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High-spin study of 111I
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A. O. Macchiavelli,5 M. Muikku,4 P. Nieminen,4 P. Rahkila,4 D. G. Sarantites,3 H. C. Scraggs,1 J. M. Sears,2

A. T. Semple,1 J. F. Smith,2,¶ and O. Stezowski1,**
1Oliver Lodge Laboratory, University of Liverpool, P.O. Box 147, Liverpool L69 7ZE, United Kingdom

2Department of Physics and Astronomy, State University of New York at Stony Brook, Stony Brook, New York 11794-380
3Department of Chemistry, Washington University, St. Louis, Missouri 63130

4Department of Physics, University of Jyva¨skylä, P.O. Box 35, FIN-40351, Jyva¨skylä, Finland
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A level scheme is presented for53
111I, populated by the58Ni( 58Ni,ap) reaction. A backed-target experiment,

at a low beam energy of 210 MeV, was performed using the JUROSPHERE spectrometer, while a thin-target
experiment at 250 MeV was performed using the GAMMASPHERE spectrometer in conjunction with the
MICROBALL charged-particle detector array. The new level scheme fits well the systematics of light iodine
nuclei and provides evidence for a terminating band at the highest spins. Low-lying transitions previously
assigned to111I could not be confirmed.

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

Negative-parity yrast bands built on anh11/2 proton in-
truder orbital have been established in light odd-A iodine
isotopes down to113I. The 109I isotope, which lies beyond
the proton dripline, has also had corresponding transiti
assigned using the technique of recoil-decay tagging~RDT!
@1,2#. Two experiments have, however, assigned differeng
rays to 109I @2,3#. The h11/2 band in the intermediate111I
isotope is unknown, but an isomericI p511/22 state has
been proposed, together with the decayg rays, following a
NORDBALL experiment in conjunction with charged
particle and neutron ancillary detectors@4#.

This paper presents a new level scheme for111I, deduced
from two 58Ni158Ni experiments, while the previously as
signedg rays @4# could not be confirmed. The present e
periments were undertaken to investigate the high-spin st
ture of 111I, in particular the ph11/2 band, in order to
complete the systematics of the light odd-A iodine isotopes
and possibly shed light on the conflicting results for109I.
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Furthermore, the observation of a band to highg-ray ener-
gies ~rotational frequencies! is suggestive of a smoothly ter
minating configuration in this nucleus.

II. EXPERIMENTAL DETAILS

A. Backed-target experiment

Since neutron evaporation from compound systems is
verely hindered in this proton-rich mass region, it was d
cided to populate111I using the 58Ni( 58Ni,ap)111I fusion-
evaporation reaction. A low beam energy~210 MeV! is
needed to enhance two-particle evaporation relative to c
peting 3p, 4p, anda2p channels. Although the total fusio
cross section rapidly falls off at such a low beam ener
yield can be recovered by using an intense beam (10pnA). A
further potential problem may be the low amount of sp
brought into the system; classicallyl max;17\, but states up
to 27\ have already been identified in114Xe from the present
data@5#. Moreover, recent work on the58Ni160Ni system at
energies around the classical Coulomb barrier has ident
states up to 30\ in the evaporation residues@6#, including the
correspondingap channel into113I, implying that the reac-
tion mechanism is more complex than the simple class
picture. The present experiment employed a thin58Ni target
foil of thickness 600mg/cm2 backed by 17 mg/cm2 of
197Au to maintain pristine energy resolution and a power
g-ray spectrometer was used such that ag3 ~triples! coinci-
dence analysis was possible. The excellent energy resolu
and triple coincidence analysis were crucial to this stu
since most of the new transitions assigned to111I are degen-
erate with transitions in other nuclei.

The 58Ni beam was supplied by the K130 cyclotron at t
accelerator laboratory of the University of Jyva¨skylä~JYFL!,
Finland. The JUROSPHEREg-ray spectrometer, containin
seven TESSA-type@7#, five NORDBALL-type @8# and four-
teen EUROGAM-type@9# HPGe detectors, each within
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bismuth-germanate escape-suppression shield, was us
recordg-ray coincidences of fold two and above. Approx
mately 3.63108 events were recorded, of which 80% we
g2g and 16%g2g2g coincidences. A 2D matrix and
3D cube were built from the data and analyzed using
RADWARE graphical analysis package@10#.

B. Thin-target experiment

This experiment was carried out at the 88-Inch Cyclotr
of the Lawrence Berkeley National Laboratory, prior to t
JUROSPHERE experiment. High-spin states inA;110 nu-
clei were populated with the58Ni( 58Ni,xaypzng) fusion-
evaporation reaction at 250 MeV. The beam was inciden
two thin self-supporting nickel targets, each of nomin
thickness 500mg/cm2. The higher beam energy was used
preferentially populate three- and four-particle exit chann
this experiment was not designed for two-particle exit ch
nels such as111I (ap). Nevertheless, the combination of th
GAMMASPHERE @11# g-ray spectrometer with the MI
CROBALL @12# charged-particle detector allowed selecti
of the ap channel. For this experiment, GAMMASPHER

FIG. 1. Level scheme deduced for111I from this work. The
transition energies are given in keV and their relative intensities
proportional to the widths of the arrows. Absolute spin and pa
assignments are taken from systematics, starting with the 112

bandhead of band 2.
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contained only 83 escape-suppressed HPGe detectors
the forward 15 detectors were replaced with neutron de
tors.

A kinematic Doppler reconstruction@12,13#, performed
using the MICROBALL, yielded an improvement of 30% i
the energy resolution ofg-ray transitions. This was espe
cially important given the high recoil velocity of this sym
metric reaction withv/c'4.5%. In order to further improve
channel selection, the BGO anti-Compton shield element
GAMMASPHERE were used as ag-ray fold and sum-
energy selection device; to achieve this the Hevimet collim
tors were removed from the front of the HPGe detecto
allowing g rays to directly strike the shield elements. Th
number of BGO elements firing and their total summed
ergy were recorded for each event providing fold~k! and
sum-energy~H! information. By setting off-line software
gates on a two dimensionalk-H plot, a significant improve-
ment in the quality of the channel selection was made. S
cifically, high k andH values enhanced the two-particle111I
channel.

A total of 1.43109 events were recorded. Gamma ra
selected for 111I (ap and high k-H) were replayed into
RADWARE format @10,14# matrices (g2), cubes (g3), and hy-
percubes (g4) for subsequent level scheme construction.

III. RESULTS

The new level scheme deduced for111I is shown in Fig. 1,
where the ordering of transitions is based on relativeg-ray
intensities and coincidence relationships. Examples
double-gatedg-ray coincidence spectra, extracted from t
backed-target data, are presented in Fig. 2. Measured tra

re
y

FIG. 2. Examples of gated coincidence spectra, obtained f
the backed-target data, with transition energies labeled in keV:~a!
Spectrum double gated by the 747- and 767-keV transitions of b
1. ~b! Spectrum double gated by the 555- and 969-keV transitio
Contaminant transitions from the Coulomb excitation of the g
backing are labeled by ‘‘Au.’’
0-2
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TABLE I. Measured properties of theg-ray transitions assigned to111I from the backed-target experi
ment. Absolute spin and parity assignments are taken from systematics.

Eg (keV)a Relative intensityb Angular intensity ratioRc Multipolarity Assignment

191.4 1 39/22→
415.0 76 0.97~5! E1 (DI 50) 11/22→11/2(1)

475.9 19 0.66~5! E1 11/22→9/2(1)

510.3 18 (29/21)→25/2(1)

555.1 [100 0.97~3!d E2 15/22→11/22

581.7 5 0.72~9! M1/E2 9/2(1)→7/2(1)

618.9 14 0.98~7!d E2 9/2(1)→5/2(1)

642.5 71 1.02~4! E2 11/2(1)→7/2(1)

654.6 34 1.06~8! E2 31/22→27/22

666.5 13 1.06~9! E2 (33/21→29/21)
690.6 140e 1.01~3!e E2 19/22→15/22

690.6 140e 1.01~3!e E2 23/22→19/22

708.4 3 →19/22

747.2 26 0.96~8!d E2 27/22→23/22

766.7 22 1.07~9! E2 35/22→31/22

770.8 16 1.11~10! E2 31/22→27/22

790.8 11 1.03~10! E2 (37/21→33/21)
829.7 9 1.11~13! E2 43/22→39/22

848.4 9e 0.97~12!e E2 35/22→31/22

848.4 9e 0.97~12!e E2 39/22→35/22

856.2 1 →35/22

909.9 6 0.98~14! E2 (41/21→37/21)
969.5 20 0.60~6! E1 25/2(1)→23/22

1008.5 5 (47/22)→43/22

1047.4 12 1.12~11! E2 39/22→35/22

ag-ray energies are accurate to60.2 keV.
bErrors on the relative intensities are estimated to be less than 5% of the quoted values.
cExcept where stated, theR values were obtained from spectra gated by the 555 keV transition.
dR value obtained using the 691-keV transitions as the gate.
eValue given for composite peak.
a
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tion energies and the relative intensities of the111I g rays
from this data set are listed in Table I.

Relative spins and parities were inferred through
angular-correlation analysis@15# of the backed-target dat
set, as described in Ref.@5#. Gamma rays recorded in th
‘‘central’’ JUROSPHERE detectors, nearu590 °, were
sorted against those recorded in the ‘‘backward’’ detect
into an asymmetricgg matrix. Gamma-ray intensities wer
extracted from gated spectra projected onto the central
backward axes of this matrix, respectively, and an aver
angular-intensity ratio, defined as

R5
I g~measured backward, gated central!

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

was evaluated for the transitions of111I. Transitions of
stretched-quadrupole character (DI 52) were identified byR
values of approximately 1.00 when gated by a stretchedE2
transition, although pure nonstretched dipole (DI 50) tran-
sitions are also expected to possess similar ratios. Value
R'0.65 are expected for transitions of pure stretched-dip
06432
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e
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character (DI 51). The results of this analysis for the111I
transitions are included in Table I.

Absolute spin/parity assignments are made from syst
atics. In particular, anI p511/22 bandhead is expected fo
the ph11/2 band, while a 5/21 ground state (pd5/2) is ex-
pected together with a low-lying 7/21 state (pg7/2). The
476-keV transition depopulating the 11/22 state of band 2,

TABLE II. Measured yields of various nuclei for the58Ni
158Ni reaction at 210 MeV compared to predicted cross secti
~ALICE!.

Nucleus Channel Yield~%!a ALICE s ~mb!

113I 3p 100 97
114Xe 2p 35 50
112Te 4p 30 25
110Te a2p 26 26
113Xe 2pn 5.2 5.2
111I ap 4.5 7.0

aErrors are estimated to be less than 5% of the quoted values.
0-3
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together with the 969-keV transition feeding the 23/22 state
of band 2, have angular-intensity ratios consistent w
stretched-dipole transitions and anE1 multipolarity is pro-
posed. This suggests that the low-lying levels are of posi
parity, as expected from systematics, together with ban
An exact energy doublet is placed connecting 23/2

219/22215/22 levels; the adjacent placement of the tw
691-keV transitions is corroborated by triple coincidence
lationships with the transitions of bands 1 and 3.

Table II shows measured yields of nuclei produced in
backed-target data, together with predictions from
ALICE fusion-evaporation code@16#. It should be noted that
apart from 111I, all the nuclei in Table II have been we
studied with largeg-ray spectrometers. Furthermore, the n
transitions shown in Fig. 1 are not in coincidence with tra

FIG. 3. Examples of gated coincidence spectra, obtained f
the thin-target data, with transition energies labeled in keV:~a!
Spectrum double gated by the 1009- and 1072-keV transition
band 1. The inset shows the topmost 1509-keV transition. Pe
labeled ‘‘C’’ are contaminants.~b! Spectrum double gated by th
691 and 969 keV transitions. Note that 691- and 969-keV tra
tions appear in this spectrum, showing that they are both s
coincident doublets.

FIG. 4. Systematics of odd-A iodine isotopes. The109I results
are taken from Ref.@3#.
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sitions of these other nuclei, implying they form a separ
level scheme in a different nucleus. The measured yield
similar to that predicted for theap channel and hence th
new transitions are assigned to111I. The distribution of exit
channels in Table II is also very similar to that measured
the 58Ni160Ni reaction at a similar beam energy@6#. Indeed,
in this case113I, the correspondingap channel, was ob-
served at a similar population intensity. Apart from the n
clei listed in Table II, no other known nuclei could be ide
tified. Moreover, the previously assigned transitions of111I
@4# could not be confirmed in the present work. The previo
assignment was made, however, using a reaction at a
high energy (58Ni154Fe at 270 MeV!. Although a thick tar-
get (10 mg/cm2) was used such that energies down to t
Coulomb barrier were achieved within it, the desired 1p
evaporation channel would be overwhelmed by compet
multiparticle channels.

With the new level scheme proposed for111I, a search
was made of the thin-target data set in order to confirm
assignment. The new transitions are indeed enhanced in
ap-gated data, thus corroborating the assignment of the t
sitions to 111I. Double-gated spectra observed from this da
set are shown in Fig. 3. The thin-target data extended ba
to higher spin with the observation of high-energ
~.1 MeV! transitions. Band 3 was also extended with t
observation of a doublet of energy 969 keV. Again, the tra
sitions previously assigned to111I @4# were not seen.

IV. DISCUSSION

The systematics ofph11/2 bands in the light iodine iso-
topes are shown in Fig. 4. The new 11/22, 15/22, and 19/22

states of111I fit well between those of the neighboring iso
topes, taking the transitions of Ref.@3# for 109I. The energies

m

of
ks

i-
lf-

FIG. 5. Systematics of 11/22 bandhead energies~a! and ener-
gies of negative-parity states relative to the 11/22 state~b! in odd-
A iodine isotopes. The solid symbols correspond to the new111I
levels. The excitation energy of the 11/22 state in 109I in ~a! is
tentative@3#.
0-4
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of these low-lying levels in the odd-A iodine isotopes are
also plotted in Fig. 5 together with the excitation energy
the 11/22 bandhead. It appears that the level spacings for
lightest two iodine isotopes (109,111I) do not rise as quickly as
those for the heavier isotopes on the opposite side of
semimagic neutron number 64 (117I). The excitation energy
of the presenth11/2 bandhead in111I is also lower than ex-
pected~n.b. that of109I is tentative!. These observations im
ply that the deformation is changing more slowly than e
pected for the lightest isotopes. Maximum deformati
occurs for 117,119I (N564,66) and decreases on both sid
of these isotopes. A similar situation occurs for the light
Xe isotopes@17# where the deformation also appears to d
crease more slowly than expected. Following a system
comparison of the energy levels of the nuclei in this m
region, it has been proposed that the underlying cores
nh11/2 bands in odd-A Te isotopes are more deformed th
corresponding even-even neighbors@18#, while the cores for
the ph11/2 bands in the lightest iodine isotopes seem to
stiffer @19#, i.e., less susceptible to polarization effects of t
valence particle in a high-j proton orbital.

The total aligned angular momentum,I x5AI (I 11)2K2,
of the bands in111I are plotted as a function of rotationa
frequency in Fig. 6. The behavior is rather irregular, sugge
ing that 111I is not a perfect rotor. The energies of the leve
in 111I, minus a rigid-rotor reference, are plotted as a fun
tion of spin in Fig. 7; again, the behavior is somewhat irreg
lar. Deformation self-consistent cranking calculations ba
on the total-Routhian surface~TRS! formalism@20–22#, em-
ploying a triaxial Woods-Saxon single-particle potent
@23,24#, indicate ag-soft shape with quadrupole deformatio
b2'0.16–0.18. Band 1 probably involves a pair of rotatio
ally alignednh11/2 quasineutrons coupled to the oddph11/2
quasiproton. Candidate structures for band 3 arepd5/2
^ @n(h11/2)

2# or ph11/2^ @nh11/2g7/2# configurations with sig-
naturea511/2 ~favored component!.

Calculations for 111I based on the cranked Nilsson
Strutinsky approach had predicted that smoothly termina
configurations are near the yrast line@25,26#. Above spinI
530\ these configurations involve promoting particles fro

FIG. 6. Aligned angular momentum,I x , of the bands in111I
plotted as a function of rotational frequency.
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pg9/2 orbitals, originating below theZ550 shell gap, into
ph11/2 intruder orbitals. Below this spin, however, config
rations with nopg9/2 holes, which terminate at spins jus
above 30\, are favored@26#. In the formalism of Ref.@26#, a
negative-parity configuration of the type@p1p2 ,n#5@01,2#
is expected, wherep1 represents the number ofpg9/2 holes,
p2 represents the number ofph11/2 particles, andn repre-
sents the number ofnh11/2 particles, respectively. Only the
occupation of these orbitals, relative to the100Sn core, is
labeled; the remaining valence particles are distributed o
g7/2 and d5/2 orbitals from the N54 oscillator shell. The
@01,2# configuration could correspond to band 1 and is co
sistent with the quasiparticle configuration proposed earl
The @01,2# configuration terminates atI p567/22, which is
only 2\ more than the topmost level of band 1. Furthermo
the termination is predicted to be relatively flat in a rigi
rotor plot, rather than show the usual upturn which is as
ciated with a high energy cost to form the final states of
band @26#. This is consistent with the experimental rigid
rotor plot for band 1 shown in Fig. 7.

V. CONCLUSIONS

A new level scheme has been deduced for111I, while the
previously assigned transitions@4# could not be confirmed.
The new low-lying levels fit the systematics of neighbori
nuclei well, especially the levels of109I proposed by Ref.@3#
rather than those of Ref.@2#. The level scheme has bee
observed up to a proposed spin and parity 63/22. The high-
spin behavior is suggestive of a terminating band which
predicted to terminate just 2\ higher than seen here.
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