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Medium-spin structure of single valence-proton nucleus133Sb
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Excited states in the nucleus133Sb, populated in spontaneous fission of248Cm, were studied with EURO-
GAM2. Medium-spin structure, described as then( f 7/2h11/2

21 ) multiplet of the 132Sn core coupled to the odd
proton in theg7/2 orbital, has been identified in this nucleus. Levels corresponding to the octupole excitations
of the 132Sn core were also identified. Some uncertainities concerning isomeric decays in133Sb, observed in
previous works, have been resolved.

PACS number~s!: 21.10.Re, 23.20.Lv, 27.60.1j
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In the 133Sb nucleus, having one proton outside the do
bly magic 132Sn core, the lowest excited levels are due
single-proton excitations and above 4 MeV excitations of
132Sn core coupled to the valence proton are expected.
vestigation of this nucleus provides the most stringent tes
the shell model. Despite several measurements of133Sb per-
formed to date, the medium-spin yrast structure of this i
tope, where core excitations are expected, is still not kno
well enough to allow comparison with model predictions.

Up to now the only way to populate133Sb has either been
directly in fission of heavy nuclei or inb2 decay of the
fission product133Sn. The133Sb nucleus was first identifie
and studied inb2 decay of133Sn @1#. In addition to the 7/21

ground state, the 963 keV excited level was found and in
preted as thed5/2 proton state. Spins of levels populated
b2 decay are close to the ground-state spin of the pa
nucleus and are usually low. Study of higher-spin excitatio
requires observation of nuclear levels populated directly
fission. If there are isomers in the studied nucleus, m
separators can be used to study such isomeric decays, if
lives are long enough to allow the separation process
133Sb two isomeric levels in the microsecond range w
reported @2#, which allowed medium-spin studies in th
nucleus. An excited state at 2792 keV was identified a
interpreted as theh11/2 proton excitation. Furtherb-decay
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studies@3,4# confirmed theh11/2 and identified thed3/2 proton
level at 2439.5 keV. Thus, all proton states, except thes1/2

predicted at around 2 MeV, were found in133Sb.
Less complete is the information about possible co

excited states coupled to the valence proton. Two isom
with half-lives of 3 and 16ms and spinsI>13/2, reported in
Ref. @2# populate the 2792-1510-61-162 keV cascade og
rays, defining levels at 2792, 4302, 4363, and 4526 k
respectively. The 3ms isomer was not observed directly an
for the 16 ms isomer the 4526 keV level was propose
though no convincing arguments were given and the auth
of Ref. @2# left open a possibility that the isomeric level ma
be placed still higher and decay by an unobserved~highly
converted! transition of an energyEg,50 keV.

Recent progress in spectroscopy ofg radiation, connected
with the construction of high efficiency arrays of an
Compton spectrometers@5#, enabled systematic studies o
medium-spin levels populated directly in fission. Instead
mass separation, one utilizes here the high resolving po
of multiple g coincidences. Measurement of threefold co
cidences between promptg rays accompanying fission usu
ally allows unique assignment of cascades ofg decays to
individual fission fragments. In the present work we us
three and higher-foldg coincidence data collected in th
measurement of promptg radiation, following spontaneou
fission of 248Cm. The measurement was performed using
EUROGAM2 array@5# at Strasbourg. The experiment wa
described previously in a number of works and we refer
reader to Ref.@6# for more experimental details.

ty,
©2000 The American Physical Society01-1



e

e
t

di
n

ke

the
e
and
rum
ig.
ric
l
use
an-

m
d in
de
re-
te
ove

re,
vel

.0
n.
eV
c-

ed,

es,
er
ly

in
is-
re

on

on-

ure-

ru-

rac-

02
ur

ed

za-

-
rgy
ter,

BRIEF REPORTS PHYSICAL REVIEW C 62 027301
The 2792.0 keV transition in133Sb, known from previous
works @2,4#, produces a pronounced, separate line in a sp
trum of promptg rays following fission of248Cm, as illus-
trated in Fig. 1~a!. The spectrum is gated on the 211 keV lin
in 111Rh, which is the most pronounced fission partner
133Sb. Lines at 962.0 and 1510.0 keV, identified in Ref.@2#,
are also seen. A spectrum gated on the 2792 keV line,
played in Fig. 1~b!, shows lines in Rh isotopes and know
162.3 and 1510.0 keV lines in133Sb @2#. This is further con-
firmed by a spectrum double-gated on the 2792 and 211
lines, shown in Fig. 1~c!. In Fig. 1~d! a spectrum double

FIG. 1. Coincidence spectra gated on the lines in133Sb.
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c-

o

s-

V

gated on the 2792 and 1510 keV lines is shown, where
162.3 keV line from133Sb and lines from Rh isotopes ar
seen. This spectrum confirms that the 2792.0, 1510.0,
162.3 keV lines are in one cascade. However, a spect
double gated on the 2792 and 162 keV lines, shown in F
1~e! indicates that the 162.3 keV transition is not an isome
one, as suggested in Ref.@2#. Prompt feeding of the leve
depopulated by the 162.3 keV transition is evident beca
of the observed prompt coincidences of the 162.3 keV tr
sition with transitions in111Rh and 112Rh isotopes.

In Fig. 1~e! there is also a line at 61.3 keV. A spectru
double gated on the 2792 keV and 61 keV lines, displaye
Fig. 1~f!, confirms that the 61.3 keV transition is in a casca
with the 2792.0, 1510.0, and 162.3 keV transitions, as
ported in Ref.@2#. Intensities observed in our data indica
however that the 61.3 keV transition should be placed ab
the 162.3 keV one, in contrast to suggestions of Ref.@2#,
where it was placed below the 162 keV transition. Therefo
we introduce the 4464.3 keV level instead of 4364 keV le
proposed in Ref.@2#.

The inset in Fig. 1~c! shows that there is a line at 1505
keV, which is in coincidence with the 2792.0 keV transitio
The 1505.0 keV transition defines a new level at 4297.0 k
in 133Sb. Figure 1~g! shows the high-energy part of a spe
trum gated on the 211 keV line in111Rh. In addition to the
2792.0 keV line, a strong line at 4297.0 keV is observ
which confirms the new, 4297.0 keV level in133Sb. In a
spectrum double gated on the 211 and 4297 keV lin
shown in Fig. 1~h!, a new line at 167.5 keV is seen. Furth
gating shows that the 167.5 keV transition links the new
proposed 4464.3 and 4297.0 keV levels in133Sb, confirming
these two levels further.

Two other new lines at 62.7 and 265.3 keV are seen
Fig. 1~h!. Double gate on the 265 and 4297 keV lines, d
played in Fig. 1~i!, shows that these two new transitions a
in a cascade and belong to133Sb. Theg intensity of the 62.7
keV transition is more than twiceg intensity of the 265.3
keV transition. Therefore we place the 62.7 keV transiti
below the 265.3 keV one, introducing new levels in133Sb at
4359.7 and 4625.0 keV. The present data allowed the c
struction of the level scheme of133Sb as shown in Fig. 2.

Spins and parities were assigned to excited levels in133Sb
based on angular correlation and linear polarization meas
ments performed with EUROGAM2@6#. In Fig. 3 the 1510–
2792 keV angular correlation is shown. Assuming a quad
pole character for the 2792 keV transition@2,4#, one
concludes that the 1510.0 keV transition has dipole cha
ter. Consequently, the spin of the 4302.0 keV level isI p

513/2. If it was less than 13/2 one should observe a 43
keV transition to the ground state, which is not seen in o
data. Positive parity for the 4302.0 keV level is deduc
from linear polarization of the 1510.0 keV line,P5
10.2(1). This result is consistent with anE1 character of
the 1510 keV transition. Similar analysis suggests polari
tion P,0 for the 1505 keV line and spin and parity ofI p

513/22 for the 4297 keV level. The 4464.3 keV level de
cays to both the 4302 and 4297 keV levels via low-ene
transitions. They can not be both of quadrupole charac
because one of them should have anM2 multipolarity,
1-2
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BRIEF REPORTS PHYSICAL REVIEW C 62 027301
which is excluded by the observed prompt character of b
decays. This fact limits the spin of the 4464.3 keV level
I<15/2. If the spin were 13/2, this level would preferab
decay to the 2792.0 keV level, which is not observed. The
fore we assign spin 15/2 to the 4464.3 keV level. This
signment is further supported by the 1510-162 keV angu
correlations shown in Fig. 3, which is consistent with t
dipole character for both transitions. Positive parity is p
ferred for the 4464.3 keV level because the decay of
level to the 2792.0 keV level is not observed. Otherwise,
E2 transition of 1672 keV should strongly compete with
E1 transition of 162 keV, if one assumes rates
1025–1024 W.u. for theE1 and 1021 W.u. for theE2 tran-
sition, in analogy to the208Pb region.

As mentioned earlier, the observedT1/2516 ms decay of
the 162, 61, 1510, and 2792 keV,g-ray cascade was tenta
tively associated in Ref.@2# with a 4526 keV isomeric state
in 133Sb. In addition, aT1/253ms decay component was re

FIG. 2. Partial level scheme of133Sb as obtained in the prese
work. Excited levels andg transitions are labeled with energie
given in keV. For each transition, itsg intensity is given~in arbi-
trary units!.

FIG. 3. Angular correlations betweeng rays in 133Sb.
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ported in Ref.@2# for the 1510 keV and possibly the 61 ke
transition. However, the 162 keVg-ray decayed with a clea
16 ms half-life, showing no 3ms component. The only pos
sibility of accommodating the 3ms isomer in the133Sb level
scheme now established~see Fig. 2!, is to place it above the
4302.0 keV level and to assume a low-energy, isomeric tr
sition, that was detected neither in Ref.@2# nor in the present
work. Such a placement coincides with another observat
If the isomeric level is located just above the 4302.0 k
level it may decay to the 4297.0 keV level. The high-ener
part of the ‘‘isomeric’’g radiation, observed in Ref.@2# ~see
Fig. 5 in Ref. @2#!, shows a line at about 4.3 MeV, whic
may correspond to the 4297 keV transition, identified in t
present work. It is difficult to imagine what the spin of suc
an isomeric state might be. It should be higher thanI
513/2, otherwise this level should decay to the 2792 k
level or even to the ground state, which is not observed.
the other hand, if the spin were higher than 15/2, the isom
would be of an yrast character and should receive str
population in fission and its decay should be clearly obser
in Ref. @2#. On balance we conclude, that the evidence th
far available for a 3ms isomer in133Sb is not convincing and
that experimental verification is called for. In particular,
possible microsecond component in the intensity decreas
the 4297 keV transition should be verified.

In contrast to the 3ms isomer, the existence of the 16ms
isomer in 133Sb is well documented@2#. It is evident from
our data that the entire 2792-1510-162-61 keV casca
populated in the decay of the 16ms isomer@2#, receives also
a prompt feeding from fission. In particular, the 61.3 ke
transition has some prompt component, because of a w
coincidences with rhodium lines is seen in Fig. 1~f!. There-
fore, the 4525.6 keV level most likely does not correspond
any isomer, in contrast to suggestions of Ref.@2#. Let us note
that this observation is consistent with theM1 character as-
signed in Ref.@2# to the 61.7 keV transition. We conclud
therefore, that the 16ms isomer must be located above th
4525.6 keV level.

The lowest-lying excitations known in the doubly mag
132Sn nucleus are ofn f 7/2h11/2

21 and n f 7/2d3/2
21 , particle-hole

type, as well as 32 octupole state. Most of then f 7/2h11/2
21

states are known in the 4–5 MeV range in132Sn. Their ex-
citation energies providen f 7/2h11/2

21 two-body interactions for
use in shell-model calculations. In Ref.@8#, they were used
together with empiricalpg7/2nh11/2

21 and pg7/2n f 7/2 interac-
tions to calculatepg7/2

n n f 7/2h11/2
21 energies in the two- and

three-protonN582 nuclei 134Te and 135I. Excellent agree-
ment with experimental data was obtained in both nuclei

A calculation for the one-proton,N582 nucleus133Sb
using the same two-body interactions gave energies
pg7/2n f 7/2h11/2

21 states. The near-yrast part of this multiplet
shown in Fig. 4. An important feature of the calculated
sults is that the 21/21 multiplet member lies below the 19/21

levels and can decay only by a;30 keV, 21/21

→17/21E2 transition with a half-life of the order of 10ms.
A comparison of the calculations to the experimentally o
served levels, marked by thick lines in Fig. 4, thus provid
strong support for the placement of the 16ms isomeric state
1-3
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BRIEF REPORTS PHYSICAL REVIEW C 62 027301
at about 4560 keV. Most likely this is the expected 21/1

isomer ofpg7/2n f 7/2h11/2
21 character.

It is interesting to ask about other members of thepg7/2
^ core multiplet. The 19/21 level should decay to the 17/21

level at 4526 keV. In the present data we could not iden
such level. The 11/21 member of the multiplet, predicted a
4.1 MeV is also not observed, despite the fact that the c
responding 21 level at 4042 keV in132Sn core is clearly
seen in our prompt-g data. Inb2 decay of 133Sn @7#, two
levels were found around 4 MeV, which may belong to t
(pg7/2^ 21) j multiplet, though nothing is known about the
spins. In the present analysis these levels are not seen.

The 4297.0, 4359.7, and 4625.0 keV levels in133Sb prob-
ably correspond to the coupling of theg7/2 proton to the

FIG. 4. Comparison of the experimental data to shell-mo
calculations for core-excited states in133Sb.
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negative parity 32, 42, and 52 excitations in 132Sn core.
What we observe in the present data, are most likely only
yrast members, resulting from this coupling.

In summary, high-energy excited levels in133Sb were ob-
served up to 4.7 MeV. Spins and parities were assigne
some of these levels based on angular correlations and li
polarization measurement. Coincidence data allowed to
solve some ambiguities concerning the order of excited l
els in 133Sb, as reported in previous studies and to prop
new positions for~still not identified! two isomeric levels
proposed previously. Shell-model calculations describe
observed yrast excitations as the result of coupling of
n( f 7/2h11/2) core excitations to the valence proton in th
pg7/2 orbital. One of the isomers, with a half-life ofT1/2
516 ms is interpreted as the 21/21 member of thepg7/2
^ n( f 7/2h11/2) multiplet, which appears below the 19/21

member and decays via an unobserved, low energy,E2 tran-
sition to the 17/21 member of the multiplet. The newly iden
tified 4297.0 keV level, most likely corresponds to the oc
pole excitation in the core.
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