(EX)=~—ZeR A8 |1+

(6)

where terms of higher order in (a /R ) are ignored. This
approximation should not have a significant effect in the
calculations because only transitions involving relatively
small values of A are being considered.

The matrix elements obtained with Eq. (6) are general-
ly in good agreement with those from the past measure-
ments. In Tables IV and V, the B(E2) values from
different experiments are given. The agreement between
present and previous measurements of the B(E2)’s for
the 2;" and 2 states is quite good.

The primary motivation of this study was to obtain the
E4 matrix elements to the low-lying 4 states. These are
calculated with Eq. (6) and are listed in Table VI along
with other available measurements of these matrix ele-
ments. Because of significant amount of competing E2
transitions in the ground-state band, the sign of the E4

TABLE IV. Comparison of experimental B(E2)’s with the
IBM predictions for '**Pt. Units are e2 b

IBM-1 IBM-1
Ji—J; Experiment (sd) (sdg)
2,—0, 0.368(9) 0.345 0.403
0.345(27)°
0.332(2)°
0.374(16)¢
0.324(3)°
2,—0, 0.0020(4)* 0.0014 0.009
0.0019(2)°
0.0014(2)¢
0.0016(2)°
2,2, 0.58(7)¢ 0.442 0.430
0.423(15)°
4,2, 0.47(3)4 0.462 0.572
0.449(22)°
4,2, 0.010(5)° 6.7X107° 50x107*
4,2, 0.28(12)¢ 0.255 0.327
0.69(39)°
4,4, 0.87(43)° 0.225 0.238
6,—4, 0.32(8)¢ 0.487 0.647
6,—4, 0.28(6)¢ 0.313 0.44

*This experiment.

(p,p’), Ref. [26].

°Coulomb excitation, Ref. [8].
dCoulomb excitation, Ref. [30].
¢Coulomb excitation, Ref. [6].
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TABLE V. Comparison of experimental B(E2)’s with the
IBM predictions for '°°Pt. Units are e b?.

IBM-1 IBM-1
Ji—J; Experiment (sd) (sdg)
2,—0, 0.344(9) 0.270 0.315
0.276(1)°
0.288(14)°
0.30¢
2,—0, 3.0X107¢6¢ 0 22X1073
2,2, 0.350(31)° 0.354 0.391
0.262(55)¢
4,—2, 0.403(32)° 0.354 0.443
0.443(26)¢
0.38(3)°
0,—2, 0.033(7)¢ 0 0.006
0.021(10)°
0,—2, 0.142(77)° 0.36 0.448
4,2, 0.003(1)° 0 0.003
0.0023(8)¢
4,2, 0.177(35)° 0.189 0.246
0.218(43)¢
4,3, <0.06° 0 0.026
4,4, 0.193(97)° 0.17 0.20
0.218(54)¢
0.18(9)°
6,—4, 0.421(116)° 0.36 0.50
0.494(37)¢
0.40(11)°
6,—4, 0.0037(16)¢ 0 0.0022
6,—4, 0.350(102)¢ 0.218 0.327

*This experiment.

®Coulomb excitation, Ref. [8].
°Coulomb excitation, Ref. [31].
dCoulomb excitation, Ref. [32].
“(n,7), Ref. [22].
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matrix element M 314] is unambiguously determined in the

coupled-channels analysis described above. However, the
same is not true for the higher 4% states, and therefore
the signs of the corresponding E4 matrix elements could
not be deduced. For Pt the calculated E4 matrix ele-
ments are in quite good agreement with the previously re-
ported values. The M 3141 and M 3142 are in excellent

agreement with those obtained earlier in a 135-MeV
(p,p’) experiment (Ref. [26]). However, the present value
of 2799 e fm* for M§ , is about 25% bigger than the

value obtained in Ref. [26]. Based on the superior fit to
the 4; data, we believe the present result is more reliable.
No other measurement of this matrix element is available
to our knowledge. The E4 matrix elements given in Ref.
[26] differ somewhat from the values quoted in Table VI
because the latter have been recalculated using Eq. (6).
Three of the four 4% states in °°Pt measured in this ex-
periment have also been observed in an (e,e’) experiment
[39]. As shown in Table VI, there is quite good agree-
ment between the (e,e’) and (p,p") results for the E4 ma-
trix elements. We next analyze these results in the con-
text of the interacting boson model.

IV. IBM ANALYSIS

A. IBM-1 (sd)

A simple IBM-1 Hamiltonian suitable for the Pt-Os re-
gion and consisting of s and d bosons only can be written
as [55]

H=a1f.-f,+026~6 , (7

where the multipole representation [56] of H has been
used. If we constrain H to include a maximum of two-

TABLE VI. Comparison of experimental E4 matrix with the IBM predictions. Units are e fm*.

194Pt 196Pt
IBM-1 IBM-1
M gm Experiment (sd) Experiment (sd)
M3 4, —1914(92) —1914° —1754(65)* —1754°
—1953(67)° +1549(161)¢
+2300(800)° +1800(700)°
M}, +1307(55) —85 +1572(86) 0
+1145(67)° +1414(142)¢
+1300(300)° < 1400°
M}, +2799(100) -0.8 +670(56)* 0
+2290(67)°
Mg, +1996(48) 247
+2098(313)¢

*This experiment.

®E4 effective charges adjusted to fit this matrix element.

“(p,p'), Ref. [26].
d(e,e’), Ref. [39].
¢Coulomb excitation, Refs. [6,8].



44 INELASTIC PROTON SCATTERING FROM Pt ISOTOPES AND . .. 709

body interactions, then the angular momentum operator
L and the quadrupole moment operator Q take the fol-
lowing form:

f,=( ata)w ,
A ~ ~ (8)
Qz(de +sta )(2)+de(de )2 ,

where d ' and d are the d-boson creation and annihilation
operators, respectively, and the superscripts on the
operators denote their tensor rank. The above Hamil-
tonian was diagonalized in the sd-boson basis space to ob-
tain the corresponding eigenfunctions using the computer
program PHINT [57]. These eigenfunctions were next
used to calculate the transition rates with the following
electric operators:

T(E2)=q[(d's +s'd) @+ ,(d1d)?7,

N ©)
T(E4)=h(d'd)* .

Since the same quadrupole operator is used in both the
H and T(E2), the above parametrization is called the
“consistent Q formalism” (CQF) [55]. The CQF leads to
considerable simplicity in describing the transition region
as the number of parameters involved is greatly reduced.
The L-L term is diagonal in the basis space and does not
affect the wave functions and transition rates. The pa-
rameters a, and g simply scale the eigenvalues and
B(E2) values. So the Pt-Os transition region can be de-
scribed essentially by varying a single parameter X,;.
Corresponding to the two limits O(6) and SU(3), x4
takes on the values 0 and —1V'7, respectively. The
values of y,, between these two limits describe the entire
transition region O(6)—SU(3). For a given nucleus, the
parameter X,, is obtained by fitting the experimental
branching ratio

B(E2,2 —0{)

B(E2,2f —27) 1o
Xaa =0.4 and 0.0 were found to best describe '**Pt and
196pt, respectively. The predictions of this model are
compared with the experimental matrix elements from
different sources in Tables IV-VI. The agreement be-
tween experiment and IBM-1 for the E2 matrix elements
is quite good in general and this represents but a sample
of the trend found across the Pt-Os region [24].
Specifically, for Pt the agreement is excellent for the
low-lying states, but deteriorates somewhat as one moves
up in the excitation energy and toward high-spin states.
For °°Pt, again, there is overall good agreement with the
experiment. However, there are a few exceptions that are
worth mentioning. Let us look at some special cases in
196pt. The matrix element M (2,122 is predicted to be zero in

the IBM-1, whereas experimentally it has a nonvanishing,
albeit small, value. Similarly, the quadrupole moment of
the 2|+ state (not shown) is zero in the IBM-1 limit, but it
has been found to have a large nonzero value in several
experiments [4,5,8]. It is also interesting to compare the
properties of the excited 0 state for !°Pt. These states
are known to display quite contrasting behavior in the
Pt-Os region and thus provide interesting tests of a model

candidate. In the Pt isotopes, the excited 0" states decay
both to the 2{" and 2; states, whereas in the Os isotopes
they predominantly populate the 2, state. The disagree-
ment between the experiment and IBM-1 with respect to
the excited 07 state is noticeable.

We next consider the excitation of the E4 states. In
the IBM-1 (sd), there is only one way to excite a 4™ state,
i.e., through the operator kA (d 'd)4). In the calculations
the effective charge 4 was varied until M 3141 was repro-

duced. The required values of # were found to be —574
and —596 e fm* for 1°*Pt and '°°Pt, respectively. The E4
matrix elements predictions for the higher 4™ states in
this scheme are given in Table VI. It is clear that the
IBM-1 with sd bosons is unable to give large strengths
found experimentally for these states, and thus one must
look for improvements in the model.

There are two chief criticisms of the IBM-1: first, that
the restriction limiting the model to include only s and d
bosons is too severe, and second, treating the proton and
neutron bosons as identical is too naive and unphysical.
The former is overcome by including additional degrees
of freedom (such as a g boson) [25,26] in the model, while
a more sophisticated approach (IBM-2) [58,59], in which
proton and neutron bosons are treated separately, is used
to remove the latter shortcoming. Here we study the first
of these two refinements, namely, the inclusion of g bo-
sons in the IBM-1. Some examples of an IBM-2 ap-
proach to study these nuclei can be found elsewhere
[26,60-62].

B. IBM-1 (sdg)

The inability of the IBM-1 (sd) model to predict the
observed large E4 strengths in '°*!°Pt makes the g boson
a logical choice for the extra degree of freedom which
must be introduced in the model. The motivation for
such a modification does not come from Pt isotopes
alone. There is additional experimental evidence in the
form of low-lying K =4 bands in the Os isotopes which
makes a strong case for the need for the g bosons [25].

The effects of including the g bosons were first worked
out in a perturbational approach by Sage and Barrett
[63]. Several studies [64—77] have since been done to in-
vestigate the importance of the g bosons. Although there
has been some indication [76] that Pauli corrections to
the E4 operator may be at least as important, there seems
to be overwhelming justification for including the g bo-
sons in the IBM. Recently, Boeglin et al. [77] measured
transition charge densities using electron scattering for
the low-lying levels in several Os-Pt isotopes and com-
pared their results with the IBM predictions. They show
that even when IBM-2 is invoked it is necessary to in-
clude a g boson to successfully explain the measured tran-
sition densities for the 4" states.

To study the importance of the g bosons, the basis
space was expanded to sdg bosons and the Hamiltonian
was diagonalized in this basis [67,68]. The Hamiltonian
allowing for at most one g bosons can be written as

H=a1f.-£+a26-6+egﬁg (11)

where
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TABLE VII. E2 parameters used in the IBM-1 (sdg) model.

q €

A (e fm?) (MeV) Xdd Xed Xeg

194 15.0 1.5 0.04 1.7 1.5

196 15.0 1.5 0.0 1.5 2.6
n,=(g Tg“ ), parameters used are given in Table VII.
f£=(atayv We next turn to the E4 properties. The sdg-boson E4
. - _ (12)  transition operator can be written as
Q: (de +STd )(2)+de(d7d )(2)

+ng(g1’a‘+dTg«)(2)+ng(ngv)(2) .

The E2 transition operator using the CQF can be
parametrized as before:

T(E2)=4Q . (13)
With the inclusion of a g boson, some of the simplicity of
the IBM-1 (sd) model is lost, and there are additional g-
boson-related parameters to deal with. However, some
simplifications emerge and are easy to see. The E2 prop-
erties were found to be insensitive to the g-boson terms.
So all the sd boson E2 parameters were left at their origi-
nal values. In subsequent calculations, therefore, the g-
boson terms were exclusively used to reproduce the E4
data. The g-boson parameters were determined as fol-
lows.

Since in the IBM-1 (sd) scheme the higher 4™ states
are poorly described, for the present calculations, the 4
state around 1.9 MeV in both isotopes was treated as con-
sisting of mostly g-boson configurations. It was found
during our analysis that the parameter Y, only changed
the energy of the g-boson levels, whereas X,; was respon-
sible for the g-boson admixtures in the sd-boson states.
Therefore, with x,; =0, we adjusted x,, to obtain a pure
g-boson state at approximately 1.9 MeV excitation ener-
gy. The mixing parameter X,; was set at 1.5, a value
necessary to obtain about 10-20%  g-boson
configurations in the pure sd-boson lower 4% states in
both nuclei. Finally, €, was taken to be 1.5 MeV, a value
appropriate for the pairing gap in the region.

With these parameters the modified IBM-1 calcula-
tions were performed. The results for the E2 matrix ele-
ments are given in Tables IV and V. The new E2 predic-
tions are still in good agreement with the data, and in
some cases, for example, the high-spin states in '"°Pt, the
agreement is even improved compared to the pure sd
scheme. This is not surprising, for the effects of a g-
boson should be most evident in high-spin states. The E2

T(E4)=h[(g's +s'g) ¥ +ndtd)®
+ngd(gfa’+d7g)(4)+ngg(g1'g)(4)] . (14

The E4 transition operator now has four terms instead
of just one in the sd scheme. One therefore has the free-
dom in the sdg scheme of varying the parameters A, 74,
Nga» and 7, to fit the measured B (E4)’s. Since there are
very few g-boson configurations in the ground state, the
Tge term is expected to be ineffective in causing 0] —4;
excitations and, hence, was dropped in the analysis. The
remaining three parameters 4, 17,4,, and 1,; were then ad-
justed to obtain a good fit to the E4 matrix elements. For
194pt there are three measured matrix elements M 814,-

(i =1,2,3). Of these, the sign of only MS’,‘I is known.

Therefore, we considered all four sign combinations for
the matrix elements. The results of the parameter search
are shown in Table VIII. For '%°Pt a similar analysis was
performed to find the E4 effective charges. As expected,
the effective charge parameters for the two neighboring
isotopes 1419Pt are very similar. Since we were able to
measure four 47 states in !°°Pt, the additional 4™ state
could be used for a consistency check of the method de-
scribed above. The 4; state at 1.887 MeV was con-
sidered as the dominant g-boson state. Using the three
most strongly excited 4% states (4,7, 4,7, and 4, ), the E4
effective charges were determined, and these were used to
predict the E4 matrix elements for the 4; state. The
present experimental value for M 3143 from this experi-

ment is 670156 e fm*. Using the E4 effective charge
solutions corresponding to the (—/—/—) sign combina-
tion for the 4;", 45", and 4;" states (see Table VIII), we ob-
tain M 3143=—580 e fm*, in reasonable agreement with

the experimental value. Borghols et al. [39] have mea-
sured the transition densities for the 4;, 4,7, and 4]
states of !°°Pt in an (e,e’) experiment and then used the
results in an IBM-2 framework to predict the £4 moment
for the third 4% state. They find M3143 =4778+88 ¢ fm*,

TABLE VIII. E4 effective charge parameters for !°*!°Pt. Units are in e fm*.

194p; 196p¢
51/8,/5;¢° h Nad Ngd h Ndd Ngd

—/—/— —349.3 0.44 4.22 —239.1 0.79 6.70
—/—/+ 1197.0 —0.89 —1.84 1284.0 —0.91 —2.21
—/+/— —1163.0 —0.02 —1.14 —1291.6 —0.09 —1.64
—/+/+ 383.0 —2.30 2.23 232.3 —3.71 3.81

25, denotes the sign of M 314‘_. k =3 for '%*Pt and k =4 for '%°Pt.
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which is in fairly good agreement with our results.

Finally, it is interesting to note that only one set of E4
effective charges corresponding to (—/—/—) sign com-
bination for the matrix elements of 4", 45", and 4; states
was able to give good agreement with the measured E4
matrix elements for the 4; state—an indication that only
one set of sign combinations is physically meaningful.

V. CONCLUSIONS

We have investigated the two platinum isotopes
194,196pt ysing inelastic proton scattering at 647 MeV.
The main focus of this investigation has been the excita-
tion of the low-lying 4 states in these nuclei. A total of
seven 47 states have been found below 2 MeV in Pt
and '°Pt. Large E4 moments to these states were ob-
tained from the coupled-channels analysis of the data.
The results are in quite good agreement with earlier
(p,p')and (e,e’) studies.

These results were next compared with the predictions
of the IBM-1 using a Hamiltonian appropriate for the
Pt-Os transition region. The CQF was used throughout

the calculations. The IBM-1 (sd) results, although in
quite good accord with the E2 systematics found in these
nuclei, were in sharp disagreement with the large E4
strengths observed. When a g boson was included in the
model, it was possible to give a reasonable description of
the E4 matrix elements. In addition, the good agreement
for the E2 matrix elements found in the sd scheme was
retained, and in some cases this agreement was even im-
proved, e.g., the high-spin states in °Pt. We have there-
fore shown that any successful attempts at describing the
E4 matrix elements, within an IBM framework, must in-
clude higher degree of freedom, e.g., g bosons.
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