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States in 196Pt observed with the„n,n8g… reaction
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Levels in 196Pt have been studied via the196Pt(n,n8g) reaction for a range of neutron energies from 1 to 8
MeV. A ‘‘white’’ spectrum of neutrons was produced at the LANSCE/WNR facility, and the incident neutron
energy was determined by the time-of-flight technique. Analysis of measuredgg coincidence data andg-ray
excitation functions, obtained with the large-scale Compton-suppressed Ge spectrometer GEANIE, yielded 13
new levels and 24 newg rays belowEx53 MeV in 196Pt. Interacting boson model~IBM ! calculations with
broken SO~6! dynamical symmetry were performed. A new experimental level was found to be a prime
candidate for theJp541, s56, t55 IBM state.
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I. INTRODUCTION

The nuclei in theA5180–200 mass region exhibit
gradual shape change from prolate@1# to oblate@2# before
the spherical limit is reached atA5208. As a result of the
complex nature of these shape transitions, simple rotatio
and/or vibrational models do not adequately describe the
clei in this region. The interacting boson model~IBM ! @3,4#
is very successful in interpreting the transition region con
tently. In fact, 196Pt has been shown to be a good example
the SO~6! limit of the IBM @5–7#. Many of the low-spin
positive-parity states below the pairing energy gap in196Pt
were identified and explained in terms of this model by C
ewskiet al. @6#. In addition, platinum isotopes have been t
focus of a variety of other experiments to search for mix
symmetry states@8#, high-lying octupole states@9#, octupole
fragmentation@10#, and scissors mode states@11–14#. There-
fore, a number of experimental techniques have been app
to the study of196Pt, including Coulomb excitation@15–18#,
two-nucleon transfer@19,20#, neutron capture (n,g) @6,21#,
and neutron inelastic scattering (n,n8g) @22#. The result is a
fairly detailed partial level scheme for196Pt for Ex

<3 MeV. However, as a result of the high density of sta
above 2 MeV in 196Pt, many near-yrast states and theirg
decays are as yet unknown.

The combination of a high-resolution Ge-detector ar
and a neutron spallation source allowed us to probe196Pt via
a neutron-induced reaction andg-ray spectroscopy. The
neutron-induced reaction provides a method for the pop
tion of levels away from the yrast line at low excitation e
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ergies. The main advantage of the present study is th
low-energy g ray originating from levels with energie
greater than'1 MeV can be unambiguously placed usin
both gg coincidences and excitation functions. A disadva
tage is that spin assignments could not be made due to
low statistics in the individual detectors, preventing angu
distribution measurements. A total of 13 new levels bel
Ex53 MeV and theirg-ray branchings are reported her
DiPrete@22# also carried out196Pt(n,n8g) experiments that
emphasized angular distribution measurements, but nogg
coincidence measurements were performed. The comb
tion of these two data sets allowed spin and parity restrict
on the new levels in196Pt.

II. EXPERIMENTAL DETAILS

The experiment was performed at the Los Alamos N
tron Science Center~LANSCE! Weapons Neutron Researc
~WNR! facility. Neutrons in the energy range from below
MeV to nearly 800 MeV are produced by spallation reactio
of pulsed 800-MeV protons incident on a natural tungs
target. The proton beam consisted of 625-ms-long macro-
pulses, each of which was subdivided into micropuls
spaced 1.8ms apart. These macropulses were produced
frequency of 80 Hz, giving a 5% duty cycle. The energy
the reaction neutrons was determined by the time-of-fli
~TOF! technique. Theg flash from the spallation reaction
with the neutron production target was used as the refere
time. The GEANIE~germanium array for neutron-induce
excitations! spectrometer@23#, located a distance of 20.34 m
from the WNR spallation neutron source on a flight path
60° to the right of the incident proton beam (60R), was used
for g-ray spectroscopy. The neutron flux was deduced fro
fission chamber counter@24# placed in the beam 1.86 m up
stream from the GEANIE spectrometer.

A 9.94-g sample of 97.25% isotopically enriched196Pt,
consisting of two 2.5-cm-diam disks with additional196Pt
sandwiched in between, was placed at the focal point of
GEANIE spectrometer. The neutron beam spot on the196Pt

e

tal
©2002 The American Physical Society09-1



na

ed
to
e
fo

re

e

o

ai

e

fo

e
wo

e
t

ed
o

rom

-
t
om

u-

ed

by
-
ol-

n

ms

nd

si-
eri-

eV
re

on-
ls:
nd

the
in

vel
the

as
-

rm
ous
s
nt
f.

of
rs

or
of

ile
si-
ake
f the

by

ia

ith

E. TAVUKCU et al. PHYSICAL REVIEW C 65 064309
sample was 1.91 cm diameter. GEANIE included 11 pla
and 15 coaxial Ge detectors@25% efficient relative to a
3 in.33 in. NaI~Tl! detector#. All planar and nine of the co-
axial detectors were equipped with BGO escap
suppression elements. In addition, all of the planar detec
were fitted with NaI nose-cone escaped-suppression
ments. The planar detectors were grouped at the most
ward and backward angles with respect to the beam di
tion, and g-ray events with energiesEg<1 MeV were
recorded for the planar detectors. The coaxial detectors w
positioned around 90°640°, andg rays were registered with
energies up to 4 MeV. All detectors were located'14 cm
from the focal point of the spectrometer. The efficiency
the array ~as a function ofEg) was calibrated through a
series of source measurements, supplemented by det
modeling@25# using the transport codeMCNP @26#.

A total of 1033106 single and higher-fold events wer
recorded. The data were sorted intoEg vs TOF andgg co-
incidence matrices. During the off-line sorting, the data
each detector~planar and coaxial detectors! were aligned
separately in both detector pulse height and neutron tim
flight, and then summed together to generate the t
dimensional~2D! matrices.

The g-ray energy spectra shown in Fig. 1 were obtain
by applying a condition on the event times corresponding
neutron energies from 1 to 8 MeV in theEg-TOF matrices.
New g-ray transitions found in this experiment are label
with their energies in keV. A precise energy calibration f

FIG. 1. Theg-ray spectra obtained from the sum of the coax
Ge detectors for the196Pt(n,n8g) reaction in theEn51 –8 MeV
range. The newg rays reported in this experiment are labeled w
their energies in keV.
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the planar-detector spectrum covering an energy range f
65 to 900 keV was obtained using 65 well-known in-beamg
rays as calibration points in196Pt and other isotopes. Simi
larly, 25 in-beamg rays between 300 keV and 3 MeV in P
isotopes were used for the calibration of the spectrum fr
the coaxial detectors. Excitation functions for theg rays
were constructed by taking 15-ns time gates@the typical full
width at half maximum~FWHM! for the time resolution# in
the Eg-TOF matrices, which corresponds to a 21-keV ne
tron energy range atEn51 MeV. For each energy bin, a
one-dimensionalg-ray pulse-height spectrum was generat
and fitted with the computer codeXGAM @27# over the full
g-ray energy range. An excitation function for eachg-ray
transition was generated as a function of neutron energy
normalizing theg-ray counts to the neutron flux. The neu
tron flux was deduced from the fission-chamber data c
lected simultaneously. Promptg rays from other
196Pt(n,xnypg) reactions were identified and the excitatio
function for each g ray was generated up toEn
5250 MeV. These results and their interpretation in ter
of reaction dynamics were reported separately@28#.

III. LEVEL SCHEME

In this work a total of 92 transitions were observed a
assigned to196Pt. These observed transitions range ing-ray
energy from 100 keV to 2.1 MeV, and all of the new tran
tions are above 400 keV. The absorbers used in the exp
ment make the observation of transitions below 100 k
energy more difficult. No new ground state transitions we
observed in the excitation function measurements. Two c
ditions were required in order to assign transitions to leve
~i! the g ray must be observed in the coincidence data, a
~ii ! the threshold energy of theg-ray excitation function
must be consistent with the placement of the level in
level scheme. The new partial level scheme is illustrated
Fig. 2. Table I summarizes all of the new levels andg-ray
transitions observed in the present work. Approximate le
energies were obtained using the coincidence and
excitation-function data. The Ritz combination principle w
applied to deduce exact level energies~and associated uncer
tainties!. The relativeg-ray intensities listed in Table I in-
clude the detection efficiency. The present results confi
many of the levels and transitions observed in a previ
unpublished measurement@22#. Spin assignments and limit
for the levels in Table I were made by taking into accou
multipolarities and angular distribution calculations of Re
@22#, the neutron capture (n,g) data from Ref.@21#, and the
excitation function data of the present work. The slope
excitation functions as a function of neutron energy diffe
for transitions from levels with different spin values. F
example, a rapid rise in the cross sections as a function
incident energy is observed for low-spin transitions, wh
the increase in intensity is much slower for high-spin tran
tions. Therefore, excitation functions can be used to m
approximate spin assignments. The spin assignments o
average neutron resonance~ARC! data@21# are based on the
primaryg-ray transitions from the capturing states (02, 12)
to 01, 11, and 21 states. Resonances were averaged

l
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FIG. 2. Partial level scheme for196Pt, illus-
trating the new levels and newg rays observed in
the present work and the levels to which the
decay.
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employing a 2-keV neutron beam with an energy spread
850 eV FWHM. Given the level spacinĝD& in 196Pt of 18
eV, the capture process is expected to average over'40
resonances. Therefore, one could state that levels with1,
11, and 21 populated in the ARC data are complete belo
2.5 MeV excitation. Thus, states that are not observed in
ARC data, but observed in the present data, cannot haJ
501,11,21 values. This statement will be referred to
ARC hereafter. Furthermore, spin assignments are made
sistent with thea2 anda4 values in the angular distributio
function W(u)511a2P2(cosu)1a4P4(cosu) for the case
Ji→Jf , assuming that all mixed transitions areE2/M1 type
~see Table II!. In the following, the levels in Table I will be
described in detail.

1804.76 keV; Jp5(31), 41 level. The 443.21-keV transi-
tion to the 21 state restricts the spin values of this level
the 0–4 range. Due to the ARC data@21#, the spin 0–2 range
is eliminated. The positivea2 and negativea4 ~at the 2s
level! values @22# favor the 443.21-keV transition to be
stretchedE2 type. However, aJ→J21 transition possibility
with a mixed multipolarity cannot be completely exclude
Thus,Jp5(31), 41 is adopted.

1831.69 keV; Jp531 level. The g decays to the 21, 31,
06430
f

e

n-

.

and 41 states restrict the spin values of this level to the 2
range. TheJ 5 2 value is eliminated due to the ARC da
@21#. Reference@22# reports that all of theg rays from this
level have mixedE2/M1 multipolarities implying the spin-
parity assignment of 31.

1883.24 keV; Jp53(1) level. An Ex51883(3) keV level
was observed in a (p,p8) experiment@29# and assignedJp

541. Furthermore, the 589.99-, 1195.04-, and 1527.56-k
transitions~listed in Table I! were assigned to the 41 1883-
keV state in Ref.@22#. However, thea2 value of the 1527.56-
keV transition was found to be20.36(7) @22#, which is
inconsistent with the assignment of this transition to the1

level. This negativea2 value and the ARC data@21# only
permit a J53 assignment, thus suggesting a new level
1883 keV in addition to the previously known 41 level at
Ex51883(3). Within the uncertainties of theak values, the
1527.56-keV transition can be either a mixedE2/M1 ~im-
plying a positive parity! or pure dipole~at the 3s limit !. One
cannot rule out the possibility that the three transitions ot
than the 1527.56-keVg ray may be associated with the d
cay of the 41 level. The present results suggest a clos
spaced doublet atEx51883 keV.
9-3
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TABLE I. The new levels andg rays observed with the196Pt(n,n8g) reaction. An 80-eV systematic uncertainty is included in the quo
g-ray energies to take into account the deviations between the calibrated and the accepted energies@30#. A possible<15% angular
distribution effect is not included in the relative intensitiesI g(rel). Multipolarities,a2, anda4 values from DiPreteet al. @22#, are adopted
wherever possible. Spin assignments and limits are derived from all available data. New levels andg rays found in the present experime
are denoted byL andg, respectively, in column 10.

Ei (keV) Eg (keV) Ef (keV) I g (rel) Mult. a2 a4 Ji
p Jf

p L/g

1608.60~23! 593.80~21! 1014.80~9! 1 (51) 31 a

1804.76~15! 443.21~10! 1361.55~10! 1 0.24~6! 20.17(9) (31), 41 21 L, g b

1831.69~14! 816.94~14! 1014.80~9! 0.719~24! E2/M1 0.18~7! 20.04(11) 31 31 L, g b

955.5~5! 876.89~9! 0.050~15! E2/M1 20.40(15) 20.05(23) 41 g b

1143.2~3! 688.59~9! 0.231~20! E2/M1 0.46~9! 20.10(13) 21 g b

1476.01d 355.68~7! c E2/M1 20.11(7) 0.17~11! 21 g b

1883.24~17! 589.99~11! e,f 1293.32~10! c E2/M1 0.36~8! 20.00(13) 3(1) 41 L, g b

868.22~19! e 1014.80~9! 0.680~16! 31 g b

1195.0~2! e 688.59~9! 0.320~16! E2/M1 0.39~7! 0.06~10! 21 g b

1527.56d 355.68~7! c 20.36(7) 0.18~9! 21 g b

1901.98~15! 631.68~10! 1270.31~11! 1 0.14~23! 0.0~3! 5, 6, 7 52 L, g
1957.28~22! 1080.39~20! 876.89~9! 1 0.17~5! 20.04(8) ~4!, 51, 61 41 L, g
1985.2~3! 1296.6~3! 688.59~9! 1 0.04~7! 0.10~10! 11, 21 21 g b

1991.6~4! 1303.0~4! 688.59~9! 1 20.13(13) 0.10~19! 3, 41 21 L, g b

2002.4~3! 1125.5~2! 876.89~9! 1 E2/M1 0.45~10! 0.06~15! (31), 41 41 L, g b

2005.97~14! 735.67~9! 1270.31~11! 1 0.29~7! 20.02(9) (41) 52 g
2007.85~14! 714.53~10! 1293.32~10! 1 61 41 a

2029.8~3! 1341.4~3! 688.59~9! 0.45~4! E2/M1 0.42~10! 0.13~16! 31 21 L, g b

1672.7~7! 355.68~7! 0.55~4! E2/M1 20.41(9) 20.03(12) 21 g b

~1014.25! g 1014.80~9! 31 g b

2067.15~15! 796.85~11! 1270.31~11! 1 20.36(8) 20.22(12) 52, 6 52 L, g
2084.39~15! 814.09~11! 1270.31~11! 1 0.31~5! 20.06(8) 42, 5, 62 52 L, g
2170.83~22! 900.52~19! 1270.31~11! 1 0.21~11! 20.14(16) ~5!, 6(2) 52 L, g
2236.42~24! 966.11~21! 1270.31~11! 1 0.45~5! 0.14~8! ~5!, 62, 72 52 L, g
2244.6~3! 1367.7~2! 876.89~9! 1 0.4~1! 0.05~15! 31, 4, 51 41 L, g b

2271.1~4! 1582.5~4! 688.59~9! 1 E2/M1 0.21~14! 0.60~24! 21 21 g b

<2500h 407.06~6! g
<3000h 458.31~9! g
<2500h 1450.0~4! g

aEarlier values ofEi andEg @30# are revised in the present work.
bAlso observed by DiPrete@22#.
cBranching ratios could not be determined due to unresolved multiplets.
dAs a result of unresolved multiplets, theg-ray energies are obtained from the difference of the initial and the final level energies.
eg ray that may also be associated with the known 41 1883~3!-keV level @30# ~see text for details!.
fUncertainty in theg-ray energy was obtained by fitting the peak separately; i.e., the Ritz combination method was not used.
gg ray placed tentatively based on the coincidence analysis alone.
hUnplacedg ray; the approximate threshold energy from the excitation function is listed.
keV.
wn
i-
eV
sh-
ow
ay-
eV
he
TABLE II. Angular distributionak values (k52, 4! for g-ray
transitionsJi→Jf for different multipolarities (l).

l a2 a4 Ji→Jf

1 .0 0 J→J

1 ,0 0 DJ51

2 ,0 ,0 J→J

2 .0 ,0 DJ52
06430
1901.98 keV; Jp55, 6, 7 level. The new 631.68-keVg
ray has been used to establish this new level at 1901.98
This raises a question as to whether this level is the kno
1901.7-keV level@30# depopulated by the 528.1-keV trans
tion. The excitation functions for the 631.68- and 528.1-k
g rays are shown in Fig. 3. It is readily seen that the thre
old and shape of these excitation functions do not foll
similar behavior, as would be expected for transitions dec
ing from the same level. Given that the known 1901.7-k
level has a (82) spin assignment, the threshold energy in t
9-4
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STATES IN 196Pt OBSERVED WITH THE (n,n8g) REACTION PHYSICAL REVIEW C 65 064309
excitation function of the 528.1-keV transition is shifted to
higher neutron energy. Figure 3 shows conclusively that
631.68-keVg ray does not depopulate the known 1901
keV level. A 631-keV transition was observed in Ref.@22#,
but not assigned to any level.

1957.28 keV; Jp5(4), 51, 61 level. The excitation func-
tion data of the present experiment favor a high-spin ass
ment. Thus, a~4!, 51, 61 assignment is made. A 1080-ke
g ray was observed in Ref.@22#, but not assigned to an
level.

1985.19 keV; Jp511, 21 level. This level is the known
1984.93-keV level@30#. The 1296.59-keVg ray, observed by
Cizewskiet al. @21# but not placed, is assigned to this lev
both in Ref.@22# and in the present work.

1991.63 keV; Jp53, 41 level. The decay to a 21 state and
the ARC data@21# restrict the spins to 3, 4. As a result of th
large uncertainties in theak values for the 1303-keV transi
tion @22#, bothJp53 andJp541 are adopted.

2002.36 keV; Jp5(31), 41 level. Using the decay to a 41

state and the ARC data@21#, the spin values are restricted
3–6. Since DiPrete@22# observed another transition to a 21

state ~below the sensitivity limit in the present work!, the
spin can only be 3 or 4. The angular distribution measu
ments in Ref.@22# favor J541.

2005.97 keV; Jp5(41) level. This is a previously known

FIG. 3. Excitation functions for the 631.68- and 528.1-keVg
rays. See text for details.
06430
e
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n-

-

41 level without any decaying transition@30#. Figure 4
shows the coincidence spectrum observed for the 735
keV transition, assigned to this level. However, the posit
a2 value of this transition is inconsistent with the known sp
assignment@30#. It is speculated that this transition might b
contaminated. A 735-keVg ray was observed in Ref.@22#,
but assigned to a new 2029-keV level.

2029.8 keV; Jp531 level. The transitions to 21 states
narrow the spin assignment to 0–4. The ARC data@21#
eliminate spins 0–2. TheJ54 value is eliminated based o
the negativea2 value of the 1672.69-keVg ray, feeding the
21

1 level, which implies a dipole transition. If the parity wer
negative~i.e.,Jp532), thea2 coefficient for the 1341.4-keV
transition should have been negative, contrary to the exp
mental results.

2067.15 keV; Jp552, 6 level. Spin assignments of 5–7
were made based on the shape of the excitation functio
the 796.85-keVg ray from this level. As a result of the
negativea2 value of this transition, spin 7 is eliminated.
796.8-keV transition was observed in Ref.@22#, but not as-
signed to any level.

2084.39 keV; Jp542, 5, 62 level. The 814.09-keVg ray
was observed by DiPrete@22#, but not placed in the deca
scheme. From the shape of the excitation function of t
transition, the spin is restricted to 4, 5, 6. Theak coefficients
for the 814.09-keVg ray @22# that feeds the 51

2 level suggest
spin 42, 62 ~mixed M1/E2), or 5 (J→J dipole transition!
assignment.

2170.83 keV; Jp5(5), 6(2) level. This new level was es-
tablished based on the coincidence between the 900.52-
and the 393.35-, 521.19-, and 355.70-keVg rays, ruling out
the previous placement of the 900.52-keVg ray to theEx
52262.3-keV level by DiPrete@22#. The positivea2 value
~at the 2s level! of the 900.52-keV transition that feeds th
51

2 level rules outE1 type ~assuming anE2/M1 mixing!;
thus the parity does not change. The decay to a 52 level
impliesJ5327. The shape of the excitation function favo
J55, 6 for this level, and we suggestJp5(5), 6(2).

2236.42 keV; Jp5(5), 62, 72 level. The excitation func-
tion of the 966.11-keVg ray favors spin assignments of
and 7 to this level; however, a spin 5 value could not be ru

FIG. 4. Background-subtracted coincidence spectrum in the
nar detectors gated on the 735.67-keV transition.
9-5
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out. The 966-keV transition was previously assigned to
new 2327.8-keV level@22#.

2244.6 keV; Jp531, 4, 51 level. This level was observed
as a doublet in Ref.@22#, one of which was the alread
known 2245.56-keV 11, 21 level @30#. Based on the transi
tion to the 41 state, and the ARC data@21#, spin assignments
are restricted to the 3–6 range. The excitation function d
favor lower spins for this level; therefore, spin 6 is elim
nated. The positivea2 value of the 1367.66-keV transitio
feeding the 41

1 level permits only positive parities for spins
and 5.

2271.1 keV; Jp521 level. This level was first observed b
Cizewski@21# without any transition assigned, and was giv
spin values of 01, 11, 21. DiPrete@22# observed anothe
transition to a 41 state. The angular distribution data of Re
@22# establishJp521 to this state.

IV. IBM CALCULATIONS

196Pt is a well-known example@6# of the realization of the
SO~6! dynamical symmetry of the IBM. The standard form
lation of the IBM describes collective excitations in nuclei
terms of bosons which carry angular momentum 0 (s boson!
and 2 (d boson!. The bosons can be considered as pairs
valence nucleons; e.g.,196Pt, with four valence protons an
eight valence neutrons, has six bosons. The model assu
one- and two-body boson interactions. If no distinction
made between proton and neutron bosons~IBM-1!, the most
general Hamiltonian can be expressed in terms of genera
of the U~6! algebra. A dynamical symmetry occurs when t
generators come from a chain of subalgebras.

In the SO~6! dynamical symmetry@5#, one obtains a
three-parameter analytical expression for the Hamiltonian
genvalues, provided that the basis is classified by the su
gebra chain. In particular, one has

ESO~6!~s,t,L !5As~s14!1Bt~t13!1CL~L11!,
~1!

wheres, t, andL are the quantum numbers characterizi
the irreducible representations of SO~6!, SO~5!, and SO~3!,
respectively. In Ref.@21#, this formula was successfully fitte
to the low-lying states of196Pt. The optimal choice of pa
rameters was determined to beA5246.25 keV, B
543 keV, andC523 keV. The SO~6! dynamical symme-
try describes not only the energy spectrum of the low-ly
states, but also the branching ratios of theE2 transitions
between those states.

A dynamical symmetry is usually not realized exactly a
it is worth exploring how the description of196Pt can be
improved when one allows for breaking of the dynamic
symmetry. In particular, calculations were performed us
the more general version of the model, IBM-2, that dist
guishes the proton and neutron bosons. The standard IB
Hamiltonian was used:

H5«pndp1«nndn1kpnQp .Qn1Vpp1Vnn1Mpn ,
~2!

with
06430
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Vrr5
1

2
krQr•Qr1 (

L50,2,4

1

2
cLr~dr

†dr
†!(L)

•~ d̃rd̃r!(L),

~3!

andQr5(dr
†sr1sr

†d̃r)(2)1xr(dr
†d̃r)(2), wheres,s†,d,d† are

creation and destruction operators fors andd bosons, respec
tively, and r[p,n. Here Mpn is the Majorana interaction
defined by Mpn5j2(sn

†dp
† 2sp

† dn
†)(2)

•(snd̃p2spd̃n)(2)

22(k51,3jk(dn
†dp

† )(k)
•(d̃nd̃p)(k), where jk are Majorana

strength parameters.
Following Ref.@31#, the Hamiltonian parameters were d

termined by using an energy-weighted least-squares fit to
excitation energies of the lowest levels. Only six paramet
however, were varied in the fit: namely,«5(Np /N)«p

1(Nn /N)«n , x5(Np /N)xp1(Nn /N)xn , k5kpn5kr ,
cL5@Np(Np21)cLp1Nn(Nn21)cLn#/@N(N21)#, L50,
2, 4, while the differencesD«5«p2«n50, Dx5xp2xn

50, DcL5cLp2cLn50 were kept constant throughout th
fit and the Majorana interaction parameters were restric
by the conditionj15j25j3 and set to 0.15 MeV which
yielded the lowest 11 state above 2 MeV.

An important aspect of the fitting procedure was that
SO~6! dynamical symmetry was used as our starting para
eters. As argued above, such parameters provide a very
description of the low-lying-level excitation energies. Thu
we might expect that the fitting procedure will not depart
from these starting parameters and we will obtain eventu
only a perturbation of the SO~6! Hamiltonian. This turned
out to be the case. It is straightforward to check that
ing «50.125 MeV, k520.0925 MeV, x50, c0p5c0n

520.535 71 MeV,c2p5c2n520.309 64 MeV,c4p5c4n

50.380 36 MeV, and a largej i produces the SO~6! dynami-
cal symmetry results corresponding to the choice of
A,B,C parameters from Ref.@21#. To determine the fit pa-
rameters, the experimental excitation energies of the low
four 01 states, the lowest five 21 states, the lowest 31 state,
the lowest four 41 states, and the lowest 51 and 61 states
were used. The resulting parameters were«50.553 MeV,
k520.1145 MeV, x520.036, c0p5c0n520.521 MeV,
c2p5c2n520.622 MeV, and c4p5c4n520.3235 MeV.
The experimental results are compared with the pres
IBM-2 fit and the S~O6! symmetry predictions in Fig. 5
Overall the IBM-2 fit improves the agreement with expe
mental excitation energies. At the same time the differen
between the IBM-2 fit and the SO~6! symmetry are not large
and even more importantly, the same is true for theB(E2)
transitions~Table III!.

In the present experimental results, a new level was
served at 1804.76 keV withJp 5 (31), 41. A single strong
gamma transitionEg5443.21 keV was found from this
level to the 23

1 , 1361.55 keV level. The IBM calculation
predict the state 44

1 with SO~6! quantum numberss56,
t55 around 2 MeV excitation energy, with decay to the 23

1 ,
s56, t54 state. In Table III, the relevantB(E2) properties
are shown in more detail. We note that there is another
perimental 41 state in this energy region, at 1883 keV@29#.
This state was observed in the (p,p8) reaction withL54
9-6
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with a substantialB(E4) value. Most likely, this is a hexa
decupole~or g-boson! state outside of thes,d-IBM model
space. The tentativeJ5(31) assignment of the new
1804.76-keV level contradicts the IBMB(E2) calculation
~see Table III!. The proposedt55,41 SO~6! assignment is
consistent with a 41 spin-parity assignment for the 1804
keV level.

A new 31 level at 1831.69 keV and a proposed 31 state
at 1883.24 keV were observed in the present experimen
the IBM-2 calculations, 32

1 and the 33
1 states are predicted a

2065 keV and 2333 keV, respectively. The first one can
associated with the SO~6! s56, t56 state, while the othe
is more influenced by theF-spin mixing and, therefore
an SO~6! assignment is not appropriate. The predicted de
of these states is presented in Table III. A candidate for
s56, t56,31 state would decay predominantly to th
s56, t55,21 state at 1677 keV, with a transition too lo
in energy to be observed in the present work for initial sta
at ;1.8 MeV.

The 31 state at 1831 keV could be a candidate for t
s56, t56,31 state, because it is observed to decay to
31 state at 1015 keV, albeit with a mixedE2/M1 transition,
which would only be one degree ofDt forbidden. The as-
signment of collective character within IBM-2 for the 188
keV level is premature, given the uncertainty in the pla
ment of transitions to the possible doublet of levels at t
energy. Of course, levels above 1.8 MeV in excitation
also candidates for two-quasiparticle states, which would
outside of the collective IBM-2 model. Further discussio
of possible IBM-2 or SO~6! assignments to the experiment
levels in 196Pt have to wait until additional experimental in
formation, in particularE2/M1 mixing ratios, has been mea
sured.

V. CONCLUSION

The 196Pt isotope has been investigated using the (n,n8g)
reaction with spallation neutrons from the WNR white ne

FIG. 5. Experimental and calculated excitation spectrum
196Pt. The arrows show strong transitions from the new obser
level 1804.76 keV. Heres andt are the SO~6! quantum numbers
associated with the levels.
06430
In

e

y
e

s

e

-
s
e
e

s

-

tron source. A total of 13 new nonyrast levels below 3 Me
were observed in this well-studied nucleus. Excitation fun
tions and coincidence analysis of the measuredg rays and
their intensities were used to expand the partial level sche
of 196Pt. Spin assignments were made using all availa
data. IBM calculations with broken SO~6! dynamical sym-
metry were performed. A new experimental level was fou
to be a prime candidate for theJp541, s56, t55 IBM
state.
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TABLE III. Experimental and calculatedBE(2) transitions in
e2b2. The effective charges were adjusted to reproduce experim
tal B(E2;21→01) in the IBM-2 calculation. The sameE2 boson
chargeseBp5eBn50.154 eb for both the IBM-2 and the SO~6!
calculation, and the samex ’s as in the Hamiltonians were used.

196Pt Expt.@30# IBM-2 SO~6!

B(E2;21
1→01

1) 0.274~1! [0.274 0.286
B(E2;22

1→21
1) 0.368~9! 0.348 0.374

B(E2;22
1→01

1) 0.0001 0.0007 0
B(E2;41

1→21
1) 0.405~6! 0.361 0.374

B(E2;61
1→41

1) 0.494~60! 0.366 0.381
B(E2;02

1→22
1) 0.122~68! 0.351 0.381

B(E2;02
1→21

1) 0.019~10! 0.0018 0
B(E2;42

1→41
1) 0.115~41! 0.165 0.181

B(E2;42
1→22

1) 0.196~61! 0.190 0.200
B(E2;62

1→42
1) 0.331~88! 0.214 0.230

B(E2;42
1→21

1) 0.004~1! 0.0002 0
B(E2;62

1→41
1) 0.0032~9! 0.0004 0

B(E2;23
1→02

1) 0.034~34! 0.108 0.124
B(E2;23

1→41
1) 0.0009~8! 0.0002 0

B(E2;23
1→22

1) 0.0018~16! 0.0000 0
B(E2;23

1→01
1) 0.000 02~2! 0.000 01 0

B(E2;03
1→22

1) ,0.0028 0.0016 0
B(E2;03

1→21
1) ,0.034 0.022 0

B(E2;44
1→23

1) a 0.112 0.130
B(E2;44

1→43
1) a 0.0185 0.0209

B(E2;44
1→21

1) a 0.000 01 0
B(E2;44

1→22
1) a 0.000 02 0

B(E2;44
1→31

1) a 0.000 02 0
B(E2;44

1→41
1) a 0.000 03 0

B(E2;44
1→42

1) a 0.000 02 0
B(E2;32

1→25
1) a 0.0689 0.0765b

B(E2;32
1→31

1) a 0.000 00 0
B(E2;32

1→23
1) a 0.000 02 0

B(E2;32
1→42

1) a 0.000 01 0

aAbsolute B(E2) values are not measured experimentally; cal
latedB(E2) values are quoted for reference.
bB(E2;33

1→25
1) in SO~6!.

f
d
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