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Abstract

Excited states have been identified in the very neutron-defitfé@e nucleus. This is the first observation of this nucleus and
its excited states. The ground-state rotational band has been observed up to/spinédband has been assigned46Ce by
detecting gamma rays in coincidence with evaporated charged particles and neutrmﬁgZIl’healue suggests a rather large
ground-state deformation ¢h = 0.35, in good agreement with Hartree—Fock—Bogoliubov (HFB) mean-field calculations. The
aligned angular momentum of the band has been studied and is compared with those of the neighboring even—even cerium
isotopes, and to Woods—Saxon cranking calculations. The non-observatiorn(@ht;_hg:z)2 alignment until at least 0.4 MeM:
is consistent with the extracted valuegy.
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The physics of nuclei with a large excess of neu- charged-particle evaporation dominates the total cross
trons or protons has become one of the focal points section. In the present work, an experiment has been
of nuclear-structure research. Calculations have sug- carried out with the Gammasphere gamma-ray spec-
gested that the properties of thes@tic nuclei dif- trometer[13], in order to identify the low-lying ex-
fer significantly from those of near-stable nuc]#]. cited states ot?’Ce. Seven E2 transitions, have been
The cerium(Z = 58) isotope chain presents good assigned to the ground-state rotational band, which ex-
candidates in which to probe the structure of nuclei tends up to 14.
with extreme neutron deficiency. The light cerium iso- Excited states if22Ce were populated using the
topes are known to be well deformed in their ground %4Zn(®4Zn, «2n) reaction, for which the cross section,
states[2—4], with quadrupole deformation parame- predicted by the statistical-model codeice [14], is
ters B2 ~ 0.3. For the isotopes with neutron num- several hundred ub. The 2:A 84Zn beam was ac-
ber 64< N < 74, the proton Fermi level lies in the celerated to 260 MeV by the ATLAS accelerator sys-
prolate-driving, lows2 k11/> orbitals, and the neutron  tem at Argonne National Laboratory. The beam was
Fermi level is located higher in thg /> sub-shell. As incident upon a target consisting of a 500/py?

N decreases below about 74, the neutrons become pro4zn foil. The Gammasphere spectromef&8] was
gressively more prolate driving, increasing the ground- used to detect gamma rays emitted at the reaction
state deformation. This trend is supported by theoret- site. In normal operation, Gammasphere consists of
ical calculationg5,6] which predict that the deforma- 110 75%-efficient high-purity germanium detectors,
tion will reach a maximum fo = 64,122Ce. Also, in arranged in 17 rings of constant polar angleln the
these nuclei, cranked-shell-model calculations predict present work, the forward-most five rings of germa-
that the rotational alignments of pairs of both neutrons nium detectors were removed in order to accommo-
and protons from thé:;;,> sub-shell will take place  date the Washington University Neutron Shilb],

at low rotational frequencies. The precise rotational leaving 78 germanium detectors in Gammasphere.
frequency at which these alignments occur depends The Neutron Shell consists of 30 BC501A scintil-
sensitively on the deformation; thus, an experimental lators, and was used to detect evaporated neutrons.
study of the alignments can reveal information about The Microball charged-particle spectromef&6] of
global nuclear-structure properties. 95 CsiI(Tl) scintillators was also utilized in the experi-

The cerium isotopes withd > 125 have all been  ment to detect evaporated alpha particles and protons.
comprehensively studied; details are given in Refs. After the target, recoiling reaction products were dis-
[3,4,7-9] The isotope'?‘Ce has been investigated persed according to their mass-to-charge staf¢g)
several times by in-beam gamma-ray spectroscopy: ratio by the Argonne Fragment Mass Analyzer (FMA)
most recently, the ground-state band was delineated up[17], and were detected in a parallel-plate gridded-
to 307 [3]. The isotopé23Ce has been identifidd0], anode avalanche counter (PGAC) at the focal plane.
but to date, no excited states have been reported. TheData were recorded when any one of three trigger
isotope1?°Ce lies very close to the proton dripline. conditions was satisfiedzyy (Gammasphere only);
Some recent calculations have predicted tR&Ee it- y y-neutron; ory y-recoil.
self may decay by the emission of alpha-particles and  The experiment lasted for about 84 hours, during
exotic cluster§11,12], although these are not predom- which time 104 x 10° events were written to magnetic
inant decay modes. Prior to this work, no experimen- tape. The coincidence data had a mean suppressed
tal information was availablat all for this nucleus. gamma-ray fold of 2.8. Much of the offline analy-
One of the primary reasons why the cerium isotopes sis was carried out with two- and three-fold gamma-
with A < 124 have not been studied is that they are ray coincidence events, known daubles andtriples.
difficult to produce in experiments. The best way to As a starting point in the analysis, two-dimensional
produce them is to use heavy-ion fusion—evaporation histograms, omatrices, and a three-dimensional his-
reactions, but the isotopes with < 126 can only be  togram, orcube, were created from the unfolded dou-
reached by neutron evaporation from compound nuclei bles and triples; each-fold event was unfolded into
which are themselves very neutron deficient. Conse- "C, doubles and'Cs triples, resulting in a total of
quently, the production cross sections are very small; 7.0 x 10° doubles and Z x 10° triples. The spec-
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tra were analyzed using tireADWARE data analysis  example, that the transitions belong to a reaction chan-
codessscL8randLEVIT8R[18]. Analysis of the cube  nel with higher particle multiplicity, such asa2n,
revealed that excited states were populated in at leastap2n, or «3n, and that one or more of the particles
20 evaporation residues, with the most intense being has escaped detection, or that they belong to a chan-
125 a (3p), 1%?Ba (@2p), and?*Ba (4p), which con-  nel in which a single neutron is evaporated, and that
stituted 26%, 21%, and 10% of the data, respectively. the neutron has scattered from one neutron detector
Discrimination between alpha particles and protons to another. Inspection of thep2n-, 202n-, anda3n-
in the Microball was carried out using the methods de- gated matrices shows no evidence of these gamma
scribed in Ref[16]. Similarly, discrimination between  rays, which rules out the evaporation of any protons
gamma rays and neutrons in the Neutron Shell was or more than onex particle or more than two neu-
carried out using the methods described in [RF]. In trons. Usually, the best way to distinguish between
the Microball, the detection efficiencies were found to the an, «2n, anda3n reaction channels would be to
be ~ 84% for protons and- 69% for alpha particles.  use the data from the PGAC at the focal plane of the
The detection efficiency for neutrons in the Neutron FMA. The excellentM/q resolution allows spectra
Shell was not easy to determine for several reasons.to be created which are effectively gated on evapo-
First, one of the three triggers used in the experiment ration residues with different masses. Unfortunately,
included the detection of a neutropy-neutron), and however, the large range of recoil angles inherent to
the data were therefore biased. Any measured effi- ¢-particle-evaporation channels meant that the trans-

ciency can only be considered as difective effi- port efficiency of the FMA for*?2Ce was found to be
ciency. Second, the detection efficiency depends on about 2%. Thus it was not possible to use the FMA
the energy of the evaporated neutfds], and is de- data for very low-intensity reaction products.

pendent upon the reaction channel. And third, a sig-  This analysis, therefore, leaves the possibility of
nificant proportion of neutrons are observed to scatter the candidate gamma rays belonging to the or
between detectors. This has the effect of reducing the «3n reaction channels, on am2n channel from a
neutron-detection efficiency and of ‘contaminating’ target contaminant. The evaporationcof will leave
gated spectra with gamma rays from channels of lower the residué?3Ce. Prior to this experiment there were
neutron multiplicity. In order to reduce the effects no known excited states iF3Ce, but in the present

of scattering, a method afearest-neighbor suppres- data, several cascades of gamma rays have been as-
sion was used as described in Ref$5,19,20] This signed to this nucleus; this will be reported in a sep-
suppression affected the single-neutron detection effi- arate papef20]. The assignment to the3n channel
ciencye,, and meant that the efficiency for the detec- is discounted for several reasons. First, an inspection

tion of two neutrongy, was not simply?2. Ultimately, of the «3n-gated matrix does not show evidence for
effective efficiencies ofg;,, >~ 55% andsy, ~ 9% were the candidate transitions with intensities that would
obtained. be expected from the measured detection efficiencies.

In order to search for gamma-ray transitions in Second, no other three-neutron evaporation channels
122Ce, matrices were created which were gated by all have been observed in this reaction, or in similar re-
combinations of particles that were likely to be evapo- actions[21,22] And third, the predictedv3n cross
rated during the reaction, and by differéay g values. section[14] is about 50 nb.

This resulted in a total of about 30 matrices. Inspec-  The isotopic origin of the gamma rays can be in-
tion of the matrix gated om2n (leading to122Ce) vestigated by measuring their intensities in the various
revealed intense gamma-ray transitions with energies particle-gated matrices. If the candidd®Ce band

of 136, 298, 437, and 557 keV which were candidates does indeed belong to the2n evaporation channel,
for the ground-state band df%Ce. Gating on these then it should be present not only in ta@r-gated
transitions revealed them to be in coincidence with matrix, but also in matrices gated on lower evaporated-
each other, and also with transitions at 658, 744, and particle multiplicities; specificallyn, «, 2n, andn,
tentatively 812 keV. Before these transitions could be and on events with nothing detected by the Microball
unambiguously assigned t6°Ce, several other possi- and the Neutron Shell. The intensity of the candidate
ble assignments had to be discounted. It is possible, for 12°Ce band was determined in each of these matrices
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Fig. 1. Intensities of transitions in the various particle-gated matrices. The gating condition for the matrix is given on the horizontal axis.
The solid black circles show the experimentally measured intensities of2#@e band, determined by gating on the 298-keV transition

and measuring the intensity of the 437-keV transition in the resulting spectrum. The shaded histogram gives the expected intensities if the
transitions belong to the2n-evaporation channel, calculated using the measured particle-detection efficiencies. The dotted and solid lines
show the expected intensities for gamma rays which belong terthe «3n evaporation channels, respectively. The calculated intensities are
normalized so that then intensity matches that which was measured.

by gating on the 298-keV transition and measuring excellent agreement with the expectations fordRe
the intensity of the 437-keV transition in the result- channel. It is, however, possible that the gamma rays
ing spectrum. The measured intensities are shown onare from are2n evaporation channel following a reac-
Fig. 1 tion with a target contaminant such &s57:68.7%n or

The intensities of gamma rays in each particle- 12C. However, this can be discounted because in each
gated matrix are dependent upon the number of parti- case these reactions would lead to excited states in
cles evaporated, and the particle-detection efficiencies. known nuclei. Also, such contaminants would lead to
Thus, the intensities expected for a particular reaction other more intense reaction products with large cross
channel can be estimated using the measured particlesections, which were not observed. This analysis con-
detection efficiencies. The expected intensities for the clusively demonstrates that the observed gamma rays
an, a2n, anda3n evaporation channels are also shown are emitted from states populated in #&n(®4zn,
on Fig. 1 The calculated intensities have been nor- «2n)'?Ce reaction.
malized so that the intensity in ther-gated matrix In order to study the excited states BfCe fur-
matches the observed intensity. The shaded histogramther, the particle-gated matrices were analyzed, and a
gives the intensities expected if the gamma rays belong particle-gated cube was sorted. The cube was gated on
to thew2n channel, that is, t822Ce. The dashed and the @2n, an or 21) reaction channels. Coincidence
solid lines give the expected intensities if the gamma gates were set in the cube and matrices on the 136-,
rays belong to thexn or «3n channels, respectively. 298-, 437-, and 557-keV transitions. Spectra from the
As mentioned above, gamma rays from the channels matrices had a higher peak-to-background ratio and
involving the evaporation of neutrons are also ob- were less contaminated than those from the cube, pre-
served in spectra gated @n + 1) neutrons because sumably because of the low gamma-ray fold associ-
of scattering between detectors; the magnitude of this ated with the weake2n channel. Thex2n-gated ma-
effect for the gamma rays in then channel was es-  trix contained 8 10° counts, which is just 0.01% of
timated by measuring the intensity of known gamma the total data set; this illustrates the high degree of se-
rays in the 2n evaporation channef4°Ce) in the lectivity available with the particle-gating technique.
2p2n-gated matrix. OrFig. 1, the measured relative  The intensity of the band, compared to other reac-
intensities do not agree well with the relative intensi- tion products, suggests that the cross section for the
ties expected for then or a3z channels, but are in  production of'?°Ce in this reaction is about 500 pb,
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Fig. 2. Representative gamma-ray coincidence spectra taken from particle-gated matrices. The spectrum in panel (a) was taken from a matrix
gated on thexn evaporation channel, and those in panels (b) to (e) were taken from a matrix gat@d.drhe gamma-ray transitions used as

gates are given on the panels. The peaks are labelled with gamma-ray energies, given to the nearest keV, and all of the labelled peaks corresponc
to transitions int22Ce. The transitions in parentheses on panel (a) belong to nuclei produced in higher particle-multiplicity channels: 305 keV
from 121Ba (@2pn); 415 keV from2lLa (wp2n); 512 keV from119Ba (2vn); and 600 keV from-22La (wpn). There is also be a contribution

to the 511-keV peak fromate™ annihilation followings™ decay.

which is in agreement with predictions from the code tra used were gated on the:, an or 2n) evaporation
ALICE [14]. Representative spectra from the particle- channels. Gamma-ray intensities were measured in the
gated matrices are given Fig. 2 Panel (a) is a gate  detectors witlo close to 90 (28 detectors), and in the
on the 298-keV gamma ray from tlae-gated matrix, detectors with 129< 0 < 163 (25 detectors). The ra-
and panels (b) to (e) are gates on #8éCe gamma tios R of these intensities were taken and were found
rays from thew2n-gated matrix. The spectra all have to have values close to 0.6 for stretched dipole transi-
very low background and feature only the transitions tions, and close to 1.1 for stretched quadrupole transi-
assigned td%?Ce. Using gamma-ray intensities, ener- tions. The method was calibrated by using transitions
gies, and coincidence relationships derived from the with established multipolarities if?2La [19]. Using
matrices, the level scheme proposedrig. 3was de- this method, multipolarity assignments can be made
duced. for all of the transitions identified iF*2Ce, including
Angular-distribution measurements were used to the tentative 812-keV transition. The measured ratios
help assign spins and parities to the excited states. TheR are given inTable 1 along with values for four cal-
method used was a simple “two-point” angular distrib- ibration transitions in??La. The values suggest that
ution, as described in RgR1]; in this work, the spec-  all of the transitions observed #$2Ce have stretched
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Fig. 3. Excitation-energy systematics of the ground-state rotational bands of the even—even Zet&®) (sotopes with 122 A < 132, up
to the 14" state. The excited states assigneélzt%!:e in this work are shown on the left. The data for X24 < 132 are taken from Ref§3,
4,7-9] The numbers in parentheses below each of the bands a&(@e/E(Zf) ratios.

E2 character; thus the ground-state rotational band ex- An empirical relationship has been derived by Raman

tends to spin 12, or tentatively 144. et al.[23] which relates the reduced transition proba-
The systematics of the excitation energies in the bility B(E2) to the value 0fE(21“) as

ground-state rotational bands of the even—even cerium

isotopes with 122 A < 132 are shown irfFig. 3, for B(E2: 0" — 2%)

the states up te~ 4 MeV. Also given on the figure _ =12 069 2

are the values of thg (4])/E (2]) ratios; these values =3.27E(2{) "z°A [eb?]. (1)

show that the structure tends towards that of an axially- whereE is given in keV. This expression is considered

symmetric rigid rotor (3.33) with decreasing. The to be superior to the well-known Grodzins' formula

value of E(2) decreases with decreasing which [24] because it is based on a larger data set and the

suggests that the ground-state deformation increasesparameters were derived from data in the Xe—-Ba—Ce
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Table 1

Properties of the gamma rays assigne&%&:e. The column la-
belled E, gives the gamma-ray energies, and that labellgd
gives the gamma-ray intensities. The column labeledives the
angular-distribution ratios, as defined in the text. The column la-
belled “Mult” gives the assigned multipolarities of the transitions.
The last four rows give transitions i¢2La which were used to
“calibrate” the values oR

Ey (keV) I, R AL L1 Mult
136.4(5) 100(7) @415 2 2t - ot E2
298.3(5) 87(4) U528 2 4t 2t E2
437.5(5) 83(4) 1628 2 6+ — 4t E2
556.5(5) 60(4) 1118 2 8t -6t E2
658(1) 43(4)  m6(17) 2 10t -8t E2
744(1) 13(2) 12223 2 12F - 10F E2
812(1) 52) 12(4) 2 14t->12t E2
231 11411y 2 1224 E2
560 11609 2 1224 E2
149 aroe) 1 1224 M1/E2
370 0615 1 1224 M1/E2

region[25]; however, the differences in the extracted
B2 values are very smalr{ 1%). The 8, values are
then determined using the expressions

167\ B(E2)1Y?
20| ()% @
and

5 \Y2/ 47 Qo
ﬂz:(ﬁ) <3R22e2>’ 3

whereR = RoAY3, and Rg = 1.2 fm. Eq.(3) is dis-
cussed, for example, in RgR6]. The B2 values ex-
tracted in this manner are presentedFig. 4, as a
function of N, for the even—even cerium isotopes with
122< A <132.

The extracted3, values are compared to theoreti-
cal predictions irFFig. 4 the macroscopic-microscopic
calculations of Médller, Nix, Myers, and Swiatecki
(MNMS) [5]; the self-consistent Hartree—Fock—
Bogoliubov (HFB) mean-field description by Duguet
et al. [6]; and from total-Routhian surface (TRS)
calculations, the method of which is discussed in
Refs.[27,28] The value off; is predicted to peak at
eitherN =64 orN = 62. The TRS and MNMS calcu-
lations predict a maximum value @b ~ 0.32, but the
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Fig. 4. Quadrupole deformation parametgs of the even—even
cerium (Z = 58) isotopes, plotted against neutron numiverThe
experimental values were extracted from the data using the ex-
pressions given in the text. The data for 124 < 132 are taken
from Refs.[3,4,7-9] The experimental values are compared to the
macroscopic—microscopic calculations of Mdller, Nix, Myers, and
Swiatecki (MNMS)[5], values from TRS calculations, and HFB
self-consistent mean-field calculatidi@$.

of the deformations. However, the HFB calculations
closely match the experimental values both in mag-
nitude and in trend. Fol?2Ce, the experimental data
gives a value off, = 0.35, compared t@8; = 0.36
from the HFB calculations. Of the experimental values
measured thus fag, is largest forN = 64, although

in the absence of data fo¢ = 62 (2°Ce) it is not pos-
sible to state whether or not the maximum has been
reached.

Woods—Saxon cranked-shell-model (CSM) calcu-
lations[29,30]have been performed for the even—even
neutron-deficient cerium nuclei in order to predict the
details of the quasiparticle alignments; specifically,
their systematic dependence @n and B,. Earlier
work [3] has shown that the calculations reproduce the
observed quasiparticle alignments reasonably well in
the cerium nuclei. The calculations predict that pairs
of both neutrons and protons from the;/» sub-shell
will align at rotational frequencies between 0.3 and
0.5 MeV/# in the even—even neutron-deficient cerium
isotopes, and that the alignment frequencies depend
on B> andN. As N decreases from 7230Ce) to 64

HFB calculations predict a somewhat larger maximum (122Ce), the frequencies of th;e(hll/z)z alignments

of B> >~ 0.37. For the lowest neutron numbers, the TRS

are predicted to increase from 0.3 to 0.4 M&V

and MNMS calculations underestimate the magnitude This range corresponds to a predicted increasgyin
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from 0.24 atN = 72 to 0.30 atN = 64. For these
nuclei, the frequencies of the(h11/2)2 alignments
are more complex, showing an oscillatory behavior
around 0.4 to 0.45 Me)X#, but generally occurring
at least 0.05 MeV# higher in frequency than the
n(h11/2)? alignments. Fot?’Ce, the dependence of
the alignment frequencies gfp is shown inFig. 5

0.6 "
1

—_ 2 1
g - V(hn/z)2 ,'
[ — 7(hyy,) !
= [T
= — Observed limit
= 05 | !
13 Pid
5 ,
3 //
o 7
o it
E 04 ad
[
o) . e
:
R=y s .~ B,=0.316
<

0.3

020 025 0.30 035 040
B,

Fig. 5. Calculated alignment frequencies of the lowest paitg 9f,
neutrons (dashed line) and protons (solid line), as a function of
the quadrupole deformation parameger The data are taken from
Woods—Saxon cranking calculations, the method of which is de-
scribed in Refs[29,30] The experimentally observed limit of ro-
tational frequency (about 0.4 Mg¥) is shown by a horizontal line.
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the frequencies of boti(h11/2)? andx (h11/2)? align-
ments are calculated to increase with increaging

The experimentally-extracted aligned angular mo-
mental, of the ground-state rotational bands of the
122 < A < 132 cerium isotopes are plotted kig. 6
against rotational frequency. The aligned angular mo-
mentum for122Ce is shown on all of the panels, as
a common reference. All of the cerium isotopes with
A > 124 exhibit a clear rotational alignment between
0.3 and 0.4 MeV#. This alignment has previously
been attributed tdy1/, protons[3]. The observed fre-
quency of this alignment increases with decrea®ng
below A = 130, in agreement with the cranking calcu-
lations. Thev(h11/2)? alignments are difficult to pin-
point, and are therefore difficult to compd, and
are not discussed here.

In 122Ce, the experimental data do not extend be-
yond 0.4 MeV/#, so it is not possible to confirm the
frequencies of the predicted(h11/2)2 andv(h11/2)?
alignments. However, inspection Bfg. 5 shows that
with 8> < 0.32, thezr(hll/z)2 alignment would occur
below 0.4 MeV/#. There is no evidence for the onset
of this alignment. Assuming that the trend in struc-
ture is continued by22Ce, the non-observation of the
n(hll/z)z alignment thus places a lower limit on the
deformation of8, = 0.32, a value consistent with the
B2 value inferred frome (2{), and with the theoretical
calculationg5,6].

25 | 122 124
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Ce

25
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Aligned angular momentum I, (h)

132

00 02 04 06 00 02 04 06 00 02 04 06 08
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Fig. 6. Experimental aligned angular momeiitaof the even—even ceriun¥(= 58) isotopes with 122 A < 132, plotted against rotational
frequency. The data for 124 A < 132 are taken from Ref§3,4,7-9] The data for22Ce are shown on each of the panels by a faint dashed

line, as a common reference.
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In summary, the very neutron-deficielf?Ce nu-
cleus has been identified for the first time, and ex-
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