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Sarmishtha Bhattacharya*
Bhabha Atomic Research Centre, Mumbai 400085, India

Somen Chanda, Dipa Bandyopadhyay, and Swapan Kumar Basu†

Variable Energy Cyclotron Centre, Calcutta 700064, India

G. Mukherjee, S. Muralithar, R. P. Singh, and R. K. Bhowmik
Nuclear Science Centre, New Delhi 110067, India

S. S. Ghugre
Inter-University Consortium for DAE Facilities, Calcutta 700091, India

~Received 17 December 1999; published 20 July 2000!

The high spin states in theN582 odd-A 143Pm have been investigated by in-beamg-spectroscopic tech-
niques following the reactions135Ba(11B,3n)143Pm atE547 MeV and 133Cs(13C,3n)143Pm atE563 MeV,
respectively, using a gamma detector array, consisting of 12 Compton-supressed high purity germanium
detectors and a multiplicity ball of 14 bismuth germanate elements. 28 newg rays have been assigned to143Pm
on the basis of theg-ray singles andg-g coincidence data. The level scheme of143Pm has been extended up
to an excitation energy of 8.4 MeV and spin 47/2\ and 24 new levels have been proposed. Spin-parity
assignments for most of the newly proposed levels have been made using the measured directional correlation
orientation ratios for strong transitions. The observed level structure is discussed in the light of available
experimental data and a modest shell model calculation done by us, using theOXBASH code.

PACS number~s!: 21.10.2k, 23.20.2g, 27.60.1j, 21.60.Cs
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I. INTRODUCTION

In recent years, the odd-A N582 isotones, in between th
two double-closed nuclei,132Sn and 146Gd, have got re-
newed interest from the standpoint of both theory and exp
ment @1,2#. From the earlier experimental investigations@3#
of the low-lying excitations in these nuclei, it has been se
that these states are mostly pure proton excitations and c
be reasonably described by the shell model@4,5# or by using
the quasiparticle Tamm-Dancoff approximation@6#, assum-
ing 132Sn as a core and distributing the remaining proto
outside Z550 core over 1g7/2, 2d5/2, 3s1/2, 2d3/2, and
1h11/2 orbitals. Some years back, Wildenthal@1# carried out
comprehensive shell model calculations for all knownN
582 nuclei, ranging from133Sb to 154Hf and found out that
by using an uniform orbit space and truncation alogorithm
vast amount of available data for low spin states could
reasonably described with a constant set of single par
energies and two-body matrix elements. This generated
ther interest in the experimental investigations of high s
states, in particular, for nuclei withZ<64 andA around 140.
The high spin structure of such single closed shell nucle
likely to exhibit a highly irregular level structure, typical of
near spherical nucleus and is expected to be dominate
multiparticle~hole! excitations in which one or more proton
are promoted to the empty 1h11/2 orbital, across theZ564
subshell.

*Present address: Health Physics Unit, Variable Energy Cyclo
Centre, Calcutta 700064, India.

†Contributing author. Electronic address: skb@veccal.ernet.in
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From the availableg-spectroscopic data in this mass r
gion, it is revealed that though there exist some system
studies for neutron deficient rare-earth nuclei withZ<64, the
data for nuclei nearA5140 andN582 are rather incomplete
because of the use of light ion projectiles, such as pro
deuteron, or alpha particles, in most of the earlier stud
The level structures of the twoN 5 82 isotones, viz.,141Pr
and 143Pm, were studied by Kortelahtiet al. @7# using in-
beamg-ray and conversion electron spectroscopy followi
(p,2n) and (d,2n) reactions. These authors proposed seve
new low- and medium-spin levels up to 3 MeV and spin
19/2\. Pradeet al. @8# studied the high spin states in143Pm
up to 4.58 MeV excitation and spins 25/21 and 23/22, re-
spectively, using141Pr(a,2n) and 143Nd(d,2n) reactions.
The same group@9# also investigated the high spin states
141Pr using 139La(a,2ng) and 140Ce(d,ng) reactions up to
Ex<4.75 MeV and spins up toJ527/2\. Recently, Pii-
parinenet al. @2# studied theN582 isotone145Eu up to 11.2
MeV excitation and very high spin (55/2\). These authors
interpreted the level scheme to be dominated by proton m
tiquasiparticle states with respect to the doubly magic146Gd
and identified tentatively a set of states above 6 MeV, aris
out of neutron excitations across theN582 core. To our
knowledge, there exists no such data in the literature
143Pm and141Pr using heavy ions. In that context, it wou
be very interesting to investigate the level structures of
aforesaid nuclei to higher spins and to test the applicab
of the extended shell model. It is expected that such stu
would allow one to extend the systematics observed in145Eu
to lower odd-A isotones and to look for the probable dilutio
of the effects ofZ564 subshell closure. With this motiva
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FIG. 1. Representativeg-g
coincidence spectra, observed
the reaction 135Ba(11B,xn) at E
547 MeV ~reaction I!, corre-
sponding to selected gates, as i
dicated.
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tion, we have investigated the high spin level structure
143Pm using in-beamg-spectroscopic techniques followin
~HI,xn! reactions. Some preliminary results of our investig
tions have been reported elsewhere@10#.

Pradeet al. @8,9#, in an attempt to interpret their exper
mental data for143Pm and141Pr, also did shell model calcu
lations, using the prescriptions of Wildenthal@4#, in a re-
stricted model space and achieved reasonable agreeme
positive parity states though the same for negative parity
very poor. Very recently, Suhonenet al. @11# used the mi-
croscopic quasiparticle phonon model~MQPM! to study the
level structure of odd-Z (Z553– 62), N582 isotones and
compared their results with the available experimental d
as well as with the calculations, done by Heyde and Wa
quier @5# in the traditional quasiparticle phonon model. A
the latter calculations do not cater to spin regimes ab
15/21 and 17/22, respectively, we have undertaken sh
model calculations for both positive and negative par
states using the code,OXBASH @12#, in an extended basis with
a view to interpret the present results. In Sec. II, the exp
mental procedures and the results will be presented. The
struction of the level scheme will be described in Sec. III.
Sec. IV, the proposed level scheme will be discussed in
light of available experimental data and the present s
model calculations.

II. EXPERIMENTAL PROCEDURES AND RESULTS

The high spin states in143Pm were studied in the prese
work using the Gamma Detector Array~GDA! of Nuclear
Science Center~NSC!, New Delhi, consisting of twelve 23%
Compton-suppressedn-type HPGe detectors~CSS! fixed on
two horizontal rings at625° to the median plane and
multiplicity ball of fourteen hexagonal~38 mm375 mm!
BGO detectors, placed above and below the median plan
02431
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a distance of 4 cm from the target covering about 35% of
total solid angle. The CSS’s are placed at a distance of 18
from the target and are so arranged that those form th
groups of four detectors, each at 45°, 99°, and 153°, res
tively with respect to the beam direction, covering about 5
of the total solid angle. The on-line data acquisition syst
was CAMAC based and configured around a Micro-VAX
computer. The list mode data were sorted using the prog
‘‘NSCSORT’’ @13#, developed for the said purpose. A bri
description of the array and the associated data acquis
system can be found in Refs.@14,15#.

In the present work, the residual nuclei were produced
two reactions, viz., 135Ba(11B,3n) at E547 MeV and
133Cs(13C,3n) at E563 MeV ~to be referred to hereafter a
reactions I and II, respectively! using dc beams from the
15UD Pelletron Accelerator of NSC. Typical beam curren
~'2 pnA! were used in the respective experiments. The
sulting compound nucleus,146Pm, was the same in both re
actions, but was produced with different angular moment
distributions. The135Ba target~'830mg/cm2) was prepared
by vacuum evaporation of enriched~67.5%! 135BaCO3, sup-
plied by Union Carbide Corporation, on a thick~'10
mg/cm2) Tantulum backing. The percentage composition
other neighboring isotopes of Ba in the target were as
lows: 136Ba ~12.4%!, 137Ba ~5.6%!, and 138Ba ~13.2%!. The
133Cs target ~'3.5 mg/cm2) was prepared by centrifug
method using specpure~99.999%! 133CsNO3. A 5 mg/cm2

Au foil was used as backing in this case and the target
covered from top with a 200mg/cm2 evaporated Au film.

Around 6.63107 two and higher fold coincidence even
were recorded in list mode. Each coincidence event w
tagged by the condition that at least one BGO detector of
multiplicity ball should fire. The pulse height of each dete
tor was gain matched to 0.5 keV/channel and theg-g coin-
cidence data were sorted into a 409634096 totalEg-Eg ma-
7-2
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FIG. 2. Representativeg-g
coincidence spectra, observed
the reaction 133Cs(13C,xn) at E
563 MeV ~reaction II!, corre-
sponding to selected gates, as i
dicated.
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trix from which the energy spectra gated by theg rays of
interest were generated. Theg rays belonging to the variou
residual nuclei, produced mainly by neutron evaporat
from the compound nucleus, were identified by putting ga
on known strong transitions, which are already assigned
the respective nuclei from earlier investigations. In case
135Ba target, the yields of the neighboring contaminant (xn)
channels, viz.,142,144,145Pm, were found to be significant be
cause of the presence of other isotopes of135Ba in the target,
as mentioned in the preceding paragraph. In the case of133Cs
target, theg rays from 141,142Pm and from139Pr only have
been identified, besides143Pm. The relative yields of the
various observed channels have been estimated and
found to be consistent with the calculations for the respec
reactions using thePACE2code@16#. In Figs. 1–4, some rep
resentative coincidence spectra from the two reactions,
responding to some pertinent gates in143Pm are shown. It is
evident from the coincidence spectra, observed in the
reactions~cf. Figs. 1 and 2!, against 891.2, 1190.6, an
th
ip
th
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1391.4 keV gates that additionalg rays have been seen in
reaction II, which have been originated from the deexcita
of higher lying levels above 4.58 MeV of excitation i
143Pm. As the compound nucleus is produced at higher
citation energy and angular momentum in case
13C-induced reaction, the population of higher spin states
the residual nuclei is favored. This is amply supported by
presence of additionalg rays in the spectra corresponding
reaction II~as shown in Figs. 2–4!, when compared with the
same~shown in Fig. 1!, observed in reaction I.

The multipolarities of the observed transitions were det
mined from directional correlation orientation~DCO! ratios,
for which two separate 409634096 matrices were generate
with the events recorded in the 99° detectors along one
and those recorded in the 45° and 153° detectors res
tively along the other axis. Setting gates on known pu
quadrupole or dipole transitions, the intensities for oth
transitions in coincidence were found out and the DCO ra
were determined using the expression@15#
RDCO~g1!5
I ~g1! at 153° ~or 45°!, gated byg2 at 99°

I ~g1! at 99°, gated byg2 at 153° ~or 45°!
~1!
e

ion-
that follows from the prescriptions of Kra¨mer-Fleckenet al.
@17#. For some weak transitions from higher spin states,
ratios were found by adding gated spectra of same mult
larity in the cascade which were cross-checked against bo
pure known dipole or quadrupole transition.
e
o-

a

III. LEVEL SCHEME OF 143Pm

The level scheme of143Pm has been extended in th
present work up to 8.4 MeV excitation and spin 47/2\ on the
basis of the intensity balance, observed coincidence relat
7-3
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FIG. 3. Representativeg-g
coincidence spectra from reactio
II, corresponding to selected
gates, as indicated.
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ships and the measured DCO ratios from the present w
together with the available information on conversion co
ficients, deduced multipolarities and other electromagn
properties from earlier works@7,8,18,19#. The proposed leve
scheme, as shown in Fig. 5, is well corroborated by the sa
obtained from the earlier studies with light ions@7,8,19#. In
reaction I, excited states up to 6.3 MeV were popula
which have been confirmed from the results, obtained in
action II. A total of 28 new transitions has been confirm
besides those seen in the earlier study by Pradeet al. @8#
using (a, 2ng) reaction of which 22 could be placed in th
02431
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proposed level scheme. Some of the new transitions w
also seen by the earlier workers, who, however, did not
clude those in their level scheme properly. The energies
relative intensities of the observedg rays in reaction II, to-
gether with the measured DCO ratios and other relevant
formation concerning their placement in the proposed le
scheme are given in Table I. Because of the presenc
overlappingg-rays from the competing channels in the to
projection spectrum, the relative intensities in some ca
were either obtained from the analysis of the appropri
gated spectra or checked for consistency from the ga
n

FIG. 4. Representativeg-g

coincidence spectra from reactio
II, corresponding to selected
gates, as indicated.
7-4
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FIG. 5. Level scheme of143Pm, as proposed in the present work.
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spectra of specific transitions. For levels deexcited by m
tiple transitions, the multipolarities of crossover and casc
g rays were used to cross-check the spin-parity assignme

A. Low spin excitations

The present results corroborate well the earlier publis
data, as compiled in the latest Nuclear Data Sheets~NDS!
02431
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@19#, for low lying levels up to 4.58 MeV. It is observed tha
the major decay of the population of143Pm residual nucleus
follows through the 376.5–83.4–642.5–389.0–234.
1391.4–272.0 keV cascade ofg rays. Pradeet al. @8# mea-
sured the conversion coefficients, angular distribution a
linear polarization of most of these transitions except
83.4 keV to fix up their multipolarities. Their conversio
7-5
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TABLE I. Promptg rays in 143Pm from the133Cs(13C,3n) reaction atE563 MeV.

DCO gate Deduced
Eg

a ~keV! I g
b DCO ratio (RDCO) Energy~keV! Multipolarity Multipolarity Ei Ef Ji

p Jf
p

83.4 105.4 1.9560.11 234.9 Q M1 3013.2 2929.8 21/22 19/22

93.6 12.1 0.9960.34 642.5 D E1 4386.1 4292.5 27/21 25/22

105.2 53.7 1.5860.11 234.9 Q M11E2 4386.1 4280.9 27/21 25/21

123.0 25.3 1.3760.20 234.9 Q M11E2 5115.9 4992.9 31/22 29/22

134.2 27.6 1.5560.23 1190.6 Q M11E2 5827.4 5693.2 35/2(2) 33/2(2)

168.4 36.0 1.6760.22 234.9 Q M11E2 5693.2 5524.8 33/2(2) 31/2(2)

193.6 38.2 1.6260.29 234.9 Q M11E2 3075.5 2881.9 21/21 19/21

222.5 9.7 6298.0 6075.5 35/21 ~33/22)
229.9c 15.8
234.9 929.4 0.9960.20 1391.4 Q E2d 1898.3 1663.4 15/21 11/21

243.8 26.9 0.9660.20 1242.3 Q E2 8072.6 7828.8 45/21 41/21

261.2 44.0 1.4860.13 234.9 Q M11E2 4992.9 4731.7 29/22 27/22

264.3 74.6 1.0460.07 234.9 Q E2 6922.0 6657.7 ~37/22) ~33/22)
272.0 1000.0 1.1260.02 234.9 Q M11E2d 272.0 0.0 7/21 5/21

276.5 56.8 1.1460.13 234.9 Q E2 7198.5 6922.0 ~41/22) ~37/22)
301.2 105.4 1.1760.08 234.9 Q M11E2d 3376.7 3075.5 21/22 21/21

325.0e 89.5 1.2460.11 234.9 Q M11E2 8397.6 8072.6 ~47/21) 45/21

326.5 160.6 1.2360.07 1190.6 Q M11E2 4906.8 4580.3 29/22 27/22

363.4 70.5 0.7760.09 234.9 Q M11E2d 3376.7 3013.2 21/22 21/22

376.5 440.6 0.8960.04 642.5 D M11E2 3389.7 3013.2 23/22 21/22

389.0 806.2 0.9460.03 642.5 D M1d 2287.3 1898.3 17/21 15/21

446.9 38.3 0.9960.17 389.0 D M1 3376.7 2929.8 21/22 19/22

471.3 57.2 1.5160.27 1242.3 Q M11E2 6769.3 6298.0 37/21 35/21

492.9 32.5 E2d 2929.8 2436.9 19/22 15/22

535.6 83.6 0.8760.14 1190.6 Q E2 5115.9 4580.3 31/22 27/22

588.1 54.4 0.9960.12 389.0 D M1 3601.3 3013.2 23/22 21/22

614.7 31.7 0.8160.28 1242.3 Q (E2) 6243.1 5628.4 ~35/21) 31/21

618.0 55.7 2.0060.29 1190.6 Q M1/E1f 5524.8 4906.8 31/2(2) 29/22

642.5 682.4 1.0260.03 389.0 Q E1d 2929.8 2287.3 19/22 17/21

669.6 140.5 0.5960.08 891.2 D E2 6298.0 5628.4 35/21 31/21

670.9 120.0 0.9360.22 1190.6 Q (M11E2) 5577.7 4906.8 ~31/22) 29/22

685.3 25.8 (M11E2) 6512.7 5827.4 37/2(2) 35/2(2)

687.7 75.0 M2 959.7 272.0 11/22 7/21

700.4 40.0 1.0160.18 234.9 Q E2 4992.9 4292.5 29/22 25/22

766.0c 43.8
780.5c 14.3
788.2 46.4 1.1360.26 234.9 Q E2 3075.5 2287.3 21/21 17/21

891.2 186.1 1.0860.13 642.5 D E1 4280.9 3389.7 25/21 23/22

944.4 49.1 M11E2 8142.9 7198.5 ~43/22) ~41/22)
959.6g 67.6 M11E2 6075.5 5115.9 ~33/22) 31/22

983.6 75.8 1.1260.16 234.9 Q E2 2881.9 1898.3 19/21 15/21

1059.5 40.4 0.9360.27 234.9 Q E2 7828.8 6769.3 41/21 37/21

1080.0 69.8 M11E2 6657.7 5577.7 ~33/22) ~31/22)
1113.2c 23.7
1190.6 186.3 0.9560.09 234.9 Q E2 4580.3 3389.7 27/22 23/22

1242.3 154.1 0.9860.09 234.9 Q E2 5628.4 4386.1 31/21 27/21

1279.3 126.7 0.4860.11 642.5 D E2 4292.5 3013.2 25/22 21/22

1303.5c 28.4
1324.5c 24.4
1342.0 50.9 0.8960.14 234.9 Q E2 4731.7 3389.7 27/22 23/22

1391.4 1082.0 1.0260.02 234.9 Q E2d 1663.4 272.0 11/21 7/21

1477.2 32.5 E2d 2436.9 959.7 15/22 11/22

aTypical uncertainty in energy is6~0.1–0.2! keV.
bRelativeg-ray intensities normalized to the 272.0 keV transition as 1000; overall uncertainty due to peak fitting and efficiency cal
is estimated to be 10% for strong transitions and 15–20 % for weak transitions.
cTransitions have not been placed in the proposed level scheme.
dAdopted from NDS@19#.
ePlaced also between 8467.9 keV and 8142.9 keV state; deduced DCO ratio is uncertain due to double placement.
fM1 assignment adopted.
gAdditional placement; placed also between 959.7 keV state and ground state, following NDS@19#.
024317-6
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data agrees well within errors with those of Nagaiet al. @18#.
We have adopted from NDS@19# the assignment ofE2 mul-
tipolarity for the 234.9 keV and 1391.4 keV,M1 assignment
for the 389.0 keV andE1 assignment for 642.5 keVg rays.
These assignments along with the mixed nature of 272.0
g ray could be confirmed by the measured DCO ratios fr
the present work, which upholds theJp assignments of 5/21,
7/21, 11/21, 15/21, 17/21, and 19/22 for the ground state
and the excited states at 272.0, 1663.4, 1898.3, 2287.3,
2929.8 keV, respectively. Pradeet al. @8# placed an 83.4 keV
transition above 2929.8 keV level and suggested anM1 as-
signment through an estimate of the total conversion coe
cient for 83.4 keVg ray. Within the estimated uncertainty i
our measured DCO ratio for 83.4 keV transition, agai
642.5 keV (E1) gate, our observation supports a pure dip
assignment. This assignment is also corroborated by
DCO ratio, obtained against 1391.4 keV (E2) gate, thereby
restricting the spin parity for 3013.2 keV level to 21/22. The
same authors@8# placed the 376.5 keV transition at tw
places in their level scheme, one between 3389.7 and 30
keV levels and the other between 2436.9 and 2060.2
levels which links to the yrast sequence at 1663.4 k
(11/21) level by a 396.8 keV transition. From our coinc
dence data, it is observed that the major intensity of
376.5 keVg ray comes from the deexcitation of 3389.7 ke
level to 3013.2 keV (21/22) level within the uncertainty of
the intensity measurements. Also, we have not observed
396.8 keVg ray, as mentioned above, in the 376.5 keV ga
Hence, a second placement of 376.5 keV, as suggeste
Pradeet al. @8#, does not seem to be necessary and the le
at 2060.2 and 2436.9 keV, as proposed by the former wo
ers, are not included in our level scheme. From similar c
siderations, the level at 3061.0 keV, as proposed by the s
workers, on the basis of a weak 1000.8 keV transition,
been excluded from the present scheme. Pradeet al. @8#
could not make unambiguous assignment of the multipola
of 376.5 keV transition from their angular distribution an
polarization data and adopted a spin-parity of 21/22 for the
3389.7 keV level. We have, however, assigned a spin-pa
of 23/22 to the 3389.7 keV level, based onM11E2 assign-
ment for 376.5 keVg ray from our deduced DCO ratio from
both reaction I and II. Kortelahtiet al. @7# proposed a level a
1566.0 keV withJp5(9/21) on the basis of two transition
at 1566.0 and 1293.9 keV. Though we have seen a w
1566.0 keVg ray in the singles spectrum, the presence o
1293.9 keVg ray, in coincidence with 272.0 keV, has n
been confirmed. The other low spin levels, between 27
and 1663.4 keV levels, as suggested by Kortelahtiet al. @7#,
are also not included in our level scheme, as the transit
were neither observed in the singles spectrum nor in the
incidence spectrum corresponding to 272.0 keV gate. H
ever, their existence in the level scheme cannot be ruled
as the low spin states are relatively weakly populated in
work due to the use of heavy ion projectiles. The placem
of other weak transitions below 3.5 MeV, by Pradeet al. @8#
and adopted in NDS@19#, has been confirmed in our wor
from the coincidence spectra of related gates. The co
sponding levels at 959.7 (11/22), 2436.9 (15/22), 2881.9
02431
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(19/21), 3075.5 (21/21), and 3376.7 (21/22) keV have
been retained in the present level scheme.

B. High spin states

As mentioned earlier, most of the new transitions a
found to be in coincidence with either 891.2 or 1190.6 keVg
ray ~cf. Figs. 1 and 2!, depopulating the 4280.9 and 4580
keV levels, respectively. Some are also seen in 1279.3
1342.0 keV gates~cf. Fig. 3!, which are placed above 3013.
(21/22) and 3389.7 (23/22) keV levels from coincidence
relationships and intensity balance considerations. This in
cates that the high spin structure in143Pm would develop
into different branches, on top of the main yrast seque
ending at 3013.2 keV level. The spin-parities of the levels
4280.9 and 4580.3 keV were adopted to be (23/21) and
(25/22), respectively, in the latest compilation of Nucle
Data Sheets@19#. We are, however, in favor of (25/21) and
(27/22) assignment, consequent to the revised spin-parity
(23/22) for the 3389.7 keV level. This assignment is in co
formity with the E1 and E2 assignments for 891.2 an
1190.6 keV transitions, respectively, as suggested in Ref@8#
and is supported by our DCO data. In the present work
new set of levels above 4280.9 keV has been proposed
the basis of the observed coincidences with 891.2 and 12
keV gates. The 105.2 keV transition, placed immediat
above 891.2 keVg ray, was included by Pradeet al. @8# in
their scheme with a tentative spin assignment of~19/2,21/2!
for the 4385.9 keV level on the basis of excitation functi
data. Though a dipole assignment was suggested for
g-ray by them, our DCO ratio data favor anM11E2 assign-
ment and hence a spin-parity of 27/21 has been proposed fo
the 4386.1 keV level. A relatively weak 93.6 keV transitio
connects this level to a new level at 4292.5 keV, which
deexcited to the 3013.2 keV (21/22) level by a 1279.3 keV
transition. This placement is corroborated by the observa
of a 93.6 keVg ray in the spectra, gated by 1242.3 keV a
1279.3 keVg rays and its absence in 891.2 keV gate~cf. Fig.
3!. The E2 multipolarity of 1279.3 keVg ray, as deduced
from DCO data, favors a spin-parity of 25/22 for the 4292.5
keV level. This restricts the multipolarity of the 93.6 keVg
ray to beE1, which is supported by the DCO ratio, deduc
from 642.5 keV gate.

The level scheme, above the 4386.1 keV level, is c
structed with the help of several new transitions found
coincidence with the 891.2 keVg ray in reaction II. Out of
the newly reported transitions in this branch, the 1242.3 k
g ray is the strongest one, placed above 4386.1 keV le
and is assigned to be of pureE2 multipolarity from our DCO
data. Hence, the corresponding level at 5628.4 keV is
signed a spin-parity of 31/21. A close doublet with energies
of 669.6 and 670.9 keV has been clearly identified in143Pm
from our work. Though the saidg rays are not well resolved
in the total projection spectrum, one could conclude from
gated spectra corresponding to 891.2 and 1190.6 keV tra
tions respectively that those are actually two close lin
Pradeet al. @8# observed a weak transition at 671.9 ke
which they have placed tentatively between the 3601.5 k
~23/2! and the 2929.8 keV (19/22) levels in parallel to the
7-7
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588.1 keV dipole transition, depopulating the former lev
However, the observation of 670.9 keVg ray in the 376.5
keV and 1190.6 keV gates rules out the above tenta
placement of 671.9 keVg ray, by the previous workers@8#.
A detailed analysis of this doublet has been done by cha
by channel projection from theg-g coincidence matrix
which confirmed their placement in two different branch
above the 891.2 and 1190.6 keV transitions. From the D
ratios corresponding to the 891.2 keV and 1242.3 keV g
transitions, which are ofM1 andE2 multipolarity, respec-
tively, it is concluded that the 669.6 keVg ray is of E2
multipolarity. Hence, the level at 6298.0 keV, proposed
this transition, is assigned a spin-parity of 35/21. The 670.9
keV g ray is placed in another branch tentatively above
326.5 keVg ray on the basis of intensity balance. The d
duced DCO ratio for this transition against 1190.6 keV g
suggests a mixed multipolarity and a tentative assignem
of (31/22) for the 5577.7 keV level. A multiplet at 325 keV
is observed in the total projection spectrum, which is co
taminated byg rays belonging to142Pm @15#. The other
members of the 325 keV multiplet could be very clea
resolved and seen in the gated spectra, correspondin
891.2 ~or 1242.3! and 1190.6 keV, respectively. We hav
preferred to place 325.0 keVg ray at two places in the leve
scheme, as discussed later in this section and the 326.5
g ray has been placed above the 1190.6 keV transition.
transitions at 471.3, 1059.5, and 243.8 keV have been pla
in the 891.2 keV branch above 6298.0 keV level from co
cidence considerations and the corresponding new leve
6769.3, 7828.8, and 8072.6 keV are assigned spin-parit
37/21, 41/21, and 45/21, respectively, from the deduce
multipolarity. A 614.7 keVg ray is seen in coincidence wit
1242.3 keV but not with 669.6 keV and is placed betwe
the 6243.1 and the 5628.4 keV levels with a tentative sp
parity of (35/21) for the former level. The 325.0 keV tran
sition which is most probably of mixed multipolarity, ha
been placed above 8072.6 keV from observed coincide
relationship and intensity balance in the 891.2 keV ga
spectrum. The corresponding level at 8397.6 keV is assig
a tentative spin-parity of (47/21). A 326.6 keV transition has
been known to occur in the neighboring nuclei144Pm @20#
which was produced in reaction I due to contamination
enriched135Ba; but the other strong coincidenceg rays be-
longing to 144Pm could not be seen either in 326.5 or
1190.6 keV gated spectra in reaction II. So the 326.5 k
transition, seen in coincidence with 1190.6 keVg ray, in
reaction II, arises mainly from the143Pm nucleus and is
placed between 4906.8 and 4580.3 keV levels. The leve
4731.7, 4992.9, and 5115.9 keV are proposed on the bas
the coincidences observed with theg rays in the main yras
sequence as well as with the 1190.6, 1342.0, and 1279.3
g rays, respectively. The good agreement in energy sum
the corresponding cascade transitions, viz., 1279.3–700
123.0, 1342.0–261.2–123.0, and 1190.6–535.6 keV es
lishes well the said levels beyond doubt. Of these, the le
at 4731.7 and 5115.9 keV level are assigned spin paritie
27/22 and 31/22 respectively on the basis of deducedE2
multipolarity for the 1342.0 and 535.6 keVg ray, which is
seen well in coincidence with all theg rays in the main yras
02431
.

e

el

s
O
te

r

e
-
e
nt

-

to

eV
e

ed
-
at
of

n
-

ce
d
ed

V

at
of

eV
of
4–
b-
ls
of

sequence. This fixes the spin parity of 4992.9 keV level to
29/22. The intensity of the 959.6 keVg ray, seen in the
coincidence spectra against 1190.6, 1342.0, and 1279.3
gates, necessitates another placement of thisg ray above
5115.9 keV level though anE3 transition of same energy ha
been placed by the earlier workers@8#, between 959.7 keV
(11/22) and the 5/21 ground state. Therefore, a new level
6075.5 keV is proposed with tentaive spin parity of (33/22),
which is connected to the 6298.0 keV level by a weak 22
keV transition. The 618.0 keVg ray, placed above 326.5
keV transition, is likely to be a dipole transition (E1 or M1)
from DCO ratio data and we have adopted anM1 multipo-
larity and a tentative spin parity of 31/2(2) for the 5524.8
keV level. The 134.2 keV transition was also observed a
placed previously by Pradeet al. @8#; but they had placed it
above the 3389.7 keV level in parallel to 1190.6 keV tran
tion. However, in the present work, we have seen a reas
able coincidence between 134.2 and 1190.6 keVg rays and
also with all otherg rays, viz., 168.4 and 685.3 keV, place
in the same sequence. The placement of the aboveg rays
was fixed above the 5524.8 keV level on the basis of int
sity balance of the transitions corresponding to 1190.6 k
gate. Pradeet al. @8# could not do any multipolarity assign
ment for 134.2 keV transition because of the likely contam
nation from144Pm nucleus. However, in our experiment wi
reaction II, there was no possibility of contamination fro
144Pm. The measured DCO ratios are in favor of a mix
multipolarity for the 134.2, 168.4, and 685.3 keVg rays.
Hence tentativeJp assignments of 33/2(2), 35/2(2), and
37/2(2) has been suggested for 5693.2, 5827.4, and 651
keV levels, respectively.

A set of new transitions with energies of 1080.0, 264
276.5, and 944.4 keV have been identified to belong
143Pm nucleus, all of which are in coincidence with the tra
sitions below the 3389.7 keV level. Theseg rays have been
placed above 5577.7 keV (31/22) level on the basis of co-
incidence data and four new levels are tentatively propo
at 6657.7, 6922.0, 7198.5, and 8142.9 keV, respectively.
cause of the low yield of theseg rays, only tentative multi-
pole assignment is possible for 264.3 and 276.5 keV tra
tions and therefore, the spin-parity assignments indicate
the level scheme are very tentative. From the coincide
spectra, corresponding to 264.3, 276.5, and 1080.0 keV g
~cf. Fig. 4!, it appears that these are in coincidence with
325.0 kevg ray, placed earlier from 8397.6 keV level on th
basis of observed coincidences with 891.2, 1242.3, and o
g rays, placed in that cascade. However, we have not
served transition~s!, linking the 1080.0–264.3–276.5 keV
cascade to the said level. It is possible that there exists
isomer around 8072.6 keV level, similar to the ones obser
recently in the neighboringN582 isotones,145Eu and144Sm
@2# around the same excitation energy and spin regime. H
ever, the present experiment was not aimed to look for s
high spin isomers with expected halflife<1 ns, for which a
separate experiment using pulsed beam has been plan
Therefore, a second tentative placement of 325.0 keVg ray
is adopted for the present above 8142.9 keV (43/22) level,
besides the one mentioned earlier in the positive parity
quence above 8072.6 keV (45/21) level.
7-8
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IV. DISCUSSION

The nucleus143Pm has three protons less than the doub
closed146Gd. As expected, it is spherical in the ground st
@21# and the low-lying states are dominated by proton ex
tations corresponding to 1g7/2, 2d5/2, and 1h11/2 orbitals, as
demonstrated by Wildenthal@4,22#, in the framework of con-
ventional shell model. Ramanet al. @23# suggested the exis
tence of neutron particle-hole states in the neighboring142Nd
isotone around 3.5 MeV, whereas the more recent work
Wirowski et al. @24# proposes such states with broke
neutron-core configurations to occur at around 6 MeV ex
tation. Hence, one may expect excitations of proton part
~holes! acrossZ564 subshell, rather than neutron excitatio
acrossN582 core to be responsible for the generation
angular momentum in143Pm at excitation energies below
MeV. As mentioned in the Introduction, the shell model c
culations of Pradeet al. @8,9# in a restricted model spac
were reasonably successful in describing the positive pa
states in 141Pr and 143Pm, though the calculated negativ
parity states were in poor agreement with the available
perimental data. Especially, the gap between the (11/22)1
level and other higher odd-parity states were calculated to
large. Apart from the neglect of 2d3/2 and 3s1/2 orbitals, the
noninclusion of (1h11/2)

3 configurations is considered to b
the reason for the poor agreement@9#. The same workers@8#
also employed cluster-vibration model~CVM! with three-
hole clusters inZ564, N582 core with limited success fo
positive parity states. However, the negative parity sta
could be understood better in a particle-core coupling p
scription.

In the present work, we have used the codeOXBASH and
attempted to extend the shell model calculations in a lar
basis space than the earlier workers@8,9#. Wildenthal @22#
suggested that the most desirable expansion of the b
space would be to include two-proton excitations to 2d3/2,
3s1/2, and 1h11/2 orbitals, which the earlier workers coul
not include due to computational limitations. We have, the
fore, included all the five orbitals in theN550–82 proton
subshell space, viz.,p1g7/2, p2d5/2, p2d3/2, p3s1/2, and
p1h11/2, in our calculations and restricted the minimum a
maximum number of particles in each of the orbitals, assu
ing 132Sn as core. The restrictions in the number of partic
in each orbit were decided by the available proton trans
reaction data@3# and is consistent with the predicted orb
occupation numbers, given by Wildenthal@1#. The 11 pro-
tons outside132Sn core were distributed over the nearly d
generate 1g7/2 and 2d5/2 orbitals for positive parity state
@(1g7/2,2d5/2)

Z250#. Besides, all one-proton excitations, su
as,@(1g7/2,2d5/2)

Z251, (3s1/2,2d3/2)
1] and two-proton excita-

tions, such as@(1g7/2,2d5/2)
Z252,(3s1/2,2d3/2,1h11/2)

2#, have
been considered. For negative parity states, the consid
configurations have been @(1g7/2,2d5/2)

Z251,
(1h11/2)

1], @(1g7/2,2d5/2)
Z252,(3s1/22d3/2)

1,(1h11/2)
1#,

@(1g7/2,2d5/2)
Z253,(3s1/2,2d3/2)

2,(1h11/2)
1#, and

@(1g7/2,2d5/2)
Z253,(1h11/2)

3#. The single particle energie
~SPEs! and the various two-body matrix elements~TBMEs!
provided in the code under theN82K interaction@12# have
been used. The same were obtained from a best fit of
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experimental ground state binding energies as well as a l
number of excited states with knownJp in severalN 5 82
nuclei betweenA5136– 145@25#. We have also used th
more refined sets of SPEs and TBMEs, reported recently
Wildenthal and also Blomqvist@1# in order to check the ef-
fects of these modified sets of TBME in the level spectra
143Pm. The details of those observations is being planned
a separate publication@26#. It may be remarked that for a
given optimum restriction in the minimum and maximu
number of particles in a particular orbital in theN550– 82
subshell, the three sets of SPEs and TBMEs used by us
similar root mean squared deviation between the experim
tal and the calculated energy level spectra. In that respect
calculations using the so-called,N82K interaction, presently
integrated with theOXBASH code, offers reasonable fit to th
observed energy spectra for both parities and would be
cussed here. The SPEs used and TBMEs were obtained
a global fit of a modest set of spectroscopic data from133Sb
to 146Gd. It is observed that the inclusion of two-proton e
citations to 1h11/2 orbit gives a better fit of the observe
higher spin positive parity level structure, though the tw
proton excitations to 2d3/2 and 3s1/2 is no less important.
Similarly, it is necessary to include three proton excitatio
to 1h11/2 in order to explain the higher spin negative par
states.

In Figs. 6 and 7, respectively, we have compared the p
posed high spin level structure of143Pm with the same ob-
tained from the present shell model calculations. For brev
we have included only the positive parity states above 251

and negative parity states above 23/22 which are newly pro-
posed from the present work. As far as the low spin posit
parity states are concerned, the calculation predicts the 71

first excited state little lower in energy and the sequence
levels up to 17/21 is under predicted. The higher spin stat
above 19/21 are better reproduced compared to the ones
low; but these are predicted on the higher side. For
former states, the effects of142Nd core-coupled single par
ticle configurations may be responsible for lowering of t
experimental level energies. Enghardtet al. @27# have dem-
onstrated that for negative parity states in140Ce, the particle-
core coupling concept seems to be reasonable. Follow
their observation, we find good correlation in our case
tween the142Nd states, both even- and odd-parity ones, w
the corresponding states in143Pm. For example, the 17/21

state, which is predicted by the present shell model calc
tion at a lower energy, may have significant contributio
from core-coupled configurations, such as 61 state of142Nd,
coupled topd5/2 orbital and 32 state of 142Nd, coupled to
ph11/2 orbital, both contributing to the observed 17/21 state,
whereas from the present shell model calculations, the do
nant configurations for the 17/21 state turns out to be 79%
(pg7/2

6pd5/2
5), with the rest distributed betwee

(pg7/2
7 pd5/2

4), (pg7/2
5 pd5/2

5ps1/2
1).

For negative parity states, the agreement with the exp
mental level structure is not so good. It is observed t
except for the first 11/22 state, this calculation gives bette
correspondence with the experimental states than the ca
lations, done with the parameter set used for positive pa
7-9
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SARMISHTHA BHATTACHARYA et al. PHYSICAL REVIEW C 62 024317
states. However, the mean absolute deviation between
observed and the theoretical calculations do not differ v
much. One could reproduce the first 11/22 state by adjusting
the 1h11/2 single particle energy. However, we have seen t
such readjustment affects the positive parity level struct
drastically if (1h11/2)

2 configuration is considered. We hav
seen that the three-particle excitations to 1h11/2 orbital, as
commented earlier, are very important for the excitation
ergy regime under consideration. In this case, the co
particle coupling scheme may be more effective because
coupling of the high spin unique parity orbital, such
ph11/2, may not disturb the142Nd core states very much
compared to the situation when a proton is added to 1g7/2 or
2d5/2 orbitals. This feature is, indeed, substantiated by
observed correlation between the142Nd and 143Pm negative
parity states. It is very likely that the 11/22 ~959.7 keV!,
15/22 ~2436.9 keV! and 19/22 ~2929.8 keV! states in143Pm
arise, respectively, from a coupling of 1h11/2 proton to 01,

FIG. 6. Comparison of high spin positive-parity level structu
of 143Pm, as proposed in the present work, with the same obta
from shell model calculations usingOXBASH code. The experimen
tal level structure of142Nd, around the same excitation energy r
gime, are also shown to indicate the probable core-coupled stat
the observed level spectra of143Pm ~see text!.
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21, and 41 states of142Nd. Similar conclusions have bee
drawn by Suhonenet al. @11# from MQPM calculations and
also by Pradeet al. @8,9# from their CVM calculations. In the
same picture, the whole host of negative parity states w
Jp521/22 to 37/22 may be correlated with the states arisin
out of coupling either a 2d5/2 or a 1g7/2 proton with the 82 to
142 states in142Nd. According to Wirowskiet al. @24#, the
above negative parity states of142Nd have complicated
particle-hole structures. The inclusion of such configurat
is not possible in the present version of the codeOXBASH,
used in this work.

V. CONCLUSION

In the present work, we have extended the level struct
of 143Pm up to 8.4 MeV excitation and spin 47/2\, by
heavy-ion induced in-beamg-spectroscopy using an array o
twelve Compton-suppressed HPGeg detectors. Spin-parity
assignments for most of the observed new levels have b

ed

in

FIG. 7. Comparison of high spin negative-parity level structu
of 143Pm, as proposed in the present work, with the same obta
from shell model calculations usingOXBASH code. The experimen-
tal level structure of142Nd, around the same excitation energy r
gime, are also shown to indicate the probable core-coupled stat
the observed level spectra of143Pm ~see text!.
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HIGH SPIN STATES IN SINGLY CLOSED143Pm PHYSICAL REVIEW C 62 024317
done. A shell model calculation has been attempted for b
positive and negative parity states using theOXBASH code
with 132Sn as a doubly closed core with a view to interp
the observed high spin level structure. In absence of exp
mental data on other electromagnetic properties, the c
parison with the calculation is restricted to excitation sp
trum only. It is concluded from such comparison that t
high spin level structure demands the inclusion of comp
multiparticle ~hole! excitation in the calculation, which is
beyond the scope of the present work.
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