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g-ray spectroscopy in 111Te
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Excited states in111Te have been studied using the 4pn evaporation channel from the58Ni158Ni reaction
at a beam energy of 250 MeV. A thin-target experiment was carried out using GAMMASPHERE coupled with
the MICROBALL charged-particle detector array and an array of neutron detectors. A complementary thick-
target experiment was performed with the Stony Brook six-Ge-detector array in order to measure the lifetime
of an 11/22 isomer observed in the GAMMASPHERE data. The structure of111Te at low spin is dominated by
the yrastnh11/2 band, although a band assigned to then(g7/2d5/2) configuration is also observed. Four collective
bands have been found at higher spins. Experimental results are compared to the odd-A Te systematics and to
core-quasiparticle and total Routhian surface calculations.

PACS number~s!: 21.10.Re, 21.10.Tg, 23.20.Lv, 27.601j
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I. INTRODUCTION

In the present paper the experimental results extracted
111Te, which extend the systematics of low-spin states
odd-A Te nuclei, are presented. Comparisons of the obse
energy levels to those calculated using theoretical mo
allow the investigation of the properties of the low-spin c
lective states together with those in neighboring even-A Te
nuclei. Even-A Te isotopes at low spin are usually consi
ered to be vibrational, as indicated by the energy ratios
low-lying states,E(41)/E(21)'2. One of the features o
surface harmonic vibration is a small value for the diago
matrix element of theE2 operator, which implies corre
spondingly small quadrupole moments. However, co
quasiparticle coupling calculations with a quadrupo
quadrupole interaction performed for the negative-pa
states in111Te indicate a significant spectroscopic quad
pole moment for the Te core. These contradictory issues
be discussed. The core may be deformed due to
deformation-driving force exerted by the valenceh11/2 neu-
tron, although a possible quadrupole deformation at low s
for the even-A Te with A;110 cannot be excluded. Sizab
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spectroscopic quadrupole moments have indeed been
sured for heavier even-A Te isotopes@1#.

II. EXPERIMENTAL METHOD

Excited states in111Te were populated following the
58Ni( 58Ni,4pn) reaction at a beam energy of 250 MeV. Th
experimental setup consisted of the GAMMASPHERE ar
of 83 HPGe detectors coupled with the MICROBALL arra
of 95 CsI~Tl! charged-particle detectors@2#, and an array of
15 scintillators for neutron detection which replaced the
front Ge detectors. Two self-supporting;500 mg/cm2

stacked targets separated by a distance of;0.25 mm were
used. The average velocity of the recoiling nuclei was m
sured to beb;4.4% in agreement with the value calculate
based on reaction kinematics. Measuredg-ray energies were
corrected off line for Doppler shifts. The Doppler correctio
procedure involved event-by-event reconstruction of the m
mentum vector of the residual nucleus based on reaction
nematics and measured charged-particle momentum ve
@2#. In the 4pn channel, ag-ray energy resolution of 5.5 keV
full width at half maximum ~FWHM! at 1 MeV was
achieved with this procedure.

For the off-line analysis, coincidentg-ray events were
sorted into a 4pn-gated Eg-Eg matrix, 4p-, 3p-, and
3pn-gated cubes, and 4p- and 3p-gated hypercubes. Ap
plied proton and neutron gates turned out to be essentia
achieve the sensitivity required forg-ray spectroscopic stud
ies of weakly populated111Te. In the 4p-gated data, the 4pn
evaporation channel had an intensity of;2.4% compared to
the intensity of the 4p evaporation channel which leads
112Te, while in the 3pn-gated data, the 4pn evaporation
channel had an intensity of;30% compared to the 3pn
evaporation channel which leads to112I. In the 4pn-gated
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FIG. 1. Proposed level scheme for111Te. The width of the arrows represents the relative intensity of theg-ray transitions.
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matrix containing 4.13106 counts the intensity of111Te was
;82%. Theg-ray spectroscopy software packageRADWARE

@3# was used extensively during the data analysis.
An angular correlation~DCO! study @4# was performed

for g-ray multipolarity assignments. Asymmetric DC
4pn-, 3pn-, and 3p-gated matrices were sorted with da
from the detectors atu.142 ° incremented on one axis an
from the detectors at 79 °,u,101 ° on the other axis~note
that the forward rings of Ge detectors were replaced by n
tron detectors!. The number of counts in the 4pn- and
3pn-gated DCO matrices were 0.73106 and 23106, respec-
tively. DCO ratios@4# extracted from the 3p-gated matrix
for known quadrupole-dipole and quadrupole-quadrup
cascades in 113I @5# are RDCO50.65(3) for the
15/22→11/22→9/21 cascade andRDCO50.99(5) for the
19/22→15/22→11/22 cascade.

Analysis of theg-ray intensities measured in the thin
target GAMMASPHERE experiment suggested that
11/22 bandhead of the yrast band is an isomer. To determ
its lifetime, an experiment with the same reaction but a th
03430
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target (;2 mg/cm2 58Ni on a Pb backing! was performed
using the tandem van de Graaff/superconducting LINAC
cility and six Ge-detector array of the Nuclear Structu
Laboratory at Stony Brook. Two beam sweeping periods
106 ns and 318 ns were employed. The Compton-suppre
Ge detectors were placed at approximately630 °, 90 °, and
6150 ° with respect to the beam axis.

III. EXPERIMENTAL RESULTS

Excited states in111Te had been assigned previously
Ref. @6# through prompt-promptg-g and g-neutron and
prompt-delayedg-recoil coincidence techniques. In this pr
vious experiment, the yrast band was observed and sev
other transitions were identified as belonging to111Te. The
current study extends the level scheme significantly. It a
confirms the previous channel assignment via charg
particle and neutron coincidences.

The level scheme proposed for111Te is presented in
Fig. 1. Energies, intensities, DCO ratios, proposed multi
8-2
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g-RAY SPECTROSCOPY IN111Te PHYSICAL REVIEW C 61 034308
larities of theg-ray transitions, and spin assignments for e
cited levels in111Te are listed in Tables I and II. The qualit
of the GAMMASPHERE and MICROBALL data is illus
trated in Fig. 2, which presents 4pn-gatedg-g coincidence
spectra gated on the 963- and 1103-keV transitions. The
tails of g-ray placement in the level scheme, level spin
signments, and comparisons with Ref.@6# are summarized
below.

A. Negative-parity bands and band 5

Band 1 is yrast between spins 11/2\ and 35/2\. The or-
dering of the 683- and 715-keV transitions proposed in
current study is reversed compared to that in Ref.@6# where
arguments based on odd-A Te systematics were used. In th
present study, the ordering of these transitions is fixed by
observed decay of the (21/22) level in band 2 and the
(23/22) level in band 6. Other differences between the c
rent level scheme and that proposed in Ref.@6# occur at high
spin. A coincidence between the 922- and 963-keV tran
tions suggested in Ref.@6# was not confirmed~see upper
panel of Fig. 2!. In the current study, self-coincidence b
tween transitions with energy;920 keV was observed, in
dicating the existence of a doublet at 919 and 922 keV
coincidence with the yrast transitions. These data sug
that the 922-keV transition does not belong to the yrast c
cade, but rather to band 5, while the 919-keV transition
longs to the same band and is connected via 365-
622-keVg rays to the yrast states, which explains the we
963-919-keV coincidence. The 622-, 762-, and 789-k
transitions assigned tentatively to111Te in Ref.@6# were ob-
served in this work; the 622-keV transition was observ
connecting the~33/2! state in band 5 to the 31/22 state in
band 1, and the 762-keV and 789-keV transitions were
served as intraband transitions in bands 5 and 4, respecti

The spin assignments for the states belonging to ban
follow from the observed DCO ratios~all transitions below
35/22 have RDCO consistent with stretchedE2) and from
odd-A Te systematics. The systematics includes excita
energies of collective yrast states~see Sec. IV B! as well as
the excitation energy and lifetime of the isomeric yrast ba
head~see discussion in Sec. IV G!.

The DCO ratio measured for the 745-keV transition
band 6 suggests a stretchedE2 character; the same is pro
posed for the 760-keV band member. If band 6 has posi
parity, the 605-, 1119-, and 1321-keV transitions linking t
band to the yrast states ought to beuDI u51 E1 transitions.
The DCO ratio measured for the 605-keV transition cont
dicts this hypothesis. Therefore, negative parity is propo
for band 6 with an I i5I f M1/E2 assignment for the
605-keV g ray, which is then consistent with experiment
RDCO. A stretchedE2 character for both the 1119-keV an
1321-keV transitions is a consequence of this proposed
assignment.

Band 2 decays to the the negative-parity states in ban
and 6. The DCO ratios measured for the 273- and 429-keg
rays are consistent with a stretched dipole assignment
though theM1 or E1 character of those transitions cannot
determined in the current experiment. The spins and pa
03430
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proposed for the states in band 2 in Fig. 1 follow from
comparison to the negative-parity states observed in Ref@7#
for 109Te and the systematics of odd-A Te isotopes~see
Sec. IV B!.

The DCO ratios observed for the interband transitions
tween bands 1 and 5 are consistent with a stretched di
character. A band in109Te which is similar to band 5 in
111Te was assigned negative parity in Ref.@8#, but was ten-
tatively assigned to have positive parity in Refs.@7,9#. In all
three studies the parity assignment was based on ang
correlation measurements only. In Fig. 1 we have given o
spins for band 5; the parity requires a polarization expe
ment designed to determine the electric or magnetic cha
ter of the transitions depopulating the band~see Sec. IV E!.

For unresolved doublets at 715 and 718 keV and at
and 922 keV the effective value of the DCO ratio~which is
the ratio of the summed intensities of both transitions! was
measured. DCO ratios for the 715-718- and the 919-922-k
pairs are consistent with each transition being stretc
quadrupole, although for the excited states in band 5, te
tive spins are given only up to~41/2! since the current data
are not adequate for assignments to states higher in ex
tion energy.

B. Positive-parity bands

The present ordering of the transitions in bands 3 an
follows from observed coincidence and intensity relatio
ships ~for example see lower panel of Fig. 2!. Transitions
with energies 117, 765, and a doublet at 875 and 878 keV
band 3 and 577, 693, 789, and 857 keV in band 4 w
assigned to111Te in the experiment reported in Ref.@6# but
were not placed in the level scheme, due to limited statist

The relative spins assigned to the excited states in ban
and 4 follow from stretched quadrupole assignments for
765-keV transition, and the doublet at 875 and 878 keV
band 3, the 693-, 789-, and 857-keV transitions in band
and the 577- and 1103-keV transitions which connect ba
3 and 4. The absolute spin values for these states are
posed on the basis of the multipolarity assignments for
transitions connecting bands 3 and 4 to band 2. The 559-
transition connecting bands 4 and 2 has a DCO ratio con
tent with a stretched dipole. The same is true for the 415-k
transition connecting band 2 to 3. A DCO ratio for th
706-keV transition in band 2 has not been measured du
insufficient intensity in the DCO matrix, although a stretch
quadrupole assignment follows from the arguments lis
above. For the 415- and 559-keVg rays, stretchedE1 as-
signments are proposed, which implies opposite parity
band 2 with respect to bands 3 and 4. These assignment
further supported by the theoretical interpretation of band
see Sec. IV C.

The spin values for states in band 3 are consistent with
odd-A Te systematics. The bandhead of band 3 has a (7/1)
spin in agreement with the value proposed in Refs.@7,8# for
the corresponding level in109Te. Spin assignments for th
bandheads of bands 1 and 3 are supported by the observ
of the 723-keV isomeric transition~see discussion in
Sec. IV G!. The 117-keV transition which decays out of th
8-3
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TABLE I. Properties ofg rays observed in the GAMMASPHERE111Te experiment.

Eg
a ~keV! I g (%) DCO ratio I i

p → I f
p Multipolarity Band

117.1 23.0~3.0! 0.5~2! (7/21) → (5/21) M1/E2 3
273.2 1.8~0.4! 0.5~4! (21/22) → 23/22 M1/E2 2
342.4 1.4~0.3! (19/21) → (17/21) M1/E2 3
358.4 1.0~0.3! (27/22) → 27/22 M1/E2 6
364.7 2.0~0.3! 0.5~2! ~37/2! → 35/22 DI 51 5
373.3 1.8~0.4! (25/22) → (23/22) M1/E2 2
376.7 1.8~0.4! (21/22) → (19/22) M1/E2 2
415.0 4.9~0.7! 0.6~2! (21/22) → (19/21) E1 2
429.0 1.3~0.3! 0.5~2! (29/22) → (27/22) M1/E2 2
433.3 1.4~0.4! (17/22) → 19/22 M1/E2 2
434.6 1.8~0.3! (27/21) → (23/21) E2 4
451.3 2.5~0.6! (31/21) → (29/22) E1 4
458.8 1.6~0.3! 0.4~2! (33/22) → (31/22) M1/E2 2
534.7 0.7~0.3! (17/21) → (15/21) M1/E2 3
539.1 100.0~4.0! 1.1~1! 15/22 → 11/22 E2 1
555.1 1.8~0.3! (21/22) → (17/22) E2 2
558.8 5.6~0.7! 0.4~2! (27/21) → (25/22) E1 4
576.6 5.3~0.7! 1.3~3! (27/21) → (23/21) E2 4
605.0 5.5~0.7! 1.2~2! (23/22) → 23/22 M1/E2 6
622.1 3.7~0.5! 0.43~13! ~33/2! → 31/22 DI 51 5
637.8 1.5~0.3! (13/21) → (11/21) M1/E2 3
650.9 6.9~0.8! (9/21) → (7/21) M1/E2 3
662.3 16.4~1.1! 0.50~8! ~29/2! → 27/22 DI 51 5
682.9 95.0~4.0! 1.1~1! 19/22 → 15/22 E2 1
692.7 10.9~0.6! 1.0~3! (31/21) → (27/21) E2 4
706.0 10.3~0.6! (25/22) → (21/22) E2 2
715.0
717.8

79.0~3.0!
15.4~1.6!

%1.0(1)
23/22

(37/2)
→
→

19/22

(33/2)
E2
E2

1
5

744.6 5.3~0.7! 1.0~3! (27/22) → (23/22) E2 6
751.6 6.0~0.7! (13/21) → (9/21) E2 3
760.1 3.8~0.5! (31/22) → (27/22) E2 6
761.8 3.1~0.5! → ~41/2! 5
765.0 21.0~3.0! 0.9~2! (11/21) → (7/21) E2 3
773.0 3.7~0.4! (17/21) → (13/21) E2 3
778.7 1.8~0.2!
788.5 11.1~0.7! 1.0~3! (35/21) → (31/21) E2 4
788.9 2.0~0.7! (33/22) → (29/22) E2 2
800.1 7.0~0.9! (29/22) → (25/22) E2 2
838.1 1.8~0.5! → (39/21)
857.1 7.7~0.9! 1.1~3! (39/21) → (35/21) E2 4
870.6 1.1~0.3!
875.1
878.2

17.3~1.2!
12.8~1.3!

%1.1~2!
(15/21)
~19/21!

→
→

(11/21)
~15/21!

E2
E2

3
3

883.7 1.8~0.3!
900.4 1.3~0.3! 5
919.0
922.4

6.0~0.8!
13.5~1.5!

%0.9~1!
~41/2!
~33/2!

→
→

~37/2!
~29/2!

E2
E2

5

5
938.9 2.1~0.4!
963.1 15.5~1.6! 1.0~1! 31/22 → 27/22 E2 1
975.1 5.8~0.8! 1.0~2! 35/22 → 31/22 E2 1
989.0 3.5~0.7! (21/22) → 19/22 M1/E2 2
991.1 51.0~2.0! 1.1~1! 27/22 → 23/22 E2 1
1023.6 3.8~0.5! (43/21) → (39/21) E2 4
1046.2 1.1~0.3!
1050.5 2.1~0.5! (47/21) → (43/21) E2 4
1103.3 5.8~0.8! 1.0~3! (23/21) → (19/21) E2 4
1112.7 1.4~0.4! (39/22) → 35/22 E2 1
1117.8 1.8~0.4! (17/22) → 15/22 M1/E2 2
1119.1 3.5~0.7! 1.1~3! (31/22) → 27/22 E2 6
1135.7 1.1~0.3! (51/21) → (47/21) E2 4
1245.4 1.8~0.4! (23/21) → (19/21) E2 4
1295.1 2.1~0.4! (19/22) → 15/22 E2 6
1305.4 1.4~0.3! 5
1320.7 2.3~0.5! (23/22) → 19/22 E2 6

aEnergies are typically accurate to within60.3 keV.
034308-4
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TABLE II. Properties of selectedg rays observed in the Stony Brook111Te experiment.

Eg
a ~keV! I g (%) A5W(30 °)/W(90 °) I i

p → I f
p Multipolarity Band

285.5 7~4! (9/21) → (7/21) M1/E2 3
421.1 1~1! (7/21) → (7/21) M1/E2 3
538.4 3~2! (7/21) → (5/21) M1/E2 3
723.3 100~9! 1.35~15! 11/22 → (7/21) M2/E3 1
823.6 29~7! (9/21) → (5/21) E2 3

aEnergies are typically accurate to within60.3 keV.
t

d

V
e

in

th
o
,

V

on

e-
ed-
eam
g

on
e
V
the
re-

ed
e

he
o a
bandhead of band 3 has a DCO ratio consistent withDI<1
which suggests a (5/21) spin for the state with the lowes
energy observed in this experiment. A ground state spin
(5/21) in 111Te was suggested in Ref.@10# and adopted in
Ref. @11#. The value is also consistent with the (5/21)
ground state spin of109Te proposed in Refs.@7,8#. It should
be noted, however, that (7/21) was proposed as the groun
state spin in113Te @12#.

C. Decay of the 11Õ2À state

The energy of the 11/22 bandhead of band 1 is 723 ke
above the energy of the (7/21) bandhead of band 3. Th
11/22 to 7/21 decay requires ag ray with multipolarity
M2/E3; the Weisskopf estimate for such a transition
111Te is t'10 ns for anM2 and t'22 ms for an E3,
respectively. The GAMMASPHERE data suggested that
11/22 state is an isomer with a mean lifetime in the tens
nanoseconds range. In gates set on transitions of band 1
(7/21)→(5/21) 117-keVg ray was observed. The 723-ke
transition connecting the 11/22 and 7/21 levels was ob-
served but its intensity could not be estimated due to str

FIG. 2. Coincidence spectra gated on the 963-keV~top! and
1103-keV ~bottom! g-ray transitions, taken from the 4pn-gated
GAMMASPHERE/MICROBALL matrix.
03430
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contamination from the doublet at 715 and 718 keV~the
energy resolution at that energy was;5 keV due to Dop-
pler broadening!. The decay of the 11/22 state to the 7/21

state by anM2 transition was observed in115Te, where
t510.8(3)ms was measured@13#. Assuming the same
B(M2) in 111Te as in115Te, at;110 ns for the lifetime of
the 11/22 isomeric state in111Te can be estimated.

The lifetime experiment performed at Stony Brook r
sulted in prompt-prompt, prompt-delayed, and delay
delayed coincidence measurements within the 106-ns b
sweeping period~which is the fundamental beam sweepin
period for the Stony Brook LINAC accelerator!. The prompt
spectrum gated on the delayed 723-keVg ray is shown in the
upper panel of Fig. 3 while the delayed spectrum gated
the prompt 539-keVg ray is shown in the lower panel of th
same figure. The time spectrum measured for the 723-keg
ray with the 106-ns beam sweeping period is shown in
upper panel of Fig. 4 with the prompt and the delayed

FIG. 3. Promptg-ray spectrum gated on the 723-keV delay
g-ray transition ~top! and delayedg-ray spectrum gated on th
539-keV promptg-ray transition~bottom!. Spectra were acquired
using the Stony Brook six-Ge-detector array. A fraction of t
117-keV transition is seen in the delayed 723-keV gate due t
broadening of the prompt time resolution function at lowg-ray
energy.
8-5
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gions marked on the plot. Based on these spectra, the 12

state is presumed to decay through an unobserved 16
E1g ray to the (9/21) state at 0.824 MeV, in addition to th
723-keV M2 transition to the (7/21) state in band 3~see
Fig. 1!. The existence of the nonyrast (7/21) and (9/21)
states fed by the decay of the 11/22 isomer was confirmed
by the coincidence relationships between 286-, 421-,
538-keVg rays observed in the GAMMASPHERE data.

The lower panel of Fig. 4 shows the result of a lea
squares fit applied to the data measured with the 318
beam sweeping period. The beam sweeping period of 31
was achieved by deflecting two out of every three be
pulses away from the target. The effects due to the imper
beam deflecting~dark current! were taken into account dur
ing the fitting procedure. The amount of dark current was
the order of 5% of the total beam current. The normalizedx2

at the minimum of the fit is x2/(number of degrees
of freedom)51.122. Based on this measurement, a value
t546.5(2.0) ns is deduced as the mean lifetime of
11/22 isomer.

In the timing data recorded with the 106-ns beam swe
ing period, the decay of the 61 isomeric state in108Sn pro-
duced in thea4p channel was observed. A mean lifetime
t57.0(2) ns was extracted for this state, which agrees w
the t57.3(4) ns value adopted in Nuclear Data She
~based on Ref.@14#! and confirms the time calibration. Th
time calibration for the run with 318-ns beam sweeping

FIG. 4. Top: decay curve measured for the 723-keVg ray with
a 106-ns beam sweeping period. Prompt~P! and delayed~D! re-
gions in the time spectrum are marked. Bottom: results of the l
squares fit to the decay curve measured with a 318-ns beam sw
ing period.
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riod was checked by measuring the time interval betwe
beam pulses without the deflector.

The partial lifetimes for theM2 and theE1 decays of the
11/22 isomer in 111Te can be obtained knowing the branc
ing ratio of the 16- and 723-keV transitions. This branchi
was measured using the sum of the delayed spectra gate
prompt 539- and 683-keV transitions. The intensity of t
16-keV transition~including electron conversion! was esti-
mated as equal to the sum of intensities of the 286-
824-keV g-ray transitions. The measured valu
l(16 keV)/l(723 keV)50.36(9) gives transition prob
abilities 1/l(M2)563(5) ns for the 723-keV transition an
1/@l(E1)1l(electron conversion)#5176(14) ns for the
16-keV decays.

The asymmetry of the angular distributionA, defined as
the ratio of the intensity observed by the detectors at;30 °
to the intensity observed by the detectors at;90 °, was mea-
sured as a function of time for the 723-keV transition. It w
observed that the asymmetry varies only slightly with tim
which indicates that the spin alignment is well preserv
during the measurement. The spin deorientation effects
therefore, not expected to significantly influence the m
sured value of the 11/22 isomer lifetime. If the asymmetry is
extrapolated to the time coinciding with the beam burst
value of A51.35(15) is obtained. This value is consiste
with theM2 assignment proposed for the 723-keV transiti
and can be reproduced in calculations with a reasona
value of the spin alignment parameters/I 50.4. Present data
are too limited to make any conclusion about a possibleE3
admixture, although the Weisskopf estimate discussed ab
suggests that it is negligible.

IV. DISCUSSION

A. Core-quasiparticle calculations

Theoretical investigations of odd-A Te isotopes have
shown that the low-lying negative-parity levels can be und
stood in terms of core-particle coupling@15,16#. In the
present study, the core-quasiparticle coupling~CQPC! model
was used to calculate both negative- and positive-parity
els expected at low excitation energy. The same model
been successfully applied recently in the mass-130 reg
@17,18#. The Hamiltonian of the model is the sum of contr
butions from the core, from the odd particle~odd hole!, and
from interactions. The interaction part includes pairing a
quadrupole-quadrupole (Q-q) interactions between the cor
and the valence particle~hole!. TheQ-q Hamiltonian is cal-
culated using the reduced matrix elements of theE2 operator
for single-particle orbitals and the reduced matrix eleme
of the E2 operator between the core states. The matrix e
ments of the core are input parameters of the model, all
ing investigations of the single-particle coupling with vario
cores.

In the present study, two sets of matrix elements for
core were considered: the first set calculated according to
axially symmetric rigid-rotor model@19# and the second cal
culated according to the harmonic-vibrator model@20#. For
both models, aB(E2,01

1→21
1)50.50 e2 b2 was assumed

st
ep-
8-6
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TABLE III. Selected core parameters used in the CQPC calculations. The reduced matrix elements
E2 operator were calculated assuming a deformationb250.186 for the rigid rotor or a square root of th
mean square deformationAb2

250.186 for the harmonic vibrator. For the rigid rotor, reduced matrix eleme
are calculated up to the terms proportional tob2 (Q052.247 e b). For the harmonic vibrator, the trans
tional matrix elements are calculated up to the terms proportional toAb2

2 while the diagonal matrix element
are calculated up to the terms proportional tob2

2.

Rigid rotor Harmonic vibrator

I i
p I f

p E(I i
p)

E(I i
p)-

E(I f
p) ^I i

puuE2uuI f
p& B(E2,I i

p→I f
p) Q(I i

p) ^I i
puuE2uuI f

p& B(E2,I i
p→I f

p) Q(I i
p)

~MeV! ~MeV! (e b) (e2 b2) (e b) (e b) (e2 b2) (e b)

01 01 0.000 0.000 0.000 0.000 0.000
21 01 0.657 0.709 0.100 0.709 0.100
21 21 0.657 20.847 20.642 20.080 20.060
41 21 0.744 1.136 0.144 1.345 0.200
41 41 1.401 21.084 20.817 20.160 20.120
61 41 0.824 1.433 0.158 1.979 0.300
61 61 2.225 21.289 20.899 20.259 20.180
81 61 1.062 1.677 0.165 2.613 0.400
81 81 3.287 21.469 20.946 20.374 20.240
th

t

te
d

of
s

w
tri
io
al
ns

the

ap
le

ou-
is
lev-

se
e-

lso
in

e-
the
for

rity

de

s

ates

lcu-

a
o

following the predictions given in Ref.@21#. This value cor-
responds to a deformationb250.186 for a rigid rotor or a
square root of the mean square deformationAb2

250.186 for
a harmonic vibrator. The core subspace was limited to
yrast states withI p501, 21, 41, 61, and 81. For both
core types, the energies of the yrast states were fixed to
experimental energies observed in110Te @22#. Such a trunca-
tion of the core basis limits the accuracy of the calcula
spectrum in an odd-A nucleus. Therefore only a few selecte
low energy levels in111Te were compared to the results
the CQPC calculations. The information about core state
summarized in Table III.

The single-particle energy spectrum for neutrons, sho
in Fig. 5, was calculated using a spherically symme
Woods-Saxon potential with the universal parametrizat
@23#. Matrix elements between the single-particle orbit
were calculated using harmonic-oscillator wave functio

FIG. 5. Single-particle energy level spectrum for neutrons c
culated for 111Te using a spherically symmetric Woods-Saxon p
tential with the universal parametrization@23#. The position of the
Fermi level is marked.
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e

he

d

is

n
c
n
s
.

The position of the Fermi level was adjusted to reproduce
number of neutrons in111Te. The energy of thenh11/2 orbital
in 111Te with respect to the Fermi level (;2 MeV) is
large compared to the estimated pairing g
Dn5135/A'1.2 MeV. In such cases, core-quasipartic
coupling gives results very close to the core-particle c
pling model, which neglects the pairing interactions. It
therefore expected that the results for the negative-parity
els are not very sensitive to the exact energy of theh11/2
neutron with respect to the Fermi level. This is not the ca
for the positive-parity levels, where small shifts in singl
particle energies~especially for thed5/2 and g7/2 orbitals!
significantly alter the calculated spectrum. One should a
note that the structure of low-energy collective states
even-A Te cores involves mostly particle-hole excitations b
tween positive-parity orbitals; therefore, the separation of
core and the valence particle is expected to work better
negative-parity states than for positive-parity states.

In the CQPC calculations, the value of theQ-q coupling
constant was varied to obtain a good fit for negative-pa
levels ~see Sec. IV B!. The deduced value
xQ-q'210 MeV/b2 may be compared to the estimate ma
in Ref. @24#,

xQ-q52240A25/3bo
24 MeV,

wherebo5A\/mnv is the oscillator parameter. This give
xQ-q5240 MeV/b2 for 111Te. In Ref.@25#, however, it is
suggested that the above parametrization overestim
xQ-q , and the parametrization

xQ-q520.0251bo
24 MeV

is proposed, which givesxQ-q5210 MeV/b2 for 111Te in
excellent agreement with the value deduced from the ca
lations.

l-
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B. Bands 1 and 2

Bands built on thenh11/2 orbital are observed systemat
cally in the odd-A Te isotopes. The energies of the low-lyin
negative-parity band members~relative to the bandheads! for
the 109– 131Te isotopes are presented in Fig. 6. In the curr
study, bands 1 and 2 in111Te at low spin are interpreted a
the favored and unfavored signatures, respectively, of
h11/2 band. The interpretation is consistent with the tren
presented in Fig. 6.

The results of CQPC calculations for low-lying negativ
parity states in111Te, using the rigid-rotor core and differen
values of theQ-q coupling constantxQ-q , are shown in the
top panel of Fig. 7. Good agreement between experime
and theoretical energies of the 15/22, 17/22, and the 19/22

states is obtained forxQ-q'210 MeV/b2. The CQPC cal-
culations predict large excitation energies for the sta
which are not fully aligned (9/22 and 13/22); this may ex-
plain why these nonyrast states were not observed exp
mentally.

The calculations with a vibrational core did not resem
the experimental results for any considered value ofxQ-q ;
the calculated energies of the 15/22, 17/22, and 19/22

states vary only slightly asxQ-q increases. This behavior i
very different from the trend calculated for coupling with
rigid rotor. One of the reasons why this difference occurs
the fact that the diagonal matrix elements of theE2 operator,
which contribute significantly to the Hamiltonian of theQ-q
interactions, are an order of magnitude smaller for vib
tional states than for rotational states~see Table III!. Addi-
tional calculations with an extended basis for the harmon
vibrator model were performed to investigate the influen
of the truncated core basis on the calculated level ener
for an odd-A nucleus. The extended basis consisted of
zero-, one-, two-, and three-phonon multiplets and the fo
phonon 81 state. A degeneracy of the phonon multiplets w
assumed in these calculations to obtain the energies of
known nonyrast states. The results which are shown in
lower panel of Fig. 7 correspond to the calculation with t

FIG. 6. Systematics of the energies measured for the low-ly
negative-parity states in odd-A Te isotopes, plotted relative to th
bandheads. Energy levels were adopted from Ref.@7# and Ref.@26#
for 109Te and113Te, respectively, and from the Nuclear Data She
for 115Te—131Te.
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extended basis and do not differ significantly from those
tained with the basis which included yrast states only.

The good agreement between the experiment and the
culations with a rigid-rotor core, and lack of agreement b
tween the experiment and the calculations with a harmo
vibrator core, suggests sizable negative spectrosc
quadrupole moments for the core yrast states~see Table III!.
The values of the spectroscopic quadrupole moments m
sured@1# or calculated for yrast states of heavier even-A Te
nuclei @see Ref.@27# for Hartree-Fock-Bogliubov~HFB! or
Ref. @28# for interacting boson model~IBM ! approach# are
consistent with this conclusion. The effect may also be
plained by the deformation-driving force exerted on the s
core by the oddh11/2 neutron.

Because of the good agreement achieved for band 1 u
the rotational core-particle coupling model, additional co
parisons with cranked shell model calculations were ma
The upper panel of Fig. 8 shows spin values measured in
experiment as a function of rotational frequency, along w
the values calculated using the total Routhian surface~TRS!
model @29#. The theory reproduces the experimental cur
reasonably well, attributing the alignment at\v'0.5 MeV
to neutrons. Further investigation of the quasineutr

g

s

FIG. 7. Energies relative to the bandhead for low-lyin
negative-parity states in111Te as a function of theQ-q interaction
strength,xQ-q , calculated with rigid-rotor core~top! and harmonic-
vibrator core with an extended basis containing nonyrast states~bot-
tom!. The experimental energies for 15/22, 17/22, and 19/22 are
marked by horizontal dashed lines. Good agreement between
perimental and theoretical energies for these states is observe
displayed in the top panel forxQ-q'210 MeV/b2.
8-8
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Routhians shown in the lower panel of Fig. 8 suggests tha
\v'0.5 MeV, the gain in aligned angular momentum
generated by anh11/2 alignment. The angular momentum fo
high-spin states appears, in such a case, to be generate
different way in 111Te than in the109Sn isotone@30#, where
high-spin negative-parity states were interpreted as resu
from a nh11/2 orbital coupled to an(g7/2d5/2) pair. This may
be explained by the higher deformation expected for111Te
with respect to109Sn and the decrease of the high-j orbital
energy with increasing deformation.

C. Band 3

The systematic properties of low-lying positive-parity le
els in odd-A Te are shown in Fig. 9. These levels form
band built on a 7/21 state which becomes the ground sta
for 115Te. It is expected that the structure of the band
volves mixedd5/2 and g7/2 orbitals. The systematics do no
include the heavier Te isotopes where the influence ofs1/2
andd3/2 neutron orbitals becomes important.

The results of CQPC calculations wit
xQ-q5210 MeV/b2 and the single-particle spectrum show
in Fig. 5 for two different core types are presented in Fig.

FIG. 8. Top: spin as a function of rotational frequency for ba
1 ~diamonds! and as calculated using the TRS model for the lowe
energy band with negative parity and negative signature~squares!.
The neutron contribution to the total calculated spin is marked w
triangles and the proton contribution is marked with pentago
Bottom: quasineutron Routhians calculated for thenh11/2 band in
111Te at the deformation parameters corresponding to the minim
of the total Routhian at\v50.498 MeV.
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The spectra calculated with rigid-rotor core and w
harmonic-vibrator core differ only in minor details. Both se
of calculations predict the existence of twoDI 51 bands
with specific signature splittings built on mixedd5/2 andg7/2

orbitals. The band built predominantly ond5/2 is nonyrast
with respect to the band built predominantly ong7/2. This
conclusion agrees well with the data~see Fig. 1!, especially
with the results of the Stony Brook experiment where lo
energy nonyrast positive-parity states were observed to
populated from the decay of the 11/22 isomer. Nonyrast
positive-parity states at low energies were also observe
109Te @7,8#. Both sets of calculations fail to predict the 5/21

as a ground state, although the 5/21 bandhead may be shifte
below the 7/21 state by a;0.4 MeV shift of the Fermi level
towards thed5/2 state. Theoretical results are in qualitativ
agreement with the experimental data, suggesting theg7/2
orbital as the single-particle configuration for band 3. T
interacting boson-fermion model~IBFM! calculation per-
formed in Ref. @8# for 109Te gave results consistent wit
those presented above.

D. Band 4

The bandhead of band 4 lies more than 4 MeV above
bandhead of band 3@E(27/21)54.197 MeV# and is hence
expected to be a three-quasiparticle state. The proposed
tive parity for this band suggests a structure involving tw
negative-parity h11/2 and one positive-parity (g7/2d5/2)
quasineutron. The corresponding negative-parity band b
on anh11/2 quasineutron coupled to a (g7/2d5/2) quasineutron
has been observed in both110Te @22# and 112Te @31#. These
bands were shown to have a 92 bandhead at excitation en
ergies of 3.739 MeV and 3.629 MeV, respectively.

Standard TRS calculations performed for positive par
and negative signature predicts a structure with aligned n
trons existing at rotational frequencies above;0.35 MeV.
The calculations for band 4~see Fig. 11! do not reproduce
the spin vs rotational frequency curve as well as for band
The deformationb2;0.16 predicted by the TRS calculation

t-

h
s.

m

FIG. 9. The systematics of the energies measured for the l
lying positive-parity states relative to the 7/21 bandhead in odd-A
Te isotopes. Data are taken from Refs.@7,8# for 109Te and from
Nuclear Data Sheets for115Te.
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may be too small to account for the observed spin vs
quency dependence.

E. Band 5

The band in109Te which is an analog of band 5 in th
current 111Te study was discussed recently in Refs.@7,9# as a
possible example of a rotationally stabilized collective oc
pole excitation coupled to the oddh11/2 neutron. Enhance
ments of the octupole strength are expected in the masA
;110 region due to the proximity of theh11/2 andd5/2 orbit-
als to the Fermi level@32#. The interpretation in109Te is
based on the assumption that the links to the yrast band
enhancedE1 transitions. It was pointed out in Refs.@7,33#
that polarization measurements are needed in neut
deficient Te isotopes to firmly support the hypothesis of
tupole collectivity.

F. Band 6

The (23/22) state of the bandlike structure labeled band
is likely to result from the coupling of thenh11/2 orbital to
the 61 state of the even-A core. Figure 12 shows the low
energy states known in110Te and112Te compared to bands
and 6 in111Te. There are three and two nearly degenerate1

states~within a 300-keV range! in 110Te and 112Te, respec-
tively. Such near degeneracy is not explained by simple
lective models. According to the harmonic-vibrator mod
for example, the second 61 state should have the same e
ergy as the first 81 state. On the other hand, the two qua
particle 61 isomers resulting from then(g7/2d5/2)

2 coupling
are well known in neutron-deficient even-A Sn isotopes. The
energies of these states coincide with the observed non

FIG. 10. The results of CQPC calculations with rigid-rotor co
~top! and harmonic-vibrator core~bottom! for selected positive-
parity levels at low excitation energy in111Te. The widths of the
arrows represent calculated relative intensities of theg transitions.
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61 states in the related even-A Te isotones,
E(61

1)52364 keV in 108Sn and E(61
1)52480 keV in

110Sn, while E(62
1)52440 keV in 110Te and

E(62
1)52449 keV in 112Te. In heavier Te isotopes, th

nonyrast 61 states were explained as resulting from
p(g7/2d5/2)

2 coupling ~see Ref.@34#!. The hypothesis of a
single-particle character for these nonyrast 61 states seems
therefore, well justified.

Single-particle configuration assignments for the 61

states of interest in110Te and 112Te have not been clearly
identified. Arguments based on systematics should be ta
with caution when extrapolating from isotopes with larg
neutron numbers. Indeed then(g7/2d5/2)

2 configuration is un-
likely in heavier Te isotopes due to the high position of t
Fermi level, but forA;110 the Fermi energy for protons an
neutrons becomes comparable. The fact that two nonyras1

states are observed in110Te may indicate that both
n(g7/2d5/2)

2 and p(g7/2d5/2)
2 configurations are observed

Further experimental effort, especially information on ma
netic moments of these states, is needed for a firm ass
ment.

Excitation energies and spins for levels forming band 6
111Te fit well to the systematics shown in Fig. 12. For ba
6, a three-quasiparticle configuration is proposed involv
the nh11/2 orbital coupled to the nonyrast states of the co
shown in Fig. 12.

G. Systematics of the 11Õ2À\7Õ2¿ decay

The energy systematics of the 11/22 state with respect to
the 7/21 state in the odd-A Te neighbors of 111Te is
presented in the upper panel of Fig. 13. T
B(M2,11/22→7/21) strengths in odd-A Te and Sn isotopes
are presented in the lower panel of Fig. 13. T
11/22→7/21M2 decay has not yet been reported in113Te.
An estimate for 113Te resulting from the systematics pre
sented in Fig. 13 isE'490 keV for the energy of the 11/22

state relative to the 7/21 state and 1/l'0.5 ms for theM2
transition lifetime.

FIG. 11. Spin as a function of rotational frequency for band
~diamonds! and as calculated using the TRS model for the lowe
energy three-quasiparticle band with positive parity and nega
signature~squares!. The neutron contribution to the total calculate
spin is marked with triangles, and the proton contribution is mark
with pentagons.
8-10
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FIG. 12. Low-spin yrast and
nonyrast states in110Te and112Te
compared to negative-parity state
of bands 1 and 6 in111Te. The
widths of the arrows in each leve
scheme represent relative intens
ties of theg-ray transitions.
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The Weisskopf estimate for aB(M2) reduced probability
in the A;110 region is;38mN

2 fm2. The systematics pre
sented in Fig. 13 shows thatM2 transitions in odd-A Te and
Sn are hindered by a factor between 5 and 10. A clear
relation betweenM2 strength and neutron number exis
with the M2 strength being most hindered near the neut
midshell. The hindrance factor in the Sn isotopes was
cussed in Ref.@35# as arising from pairing effects, with th
trend explained by a change in pairing occupation fact
due to the position of the neutron Fermi level. In Ref.@36#
the absolute value of those hindrances was discussed a
sulting from the quenching of gyromagnetic factors.

The M2 hindrances in Te are;40% larger than those in
corresponding Sn isotones with a similar trend as a func
of neutron number. This difference is likely to be caused
the increased deformation of Te isotopes compared to
isotopes because the quadrupole-quadrupole interaction
turbs the energy levels more strongly in deformed nuc
A possible scenario, which is supported by CQPC calcu
tions, relies on the observation that as the deformation
creases the wave functions of the observed 11/22 and 7/21

levels pick up components involving the 21 and 41 core
states. An increasing amplitude of those admixtures wo
result in a smaller value for the calculatedM2 matrix ele-
ment. According to this scenario, the effect is expected to
stronger for weakly deformed Te than for near spherical
nuclei. Further experimental and theoretical studies, incl
ing measurement of theM2 strength113Te, are needed to
address the underlying physics in detail.

V. SUMMARY

Experimental information regarding excited states
111Te was extended in the current study from the previo
work in Ref. @6#. Charged-particle and neutron tagging us
in the present experiment confirmed the prior results
tained usingg-g, g-neutron, andg-recoil coincidence in-
formation. The observed energy spectrum of the low-s
states was compared to the results of CQPC calculations
formed with both an axially symmetric rigid-rotor core and
harmonic-vibrator core. The good agreement obtained for
negative-parity yrast states using the rigid-core calculati
suggests that the core in111Te may have sizable diagona
matrix elements of theE2 operator. This implies the influ
ence of the deformation-driving force of thenh11/2 orbital, a
sizable spectroscopic quadrupole moment of the110Te core
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at low spins, or both. The sizableE2 diagonal matrix ele-
ments in the vibrational approach would indicate a large
harmonicity. The observed properties of the yrast band
well reproduced by the TRS model based on assumed cr
ing. The positive-parity band observed at low spin was id
tified as built on a mixedn(g7/2d5/2) orbital. At excitation
energies above;4 MeV, a collective band assigned to th
three quasineutron (g7/2d5/2) ^ (h11/2)

2 configuration was ob-
served.

An M2 11/22→7/21 isomeric transition in111Te was
identified and its mean lifetime has been measured to
t546.5(2.0) ns. The systematics ofM2 strength in Te and
Sn isotopes have been discussed, indicating that the lo

FIG. 13. Top: energy systematics of the 11/22 state relative to
the 7/21 state in 109Te, 111Te, and 115Te. Data were taken from
Refs.@7,8# for 109Te and from Ref.@13# for 115Te. Bottom: system-
atics of theB(M2,11/22→7/21) in odd-A Te and Sn isotopes
Data were taken from Ref.@13# for 115Te and from Refs.@35,36# for
the Sn isotopes.
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K. STAROSTAet al. PHYSICAL REVIEW C 61 034308
M2 strength is at the neutron midshell and a decrease inM2
strength occurs with increasing proton number. Deformati
induced mixing is likely to be responsible for the high
hindrance factor in the Te isotopes compared to the Sn
topes with the same number of neutrons.

The Z;50, A;110 nuclei provide important informa
tion on the development of collectivity in the vicinity of th
doubly closed shell, and it is believed that further experim
tal and theoretical investigations in this region would achie
El
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progress towards a more complete understanding of the
lated nuclear structure.
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@4# A. Krämer-Flecken, T. Morek, R. M. Lieder, W. Gast, G. He
binghaus, H. M. Jeger, and W. Urban, Nucl. Instrum. Metho
Phys. Res. A275, 333~1989!; K. S. Krane, R. M. Steffen, and
R. M. Wheeler, Nucl. Data Tables11, 351 ~1973!.

@5# M. P. Waring, E. S. Paul, C. W. Beausang, R. M. Clark, R.
Cunningham, T. Davinson, S. A. Forbes, D. B. Fossan, S
Gale, A. Gizon, K. Hauschild, I. M. Hibbert, A. N. James,
M. Jones, M. J. Joyce, D. R. LaFosse, R. D. Page, I. Ragn
son, H. Schnare, P. J. Sellin, J. Simpson, P. Vaska,
Wadsworth, and P. J. Woods, Phys. Rev. C51, 2427~1995!.

@6# G. J. Lane, D. B. Fossan, I. Thorslund, E. S. Paul, J. Simps
D. J. Blumenthal, C. N. Davids, C. J. Lister, and D. Se
eryniak, Phys. Rev. C55, 1559~1997!.

@7# A. J. Boston, E. S. Paul, C. J. Chiara, M. Devlin, D. B. Foss
S. J. Freeman, D. R. LaFosse, G. J. Lane, M. Leddy, I. Y. L
A. O. Macchiavelli, P. J. Nolan, D. G. Sarantites, J. M. Sea
A. T. Semple, J. F. Smith, and K. Starosta~unpublished!.

@8# Zs. Dombradi, B. M. Nyako, G. E. Perez, A. Algora, C. Fa
lander, D. Seweryniak, J. Nyberg, A. Atac, B. Cederwall,
Johnson, A. Kerek, J. Kownacki, L. O. Norlin, R. Wyss,
Adamides, E. Ideguchi, R. Julin, S. Juutinen, W. Karczma
zyk, S. Mitarai, M. Piiparinen, R. Schubart, G. Sletten, S. T
manen, and A. Virtanen, Phys. Rev. C51, 2394~1995!.

@9# G. de Angelis, C. Fahlander, A. Gadea, E. Farnea, D. B
zacco, N. Belcari, N. Blasi, P. G. Bizzeti, A. Bizzeti-Sona,
de Acuna, M. de Poli, H. Grawe, A. Johnson, G. Lo Bianco,
Lunardi, D. R. Napoli, J. Nyberg, P. Pavan, J. Persson,
Rossi Alvarez, D. Rudolph, R. Schubart, P. Spolaore, R. Wy
and F. Xu, Phys. Lett. B437, 236 ~1998!.

@10# D. D. Bogdanov, S. Darotsi, V. A. Karnaukhov, L. A. Petro
and G. M. Ter-Akopyan, Yad. Fiz.6, 893~1967! @Sov. J. Nucl.
Phys.6, 650 ~1968!#.

@11# J. Blachot, Nucl. Data Sheets81, 753 ~1997!.
@12# J. Blachot, Nucl. Data Sheets83, 647 ~1998!.
@13# S. Vajda, A. Iordachescu, E. A. Ivanov, and G. Pascov

Phys. Lett.42B, 54 ~1972!.
@14# M. Hass, H. H. Bertschat, C. Broude, E. Dafni, F. D. Dav

dovsky, G. Goldring, and P. M. S. Lesser, Nucl. Phys.A410,
317 ~1983!.

@15# Ch. Droste, D. Chlebowska, J. Dobaczewski, F. Do¨nau, A.
-
.

s

.
J.

s-
.

n,

,
,
,

-
-

-

.
.

s,

,

Kerek, G. Leander, J. Srebrny, and W. Walus´, Nucl. Phys.
A341, 98 ~1980!; F. Dönau and U. Hagemann, Z. Phys. A293,
31 ~1979! and references therein.

@16# H. Dias and L. Losano, Phys. Rev. C50, 1377 ~1994!, and
references therein.

@17# K. Starosta, Ch. Droste, T. Morek, J. Srebrny, D. B. Fossan
Gundel, J. M. Sears, I. Thorslund, P. Vaska, M. P. Waring,
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