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The '" '"'"Pt(p, p') reactions have been studied at a proton energy of 35 MeV using nuclear emulsion plates and a
high-resolution position-sensitive proportional counter. Approximately 45 levels were populated in each reaction. In
'"Pt, 38 of 44 levels to about 3.2 MeV are reported for the first time. Angular distributions from 20' to 110 were

measured for many of these levels. Several new J assignments were made using empirical shapes of transitions to
well-known levels in Pt. The results for the J = 0+, 2+, 4, and (for '"Pt) 6+ members of the ground band and the
2+, 3+, and 4+ members of the "quasi-y" band were analyzed by coupled channels calculations incorporating
relative transition strengths from the interacting boson approximation model. The multipole moments of the

deformed optical model potential were calculated and compared to moments deduced from other studies.

NUCLEAR REACTIONS Pt(p, p' ), ~'Pt(p, p' ), @Pt(p, p'), Ep =35 MeV;
measured o(E&,8); deduced energies, J~; coupled channels calculations, inter-
acting boson approximation model; deduced optical model and deformation
parameters, quadrupole and hexadecapole moments; comparisons to Coulomb
excitation, (e, n'), and ( 2C, C'); enrichedtargets, nuclear emulsion plates
(7 keV FWHM) and position-sensitive proportional counter (15 keV FWHM),

magnetic spectrograph.

I. INTRODUCTION

The transitional region between the well-
deformed rare-earth nuclei and the spherical
nuclei near '~Pb has been rather intractable to
application of traditional models of collective
motion. Until recently, most of the properties
of the lowest-lying states could be understood
only after numerical solution' ' of the full col-
lective Hamiltonian. Recently a simpler picture,
the interacting boson approximation (IBA) model
of Arima and Iachello, ' has evolved. This model
has its origin in the group symmetry properties
of those identical nucleon (or nucleon hole} pairs
in angular momentum states of L =0 or L =2 which
are outside closed shells. The simplest geo-
metrical models, the vibrational and rotational
limits of the collective model, approximately
correspond to possible subgroups ISU(5) and
SU(3}, respectively J for which the IBA Hamil-
tonian, having SU(6) group symmetry, might be
symmetric. In the Os-Pt region the subgroup
O(6) has been shown by Cizewski et al. ' to account
for most of the energy and decay properties of all
positive parity levels in '"Pt below the pairing
gap. Taking '"Pt as the best example of O(6)
symmetry the lighter mass even-even Os and Pt
nuclei might be understood by breaking the O(6)
symmetry with the introduction of a quadrupole-
quadrupole interaction which introduces deforma-
tion to the nucleus.

The tests of the IBA model in its O(6) sym-
metry that have now been made in the Pt nuclei

include those by Cizewski et al. ' who have studied
the gamma decay properties, and those by Deason

who have searched for low-lying 4' =0'
levels in '" "~""Ptusing high resolution (p, t)
reactions. Both studies located many new levels
and found the O(6) limit predictions of branching
ratios, level energies, and two-particle transfer
strengths in good agreement with experiment.

Our present study of '9"'6""Pt using the (P,P')
reaction at 35 MeV also provides level energy
and spin-parity information on these nuclei. In-
elastic scattering is one of the few ways to study
the most neutron-rich stable isotopes, such as

Pt. (Previousiy, only six levels in '"Pt were
known, ' ' and precise energies were known for
only two of these }The .(P,P') reaction at 35
MeV is selective, can reach high spin (J=8), and
can be studied with high resolution (2-8 keV,
using nuclear emulsion plates). Additionally,
proton inelastic scattering angular distributions
contain nuclear shape information. In this study
we report on the population of approximately
45-50 levels in each nucleus to about 3 MeV
excitation and the measurements of their ener-
gies. We use empirical shapes of angular dis-
tributions for excitations of levels with known
J' to make new J assignments. We then use
relative matrix elements from the O(6) limit of
the IBA model in a coupled channels approach
in an attempt to describe the angular distributions
for the low-lying levels. The parameters of the
deformed optical model potential used in the
coupled channels calculations are optimized to fit
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these data, and the quadrupole and hexadecapole
moments of the nuclear matter distribution for
these Pt nuclei are deduced from this potential.

II. EXPERIMENTAL PROCEDURE

The inelastic scattering reactions were mea-
sured using 35 MeV protons from the Michigan
State University isochronous cyclotron with
scattered protons detected in the focal plane of
the Enge split-pole spectrometer. Two detection
techniques were employed: (1)a delay-line
position-sensitive proportional counter' with an
energy resolution of 15 keV full width at half
maximum (FWHM} (see Fig. 1), and (2) Kodak
NTB-25 photographic emulsions (see Fig. 2) to
obtain better resolution and precise values of
level energies. The resolution was optimized
by using a dispersion-matching technique. " The
details for the beam monitoring and targets are
given in Ref. 6. Angular distributions were ex-
tracted in the usual way from the counter data.

The experiments using emulsion plates were
performed to calibrate the energy scales of the
spectra from the counter experiments but also
to determine precisely the level energies in
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FIG. 2. Inelastic scattering proton spectra for the
~+ ~+ ~@Pto),p'} reactions at 35 MeV. The data were
obtained with a delay-line proportional counter.
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FIG. 1. Inelastic scattering proton spectra for the
~+ ~+ ~+Pto), p'} reactions at 35 Mev. The data were
obtained with nuclear emulsion plates. The elastic scat-
tering peaks are not shown because they were too dense
to sean. Peaks marked with an asterisk indicate that
either the peak height has been cut off at the maximum
value on the vertical axis or was unscannable.

'"Pt. For this latter purpose a thin target
(150 t{g/cm') of 'MPb was used as well as the thin
targets of '"""Pt. The spectra from the
'"'~Pt and '~Pb reactions were recorded on one
photographic plate, at a fixed spectrograph angle.
Only the vertical position of the plate in the focal
plane was adjusted for each reaction, thus as-
suring an accurate relative calibration. The data
were recorded at 43' and 75' to minimize the
interference by the major contaminant reaction
peaks, these being due to carbon, oxygen, and
silicon. Peak areas and centroids were deter-
mined by using the computer code SCOPEFIT."
The different reaction kinematics and target
thicknesses result in different energy losses so
that the energies in "'Pt relative to "'Pt and '~Pb
cannot be directly used. Instead, the excitation
energy per unit length is measured, this being
the same for each spectrum. The energy calibra-
tions of the 96Pt and ~Pb spectra were made by
second order polynomial fits to known"'~ level
energies, and also by using a kinematic routine
(second order in momentum} to relate the momen-
tum to the distance along the focal plane. Both
methods agreed within the experimental uncer-
tainties. The focal plane map was then used to
energy calibrate the spectrum for the '"Pt(P,P')
reaction at 43' recorded on the plate. The un-
certainties in level energies are typically 2 keV
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below 2.5 MeV excitation energy and 0.1% in en-
ergy above 2.5 MeV.

III. EXPERIMENTAL RESULTS

A. General analysis

Approximately 45-50 levels were populated in
each of the three reactions in the region below
3,0 MeV of excitation energy. In the case of
'"Pt(P,P'), 38 of the 44 levels observed are re-
ported for the first time. Only the energies of
the first 2' and the second 0' states were ac-
curately known before this study. ' ' The J as-
signment for the 0' state was tentative. Tables
I-III summarize the excitation energies, cross
sections (a„b =30'), and assignments of J' from
the '"'"""Pt(P,P') reactions. The results from
previous studies of these nuclei are included
and the results' of the '"'98Pt(P, t) reaction
studies are shown for comparison.

An attempt was made to assign spin and parity
to many of the states seen in each reaction, using

the distorted-wave Born approximation (DWBA)
code DWUCK" and standard, collective model
form factors. Except for the ground state, and
the first 2' level for 8& 50', the DWBA calcula-
tions provided very poor fits to the data. Thus,
the spin assignments were based instead upon
comparisons of angular distribution shapes to
empirical shapes for states with well-known J',
and from energy and spin systematics in the Pt
nuclei.

B. Elastic scattering and L = 0 transitions

The shape of the elastic angular distributions
(Fig. 3) is virtua, lly the same in each reaction.
The most notable features at this energy are the
"plateau" around 40', a decrease in cross section
of three orders of magnitude within the angular
range studied, and three distinct minima between
50' and 100'.

In '~pt the two states at 1.547 and 1.892 MeV
may be the well-known 0' states seen in several
decay studies and in the (p, t) reaction study

TABLE I. States populated in the '~ Pt(p, p') reaction with comparisons to results from the
Pt(p, t) reaction and other studies.

g
(Mev)

Present experiment
194pt(p

a (30')
(pb/sr)

Previous results'"It(p, t)"4m' Other results"
Ex Ex'

(MeV) J ' (MeV)

0.0
0.328
0.622"
0.811d
0.922 (2)
1.229d

1 374
1.412
1.432d

1.485'
1.511(3)
1.529(2)
1.547
1.670
1.736

1.796
1.815
1.870
1.892
1.911d
1.932
1.948 (3)
1.974
1.981

p+

2'
2'
4+

(3')
4+

5
6'
3

(2')

(4')
(5 )

5.00 x 10&

5.p3 x103
167
328(40')

26 ~ 6
158

77.5
36.1
1.34 x 10'

66.5

11.0(40 )
28.3

38.6
14.8

123

457
141
37.6

22.1

0.0
0.328
0.622
0.811

1.229
1.267
1,374
1.414(2)
1.433
1.479(2)
1.486(2)
1.512(3)

1.547
1.670

1.778

1.815

1.892
1.911
1.931
1.947

1.990
2.001

p+

2'
2'
4+

4+
0+

(4', 5 )
6'
3
p+

0+

(4')

(6' 7)

0,0
0.3285
0.6221
0.8112
0.9228
1.2295
1.2671
1.3734
1.4116
1.4325
1.4792
1.4853
1.5119

1.5472
1.6706

1.7787
1.7974
1.817

1.8936

1.9302
1.9485

1.9917
1.999

p+

2'
2'
4+
3+
4+
p+

(5 )
6+

3
0+

7
2'

0+
2'

(1,2, 3)'
1

(3 )

0+

(1,2, 3)'

(8 )
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TABLE I. (Continued)

&x
(MeV)

Present experiment
i94pt(p pi)

0 (30')
J' (pb/sr)

C

(MeU)

Previous results
196Pt(p t)194Pta Other results~
g

(MeV) J

2.030

2,072
2.104
2.126

2.154
2.165
2.912(4)

2.222
2.246

2.285

2.309
2.323 (4)
2.354
2.370(4)
2.395
2.404
2.418 (4)
2,536

2.543

(4')

(5 )

33.5

120
37.0

105

145
90.5
16.0

41.0
485

168

30.7

93.6
29.1
15.2
19.6(40')
12.2
90.8

609

2.031
2.062

2.105
2.125
2.137
2.155

2.189
2.210
2.224
2.246
2.277
2.284
2.296

2.353

2.532

2.03
2.0638

(4+ ) 2.13

(2') 2.158

(4')
2.22

(4')

2.3975

(2')

2.287
(7,8') 2.2961

2.3098

(1,2)+

(1,2)'
1'

2.575
2,586(5)

2.677
2.688 (5)
2.698

154
2.566
2.580

2.595
2.638

2.700
2.757
2,815
2.840
2.871
2.895

(6')

(4')

(6')

2.56

2.7003

~ Reference 6.
References 7, 9, 15-23.' The states above 2 MeV seen in this work and previous results are associated only be-

cause of similar energies.
Used as calibration point with energy taken from Ref. 13. Uncertainties in excitation

energy are approximately 1 keV below 1.9 MeU and O.lg above 1.9 MeV, except as indicated.

These states are only weakly populated in the
(P,P') reaction, and are not clearly resolved from
nearby states in the wire counter data, so no
angular distributions could be extracted. A level
is seen at 1.826 MeV in '"Pt which may be the
known~'27 0' state at 1.823 MeV. An angular dis-
tribution was extracted for this level (see Fig. 3).

C. L= 2 transitions

Eight levels known to have J' =2' were popu-
lated in the three reactions, and in each case an
angular distribution was obtained. The angular
distributions for the first 2' levels have less
structure than do the second 2' and higher-lying
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TABI E II. States populated in the ~~SPt(p, p') reaction with comparisons to results from
the ~98Pt(p, t) reaction and other studies.

Present experiment
196Pt(p p )

g (30')
J~ (pb/sr)

Previous results
198Pt(p t) i96Pta Other results"
E E:

(MeV) J' (MeV) J

0.0
0.356
0.689"
0.877"
1.014(2)

1.270"
1.293"

1.374"

1.447
1.529

1.603(3)
1.679(3)
1.756(3)

1.887
1.964(3)

2.008
2.055(3)

2.116
2.129

2.243

2.280

2,305
2.331{4)
2.349
2.360

2.393

2.431

2.469
2.505

2.550

2.582
2.608

Q+

2'
2'
4+
3+

(5 )
(4')

4+

(4+ )

5.69 x10'
4.55 x103

48.7(40')
258

9.88(45 )

180
269

104

1.08 x10'
77.0

29.8
32.9
37.7

536

48.6

65.0

230

0.0
0.356
0.689
0.877

1.135
1.271
1.293
1.362
1.374
1.402
1,447
1.527
1.537
1,606
1,675{3)

1.796
1.824
1.848
1.884
1.932
1.987
2.006
2.052
2,072
2,095
2.114
2.128
2.164
2.174
2.193
2.204

2,264
2.277
2.296

2.370
2.386

2.423

2.44Q

2.462

2.521
2.533
2.545
2.557

2.609
2,627

0+
2+
2'
4+

(6',7 )
0 +

3

(2')

0+

(2')
(4')

(7,8')

0.0
0.3557
0.6889
0.8770
1.0152
1.1352
1.2705

1.3617
1.374
1,4027
1,4471

1.6045
1,677
1.7546

1.8234
1.8471
1.88

2.1289
2.1627
2;1744
2.1908
2.2044
2.2455
2.2641

2.3092

2.3453

2.39

2.442
2.468
2.4699
2.5051

2.548
2.57

0+
2'
2'
4+

3+
0+

(4 5)

(1' 2')
(6, 7)

Q+ 1+ 2+

3

0', l, 2'
2+

3, 4', 5-

0+

0,1,2

1 , 2'
0+, 1,2

2+

0+, 1,2
2+

(1~ 2)'
1,2'

0', 2'
1+

(1 2)'
2'(1 )
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TABLE II. (Conhnued)

(MeV)

Present experiment
198pt(p p g)

o (3o')
(pb/sr)

Previous results
tsSPt(~ t) i96Pta Other resultsb
E Ex'

(MeV) J' (MeV) J'

2.707

2.774(5)
2.797

2.635
2.655
2.666
2.676

2.759
2.766
2.779

2.662
2.67

0', 2'

~ Reference 6.
"References 7, 9, 24-27.' The states above 2 MeV seen in this work and previous results are associated only be-

cause of similar energies.
d Used as calibration point with energy taken from Ref. 13 along with (Ref. 28) the 0.80310,

1.684 08, 2.20023, and 2.647 90 MeV levels in 20~Pb. Uncertainties in excitation energy are
approximately 1 keV below 1.8 MeV and 0.1@above 1.8 MeU, except as indicated.

2' levels; the angular distributions (Fig. 2) of
the 0.328 MeV level in '"Pt, the 0.356 MeV level
in '"Pt, and the 0.407 MeV level in '"Pt display
only mildly oscillatory shapes, while the 0.622
MeV level in '~Pt and the 0.689 MeV level in
'"Pt exhibit more pronounced oscillations. How-

ever, the angular distribution for the 0.775 MeV
level in 'O'Pt has comparatively less structure.
This may be the result of the decreasing deforma-
tion with increasing mass. Angular distributions
for the first 2' states populated in the (p, p') re-
action at 35 MeV on rare-earth nuclei, ' where

P, & 0.23, are more diffractive than those for the
2' states seen here. The assignment of a spin
and parity of 2' for the 1.603 MeV level in '"Pt
supports the assignment made in the (P, t)
study. '

D. J.= 3 transitions

States known to have J' =3 were very strongly
excited at 1.432 MeV in '~Pt and at 1,447 MeV
in '"Pt. The shape of the angular distributions
for these states is very characteristic (see Fig.
4) and we assign the I.682 MeV level in '"Pt to
have J' = 3 . A state has been observed' at
1.722 MeV in '"Pt and was assigned tentatively
to have 4' = 3 . We note, however, that the ener-
gies determined in Ref. '7 are systematically too
high for the known levels populated in '~""Pt,
particularly for the higher lying states. Figure 4
includes the angular distribution for a 1.722 MeV
level only weakly populated in the (p, p') reaction.
The difference in strength between this level and

the known 3 states in '~'"6Pt is a factor of 20.
A definite assignment of 4 could not be made for
the 1.722 MeV level.

Unnatural parity 3' states are seen in two of
the reactions. Both states, at 0.922 MeV in '~Pt
and at 1.014 MeV in '"Pt, are populated very
weakly and complete angular distributions were
not possible because of interference from im-
purity peaks. The partial angular distributions
are included in Fig. 4. A possible 4' =3' level
is seen in ' 'Pt at 1.246 MeV. This assignment
is based only on systematics but has tentative
support from a recent (n, n') study. "

E. I.=4 transitions

At least three states with J' =4' were populated
in each reaction. Each displays a similar, rather
structureless angular distribution (Fig. 4). The
major characteristics of these are a forward peak
near 35, a slight plateau at 60', and a gradual
decrease in strength towards backward angles.
In '~Pt four 4' states are identified. Two of
these, at 0.811 and 1.229 MeV, were known from
previous studies, while the level at 1.911 MeV
was first seen in the (p, t) study. ' The state at
2.126 MeV is tentatively assigned to have 4" =4',
confirming the assignment made in the '"Pt(p, t)
study. '

Five states with 4" =4' were observed in "6Pt,
including two which were pxeviously known at
0.876 and 1.293 MeV. A third, at 1.887 MeV,
may be the same state seen in the '"Pt(P, tPSPt
reaction' (see Table II) although the energy is
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TABLE III. States populated in the ~~ Pt(p, p') reac-
tion.

Present experiment
'"Pt(p, p )

g b

(MeV)
(7 (30')
(pb/sr)

Previous results ~
E'

(Mev) J ~

0.0
0.407'
0.775
0.984
1.246(3)
1.287
1.367
1.445(3)
1.502 (3)
1.657
1.682
1.722(3)
1.785
1.827 (4)
1.900
1.949
1.971(4)
2.000
2.070
2.100
2.120
2.155
2.178
2.319
2.339
2.356
2.387
2.441
2.469
2.514
2.573
2.611
2,633
2.666
2.726
2,782
2.796
2.826
2,884
2.910
3,005
3.018
3.170(5)
3.197(5)

0'
2'
2 +

4+

(3')
4+

(5 )

(7 )

4.92 x10&

3.24 x10
55.1(40 )
1.05 x103

21.9
252
142
56.6
82.8

119
845
25.5(40')-

150

46.6(40')
74.9
57.9

137
52.7

369
49.9

108
36.3

762

96.5
62.3

325
385
38.4
38.0

0.0
0.4072
0.775
0.991

2.53

0+
2'
2'
4+

' References 7-9.
b Uncertainties in the excitation energies are approxi-

mately 2 kev below 2.5 MeV and 0.1% above 2.5 Mev,
except where indicated.' Used as calibration point along with the 0.80310,
6.68408, 2.20023, and 2.64790 MeV levels from Pb
(Ref. 28).

3 keV higher for the state seen in the proton
scattering (the energy uncertainties are about
2 keV for each reaction). Two additional states
have been tentatively assigned to have 4' =4', at
2.008 and 2.280 MeV. These states may have been
observed in the (P, t) study. '

Three states in" Pt have been assigned to
have 4' =O'. The lowest lying one is at 0.984
MeV [0.991 MeV in an (a, a'} study'J. The third
4' state is at 1.785 MeV. Thus, three 4' states
are seen at about 2 MeV excitation in each of

' 98pt, The nature of these states is un-

known, but their strengths in inelastic proton
scattering may indicate a considerable hexa-
decapole component. This will be discussed be-
low.

F. Transitions with L ~ 5

Five I. =5 transitions have been assigned on the
basis of the empirical shape of the angular dis-
tribution for the probable 5 state at 1.374 MeV
in '"Pt (Fig. 5). The 5 state seen in "'Pt at
1.270 MeV was previously assigned" to have
Z' =(4, 5) but the (p, t) study' preferred
J' =(5 ). Assignments of J' =(5 ) were made in
'~Pt for levels at 1.932 and 2.165 MeV.

Only one angular distribution (Fig. 5) was ob-
tained for a level known to have 4' =6', the
1.412 MeV level in '~Pt. The uncertainties are
quite large at most angles because of its weak
population and its proximity to the strongly
populated 3 level at 1.432 MeV. No attempt was
made to extract an angular distribution for the 6'
level in '"Pt because the strongly populated 3
level is only 17 keV away.

Angular distributions were obtained for the
1.485 MeV level in '~Pt and 1.374 MeV level in
'"Pt (Fig. 5). The level at 1.485 MeV in '~Pt was
previously known to have 4' =7 from in-beam
y-decay studies, "thus affording an empirical
shape for comparison in the """Pt(P,P'} re-
actions. The level at 1.374 MeV in '"Pt had been
previously assigned as (5', 7 ), but its angular
distribution suggests 4' =7 . An assignment of
&' = (5', 'l ) has also been made for the level at
1.502 MeV in '"Pt. A level at 1.722 MeV in '"Pt
could not be given an assignment because of its
weak population.

Figure 5 includes twelve seemingly unique angu-
lar distributions: three from '"Pt, four from
' 8Pt, and five from '"Pt, all with essentially
the same features, the most prominent of which
is a strong maximum at 50' on an otherwise
smoothly decreasing cross section. The levels
are at relatively high excitation energies, from
2.1 to 2.8 MeV. The transitions to them are some
of the strongest in each reaction. Unfortunately,
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FIG. 3. Elastic scattering and L =0, 2 angular distributions from the Pt{p,p') reactions. The curves are
the results of DWBA calculations using a collective model form. factor. Energies are given in keV. The uppermost
curve in the left panel is representative of the angular distributions of the ratio of elastic-to-Rutherford scattering dif-
ferential cross sections; here, the curve is for +Pt.

there are no known levels in any of the reactions
with a similar shape, so no spin information can
be obtained. However, the strength of these
transitions and their high excitation energy (ap-
proximately 1 Mev above the pairing gap at about
1.4 MeV) may indicate these states are composed
of highly correlated, particle-hole configurations.
Further investigation is needed, though, before a
definite characterization of these states can be
made.

Several additional angular distributions are
shown in Fig. 6. No spin assignments were made

for these transitions because of large uncertain-
ties in the angular distribution data.

IV. COUPLED CHANNEL ANALYSIS
OF THE INELASTIC SCATTERING DATA

Attempts to describe the inelastic scattering
data with the DWBA were not very successful.
Only the shape of the first 2' angular distribution
for the three reactions could be reasonably re-
produced (see Fig. 3}. Since there is only one
form factor for a given L transfer in the collec-
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tive model approach, there is no way to account
for the dramatically different 2" angular dis-
tribution. Hence, the more complete coupled
channels approach is necessary.

The procedures used in this study for the
coupled channel analysis are similar to those
employed for the analysis of proton scattering
from well-deformed nuclei. " Briefly, an iterative
searching procedure determines the best set of
optical model parameters for reproducing the
elastic scattering data. Next, the deformation
parameters P& are determined for the ground
band by a similar, searching procedure, where
a "best fit" (minimum values of y') is obtained for
the inelastic data as well as for the elastic data.

These calculations were performed using the
coupled channels code ECIS."

Additionally, the effects of several other fea-
tures of the data and theory were investigated,
such as spin-orbit effects, the coupling of the
quasi-) band, and the use of matrix elements de-
rived from the IBA model4 to describe the coupling
between the nuclear states. Finally, we have
used a multipole moment technique to compare
the results of this analysis to the results of other
studies of nuclear deformations of i94, age, i9sP

A. The optical model analysis

The starting point of the coupled channels cal-
culation is the determination of the best set of



~~4'~~~ ~~8 Pt(p, p') REACTIONS AT 35 Me V 1423

0.01 =

r ~
P 1

~
196p)
]270

4 ~o

I I I I I I I I I

a"=5
~t~~ l~p,

137V
~ x.5

~0

0.01 =

I I I I I I I I I

O.l

lisp I

~ 2'IV]

~0~~ ~

1.0

= I ' I ' I I I I I

19Vp t

215'I
~0

~ ~

gO tt:
22't 6

0.01 =
~y ~t t:

l9Bp)
1367

~ ~ Oy

0.1

0.01 =

~0 J+ 7
~Qh

~ l&p)~t
~ ]V85

0~ yO

0.]

1.0

0

251't

t t~y

~t ~-

10

1.0

~y ~~

~o

0.01 =

at@bo] =

0.01 =

0.]

~ ~- 01

%~o,
~y

~gt

0.01 =

0.1

IPt
P P1—

2]65

it ~ l96pt
137V

~ 15020
tt ~~0

te

1.0

0.]

].0

0.1

+ ~ 2611
~0

~~
0 ~~ ~

OQ
~+ 2796

~y
0

~ qe

~ 2826

0.1

O.l

0.1

0.1

~g
~Oy

2608

~y
263S ~

~~

~y

0.0] =

i I i I I I i I

I i I ) I i I i I

20 90 60 80 100

6, ~(degj

I

20
) I ) I )

't0 60 80 100

6, (degj

0.01 =
2707 e

tO—

I ) I i I i I ) I

20 VO 60 80 100

6, ~ (degj
20 VO 60 80 100

6, ~(degj

FIG. 5. L ~ 5 angular distributions from the + + Pt(p, p') reactions. In the third and fourth panels are angular
distributions with unique shapes unlike those for levels with known J". Energies are given in keV.

parameters for the optical potential which will
reproduce the experimental elastic scattering.
We employ a standard deformed optical model
potential (DOMP). The shape of the potential is
assumed to have the deformed Woods-Saxon form
with the deformation parameterized via the ex-
pansion

R =Ra 1 + g p„Y~O(e), R0 =r A'+.

The Coulomb part of the potential is derived
from a deformed uniform charge distribution with
a sharp cutoff. There are eleven optical model
parameters that could be included in a search:
V, W, W~, Vsp, r„, r„r~, r~, a~, a„and asp
plus several deformation parameters, P), and
P&. We limited the number of varied parameters

1oV IVp'Vgo Qs a„and Pz (Pz, hereafter)
to simplify the searching process. The starting
values of all parameters in the searches and the
values of W, r~, r„rsp, and asp were taken from
the work of Becchetti and Greenlees. " However,
the parameters held constant throughout the
searches were not chosen arbitrarily. The radius
parameters were not included in the searches
because they enter the coupling potential as
products with their respective deformation pa-
rameters. The Coulomb parameters r~, P, , and
P4, were taken from Ref. 7. The imaginary well
depth was held constant primarily for simplifica-
tion.

The optimum standard optical model parameters
were determined by use of the automatic search-
ing features in ECIS to minimize the chi-squared
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FIG. 6. Angular distributions from @ + +Pt(p, p') reactions with unknown L transfer. Energies are given in keV.

value for the ground state, yp+ These calcula-
tions included couplings between the 0', 2', and
4' levels. The parameter search was conducted
by simultaneously varying either the three po-
tential depths (V, Wa, Vso) or the diffuseness pa-
rameters (as, a, ). The sequence of searches
typically involved two iterations of a search on the
well depths followed by a search on the diffuse-
ness parameters, one search on the deformation
parameter P, while minimizing g', +, then two more
iterations on (V, Wa, Vzo) and (a&, a,}. The start-
ing P& values were deduced from values in Ref. '?.
The Coulomb and nuclear matrix elements are
assumed to have the same relative values (dis-
cussed below} although each set is normalized to
the 0'-2' and 0'-4' matrix elements which are
calculated in ECIS from the DOMP. All the calcu-

lations were performed using 25 partial waves,
an integration step size of 0.33 fm, and a match-
ing radius of 20 fm. The multipole expansion
included couplings of ~=2 and ~=4 terms to
L =8. For simplicity, the nuclear deformations
were equal for the real and the imaginary portions
of the potential.

The search results are given in. Table IV for
calculations employing a deformed full Thomas
form" for the spin-orbit term (L*S), and for
calculations without a spin orbit (L*S=0), as
discussed below. The changes in the parameters
from Becchetti- Greenlees parameters" when
L~S~O are relatively small except for values of
the real diffuseness a& and the imaginary surface
term Wa. These decrease by about 'I/0 and 12@,
respectively.
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TABLE IV. Optical model parameters used in the coupled channels calculations.

Nuclide
v'

(MeV)
a

(fm)
WD

(MeV)
as

(fm)
&so

(Mev)

X/N
(ground
state)

L*S:

g= 0.0375 keV
K= 0.5375 keV

LOS=0:

K= 0.0375 keV
K= 0.5375 keV

196pt

L*S=0
198pt

L+S

L*S=O

53.40
53.12

51.84
51.64

51.78

50.79

53.35

52.53

0.712
0.723

0.659
0.656

0.786

0.734

0.709

0.624

4.70
4.82

8.13
7.99

5.46

7.86

4.72

7.60

0.663
0.658

0.594
0.604

0.666

0.644

0.667

0.611

6.497
6.466

0.0
0.0

6.551

0.0

6.475

0.0

7.0
8.6

14.3
15.1

17.1

29.9

5.5

10.2

' The Pz and rc values are taken from Ref. 7. All radii were held constant, rs—- 1.17 fm,
rr=1.32 fm, rso=1.01 fm, and rz= 1.2 fm. Also, the spin-orbit diffuseness aso was held
constant (1.01 fm), and W retained the Becchetti-Greenlees (Ref. 33) value of 5.1 MeV for
194Pt and 5.0 MeV for 196~ 198Pt

B. The IBA matrix elements

Since relatively little is known about the matrix
elements which connect the low-lying states of the
Pt nuclides (except" in the case of '~Pt), one
must use a nuclear structure model which makes
predictions of matrix elements. This allows a
test of the predictive qualities of the nuclear
structure model beyond comparisons of energy
levels and transition rate ratios. With the recent
success of the O(6) limit of the IBA in the Pt-Os
region for energy levels, E2 branching ratios, '
and (P, t) strengths, ' the coupled channel analysis
of the (P,P') reaction should provide a natural
framework for further testing the F.2 and E4
matrix elements. We note that our data on '~Pt
could not be well described" using simple collec-
tive models.

The matrix elements used in the analysis were
obtained from the computer code PHINT~ which
diagonalizes the IBA Hamiltonian. We use a
"perturbed" O(6) Hamiltonian. In the O(6) limit
the eigenvalues are given by

E (V, o, r, vc, J) = —(N —o)(N +o+4}A

+Br(7+3) +CJ(8+1),

where A, B, and C are constants, N is the number
of bosons, and e, 7', v~, and J are quantum num-

bere (see Ref. 5 for a detailed discussion). De-
viations from this limit can be introduced by
including a term for the quadrupole-quadrupole
interaction between bosons, ' whose strength is
given by &. It should be noted that the introduction
of this term is still within the context of the
IBA model and only requires4 a more complete
solution of the full IBA Hamiltonian.

Small values of z primarily affect the magni-
tude of transitions which are not allowed in the
strict O(6} limit because of the 67=1 selection
rule. The matrix elements most affected are
M~, M», M2~, M~, and M, 4, where

M, , = —(k[IM(E2)[if& .
Also, the "reorientation" matrix elements M«
are altered because of the increased mixing of
the wave functions. Our experiment using pro-
tons is not sensitive to these. The parameter
input to pHINT is taken from Ref. 5 and is listed
in Table V. The values used in the '"Pt calcula-
tions were obtained by extrapolating prescribed'
relationships: 4 is held constant, & and C are
varied linearly with mass, and ~ is varied
logarithmically with mass. Casten and Cizewski'
point out that the transition rates are sensitive
only to the ratio s/B, which specifies the location
of the nucleus relative to the O(6) and rotor lim-
its; the values of z or B individually are not



1426 DEASON, KING, RONNINGEN, KHOO, BERNTHAL, AND NOLEN 23

TABLE V. IBA parameters used in the perturbed
O(6) calculations. A, B, and C are the coefficients of
the pairing, O(5), and O(3) components, respectively,
of the O(6) Hamiltonian, and K is the strength of the
quadrupole-quadrupole interaction. N is the total num-
ber of bosons for each nucleus.

4 B
Nucleus N (keV) (keV) (keV) (keV) K/B

194pt

Set 1 7 186 42.0 17.5 0.0375 0.0009
Set 2 7 186 42.0 17.5 0.5375 0.0128

i96pt 6 186 43 0 19 0 0 025 0 0006

5 186 43 5 205 0016 0004

critical. The calculated matrix elements are
shown in Table VI. Two sets are given for '"Pt,
one from ~=0.0375 keV, ' and one from ~=0.5375
keV.

C. The extraction of deformation parameters

Once the set of optical model parameters giving
the optimal fit to the ground state angular dis-
tribution was obtained, the values of the deforma-
tion parameters were extracted using the optical

model parameters of Table IV and the IBA matrix
elements of Table VI. The values of P, and P4

were varied simultaneously, to minimize y2',
defined as the sum of the chi-squared values for
the ground state, 2', and 4' state angular dis-
tributions. An angular distribution was obtained
for the 6' state in '"Pt but its X' was not included
in those calculations because couplings to the 8'
state were not included due to computing limita-
tions when L*S&0. The results of this analysis
of the angular distributions for the ground band
states excited in ' ' ' Pt are shown in Fig. 7
as the solid line fits. The deformation pa-
rameters are given in Table VII. The quality
of the fits is quite good even though the relative
values of the matrix elements were not varied.

Additional calculations were performed for each
nucleus to investigate the effects of the spin-orbit
interaction. Searches were performed on the op-
tical model parameters with L*S=0. There was
a significant increase in WD which decreased the
depths of the minima (increased absorption) com-
pared to the deep minima which result if the
Becchetti-Greenlees parameters" are used with
C, *S=0. Such an effect is understandable in that
the spin-orbit interaction is surface peaked and

TABLE VI. Relative matrix elements for 4 ' 6 Pt calculated using the O(6) symmetry in the IBA model.

194pt
K = 0.0375 keV

Mrs (E2) Mrs (E4)

i 94pt

K= 0.5375 keV

Mrs (E2) Mrs (E4)

i96pt

K= 0.025 keV
-M rs (E2) M rs (E4)

198pt
K= 0.016 keV

-M~ (E2) Mgs (E4)

0.007 42

0.006 94
-0.010 1

2.120
-0.007 52

0 2i -1.0
0 22 0.004 6
0 4i
0 42

2i 2i -0.014 2

2i 22 -1.156
2i 4f 1.551
2i 3 -0.006 1
2i 42 0.001 1
2i 6

22 22 0.014 2

22 4i 0.002 9
22 3 -1.186
22 42 -1,152
4f 4f -0.012 7

4i 3 0.750
4i 42 1.098
4i 6 -1.913
4i 8
3 3
3 42
3 6
42 42
6 6
6 8
8 8

1.0
-0.002 67

1.380
-0.003 70
-0.0152

0.559
0.818

-1.426
0.656

-1.721
-0.003 59
-0.0152

0.087 8
-0.003 99
-0.005 72

0.013 0
-1.622
-1.767
-0.748
-1.452
1.525
0.965

-0.011
1.133

-1,0
0.062 7

-0.196
-1.142

1.552
-0.083 8
—0.015 5

0.196
-0.039 7
-1.186
1.155

-0.175
0.074 8

-1.090
-1.914

0.103

0.094 9
-0.141

1.0
0.036 9
1.376

-0.050 8
-0.209

0.557
-0.802
-1.425

0.659
1.269

-0,049 4
0.210
0.883
0.005 51
0.078 7
0.180

-1.765
0,744
1.446
1.512
0.969

-1.0
0.002 42

-0.007 3
-1.144
-1.535

0.003 14
0.000 6

0.007 3
0.001 6
1.155

-1.121
-0.006 3

0.730
-1.069
1.862

-0.006 4

0.003 6
-0.004 8

1.0
-0.001 31
1.436

-0.002 0
0.008 1

-0.544
0.797

-1.388
0.694
1.818
0.001 7

-0.007 95
0.927

-0.002 3
0.003 0
0.006 9

1.901
0.804
1.564
1.641
1.038

1.0
-0,001 23

-0.003 5
-1.127
-1.512

-0.000 36

0.003 53
0.000 85

1.073
-0.002 95

1.024
1.783

0.001 79
-0.002 04

1.0
-0.000 6

1.521
-0.001 1

0.004 15

-0.763
-1.329

0.751
1.970

0.003 98
1.004

-0.001 56
-0.003 46

1.820
1.152
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interaction. The calculations used the matrix elements of Table V, and DOMP parameters from. Tables IV and VII.

turning this interaction off causes the surface
imaginary term to absorb some of the effects.
Table VH also shows the results of searches when
I.*S=0. Comparisons of the spin-orbit versus
no-spin-orbit calculations are also shown in

Fig. 7. The most obvious difference is the more
pronounced oscillations in the L *S=0 calculations,
especially for the 4' calculations. (The value of
g' for each level is nearly twice as large as val-
ues for the calculations using the spin-orbit

TABLE VII. Deformation parameters and potential moments obtained from 0'-2'-4'-6'
coupled channel calculations for '+ ' SPt. Values from calculations with (L*S) and without
(L*S= 0) a spin-orbit interaction are included.

Nucleus

i 94 Pt

g = 0.0375~

-0.154(2)
-0.168(3)

-0.0455(10)
-0.0566(l 7)

-1.32(2)
-1.40(2)

-0.156(7)
-0.184{12}

f96pt

g= 0.025

L +S
L+S~0

-0.151(2)
-0.164(3)

-0.142 (3)
-0.152(5)

-0.0453(10)
-0.0550(20)

-0.0485{13)
-0.0573(21)

-1.30(2)
-1.37(3)

-1.25(3)
-1.31(5)

-0.160(6)
-0.181(12)

-0.202 (11)
-0.226(16}

-0.119(2)
-0.128(4}

-0.0422(20)
-0.0479(30)

-1.05(2)
-1.09(4)

-0.177(7}
-0.181(18)

~The unit for z is keV.
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interaction. ) However~ although the values of P~

and P4 when L*S=0 are significantly different,
the moments (as discussed below) in each case
are comparable, %e used calculations without

spin orbit to investigate the effects of a variety
of couplings not possible on our computer with

the inclusion of spin-orbit terms.

102

10

I I

1 PtIp, p'I L 5
Pp=+0.0'f5
P p= 0.0

D. Sensitivity of coupled channel calculations to higher
order couplings and selected matrix elements

The sign of P4

Earlier theoretical calculations (e.g. , Ref. 38)
and experiments"" have indicated a negative
value of P, for the Pt nuclides. A series of calcu-
lations were performed to investigate the sensi-
tivity of the (P,P') data to the sign of P, Fi.gure 8

compares the result of a 0'-2'-4'-6' calculation
for '~Pt with a positive, negative, and zero value
for P4. This calculation included the spin-orbit
interaction. Using a negative P4 value, the overall
slope and the fit to the first maximum are in

agreement with the data. The oscillations for a
positive value of P, (dashed line fit in Fig. 8) are
almost completely out of phase with those for
p4&0, and the cross section is overestimated at
backward angles. Also, the value of y', + increases
by a factor of 2. The calculation with P4 =0
clearly fails to reproduce the data. The necessity
of including a P, component is also discussed in

Sec. IVD 5, concerning the second 4' level. The
present results support earlier findings'" of a
negative value of P, for the Pt isotopes. Al-
though there might be evidence' in the rare-earth
region for small values of P, this was not investi-
gated.

2. The effect of the "quasi-y *'band eouplings

In order to test further the O(8} IBA matrix
elements, calculations were performed including
the lowest states of the "quasi-gamma" band,
whose bandhead is the second 2' state. Three
previous inelastic scattering studies of the Pt
nuclei have also studied members of this band.
These states are the 2", 3', and 4"states in
'~'96Pt and the 2" and 4" states in ' 'Pt The
calculations included both P~ and P4 deformations,
the IBA matrix elements in Table VI, and
L,*S~0. The IBA 0-4" matrix element relative
to that for 0'-4' is extremely small and a larger
value was necessary to reproduce the data.

The results of these calculations for "4Pt are
shown in Fig. 9 for two different sets of matrix
elements. One set was calculated using PHINT, '4

the parameters of Ref. 5, and ~ =0.0375 keV. The
second set was calculated using ~ =0.53'75 keV.
This larger value of ~ gives a value for B(E2;

10'
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E
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328
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10
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FIG. 8. Data and coupled channels calculations using
0+-2+-4+-6+ level couplings for ~+Pt(p, p') with positive,
negative, and zero values for P4. These calculations
used in the ISA matrix elements of Table V and the
DOMP parameters of Tables IV and VII. The spin-orbit
interaction was included and Pg = —0.172.

2"-0')/B(E2; 2"-2'}closer to the experi-
mental one than when ~ =0.0375 keV. The calcula-
tions fit better the angular distribution for the 2"
state, but at the expense of the already poorly
fit 3' and 4" state data. The value of ~ =0.5375
keV is almost twenty times larger than that used
in Ref. 5, but it is not unrealistically large. In
fact, values in the Os region' are an order of
magnitude still larger than those in the Pt region.

The effect of the 2 ' state on the P„mines

To test the influence the 2" state may have on
extracting the deformation parameters, a search
was made on P, and P, simultaneously using
0'-2'-4'-2" level couplings and the IBA matrix
elements with I( =0.58'75 keV. The y' values were
minimized for each level. Similarly, a search
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asymmet'ric rotor' and pairing-plus-quadrupole'~'~'
models predict P, &0. Baker et gj.' '" also
concluded that large values of M~ and M~ are
needed to explain the shape and strength of the
4" angular distributions. However, it was
shown" that by including the symmetric hexa-
decapole components (Y«) in the asymmetric rotor
shape (Davydov model' ), the fit to the first 4'
level was improved. A negative value of I', was
also then consistent with the predictions of this
"extended" asymmetric rotor model.

We investigated the sensitivity of the (P,P')
data to the sign of the interference term. Figure
10 shows the results of calculation for '~Pt,
performed with the matrix elements in Table VI
coupling the 0', 2', 4', and 2" levels, with
I.*S~ 0. The sign of I', was changed by changing
the sign of M . The data are fit much better
when P,&0, in agreement with the earlier study. '
This is also true for similar calculations for
'"Pt. The perturbed O(6} IBA calculations cor-
rectly predict the sign of &, in both sets of matrix
elements calculated for '~Pt, and for '"Pt. For
'"Pt(P,P') Ihe calculations with P, &0 provide
slightly better fits to the data, even though the
calculations predict P, &0. However, for "Pt,
M~ is a small, negative number, -0.0012. This
difference in sign from the """PtO(6}predictions

FIG. 9. Data and coupled-channels calculations for the

Pt(p, p') reaction using the spin-orbit interaction and
tao sets {Table V) of ISA matrix elements, x =0.0375
keV (solid curve) and f( =0.5375 keV (dashed curve). The
DOMP parameters are given in Tables IV and VII.

102

10l

was made using 0'-2'-4'-6' level coupling. Both
calculations used the same initial values for P,
and p4, and in each calculation, arm (=1to~+1t,m

+1t,') minimized for the same final values within
statistical uncertainties. However, the better fit
was obtained from the 0'-2'-4'-6' calculation.
The relatively weak coupling of the 2" state,
indeed the weak coupling of the quasi-y band,
indicates that calculations involving only ground
band couplings are sufficient for determining the
deformation parameters.

l10
E

Cg
V

10o
b

10-'

2+
328

Q+

811

4. ThesignofP3

One of the principal motivations for the earlier
inelastic scattering studies on the Pt nuclides"9'4'
was to determine the sign of P, =M~.M~». . P,
describes the interference between the one-step
and two-step paths that populate the second 2'
state. Baker et gl.""found that a negative value
for P, was needed to fit their (a, a') reaction data
on '92'~Pt. This was unexpected since both the

2+
S22
x2

60 80 100 120

e, (deg)
FIG. 10. Data and coupled channels calculations for

the Pto), p') reaction vrith positive (dashed curve) and
negative (solid curve) values for the interference term
P3. Note that the data and theory for the 2+ state have
been multiplied by 2. Here, P2

= -0.151 and P4 = -0.0453.
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is partially understandable. In the strict O(6)
limit, M~ =0 because of the 4T selection rule.
With the addition of a small perturbation, via
the parameter ~, the selection rule is broken
and small values of M~ are obtained. The value
of I', remains negative because the sign of M~
changes as well. The cause of this sign change
is not understood. To draw definite conclusions
about the role of I', for ' 'Pt it will be necessary
to secure a better value for z from z-ray branch-
ing ratios because of the influence of I', on small
matrix elements.

5. The N, matrix element

The coupled channel calculations using O(6)
matrix elements fail to describe the 4" angular
distributions in io4, tee, i98Pt A similar effect
was seen in the (n, o') study by Baker et al."
The major cause of this failure is the small pre-
dicted hexadecapole matrix element between the
ground state and second 4' level. To improve
the fit a search was performed on the 0-4" ma-
trix elements, using the IBA values for the other
matrix elements as given in Table VI. The search
was performed without the spin-orbit term so that
a 0'-2'-4'-2"-3'-4" level space could be used
(except for '"Pt where no 3' couplings were in-
cluded). The shapes of the 4" angular distribution
with and without the spin-orbit couplings are
similar. The results of these calculations are

shown as the solid curves in Fig. 11 for
'~'"'"Pt. The best fit for the 4" angular dis-
tribution is obtained in the '"Pt case, with the
rather structureless shape except for a maximum
at 35'. The other three calculations show con-
siderably more diffraction for this angular dis-
tribution. Table VIII summarizes the M~ and
B(E4) values as well as these values from the
'9'Pt(n, n') reaction. '9 Baker et al."obtained a
better fit to their data with a positive value for
M~; our values are negative for '"Pt and posi-

.tive for '"'"'Pt. However, these matrix ele-
ments depend on the two-step and three-step
excitation routes to the 4" level, leading to an
uncertainty in value as is shown in Table VIG
for '~Pt. The best fit values obtained in this
study are thus significant only for the values of

M02, M 2., M24, and M

E. Comparison of charge and nuclear potential moments

Mackintosh, "using a theorem by Satchler, "
has shown that the multipole moments of the real
part of the DOMP are proportional to the moments
of the nuclear matter density, if the DOMP for
protons is derivable from a reformulated optical
model potential. This assumes that the nucleon-
nucleon interaction is independent of density, and
that the proton and neutron distributions have
equal deformations. The multipole moment
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FIG. 11. Data and coupled channels calculations for the + Pt(p,p') reactions. For +Pt, ~ = 0.5375 keV. The
dashed curves represent calculations with the IBA matrix elements of Table VI while the solid curves represent the
calculations 'when Mo4 is increased. The calculations for Pt did not include couplings to the 3' state.
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TABLE VIII. Summary of 0' 4" Inatrix elements and 8+4) values for ~+ ~+Pt.

Nucleus
Mo4,
(eb')

8 (E4. 0+-4+')
(e b4)

S(84; 0'-4')
(e2b4)

+ 0.34
-0.20

0.12
0.040

0.041
0.041

f(' = 0.0375
tc = 0.5375

-0.12
-0.11

0.014
0.012

0.024
0.026

198pt

+ 0.14

+ 0.21

0,020

0.043

0.041

0,031

a Reference 39.

method is a more fundamental approach to com-
pare results from Coulombic and hadronic scat-
tering experiments. The P&, or the "deformation
lengths" P&R, where R is the potential radius,
are reaction dependent quantities. Inelastic nu-
cleon scattering cross sections depend on the
product P&R, whereas Coulomb excitation cross
sections are proportional to the squares of the
E~ matrix elements, which have a first order
P„R~ dependence. The product P„R may also be
correlated with other optical model parameters.

Following the suggestion by Mackintosh, the
multipole moments q, and q, were calculated from
the real part of the DQMP using the rela, tion

&f l'(rh' l'»(e)dr
fi()d

The DOMP parameters are those given in Tables
IV and VII. When E is chosen to be equal to Z,
the proton number, the comparison ean be made
with results from electromagnetic excitation stud-
ies. The moments from our study are given in
Table IX along with moments from Coulomb ex-
citation"'"" and those calculated from the
DOMP and Coulomb potentials used in an (n, n')
reaction study. ' The Coulomb deformation pa-
rameters obtained in Refs. 40 and 7 are those
for a uniform charge distribution with a sharp
cutoff, for asymmetrically and symmetrically
deformed shapes, respectively. The potential
moments in the present study and in Ref. '7 are
for a deformed Fermi distribution.

A comparison of the (P,p') results with those
from the previous experiments indicates the q,
potential moments from proton scattering are in
much better agreement with the charge moments
from Coulomb excitation than are the potential
moments of Baker gt gl. ,' determined by using
the (n, n') reaction. The moments from (P,P')
are in general systematically larger in magnitude

TABLE IX. E2 and E4 moments in '+ ~98 ~98Pt.

(b} or (eb) (b2) or (eb2)

at 35 MeVb
-1.32(2) -0.156(7)

Coulomb excitation' -1.273(6)
(i2C 12CP}g ] 269
(n, n')'P -1.52

C -1.31

-0.1486
-0.30
-0.12

198pt

(p P')
at 35 MeV~ -1.25(3)

Coulomb excitation~ -1.22(5)
(n, n')'P -1,38

C ~1yl7

-0.24
-0.097

(p,p')
at 35 MeV~

Coulomb excitation~ -1.00(3)
(e, n')~P -1.12

C -1.08

-1.05(2) -0.177(7)

-0.32
-0.14

a The units for the charge component moments are
5", X=2 or 4. The units for the electromagnetic mo-
ments are eb".

b These moments were obtained using the DOMP
parameters, including the spin-orbit interaction, con-
tained in Tables IV and VII.' Reference 35.

"Reference 41.
~ Reference 7. The first value reported is the po-

tential moment (P} and the second value is the charge
distribution moment (C).

f Reference 46.

than moments of the charge potentials from Cou-
lomb excitation and (n, n') but this is perhaps
statistically significant only fox q, in "4Pt and q,
in '96Pt. In each nucleus the charge component
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of the proton potential moment is in better agree-
ment with the chax ge moment from Refs. 7 and 41
rather than the potential moment, ' except perhaps
in '"Pt. Possible reasons for the deviation be-
tween moments from proton scattering and mo-
ments determined by electromagnetic means have
been discussed by King et al." The discrepancy
between n-scattering potential moments and Cou-
lomb excitation values has been discussed by
Mackintosh44 and is thought to be an indication
that phenomenological n-scattering potentials
are not currently derivable from reformulated
optical model potentials.

V LEVEL ENERGIES IN empt AND SYSTEMATICS
OF THE Pt ISOTOPES

It is convenient to describe the energy level
systematics in the stable Pt nuclei by starting
with the O(6) limit and then breaking the sym-
metry by increasing the strength of the boson
quadrupole-quadrupole interaction. Casten and
Cizewski' have interpreted energy level and
branching ratio systematics in the Pt;-Os region
in this manner. At the time little was known about
'"Pt. Here we apply the perturbed O(6) limit,
with the suitable' value of ~, to '"Pt. In Fig. 12
we show the levels in ' 2""' "9'Pt. The striking
experimental feature in '"Pt is the gx'ouping of
the 2", 0", and 4' levels around a centroid
energy slightly larger than twice the energy of the
2' level. This is reminiscent of the SU(5) (vibra-
tional) limit predictions. The calculated values
do show the proper level sequence but quite dif-
ferent spacings fox the 2" and 3' states. It is
difficult to understand this behavior because nu-
clei at the beginning of shells should have SU(5)

1500-
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FIG. 12. Systematics of experimentally determined
level energies for positive parity states in 2 4 ~9~ ~98Pt.

The data for Pt are compared to calculations using
the perturbed O(6) limit of the IBA model with z =0.016
keV.

symmetry and the nuclei at the end of shells
should have O(6) symmetry. We do note that our
calculations are extrapolations of the trends for
the lighter Pt isotopes and that the parameters
for each nucleus are not optimized. %e also
neglect proton-neutron boson interactions, a pro-
cedure which affects" the calculated level ener-
gies considerably more than y-ray matrix ele-
ments.

VI. SUMMARY

Many level energies in '~'"""Pt were mea-
sured using the (p, p') reaction at 35 MeV. In
98Pt, 38 of the 44 levels below about 3.2 MeV

are reported for the first time. Angular dis-
tributions were measured, and comparisons to
empirical shapes of angular distributions fox
levels with known J values allowed several new
spin assignments. The a,ngular distributions of
the ground band levels, with J' =0', 2', 4' (and
for "4Pt, 6'), and the low-lying 4' =2",3', 4"
quasi-y band levels were analyzed within a
coupled channels framework of an oblate rotor
with a negative P4 shape component but using rela-
tive matrix elements from the O(6) limit of the
1BA model of Arima and Iachello. The angular
distributions for the ground band states and the
2" state angular distribution are well described
using this approach. The 4" state angular dis-
tribution can be satisfactorily fit only by allowing
a direct I.=4 excitation of this state. The sensi-
tivity of the calculations to several effects was
noted: the sign of the L =2 matrix element product
which connects the 4' =0', 2', and 2" levels;
the quadrupole strength parameter x in the IBA
model; and the effect of the quasi-& band on the
extraction of the moments. The extracted mo-
ments are systematically more negative but are in
better agreement with values from Coulomb ex-
citation than are the moments derived from the
DOMP parameters used in (o., n') studies.

Ãote added in Proof. We have become aware of
two very recent studies of '"'"'"Pt. Using the
(t, p) reaction, Cizewski et al. [Phys. Rev. C (to
be published)j have studied '" '"Pt, as well as
"'Pt. Using heavy-ion-induced Coulomb excita-
tion, Boiotin 8t al. [Phys. Rev. C (to be published)]
have also studied '"'"Pt. The energies of those
levels excited in their studies as well as ours are
in good agreement with our results. They provide
also supplementary level energy and stxucture in-
formation on '"'"Pt
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