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High-fold g-ray spectroscopy of 117I: Coexistence of collective and noncollective structures
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High-spin states have been populated in53
117I via the 90Zr(31P,2p2n) reaction at 150 MeV, using the

EUROGAM II g-ray spectrometer to record high-foldg-ray coincidences. A quadruplesg-ray analysis (g4) has
been used to extend the known level scheme. In addition to several aligned noncollective states, a new
high-spin band showing characteristics of smooth termination has been established at and linked into the
low-spin level scheme. Its structure has been inferred through comparison with cranked Nilsson-Strutinsky
calculations.@S0556-2813~99!03804-2#

PACS number~s!: 27.60.1j, 23.20.Lv, 21.10.Re, 25.70.Gh
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I. INTRODUCTION

The neutron-deficient iodine (Z553) isotopes contain
sufficient valence particles outside of theZ5N550 doubly
closed core to induce low-spin collectivity~i.e., quadrupole
deformation,«2.0). However, the underlying softness wi
respect tog, the triaxiality coordinate in the polar represe
tation of rotating quadrupole shapes, allows deviations aw
from ~prolate, g50°) axial symmetry. Moreover, the va
lence particles can only generate a finite spin leading to
observation of energetically favored noncollective oblateg
560°) states that compete with the collective prolate c
figurations. Such states atI p539/22 and I p543/22 have
been systematically observed in the series of odd-A iodine
isotopes fromA5115 to A5123 @1–5# and correspond to
states where the nuclear spin is generated entirely from
single-particle angular momenta of the valence partic
These specific states atI;20\ do not represent the maxima
alignment of all the valence particles, which can accomm
date 30240\; such maximally aligned states represent
called band termination states for a given configuration.

Low-spin collectivity in this mass region can also be i
duced by particle-hole~p-h! excitations across theZ550
shell gap. For example, 1p-1h excitations involving t
pg9/2

21 orbital lead to strongly coupledDI 51 bands in these
nuclei @6#. Furthermore, 2p-2h excitations involving th
pg9/2

22 configuration are also possible, e.g., 02
1 states in even
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tin isotopes@7#. These particle-hole excitations are of pa
ticular interest since they can further enhance the quadru
deformation of the nucleus, while augmenting the availa
spin before band termination is achieved (I;40250\). In-
deed, such configurations have led to the observation
‘‘smooth terminating bands’’@8# in this mass region which
consist of long sequences ofg-ray transitions. Theoretically
these structures represent a slow drift of the nuclear sh
from prolate to oblate over many units of spin@9#. The
gradual loss of collectivity, associated with this slow dr
through the«22g plane, has been experimentally verifie
through recent lifetime measurements of states in smo
terminating bands of108Sn and109Sb @10#.

Although evidence for specific noncollective oblate sta
in 117I had been found prior to the present investigation@2#,
there was no evidence for smooth terminating bands in
nucleus, although several were known in113,115I @11,12#.
New data have however uncovered a single band in117I
showing properties of smooth termination at high spin; t
band has been connected into the low-spin level struc
thus allowing an estimate of the spin, parity and excitat
energy of the band~note that the majority of smooth term
nating bands remain unlinked into the low-spin lev
schemes!. Cranked Nilsson-Strutinsky calculations@13,14#
have been used to determine possible single-particle con
rations for this band. The present paper documents the
results for 117I obtained with theEUROGAM II g-ray spec-
trometer. A quadruples (g4) analysis of the data has bee
undertaken using the recently availableRADWARE 4D ‘‘hy-
percube’’ software. Previous experimental work on high-s
states in this nucleus may be found in Refs.@2,15–19#.

II. EXPERIMENTAL DETAILS

High-spin states in 117I were populated using the
90Zr(31P,2p2n) fusion-evaporation reaction, performed
the Center de Recherches Nucle´aires, Strasbourg. The Vivit
ron electrostatic accelerator provided a 150 MeV31P beam
which bombarded two stacked self-supporting target foils
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PRC 59 1985HIGH-FOLD g-RAY SPECTROSCOPY OF117I: . . .
FIG. 1. Level scheme deduced for117I from this work. The transition energies are given in keV and their relative intensities
proportional to the widths of the arrows.
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90Zr (.97% enriched!, each of nominal thickness 44
mg/cm2. Coincident escape-suppressed, high-foldg-ray
events (gn, n>5), within a prompt time window of 50 ns
were collected using theEUROGAM II spectrometer@20#. Ap-
proximately 8.53108 such events were accumulated in
hours of beam time.

The EUROGAM II spectrometer contained the full compl
ment of 54 Compton-suppressed HPGe detectors, inclu
24 segmented~four-element! ‘‘clover’’ detectors @21#, for
this experiment. Energy and efficiency calibrations of t
HPGe detectors were achieved using standard133Ba and
152Eu radioactive sources placed at the target position
addition to 117I, many other reaction channels were al
populated with significant strength, namely the 54

1162118Xe,

53
115,116,118I, 52

1142117Te and 51
1122114Sb nuclides. Results fo

several of these nuclei from this data set have previou
been published in Refs.@22–26#.

III. RESULTS

A. Level scheme construction

In order to investigate the level scheme of117I, the high-
fold data were unfolded off-line into constituent quadrup
(g4) coincidence events, software gain matched, and
played into aRADWARE 4D hypercube with a nonlinear gai
ng

e

In

ly

e-

compression of 2.2 channels/FWHM@27#. In this way,
g-rays with energies between 50 keV and 2.5 MeV we
stored in the hypercube which had 1023 channels per dim
sion. Approximately 17 quadruples per event were fou
leading to a total of 1.531010 events incremented into th
hypercube, which required 6.0 Gbytes of disk space for s
age. Analysis of the hypercube was conducted using
4DG8R graphical analysis package, an extension of the
LEVIT8R software@27# to four dimensions.

The deduced level scheme of117I is shown in Fig. 1,
where the ordering of transitions is based on relativeg-ray
intensities and quadruple (g4) coincidence relationships. Th
g-rays have been arranged into several band structures
beled 1–14. A complete 4D analysis is necessarily comp
and time consuming. TheRADWARE analysis package how
ever allows one to readily setg-ray gates~or a list of gates!
on three axes of the hypercube (x, y, z axes! and project out
‘‘triple-gated’’ 1D spectra onto the fourth dimension (w
axis!. Examples of such triple-gated coincidence spectra
presented in Fig. 2 for some of the bands shown in Fig
Several 1D spectra were also generated by directly unfold
the high-fold data under certain gating conditions, typica
three or four simultaneous gates from a list of transitio
The unfolding procedure of Ref.@28# was used. An example
of such a spectrum is shown in Fig. 3 for bands 9 and 1
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FIG. 1 ~Continued!.
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The measured transition energies and the relative inte
ties of the 117I g-rays are listed in Table I. Given the com
plex nature of the deduced level scheme, in particular
occurrence of several self-coincident doublet~and triplet!
transitions in addition to the weak intensity of many tran
tions, the precise determination ofg-ray energies and inten
sities was a difficult task. Indeed, more than 250 transiti
have been placed in the level scheme. The measured tr
tion energies and relative intensities of Table I were obtai
by two methods:~i! multidimensional fits using theRAD-

WARE codes, which work well for strong transitions (I g
.10% of the channel strength!; and~ii ! measurement of the
energies and intensities in 1D spectra produced under ce
si-

e

-

s
si-
d

in

~multiple! gating conditions. The latter method involved th
generation of many 1D spectra. Theg-rays listed in Table I
have been ordered by specific bands and each section
tains the inband and depopulating transitions associated
the respective bands.

B. Spin and parity assignments

Multipolarities ~L! for the majority of the transitions as
signed to 117I were determined from the data using th
method of directional correlation of oriented states~DCO!
@29#. Events recorded in the 24 ‘‘central’’ clover detecto
near 90°, with respect to the beam direction, were sor
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PRC 59 1987HIGH-FOLD g-RAY SPECTROSCOPY OF117I: . . .
against those collected in the ‘‘extreme’’ forward and bac
ward detectors~5 at 22.4° plus 5 at 157.6°) into a 2D matri
An average DCO ratio was then obtained from measu
g-ray intensitiesI g as

RQ,D5
I g~measured extreme, gated central!

I g~measured central, gated extreme!
, ~1!

where the labels Q and D refer to the multipolarity of t
gating transitions~quadrupole or dipole!. Transitions of
stretched-quadrupole character (L52, DI 52) were identi-
fied by RQ values of approximately 1.0, although pure no

FIG. 2. Examples of triple-gated quadruple coincidence spe
with transition energies labeled in keV. Each spectrum was p
jected onto thew axis of the hypercube after lists of energies~gates!
had been set on thex, y, andz axes, respectively.~a! Spectrum for
band 2 (x5y5z5 all dipoles 206–511 keV!. The 628 keV link
into band 3 is labeled;~b! spectrum for band 3 (x5y5z5 all
dipoles 300–515 keV!. Excess intensity of the quadrupoles arou
800 keV is due to overlapping doublet transitions associated wi
backbend.~c! Spectrum for band 12 (x5y5603, 732, 841, 941,
1025 keV,z51233 keV!.
-

d

-

stretched dipole (L51, DI 50) transitions are also expecte
to possess similar ratios. For the present geometry,RQ val-
ues of approximately 0.55 are predicted for transitions
pure stretched-dipole character (L51, DI 51), using the
formalism of Ref.@29#. Since a large part of the level schem
@Fig. 1~a!# consists of strongly coupled bands with stro
dipole and weak quadrupole transitions, it was not poss
to always gate on quadrupole transitions; henceRD values
were evaluated by gating on the strong dipole transitions
this case,RD values of approximately 1.5 are expected fo
stretched quadrupole and 1.0 for a stretched dipole. A
consistency check,RQ and RD values were measured fo
strong known stretchedE2 and E1 transitions in117I and
neighboring nuclei produced in this experiment. The m
suredRQ and RD values for the transitions assigned to117I
are included in Table I.

Multipolarity assignments may be further corroborated
extractingg-ray linear polarizations in order to distinguis
between electric (EL) and magnetic (ML) character. This
can be achieved by considering the 24 four-element clo
detectors of theEUROGAM II spectrometer as Compton pola
rimeters@21#. Two 2D matrices were constructed from th
coincidence data~unfolding the events into constituentg2

doubles! corresponding to single hits in any detector~coaxial
or clover! on one axis against clover double-hit scatteri
events on the second axis. The scattering events are de
as either perpendicular to the reaction plane~first matrix! or
parallel to the reaction plane~second matrix!. The number of
perpendicularN' and parallelNi scatters for a giveng-ray
could be obtained by projecting out spectra gated by spe
117I transitions on the single-hit axis of the respective matr
Assuming that all 96 separate clover crystals have equa
ficiencies, an experimental linear polarization can be defi
as

P5
1

Q

N'2Ni

N'1Ni
, ~2!

where the measured polarization sensitivityQ for the clover
detectors, a function of theg-ray energy, is taken from Ref
@21#.

Figure 4 shows the difference between two spectra, c
responding to clover perpendicular scatters and parallel s
ters, respectively. These spectra were projected out of

ra
-

a

FIG. 3. Triple-gated coincidence spectrum for bands 9 and
unfolded directly from the high-fold data. Transition energies a
labelled in keV, while ‘‘C’’ represents a contaminant.
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TABLE I. Measured properties of theg-ray transitions assigned to117I.

Bands 1, 2
Eg ~keV! a I g

b RD P Mult. Assignment Band

206.1 0.4 1.19~9! dipole 19/2(2)→17/2 2→1
274.0 3.0 0.92~4! –0.24~25! M1/E2 21/2(2)→19/2(2) 2
323.9 2.9 1.03~3! –0.41~10! M1/E2 23/2(2)→21/2(2) 2
362.1 2.7 1.08~5! –0.21~11! M1/E2 25/2(2)→23/2(2) 2
370.4 ,1 (13/21)→13/21 1→3
379.1 ,1 (15/21→13/21) 1
384.9 ,1 (17/21→15/21) 1
392.3 2.6 1.02~3! –0.13~11! M1/E2 27/2(2)→25/2(2) 2
404 ,1 (15/21)→15/21 1→3
404.5 ,1 (21/21→19/21) 1
415 ,1 (19/21→17/21) 1
415 ,1 (23/21→21/21) 1
416.2 2.4 1.01~3! –0.17~11! M1/E2 29/2(2)→27/2(2) 2
437.6 2.2 1.09~5! –0.19~14! M1/E2 31/2(2)→29/2(2) 2
457.9 2.0 1.07~5! M1/E2 33/2(2)→31/2(2) 2
474.8 1.7 35/2(2)→33/2(2) 2
486.7 1.1 37/2(2)→35/2(2) 2
598 0.2 23/2(2)→19/2(2) 2
627.7 0.6 0.97~4! 0.01~16! (E1) 19/2(2)→17/21 2→3
686.1 0.7 25/2(2)→21/2(2) 2
687.7 0.8 (13/21)→11/21 1→3
749 ,1 (15/21)→13/21 1→3
754.3 1.8 27/2(2)→23/2(2) 2
764 ,1 17/2(1)→(13/21) 1
789 ,1 17/2(1)→15/21 1→3
800 ,1 19/21→15/21 1
808 1.2 1.21~7! E2 29/2(2)→25/2(2) 2
820 ,1 (21/21)→17/2(1) 1
853 1.8 1.41~8! E2 31/2(2)→27/2(2) 2
896 2.1 33/2(2)→29/2(2) 2
932.6 1.8 1.31~8! E2 35/2(2)→31/2(2) 2
961.9 2.0 1.63~13! E2 37/2(2)→33/2(2) 2
988 ,1 (13/21)→9/21 1→3
998.9 1.6 (39/22)→35/2(2) 2
1031.3 1.5 (41/22)→37/2(2) 2
1079.6 1.4 (43/22→39/22) 2
1119.8 1.2 (45/22→41/22) 2
1164.2 1.0 (47/22→43/22) 2
1187.2 ,1 (49/22→45/22) 2
1240.1 ,1 (51/22→47/22) 2

Bands 3–4
Eg ~keV! a I g

b RD P Mult. Assignment Band

233.6 1.0 19/21→17/21 4
256.2 3.1 0.96~5! M1/E2 21/21→19/21 4
272.4 2.5 (23/21)→21/21 4
293.9 5 0.99~2! –0.18~5! M1/E2 9/21→7/21 3→10
299.8 23 0.98~2! –0.26~5! M1/E2 11/21→9/21 3
317.3 18 0.95~2! –0.23~4! M1/E2 13/21→11/21 3
345.1 16 1.03~2! –0.23~4! M1/E2 15/21→13/21 3
353.1 0.5 9/21→5/21 3→8
367.4 14 1.02~2! –0.27~5! M1/E2 17/21→15/21 3
386.6 12c 0.94~3! c M1/E2 27/21→25/21 3
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TABLE I. ~Continued.!

Eg ~keV! a I g
b RD P Mult. Assignment Band

386.6 12c 0.94~3! c M1/E2 29/21→27/21 3
391.9 13 0.94~3! –0.35~4! M1/E2 19/21→17/21 3
410.2 14c 0.95~3! c –0.19~3! c M1/E2 21/21→19/21 3
411 14c 0.95~3! c –0.19~3! c M1/E2 25/21→23/21 3
412 14c 0.95~3! c –0.19~3! c M1/E2 31/21→29/21 3
425 13c 0.98~2! c –0.19~3! c M1/E2 25/21→23/21 4→3
426 13c 0.98~2! c –0.29~5! c M1/E2 33/21→31/21 3
427 13c 0.98~2! c –0.29~5! c M1/E2 23/21→21/21 3
460.3 2.9 0.99~4! M1/E2 35/21→33/21 3
480.5 2.6 (37/21)→35/21 3
489.3 ,1 21/21→17/21 4
515.0 1.9 (39/21→37/21) 3
529 ,1 (23/21)→19/21 4
540.5 1.5 (41/21→39/21) 3
572 ,1 (43/21→41/21) 3
586.6 1.4 25/21→21/21 4
594 ,1 (45/21→43/21) 3
595.0 0.2 11/21→7/21 3→10
617.5 4.0 13/21→9/21 3
658 ,1 (27/21→23/21) 4
662.5 4.3 1.39~6! 0.46~12! E2 15/21→11/21 3
677.4 1.1 0.86~9! M1/E2 21/21→19/21 4→3
707 ,1 (29/21)→25/21 4
712.5 6.4 17/21→13/21 3
758.8 6.1 1.36~6! E2 19/21→15/21 3
773.9 4.0 29/21→25/21 3
797 10c 27/21→23/21 3
799 10c 31/21→27/21 3
801 10c 21/21→17/21 3
811.7 2.0 19/21→17/21 4→3
837 15c 1.28~7! c E2 23/21→19/21 3
838 15c 1.28~7! c E2 25/21→21/21 3
838 15c 1.28~7! c E2 33/21→29/21 3
852.6 4.1 1.27~8! E2 25/21→21/21 4→3
888.1 2.1 35/21→31/21 3
940.9 2.1 (37/21)→33/21 3
946.0 1.1 0.87~9! M1/E2 17/21→15/21 4→3
996.1 1.8 (39/21)→35/21 3
1056.1 2.0 (41/21→37/21) 3
1113 1.4 (43/21→39/21) 3
1166 1.6 (45/21→41/21) 3
1213 1.0 (47/21→43/21) 3
1273 1.4 (49/21→45/21) 3
1380 1.0 (53/21→49/21) 3

Bands 5–7
Eg ~keV! a I g

b RQ P Mult. Assignment Band

132.3 ,1 (19/21→17/21) 5
154.9 ,1 (21/21→19/21) 5
191.3 0.7 25/21→23/21 X →5
200.9 1.0 23/21→(21/21) 5
240.3 1.2 0.48~4! M1/E2 25/21→23/21 5
260.6 3.5 0.55~4! 0.04~15! M1/E2 27/21→25/21 5
285.0 2.1 0.42~2! –0.01~15! M1/E2 29/21→27/21 5
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TABLE I ~Continued.!

Eg ~keV! a I g
b RD P Mult. Assignment Band

309.6 2.2 0.63~2! 0.04~9! M1/E2 27/21→25/21 5→ X
315.0 3.4 0.85~9! M1/E2 25/21→23/21 X →10
316.5 3.1 0.51~3! –0.28~12! M1/E2 31/21→29/21 5
333.0 1.0 27/21→23/21 Y →5
356.6 0.3 23/21→(19/21) 5
380.5 4.5 0.70~6! 0.03~13! M1/E2 35/21→33/21 6→5
392.8 1.1 1.02~3! E2 25/21→21/21 X →5
397.3 1.6 0.66~7! –0.09~14! M1/E2 33/21→31/21 5
430.3 1.0c 0.51~3! c –0.01~7! c M1/E2 53/21→51/21 6
430.3 1.0c 0.51~3! c –0.01~7! c M1/E2 55/21→53/21 7→6
440.9 9.5 1.03~4! 0.40~8! E2 39/21→35/21 6
441.0 2.6 25/21→(21/21) 5
456.7 10 1.19~5! E2 27/21→23/21 Y →10
501.4 4.9 1.21~9! E2 27/21→23/21 5
545.9 0.6 29/21→25/21 5
594.9 6.8 0.95~5! E2 29/21→25/21 5→ X
600.9 2.6 1.12~7! 0.40~10! E2 31/21→27/21 5
636.8 8.0 0.99~4! 0.58~12! E2 31/21→27/21 5→10
673.1 8.9 0.96~5! E2 25/21→21/21 X →8
712.9 6.9 1.10~8! E2 33/21→29/21 5
723.8 3.0 25/21→21/21 5→8
768.6 5.1 1.00~3! E2 31/21→27/21 5→ Y
777.2 6.5 0.99~4! 0.18~10! E2 35/21→31/21 6→5
782.4 ,1 25/21→23/22 5→14
788.9 8.7 1.00~3! 0.41~7! E2 43/21→39/21 6
810 ,1 (37/21)→33/21 5
860.2 5.0 1.18~7! 0.38~9! E2 55/21→51/21 7→6
876.2 ,1 (21/21)→19/22 5→14
888.5 1.4 0.97~4! 0.19~8! E2 47/21→43/21 7→6
896.3 ,1 51/21→47/21 7→6
915.4 1.5 0.21~2! –0.15~8! M1/E2 61/21→59/21 7
948.1 0.8 0.26~2! –0.34~10! M1/E2 57/21→55/21 →7
958.0 2.9 0.95~5! 0.64~17! E2 55/21→51/21 7
992.6 5.3 0.97~4! 0.17~8! E2 51/21→47/21 6
1038.5 5.4 1.12~4! 0.47~16! E2 47/21→43/21 6
1045.5 2.0 0.99~4! 0.19~21! E2 51/21→47/21 7
1048.7 ,1 (21/21)→17/21 5→8
1084.7 2.0 1.05~5! 0.34~8! E2 59/21→55/21 7
1142.7 ,1 (19/21)→17/21 5→3
1288.3 8.4 0.71~3! 0.21~12! E1 25/21→23/22 X →12
1337.1 ,1 25/21→23/22 5→12
1497.1 1.0 (21/21)→19/22 5→12
1723 ,1 (17/21)→13/21 5→3

Bands 8–10
Eg ~keV! a I g

b RQ P Mult. Assignment Band

58.3 1.66~8! M1/E2 7/21→5/21 10→8
514.6 20 0.52~2! –0.14~4! M1/E2 9/21→7/21 8→10
573.5 5 0.97~5! E2 9/21→5/21 8
588.8 20 1.12~3! 0.24~6! E2 27/21→23/21 10
634.7 25 0.95~4! 0.49~7! E2 13/21→9/21 8
657.1 52 1.19~3! 0.42~10! E2 11/21→7/21 10
682.1 13 1.13~3! 0.31~9! E2 31/21→27/21 10
725.4 22 1.03~5! 0.31~8! E2 17/21→13/21 8
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TABLE I ~Continued.!

Eg ~keV! a I g
b RD P Mult. Assignment Band

733.5 45 1.01~2! 0.47~7! E2 15/21→11/21 10
768.7 20 0.94~5! 0.29~10! E2 21/21→17/21 8
775.7 13 1.13~4! 0.12~7! E2 35/21→31/21 10
795.0 40 1.06~2! 0.26~6! E2 19/21→15/21 10
815.5 37 0.98~2! 0.44~9! E2 23/21→19/21 10
879.5 12 1.20~8! 0.35~10! E2 39/21→35/21 10
978.0 12 0.95~6! 0.41~11! E2 43/21→39/21 10
988 ,1 (51/21→47/21) 9
1064.5 11 1.13~9! 0.21~11! E2 47/21→43/21 10
1087 ,1 (55/21→51/21) 9
1146.0 11 1.00~8! 0.26~10! E2 51/21→47/21 10
1175.5 3.0 59/21→(55/21) 9
1228.6 10 1.11~9! 0.37~12! E2 55/21→51/21 10
1265.1 9.8 0.92~9! E2 63/21→59/21 9
1301.3 9.9 0.95~9! E2 59/21→55/21 9→10
1356 ,1 (55/21)→51/21 9→10
1356.8 9.0 (67/21)→63/21 9
1495.4 8.7 (71/21→67/21) 9
1636 8.2 (75/21→71/21) 9
1765 7.2 (79/21→75/21) 9
1903 4.1 (83/21→79/21) 9

Bands 11–14
Eg ~keV! a I g

b RQ P Mult. Assignment Band

103.5 2.1 11/22→9/21 12→8
337.1 125 0.96~1! 0.15~2! E2 15/22→11/22 12
447.7 8 0.95~3! E2 15/22→11/22 14
470.2 118 1.01~1! 0.32~2! E2 19/22→15/22 12
479.2 4.9 11/22→(9/21) 14→
485.1 12 0.99~2! E2 19/22→15/22 14
495.9 ,1 0.91~4! M1/E2 11/22→11/22 14→12
512 3.0 0.80~3! E1 11/22→9/21 14→
535 ,1 27/22→27/22 14→12
535.5 18 0.98~2! E2 23/22→19/22 14
553 ,1 23/22→23/22 14→12
602.9 [100 1.01~1! 0.31~2! E2 23/22→19/22 12
603 0.5 (9/21)→7/21 →10
607.0 35 1.09~2! E2 43/22→39/22 13
607.3 4.5 15/22→15/22 14→12
619.4 1.5 11/22→7/21 12→10
620 ,1 19/22→19/22 14→12
637 0.2 (9/21)→7/21 →10
647.3 2.5 1.06~3! E2 43/22→39/22 13→12
661.3 3.0 0.96~3! E2 9/21→5/21 →8
694.7 5.1 (9/21)→5/21 →8
699.5 20 0.98~2! E2 31/22→27/22 14
713 ,1 47/22→43/22 13→12
713.1 20 1.04~2! E2 27/22→23/22 14
731.6 94 0.99~1! 0.25~2! E2 27/22→23/22 12
757.5 6.1 →13
759.1 17 0.96~2! E2 35/22→31/22 14
812.1 1.1 0.92~4! E2 39/22→35/22 12→14
841.0 88 1.01~1! 0.33~2! E2 31/22→27/22 12
853.1 16 1.03~2! 0.41~6! E2 39/22→35/22 13→14
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TABLE I ~Continued.!

Eg ~keV! a I g
b RD P Mult. Assignment Band

941.3 82 1.04~1! 0.47~3! E2 35/22→31/22 12
955.1 ,1 (39/22)→35/22 14
968.0 4.1 0.96~4! E2 43/22→39/22 12→13
996.0 1.4 →47/22 →13
1008.5 48 1.09~3! 0.27~7! E2 43/22→39/22 12
1014.3 10 1.00~3! E2 51/22→47/22 13
1021.3 3.0 →51/22 13
1025.0 61 1.01~2! 0.37~5! E2 39/22→35/22 12
1045.3 42 1.04~3! 0.51~8! E2 47/22→43/22 12
1065.7 18 1.01~2! 0.38~10! E2 39/22→35/22 13→12
1074.5 19 1.07~3! 0.61~10! E2 47/22→43/22 13
1081.3 8.1 (63/22)→59/22 12
1084.4 1.6 43/22→39/22 11→13
1091.6 3.1 1.10~5! E2 19/22→15/22 14→12
1125.0 30 0.98~3! c 0.42~8! c E2 51/22→47/22 12
1125.4 4.1 0.98~3! c 0.42~8! c E2 43/22→39/22 11→12
1131 ,1 (63/22)→59/22 12→
1140.0 5.0 1.37~10! E2 47/22→43/22 11
1155.9 16.8 0.89~5! 0.29~9! E2 59/22→55/22 →11
1156.7 5.1 23/22→19/22 14→12
1156.9 2.4
1176 1.6
1178 6.4c 1.08~6! c E2 55/22→51/22 12→
1179 6.4c 1.08~6! c E2 51/22→47/22 →11
1191.8 4.6 (51/22)→47/22 11
1195.9 4.0 (67/22→63/22) 12
1206.6 15 1.10~7! E2 59/22→55/22 12
1217 2.5 55/22→51/22 11
1233.1 23 0.98~4! 0.64~11! E2 55/22→51/22 12
1255.5 2.4 47/22→43/22 11→12
1267 ,1 27/22→23/22 14→12
1297.2 1.8 59/22→55/22 11
1407.2 4.1 1.05~8! E2 47/22→43/22 12→13
1457.2 ,1 0.97~7! E2 51/22→47/22 12→13
1593 ,1 55/22→51/22 12→13

ag-ray energies are accurate to60.3 keV for the strong transitions (I g.10) rising to 60.6 keV for the
weaker transitions. Energies quoted as integers have errors61 keV.
bErrors on the relative intensities are estimated to be less than 5% of the quoted values for strong tra
(I g.10) and less than 10% for the weaker transitions.
cValue given for doublet peak.
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polarization matrices. The resulting spectrum of Fig. 4~a! has
been gated by transitions from117I, while the spectrum of
Fig. 4~b! used the total projections. A positive difference
expected for electric transitions while a negative differenc
expected for magnetic transitions. In addition to the discr
peaks of Fig. 4~b!, an unresolvedM1 continuum~negative
hump! is seen centered around energies of 400 keV. A c
respondingE2 continuum ~positive background! is seen
above energies of 700 keV. The formerM1 continuum cor-
responds to the intenseDI 51 transitions of strongly coupled
configurations, while the latterE2 continuum corresponds t
the collectiveDI 52 transitions of rotational bands.

The experimental linear-polarization results for117I are
included in Table I, while the results for bands 3~magnetic
is
te

r-

dipole! and 12~electric quadrupole! are shown in Fig. 5. For
transitions below 200 keV, the small probability of Compto
scattering between clover elements precluded a polariza
measurement. The experimental values average arounP
'0.40 for stretchedE2 transitions, andP'20.20 for mixed
M1/E2 dipole transitions.

C. Band structures in 117I

The g-rays assigned to117I have been arranged into sev
eral band structures in Fig. 1 in order to facilitate the disc
sion. Bands 1–5 consist of strongly coupled structures w
strongDI 51 transitions relative to theE2 crossovers. Bands
6–14 consist ofDI 52 structures.
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1. The strongly coupled bands

Bands 1–4 are shown in Fig. 1~a!, where it can be seen
that bands 1, 2, and 4 decay into band 3 which subseque
decays into the lowest levels of bands 8 and 10. The stron
coupled band 5 is included in Fig. 1~b! and, in addition to
decaying to band 3~the lowest states of this band are i
cluded in this figure!, several links have been establish
into bands 8, 10, 12, and 14, respectively.

Band 3 is based on apg9/2
21 orbital, common in this mass

region, with a bandhead spin and parityI p59/21. The loss
of coincident intensity across the 9/21 bandhead is consisten
with the known lifetime of 17.5 ns for this state@15#. The
band has been extended toI p5(53/21) through a backbend
at I;29/2; the extension to high spin was hampered by
observation of several doublet and triplet~both DI 51 and
DI 52) transitions. It was only with the power of ag4 analy-
sis that theseg-rays could be placed in the band structu
with some certainty. Furthermore, the higherE2 transitions
of this band were only discernible in a 1D spectrum trip
gated by all the strongDI 51 transitions; this spectrum i
shown in Fig. 2~b!.

Band 2 decays into band 3 via a 628 keV linking tran
tion. The measuredRD value for this link is consistent with

FIG. 4. Spectra of clover perpendicular scatters~with respect to
the reaction plane! minus parallel scatters. Positive peaks cor
spond to electric transitions, negative peaks to magnetic transit
Spectrum~a! has been gated by the strong low-lying transitions
band 12.

FIG. 5. Experimental linear polarizations extracted for band
and band 12.
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DI 51 character, althoughDI 52 character was tentativel
assigned in Ref.@2#. Loss of coincident intensity across th
19/2(2) bandhead implies a lifetime of a few nanosecon
Negative parity for this band is deduced from measu
B(M1)/B(E2) ratios~see Sec. IV B!. Again, the higherE2
members of this band could only be identified in a spectr
triple gated by all the strongDI 51 transitions; this spectrum
is shown in Fig. 2~a!.

The lowest members of band 1, in addition to the linki
688 keV and 988 keV transitions into band 3, were obser
in Ref. @2# and a bandhead spin and parityI p511/22 sug-
gested. However, in the present data, the observation of
206 keV transition linking bands 2 and 1, with anRD value
consistent withDI 51 character, rather suggests a bandhe
spin of 13/2 for band 1. A similar structure has been o
served in 119I with positive parity @30# and hence we now
tentatively assign positive parity to band 1.

Band 4 is newly identified and the angular correlati
results suggest positive parity. The higher part of band 5 w
identified in Ref.@2#, where significant decay was observe
through the 25/21 state X of Fig. 1~b!. Decay of level X back
into band 5 is observed, and a similar situation occurs for
newly identified level Y (27/21) of Fig. 1~b!. Band 5 has
been followed to lower spin and new decay paths est
lished. The angular correlation results suggest positive pa
for this band.

2. The decoupled bands

The strongly populated~yrast! band 12 is based on
ph11/2 intruder orbital, common in this mass region. Th
excitation energy of the bandhead~678 keV! was inferred in
Ref. @2# through the observation of several transitions dec
ing ultimately into the 5/21 ground state, and is confirme
by the present data. The weak coincident intensity obser
across the 11/22 bandhead suggests that this state is isom
with a lifetime of the order of tens of nanoseconds. T
partial lifetime for the 619 keV 11/22→7/21 M2 decay is
consistent with single-particle estimates for such dec
Band 12 has been extended toI p5(67/22) but no further
transitions could be placed above this state despite the st
population intensity.

Bands 13 and 14 were previously observed in Ref.@2#. In
the previous work, the 1075 keV and 1015 keV transitions
band 13 were assigned asDI 51 transitions. However, the
present angular correlation analysis clearly shows that th
transitions are stretchedE2 transitions; the observation o
the high energy transitions~1406, 1457, and 1593 keV! link-
ing bands 12 and 13 confirm the present assignment. B
11 is newly identified and feeds band 12 via a 1125 k
transition. Note that another 1125 keV transition is placed
band 12.

Bands 6 and 7 were previously observed in Ref.@2# but
only tentative spin and parity assignments were availa
The present spin and parity assignments follow from the
gular correlation analysis. The three transitions linking ban
6 and 7 are consisitent with stretchedE2 character rather
than dipole character as suggested in Ref.@2#. A new self-
coincident doublet~430 keV! is placed between the 55/21

level of band 7 and the 51/21 level of band 6. This defines a
new state at 53/21. Two dipole transitions~915 and 948
keV! with very low RQ values, i.e., negativeM1/E2 multi-
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pole mixing ratios, feed the two highest states of band 7
Bands 9 and 10 are newly identified, although the low

four g-rays of band 10 were tentatively placed in Ref.@2#.
Band 10 is followed toI p555/21 through the angular cor
relation analysis, while band 9 is observed toI p5(83/21);
note that band 9 is observed to much higher spin and e
tation energy than any of the other bands in117I.

IV. DISCUSSION

A. Low-spin band assignments

Similar to heavier odd-Z iodine isotopes, the ground sta
of 117I has been assignedI p55/2(1) @31#. Magnetic moment
measurements are consistent with predominantlyd5/2 charac-
ter. In terms of Nilsson assignments, band 8 represents
rotational band built on the favored signature compon
(a511/2) of the@420#1/21(pd5/2) configuration. Band 10
based on a 7/21 state just 58 keV above the ground sta
may be associated with the favoured signature compo
(a521/2) of the @422#3/21 (pg7/2) orbital. Band 3, 353
keV above the ground state, represents a strongly cou
band based on the@404#9/21 (pg9/2

21) Nilsson state; such
bands are a common feature of odd-A iodine isotopes. Simi-
larly, the strongly populated~yrast! band 12, 678 keV above
the ground state, represents the rotational band built on
favored (a521/2) signature component of th
@550#1/22 (ph11/2) intruder orbital.

Several strongly coupled bands~1–5! are evident in117I.
In addition to placing the odd proton in the high
V @404#9/21 Nilsson orbital, strongly coupled bands ca
also be constructed by forming high-K 2-quasineutron states
namely $@402#5/21

^ @532#5/22%Kp552(nd5/2h11/2) and
$@413#5/21

^ @532#5/22%Kp552(ng7/2h11/2) configurations,
and coupling these to the available odd proton orbita
These high-V neutron orbitals are known to form the low
spin structures in neighboring odd-N 117,119Xe @26,32#. Spe-
cific configuration assignments are discussed in Sec. IV
Band 14, with the same spins and parity as band 12,
previously been assigned as the band 12 configura
(ph11/2) coupled to theg-vibration of the core@2#. Similarly,
with the new~tentative! spin and parity assignments of ban
1, it seems plausible to associate this band with thepg9/2

21

state coupled to theg-vibration of the core, as suggested f
the corresponding band in119I @30#.

B. B„M1…/B„E2… ratios

B(M1;I→I 21)/B(E2;I→I 22) ratios of reduced tran
sition probabilities may be readily extracted from experime
tal g-ray branching ratios of competingDI 51 andDI 52
transitions and are extremely useful in assigning band c
figurations. Such ratios have been extracted for the stron
coupled bands and are shown in Fig. 6. Spectra were
duced by double gating above the level of interest and m
suring the branching ratio of the competing dipole and qu
rupole transitions depopulating that level. The dipoles w
assumed to be pure magnetic in character with noE2 admix-
ture (d[0); theB(M1)/B(E2) ratios are not very sensitiv
to d since typicallyd2!1. CalculatedB(M1)/B(E2) ratios
are also shown in Fig. 6, using the semiclassical formal
outlined in Refs.@33,34#. In order to perform these calcula
t
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tions, theg-factors of the constituent particles were dete
mined as prescribed in Ref.@35# and the alignments,i x , and
V-values of the orbitals estimated from their Nilsson assi
ments. A quadrupole deformationb250.25 was assumed
consistent with Woods-Saxon calculations presented in R
@3#.

Excellent agreement is found in Fig. 6 between the low
members of band 3 and its expectedpg9/2@404#9/21 assign-
ment. Due to the number of overlapping doublet and trip
transitions, it was not possible to extractB(M1)/B(E2) ra-
tios for the higher members of this band. The results for ba
2 show a sharp rise for the lowest levels. Of t
3-quasiparticle calculations shown in Fig. 6, only thepg9/2
^ ng7/2h11/2 configuration can reproduce this sharp increa
at low spin. Hence we associate this structure with band
which suggests negative parity for this band. This spec
configuration is built on three high-V orbitals, namely the
$p@404#9/21

^ n@413#5/21@532#5/22%Kp519/22 configura-
tion with I 5K at the bandhead.

Configurations for bands 4 and 5 are not so easy to ass
The measuredB(M1)/B(E2) ratios for band 5 show an in
teresting increase aroundI;15 ~see Fig. 6!. This occurs at
the same spin regime as the levelsX and Y in Fig. 1~b!. In
particular, levelX is strongly fed by band 5 and is yrast wit
respect to the inband 25/21 state, as is levelY. These levels
are later interpreted as noncollective aligned states~see Sec.
IV D !. The close proximity of these states to the inba
states of band 5, with the same spins and parity, would im
significant mixing of these ‘‘noncollective’’ states with th
‘‘collective’’ states of band 5. This would reduce the colle
tivity of the states in band 5 and increase the inba
B(M1)/B(E2) values. Therefore, the peak in th
B(M1)/B(E2) values for band 5 may be associated with
decrease in collectivity@B(E2) rate# rather than a change in
single-particle structure@B(M1) rate#. Furthermore, since
the noncollective oblate states all have the odd proton in
h11/2 orbital ~see Sec. IV D!, a likely configuration for
strongly coupled band 5 isph11/2^ ng7/2h11/2 ~or ph11/2
^ nd5/2h11/2). The predictedB(M1)/B(E2) ratios of Fig. 6
are however at variance with this interpretation.

C. Quasiparticle alignments

Several of the bands in117I show evidence for quasipar
ticle pair alignments, or backbends. Therefore, in order
discuss these effects, the experimental alignment@36#,

FIG. 6. ExperimentalB(M1;I→I 21)/B(E2;I→I 22) ratios
of reduced transition probabilities for the strongly coupled ban
Theoretical estimates are also shown by the dotted and dashed
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i x~v!5I x~v!2I x,ref~v!, ~3!

for several of the bands is shown as a function of rotatio
frequency, v, in Fig. 7. At a given spin, I x(I )
5AI (I 11)2K2 andv(I )'Eg/2\, while the rotational ref-
erence,I x,ref , is given by

I x,ref~v!5v~J01J 1v2!2 i 0 . ~4!

Harris parameters @37# J0529.4\2 MeV21 and J1
54.4\4 MeV23 have been used together withi 053\, and
provide a reasonable reference over the whole freque
range. These values were obtained from a fit to the low
five levels of band 12.

Upbends are apparent in bands 3, 8, and 10~the
@404#9/21, @420#1/21, and @422#3/21 bands! at v
;0.39 MeV/\ but not the@550#1/22 intruder band 12 at
this frequency. However, an upbend does occur in band 1
the much higher frequencyv;0.50 MeV/\. The upbend is
delayed byDv;0.11 MeV/\ in band 12 and this featur
has been discussed previously in Refs.@17,19#. Band 3 has
been extended through the backbend and gains'6\ of
alignment. This is similar to the gain of alignment for th
delayed backbend in band 12 and is attributed to the r
tional alignment of a pair ofh11/2 neutrons in the@532#5/22

Nilsson state. Band 10 shows a sharp backbend av
;0.39 MeV/\ with a larger gain in alignment of'8\. A
similar situation is encountered in the corresponding ban
119I and is again attributed toh11/2 neutron alignment@30#. A
second backbend is seen in band 12 abovev

FIG. 7. Experimental alignment,i x , for some of the bands in
117I plotted as a function of rotational frequency.
l

cy
st
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50.60 MeV/\. Such a sharp backbend is not expected fo
normal quasiparticle pair alignment, and may instead imp
transition to a noncollective regime.

D. High-spin properties

In this section, the high-spin properties of117I are dis-
cussed with regard to band termination. The 39/22 and
~yrast! 43/22 states of band 13 have previously been int
preted as specific noncollective oblate (g560°) states based
on energetically favorable p@(g7/2/d5/2)

2(h11/2)
1#23/22

^ n@(g7/2/d5/2)
10(h11/2)

4#81,101 configurations, respectively
relative to theN5Z550 doubly magic core@2,17#. Several
other theoretical oblate states have been discussed in Re@2#
~see Fig. 12 of Ref.@2#!, where total Routhian surface~TRS!
calculations using a Woods-Saxon potential@39–42# have
been considered. Some of these configurations are liste
Table II. The states at 25/21 and 27/21, labeled X and Y in
Fig. 1~b!, could correspond to the noncollective configur
tions at these spins listed in Table II. All the noncollecti
states of Table II contain a singleh11/2 odd proton but no
excitations~i.e., pg9/2

21,22) across theZ550 shell gap.

1. Smooth band termination

The energies of the experimental bands are plotted r
tive to a rigid-rotor reference in Fig. 8 to show the glob
systematics for the bands. It can be seen in this figure
band 9 shows the characteristic upturn at high spin tha
associated with a smoothly terminating band@9#. Expanded,
high spin rigid-rotor plots for positive and negative parity a
shown in Fig. 9 and Fig. 10, respectively, compared to so
theoretical configurations with parity and signature (p,a)
5(1,21/2) and ~–,–1/2!. These calculations, with con
strained orbital occupancy, have been performed using
configuration-dependent shell-correction approach with
unpaired, cranked Nilsson potential, as described in R
@9,13,14#, and using the Nilsson parameter set of Ref.@38#.
The calculated configurations are labeled using
@p1p2 ,n1(n2)# nomenclature of Ref.@14#, i.e., p1 represents
the number ofpg9/2 holes, p2 represents the number o
ph11/2 particles andn1 represents the number ofnh11/2 par-
ticles, relative to theZ5N550 doubly magic core. How-
ever, compared with Ref.@14#, n2 has been added to indicat
the number ofn i 13/2 particles. In most configurations, n
n i 13/2 particles are present and thenn2 is omitted; however
the @01,3~1!# n i 13/2 configuration, which terminates atI p

571/21, is drawn in Fig. 9~b!. Given that117I is reasonably
far from the Z5N550 doubly magic core, many single
particle configurations have been considered. The theore
shape evolution of selected configurations through the«2
2g plane is shown in Fig. 11.
TABLE II. Some theoretical noncollective oblate states in117I @2# and their experimental candidates.

Configuration Experimental state

p@(g7/2/d5/2)
2(h11/2)

1#23/22 ^ n@(g7/2/d5/2)
10(h11/2)

4#81 39/22 level of band 13
p@(g7/2/d5/2)

2(h11/2)
1#23/22 ^ n@(g7/2/d5/2)

10(h11/2)
4#101 43/22 level of band 13

p@(g7/2/d5/2)
2(h11/2)

1#11/22 ^ n@(g7/2/d5/2)
11(h11/2)

3#72 25/21 level X
p@(g7/2/d5/2)

2(h11/2)
1#11/22 ^ n@(g7/2/d5/2)

11(h11/2)
3#82 27/21 level Y



fo

a

e
i

d
al
r,
e
is

bo
n-
ge
t

ed
tor
tal
ra-
but
at

-
tent

in
e

the
tri-
late

the

nd

th

me
-

1996 PRC 59E. S. PAULet al.
For band 9, the best theoretical agreement is found
either the@12,4# configuration or for the@22,4#1 configura-
tion. The former configuration, containing onepg9/2 proton
hole, would be expected to generate a strongly coupled b
with two degenerate signature components connected
strong dipole transitions~cf. bands 2 and 3!. Since no evi-
dence for a signature partner band has been found, it se
reasonable to exclude this configuration. The minimum
the theoretical rigid-rotor plot for the@22,4#1 configuration
matches well the experimental minimum for band 9~see Fig.
9!. The @22,4#1 configuration ultimately terminates beyon
I 550\, several units of spin higher than seen experiment
in band 9. A problem with this configuration is, howeve
that its signature partner is calculated a few hundred k
lower in energy and then it is difficult to understand why th
signature partner band has not also been observed. A
spin 40, the@22,4#2 configuration becomes yrast. In this co
figuration, the ten positive-parity neutrons are rearran
amongst the availableN54 orbitals; specifically, the lowes

FIG. 8. The energies of the experimental bands in117I shown
relative to a rigid-rotor reference.

FIG. 9. The energies of the positive-parity experimental ba
in 117I at high spin~a!, and selected theoretical configurations~b!,
shown relative to a rigid-rotor reference. The open circles in~b!
represent oblate terminating states, while the dotted line follows
locus of theoretical yrast states.
r

nd
by
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nd3/2 orbital becomes occupied. This band is the favor
signature branch; however, the minimum in the rigid-ro
plot is at a much higher spin value than for the experimen
band 9. Thus, we have not found any calculated configu
tion which explains the observed band 9 in a natural way,
prefer the@22,4#1 interpretation. Band 9 crosses band 10
approximately the same spin that the@22,4#1 configuration
crosses the@00,4# configuration. Therefore, this latter con
figuration may be associated with band 10 and is consis
with its quasiparticle interpretation, namely apg7/2

^ @nh11/2#
2 three-quasiparticle configuration at high sp

~note that only the aligned quasiparticles are labeled her!.
Bands 6 and 7 are strongly yrast in the spin regionI

'18230\ and are best described by configurations of
form @01,3#. These configurations are unstable with large
axial shapes even at low spin, as shown in Fig. 11. Ob
shapes are found forI p539/21, 55/21, and 59/21, which
may be identified with states in bands 6 and 7. Note that
topmost transition of band 7 withI p559/21 matches the
highest spin available for the@01,3#2 configuration, with a

s

e

FIG. 10. Same as Fig. 9 but for negative parity.

FIG. 11. Theoretical evolution of the nuclear shape for so
(p,a)5(1,21/2) configurations in117I. The data points are sepa
rated by 2\ and the terminating spins~at g560°) are given in the
top inset.
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terminating configuration p@(g7/2/d5/2)6
2(h11/2)11/2

1 #
^ n@(g7/2/d5/2)9/2

23(h11/2)27/2
3 # relative to a 114Sn core. The

three neutron holes do not couple to their maximum spin
17/2 but instead to 9/2, which is caused by the relativ
large ~oblate! deformation («2'0.2) at termination. Despite
the intensity of band 7, no further (E2) transitions could be
observed extending the band to higher spin. This is c
sisitent with the calculations which show a large rise in e
ergy @Fig. 9~b!# for spins beyond 59/2. In essence, dec
from higher spin states proceeds via the@22,4#1 and @00,4#
configurations, namely bands 9 and 10, and bypasses
strongly yrast@01,3#2 states withI 520230\.

No experimental evidence has been found for negat
parity terminating bands at high spin. The lowest-energy t
oretical terminating configuration that could give rise to
long band structure at intermediate spin is the@21,4# configu-
ration, as shown in Fig. 10~b!. Above spin 35\, the @22,5#
configuration becomes yrast. However, these configurat
are predicted to lie;1.5 MeV above@01,4# and@01,2# con-
figurations for spins 20235\. Indeed, the (p, a)5(2,
21/2) yrast line for spins 15235\ consists of these@01,2#
and @01,4# configurations. Similar to the positive-parit
@01,3#1,2 configurations, these configurations appear unsta
with respect tog; for instance three oblate states occur
I p547/22, 63/22, and 71/22 for the @01,4# configuration.
The 47/22 oblate state, together with the 51/22 oblate state
of the @01,2# configuration could be associated with th
higher members of band 13. The 39/22 and 43/22 states of
band 13 have already been identified with noncollective
late states@2#. Similar to the positive-parity configurations
generation of spin beyond 71/22 is energetically expensive
which again explains why the strong yrast band 12 could
be extended to higher spin than shown in Fig. 1.
e
P

Y
rk

ri
u

ri
.A

o
R.
ys

B.

tra
.

,

f
y

-
-
y

he

-
-

ns

le
t

-

t

V. CONCLUSIONS

High-spin states have been investigated in117I using the
EUROGAM II g-ray spectrometer and the level scheme h
been significantly extended through a high-fold~4D! analy-
sis. Although the31P190Zr reaction produced many ope
channels, a high-fold analysis has provided a wealth of n
information. Indeed, well over one thousand discreteg-ray
transitions have been placed in over a dozen nuclei from
data set, illustrating the immense resolving power of the n
generation of high-efficiency multidetectorg-ray spectrom-
eters. In particular, over 250g-rays have been assigned
117I and the level scheme significantly extended.

In addition to specific aligned noncollective oblate sta
in 117I, evidence has been found for a positive-parity hig
spin band which has been linked into the low-spin lev
scheme. This band may be assigned a@22,4# configuration,
i.e., a configuration involving a p(g9/2)

22(h11/2)
2

2-particle–2-hole excitation across theZ550 shell gap.
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Duchêne, G. deFrance, F. Hannachi, G.D. Jones, and B. Kh
raja, Nucl. Instrum. Methods Phys. Res. A362, 556 ~1995!.

@22# E.S. Paul, D.B. Fossan, K. Hauschild, I.M. Hibbert,
Schnare, J.M. Sears, I. Thorslund, R. Wadsworth, A.N. W
son, and J.N. Wilson, J. Phys. G21, 995 ~1995!; 22, 653
~1996!.

@23# J.M. Sears, D.B. Fossan, I. Thorslund, P. Vaska, E.S. Pau
Hauschild, I.M. Hibbert, R. Wadsworth, S.M. Mullins, A.V
Afanasjev, and I. Ragnarsson, Phys. Rev. C55, 2290~1997!.

@24# J.M. Sears, I. Thorslund, D.B. Fossan, P. Vaska, E.S. Pau
Hauschild, I.M. Hibbert, R. Wadsworth, and S.M. Mullin
Phys. Rev. C57, 1656~1998!.

@25# G.J. Lane, D.B. Fossan, C.J. Chiara, H. Schnare, J.M. Se
J.F. Smith, I. Thorslund, P. Vaska, E.S. Paul, A.N. Wilso
J.N. Wilson, K. Hauschild, I.M. Hibbert, R. Wadsworth, A.V
Afanasjev, and I. Ragnarsson, Phys. Rev. C58, 127 ~1998!.

@26# E.S. Paul, H.C. Scraggs, A.J. Boston, D.B. Fossan, K. Ha
child, I.M. Hibbert, P.J. Nolan, H. Schnare, I. Thorslund,
Wadsworth, A.N. Wilson, and J.N. Wilson, Nucl. Phys.A644,
3 ~1998!.

@27# D.C. Radford, Nucl. Instrum. Methods Phys. Res. A361, 297
~1995!; 361, 306 ~1995!.
,
.

d

-

r-

-

K.

K.

rs,
,

s-

@28# C.W. Beausang, D. Pre´vost, M.H. Bergstro¨m, G. deFrance, B.
Haas, J.C. Lisle, Ch. Theisen, J. Tima´r, P.J. Twin, and J.N.
Wilson, Nucl. Instrum. Methods Phys. Res. A364, 560~1995!.

@29# K.S. Krane, R.M. Steffen, and R.M. Wheeler, Nucl. Da
Tables11, 351 ~1973!.

@30# S. Törmänen, S. Juutinen, R. Julin, A. Lampinen, E. Ma¨kelä,
M. Piiparinen, A. Savelius, A. Virtanen, G.B. Hagemann, C
Droste, W. Karczmarczyk, T. Morek, J. Srebrny, and K. S
rosta, Nucl. Phys.A613, 282 ~1997!.

@31# J. Blachot and G. Marguier, Nucl. Data Sheets66, 451~1992!;
and references therein.

@32# H.C. Scraggs, E.S. Paul, A.J. Boston, J.F.C. Cocks, D
Cullen, K. Helariutta, P.M. Jones, R. Julin, S. Juutinen,
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