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A level scheme is presented f&!, populated by the®Ni(*®Ni, 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 ta"'Y could not be confirmed.

PACS numbgs): 27.60+j, 23.20.Lv, 21.10.Re

I. INTRODUCTION Furthermore, the observation of a band to higinay ener-
gies (rotational frequencigss suggestive of a smoothly ter-
Negative-parity yrast bands built on dn,,, proton in-  minating configuration in this nucleus.
truder orbital have been established in light dddedine
isotopes down to'*3. The 1% isotope, which lies beyond
the proton dripline, has also had corresponding transitions Il. EXPERIMENTAL DETAILS
assigned using the technique of recoil-decay taggRIQT)
[1,2]. Two experiments have, however, assigned different
rays to 19 [2,3]. The hyy, band in the intermediaté’ Since neutron evaporation from compound systems is se-
isotope is unknown, but an isomerl€=11/2" state has Vverely hindered in this proton-rich mass region, it was de-
been proposed, together with the degayays, following a  cided to populate'™i using the **Ni(°*Ni, ap)**} fusion-
NORDBALL experiment in conjunction with charged- evaporation reaction. A low beam energ910 MeV) is
particle and neutron ancillary detectd#s. needed to enhance two-particle evaporation relative to com-
This paper presents a new level schemefdt, deduced peting 3, 4p, anda2p channels. Although the total fusion
from two °8Ni+58Ni experiments, while the previously as- cross section rapidly falls off at such a low beam energy,
signedy rays[4] could not be confirmed. The present ex- Yield can be recovered by using an intense beanp (9. A
periments were undertaken to investigate the high-spin strudurther potential problem may be the low amount of spin
ture of M4, in particular the 7why,, band, in order to brought into the system; classically,—~ 174, but states up
complete the systematics of the light oddiodine isotopes to 27 have already been identified #*Xe from the present
and possibly shed light on the conflicting results f8f.  data[5]. Moreover, recent work on th&Ni+ *Ni system at
energies around the classical Coulomb barrier has identified
states up to 30 in the evaporation residug8], including the
*On leave from: Institute of Experimental Physics, Warsaw Uni-correspondingxp channel into™*4, implying that the reac-
versity, Hoa 69, 00-681 Warsaw, Poland. tion mechanism is more complex than the simple classical
"Present address: LANSCE-3, Los Alamos National Laboratorypicture. The present experiment employed a ttfiNi target
Los Alamos, New Mexico 87545. foil of thickness 600 ug/cn? backed by 17 mg/ch of
*Present address: Institut de Recherches Subatomiques, F-67037-Au to maintain pristine energy resolution and a powerful
Strasbourg Cedex 2, France. y-ray spectrometer was used such that’a(triples) coinci-
Spresent address: Department of Physics and Astronomy, Sta@éence analysis was possible. The excellent energy resolution
University of New York at Stony Brook, Stony Brook, New York and triple coincidence analysis were crucial to this study

A. Backed-target experiment

11794. since most of the new transitions assignedt4 are degen-
'Present address: Nuclear Science Division, Lawrence Berkelegrate with transitions in other nuclei.

National Laboratory, Berkeley, California 94720. The 8Ni beam was supplied by the K130 cyclotron at the
Tpresent address: Schuster Laboratory, University of Manchestegccelerator laboratory of the University of Jgkala (JYFL),

Brunswick Street, Manchester M13 9PL, United Kingdom. Finland. The JUROSPHERE-ray spectrometer, containing
** present address: IPN Lyon, IN2P3-CNRS, UnivérgiteBer-  seven TESSA-typg7], five NORDBALL-type[8] and four-

nard Lyon-1, F-69622 Villeurbanne Cedex, France. teen EUROGAM-type[9] HPGe detectors, each within a

0556-2813/2000/686)/06432@6)/$15.00 61 064320-1 ©2000 The American Physical Society



E. S. PAULet al. PHYSICAL REVIEW C61 064320

1 40
6302713016

(a) Gate: 747 & 767 keV

1509
(5922} 11507
1189 1 1 II
(55120} 10319
= ‘
1162 3 =] 2 L
- | o 8 404 (b) Gate: 555 & 969 keV
R il 8996 (49/2%) @)
1072
4712~ 8084 e
e 7847 _{ (452"
1009
43/2= 7076 99
. 687812
830 2
39/2- 6246 055 910
L) 5968 37/2%)
o ST o
856 - 791
3572~ 5199 I R e 5177 (332%) 5114
———l T 3.
767 848 666 [ EY (MeV)
s Qaus2 NZ_ 346549 4sil Y ot 892
. 7 4000 10 25p 42%— 4%_ FIG. 2. Examples of gated coincidence spectra, obtained from
a9 % Al 28 J 1 1t the backed-target data, with transition energies labeled in k@V:
3048 525 v B 303 ] / / Spectrum double gated by the 747- and 767-keV transitions of band
AN X 1. (b) Spectrum double gated by the 555- and 969-keV transitions.
| O 19727 @ 2340 Contaminant transitions from the Coulomb excitation of the gold
691 backing are labeled by “Au.”
15/2- '1650
1o 5!55 1095 contained only 83 escape-suppressed HPGe detectors since
1 680 AL 416 55 opw the forward 15 detectors were replaced with neutron detec-

7129 2 37 582 0 6195 . tors. . . .
e o A kinematic Doppler reconstructiofl2,13, performed
FIG. 1. Level scheme deduced fot! from this work. The  USINg the MICROBALL, yielded an improvement of 30% in
transition energies are given in keV and their relative intensities aré1€ €nergy resolution of-ray transitions. This was espe-
proportional to the widths of the arrows. Absolute spin and parityially important given the high recoil velocity of this sym-
assignments are taken from systematics, starting with the™11/2Mmetric reaction withv/c~4.5%. In order to further improve
bandhead of band 2. channel selection, the BGO anti-Compton shield elements of
GAMMASPHERE were used as &-ray fold and sum-
bismuth-germanate escape-suppression shield, was used &@ergy selection device; to achieve this the Hevimet collima-
record y-ray coincidences of fold two and above. Approxi- tors were removed from the front of the HPGe detectors,
mately 3.6<10° events were recorded, of which 80% were allowing y rays to directly strike the shield elements. The
y—v and 16%y— y— vy coincidences. A 2D matrix and a number of BGO elements firing and their total summed en-
3D cube were built from the data and analyzed using th&rgy were recorded for each event providing féld and

RADWARE graphical analysis packag&0]. sum-energy(H) information. By setting off-line software
gates on a two dimensionkiH plot, a significant improve-
B. Thin-target experiment ment in the quality of the channel selection was made. Spe-

_ . . cifically, highk andH values enhanced the two-partictel
This experiment was carried out at the 88-Inch Cyclotronspannel.

of the Lawrence Berkeley National Laboratory, prior to the A total of 1.4x 10° events were recorded. Gamma rays
JUROSPHERE experiment. I-8||g'h&-_§p!n statesAmr 110 nu-  gelected for!y (ap and highk-H) were replayed into
clei were populated with thé®Ni(>®Ni,xaypzny) fusion- RADWARE format[10,14] matrices ¢2), cubes ¢°), and hy-

evapor_ation reaction at 250_ MeV. The beam was incider_1t OBercubes §4) for subsequent level scheme construction.
two thin self-supporting nickel targets, each of nominal

thickness 500u.g/cn?. The higher beam energy was used to
preferentially populate three- and four-particle exit channels;
this experiment was not designed for two-particle exit chan- The new level scheme deduced fdfi is shown in Fig. 1,

nels such as'l (ap). Nevertheless, the combination of the where the ordering of transitions is based on relatvey
GAMMASPHERE [11] y-ray spectrometer with the MI- intensities and coincidence relationships. Examples of
CROBALL [12] charged-particle detector allowed selectiondouble-gatedy-ray coincidence spectra, extracted from the
of the ap channel. For this experiment, GAMMASPHERE backed-target data, are presented in Fig. 2. Measured transi-

IIl. RESULTS
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TABLE |. Measured properties of the-ray transitions assigned t84 from the backed-target experi-
ment. Absolute spin and parity assignments are taken from systematics.

E, (kev)? Relative intensity  Angular intensity ratioR® Multipolarity Assignment
191.4 1 39/2 —
415.0 76 0.9 El (AI=0) 11/2 —11/2%)
475.9 19 0.665) E1l 11/2- —9/X*)
510.3 18 (29/2)— 25/&+)
555.1 =100 0.973)¢ E2 15/2° —11/2
581.7 5 0.7D) M1/E2 9/&H) . 7/%AH)
618.9 14 0.987)¢ E2 9/2%) 5 5/A*)
642.5 71 1.024) E2 11/20) = 7/X+)
654.6 34 1.068) E2 312 2712
666.5 13 1.00) E2 (33/2" —29/2")
690.6 146 1.01(3)° E2 19/2- —15/2
690.6 146 1.01(3)° E2 23/2°—19/2
708.4 3 —19/2
747.2 26 0.9)¢ E2 27127 —23/2
766.7 22 1.0®) E2 35/2° —31/2
770.8 16 1.1010) E2 312 —2712
790.8 11 1.081L0) E2 (37/2" —33/2")
829.7 9 1.1113 E2 43/2°—39/2°
848.4 g 0.9712° E2 35/2° —31/2
848.4 g 0.9712° E2 39/2°—35/2
856.2 1 —35/2
909.9 6 0.9814) E2 (41/25 —37/2%)
969.5 20 0.6(B) E1l 25/21) - 23/2"
1008.5 5 (47/2)—43/2"
1047.4 12 1.1Q1) E2 39/2° —35/2

dy-ray energies are accurate t00.2 keV.

PErrors on the relative intensities are estimated to be less than 5% of the quoted values.
‘Except where stated, tHe values were obtained from spectra gated by the 555 keV transition.
‘R value obtained using the 691-keV transitions as the gate.

®Value given for composite peak.

tion energies and the relative intensities of thél y rays  character Al =1). The results of this analysis for thg
from this data set are listed in Table I. transitions are included in Table I.

Relative spins and parities were inferred through an Apsolute spin/parity assignments are made from system-
angular-correlation analysisl5] of the backed-target data atics. In particular, an™=11/2" bandhead is expected for
set, as described in Rdf5]. Gamma rays recorded in the the mhy1, band, while a 5/2 ground state £ds,) is ex-
“Centl’a|” JUROSPHERE detectOI’S, nea?=90°, were pected together Wlth a |Ow_|y|ng WZState (77-97/2) The

sorted against those recorded in the “backward” detectors;76-keV transition depopulating the 11/atate of band 2,
into an asymmetricyy matrix. Gamma-ray intensities were

extracted from gated spectra projected onto the central and

backward axes of this matrix, respectively, and an average SJ’\'?‘BLE tl'l- Mfgsllgela i//'elds of vgntous ndu_cleld for theNi "
angular_intensity ratio, defined as I reaction a eV compared to preadicted Cross sections

(ALICE).
_ | (measured backward, gated central Nucleus Channel Yield%)?  ALICE o (mb)

| ,(measured central, gated backwdrd 13 3p 100 97

N N e 2p 35 50

was evaluated for the transitions dfi. Transitions of  12rg ap 30 o5
stretched-quadrupole charactevl =2) were identified byR 11014 a2p 26 26
values of approximately 1.00 when gated by a stretdB2d 113, 2pn 5.2 5.2
transition, although pure nonstretched dipolel £0) tran- 11y ap 45 70

sitions are also expected to possess similar ratios. Values of
R~0.65 are expected for transitions of pure stretched-dipoléErrors are estimated to be less than 5% of the quoted values.
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FIG. 5. Systematics of 1172bandhead energigs) and ener-

gies of negative-parity states relative to the T18ate(b) in odd-

FIG. 3. Examples of gated coincidence spectra, obtained from\ jsdine isotopes. The solid symbols correspond to the A&Ww
the thin-target data, with transition energies labeled in k&): |ovels. The excitation energy of the 11/Ztate in 1% in (a) is
Spectrum double gated by the 1009- and 1072-keV transitions OFentative[3].

band 1. The inset shows the topmost 1509-keV transition. Peaks

?gf |egd“g;9a[(e \(/:Otrruirﬁlt?anms(ﬂ) ?pfﬁt;ugfougf g’ggelf Sytrthr? sitions of these other nuclei, implying they form a separate
oL & (eV ltransitions. Hofte ha -2 “KeV Wanshay el scheme in a different nucleus. The measured yield is
tions appear in this spectrum, showing that they are both self- " ° -
Lo similar to that predicted for therp channel and hence the
coincident doublets. L . L .
new transitions are assigned 4. The distribution of exit

. . . channels in Table Il is also very similar to that measured for
together with the 969-keV transition feeding the 23&ate the 58Ni + 5N reaction at a similar beam enerfg]. Indeed,

of band 2, have angular-intensity ratios consistent with

. 11 . _
stretched-dipole transitions and &1 multipolarity is pro- this case''¥, the correspondingxp channel, was ob
served at a similar population intensity. Apart from the nu-

posed. This suggests that the low-lying levels are of positive lei listed in Table Il, no other known nuclei could be iden-

parity, as expected from systematics, together with band %Cified. Moreover, the previously assigned transitions'tf

An exact ener doublet is placed connecting 23/2 ) ; .

_19/2 — 15/ I%)\I/els the adjacgnt placement of gt]he O [4] could not be confirmed in the present work. The previous
i . > : o assignment was made, however, using a reaction at a very

691-keV transitions is corroborated by triple coincidence re high energy ©Ni+ 59Fe at 270 MeV. Although a thick tar-

lationships with the transitions of bands 1 and 3. et (10 mg/crR) was used such that energies down to the
Table Il shows measured yields of nuclei produced in the? gien ; it energ :
Coulomb barrier were achieved within it, the desired 1

backed-target data, together with predictions from theeva oration channel would be overwhelmed by competin
ALICE fusion-evaporation codgl6]. It should be noted that, mul'fi) article channels y peting
apart from 4, all the nuclei in Table Il have been well P '

studied with largey-ray spectrometers. Furthermore, the newwa\é\hr;hag:aeo??r\:\:e lg:{ﬁlt;fh;n;ztgrggto fne(cj)rgb;r? 't Oa cii?irr?: the
transitions shown in Fig. 1 are not in coincidence with tran- 9

assignment. The new transitions are indeed enhanced in the
ap-gated data, thus corroborating the assignment of the tran-

o —|w T sitions to 1*4. Double-gated spectra observed from this data
1 1 T T T 7 1 set are shown in Fig. 3. The thin-target data extended band 1
j) L . to higher spin with the observation of high-energy
T 1T _79_ —— 3 L s (>1 MeV) transitions. Band 3 was also extended with the
sl _s_ o7 w4 4 —— 70—23/2' observation of a doublet of energy 969 keV. Again, the tran-
/2% o 574 E I Y . . .
T -+ id _T_ I Sy sitions previously assigned t8!1 [4] were not seen.
wo_3 4 _I_ 53 a _42_ 531 _57 N N 72
d ok o 44+ L IV. DISCUSSION
/2 3 357 5 [1 w2

The systematics ofrhy4, bands in the light iodine iso-
topes are shown in Fig. 4. The new 11/215/2", and 19/2

FIG. 4. Systematics of odd-iodine isotopes. Thé® results  States of'f fit well between those of the neighboring iso-
are taken from Ref(3]. topes, taking the transitions of R¢&] for 1°9. The energies

A:109 M N3 N5 N7 N9 121 123 125 127
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. . FIG. 7. Energies of the levels ittY, minus a rigid-rotor refer-
plotted as a function of rotational frequency.

ence, plotted as a function of spin.

mggp Orbitals, originating below th& =50 shell gap, into
mhq4, intruder orbitals. Below this spin, however, configu-
rations with nowmgg,, holes, which terminate at spins just

of these low-lying levels in the odA-iodine isotopes are
also plotted in Fig. 5 together with the excitation energy of

t_he 11/Z ba_ndheaq. It appearlslthat the Ie_vel spaci_ngs for th(;;;1bove 3@, are favored26]. In the formalism of Ref[26], a
lightest two iodine isotopes{*1*1) do not rise as quickly as negative-parity configuration of the ty[j@,p,.n]=[01.7]

thosg for' the heavier isotopes1 on the opp'osi.te side of thg expected, wherp, represents the number afgq, holes,
semimagic neutron number 64'(l). The excitation energy p, represents the number ofh,,,, particles, anch repre-

- 11 .
of the preseﬂhn/zfggﬁdhead i ":‘] also lower than ex-  gentq the number ofh,,,, particles, respectively. Only the
pected(n.b. that of ™ is tentative. These observations im- occupation of these orbitals, relative to th&Sn core, is

ply that the deformation is changing more slowly than ex-j5pa1eq: the remaining valence particles are distributed over
pected forllgrl(la lightest isotopes. Maximum deforma_uongw2 and dg,, orbitals from the N=4 oscillator shell. The
occurs for 71 (N=64,66) and decreases on both side 01,7] configuration could correspond to band 1 and is con-
of these isotopes. A similar situation occurs for the lighteskigient with the quasiparticle configuration proposed earlier.
Xe isotopeq 17] where the deformation also appears to de,’The [01,2] configuration terminates dF=67/2, which is

crease more slowly than expected. FoIIowing a Sy.Stemat'Snly 2h more than the topmost level of band 1. Furthermore,
Compa”.jor? oft}he energy Iezj/etlﬁ ?ft;he m:jcle|| n this mafs%e termination is predicted to be relatively flat in a rigid-
region, 1t has been propose at the underlying COres 1o{ny¢q, plot, rather than show the usual upturn which is asso-

vhiy bangg in oddA Te isotppr(]abs are mr?{e ?}eformed fthan ciated with a high energy cost to form the final states of the
corresponding even-even neighbfts], while the cores for 41561 This is consistent with the experimental rigid-
the 7h,;;, bands in the lightest iodine isotopes seem to be.;o, plot for band 1 shown in Fig. 7.

stiffer [19], i.e., less susceptible to polarization effects of the
valence particle in a high-proton orbital. V. CONCLUSIONS

The total aligned angular momentutg= /(1 +1)—K?, _
of the bands in'* are plotted as a function of rotational A new level scheme has been deducedfdt, while the

frequency in Fig. 6. The behavior is rather irregular, suggestPreviously assigned transitiorid] could not be confirmed.
ing that 114 is not a perfect rotor. The energies of the levels The new low-lying levels fit the systematics of neighboring
in 14, minus a rigid-rotor reference, are plotted as a func-nuclei well, especially the levels df% proposed by Ref(3]
tion of spin in Fig. 7; again, the behavior is somewhat irregu-ather than those of Ref2]. The level scheme has been
lar. Deformation self-consistent cranking calculations base@Pserved up to a proposed spin and parity 63/Bhe high-
on the total-Routhian surfa¢@RS) formalism[20—27, em- spln.behawor is §ugggst|ve qf a terminating band which is
ploying a triaxial Woods-Saxon single-particle potential Predicted to terminate justfZhigher than seen here.
[23,24), indicate ay-soft shape with quadrupole deformation
B>,~0.16-0.18. Band 1 probably involves a pair of rotation-
ally aligned vhyy/, quasineutrons coupled to the oddh,;,, The JUROSPHERE project is supported in part by grants
quasiproton. Candidate structures for band 3 am, from the U.K. EPSRC and the French IN2P3. Support for
®[v(hy19)?] or why1,® [ vhiy07p] configurations with sig-  this work was also provided by the Academy of Finland and
naturea= + 1/2 (favored componeit the Large Scale Facility program under the TMR program of
Calculations for '™ based on the cranked Nilsson- the European Union. This work was also supported in part by
Strutinsky approach had predicted that smoothly terminatinghe U.S. National Science Foundation. The authors are in-
configurations are near the yrast lifig,26. Above spinl debted to Dr. D. C. Radford for providing thRADWARE
=304 these configurations involve promoting particles fromanalysis codes.
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