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Population of high-spin states in23*U by an incomplete-fusion reaction
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Excited states i?>U have been populated using the incomplete-fusion reacttérh(°Be,a3n) at 52
MeV. The emittedy rays were observed using the CAESAR array, whiledhgarticles were detected with an
array of 14 plastic scintillator detectors of phoswich type. This reaction can pogdfatet higher spin than
the conventionaf®?Th(«, 2n) reaction because the®e” fragment from breakup of the beam can be viewed
as initiating a?*2Th(°He, %) reaction. Similar reactions could provide a valuable alternative technique for the
study of relatively heavy, neutron-rich isotopes. In the present work, states in the ground-state B¥hd of
were observed up td"=18" and previous tentative observations of (9and (11) states in the octupole
band were confirmed. A new state at 1366 keV, which is possibly thm8mber of they band, has also been
identified.[S0556-28189)02911-§

PACS numbgs): 21.10-k, 25.70.Hi, 29.25.Rm, 27.96b

There is considerable interest in the nuclear structure oKramers scaling factor of the Sierk fission barriker=0.88.
the actinide elements; however, their population at high spiThis choice of parameters describes the decay of the nearby
is difficult, especially the more neutron-rich isotopes. Earlier??Th compound systerfi7] and should be adequate for our
studies of these nuclei used population methods such alustrative purposes. Table | shows the calculated cross sec-
multinucleon transfer, Coulomb excitation, and light-ion re-tions for two different reactions 52 MeVBe and 29 MeV
actions such asd(p) and (@,xn). As an example, the obvi- °He, incident on?*?Th. The latter beam energy was deduced
ous choice of the fusion-evaporation reaction to populatéy assuming an energy sharing between the two fragments of
high-spin states irf*U is 2*Th(«,2n) [1-3]. In this Brief  the °Be beam, i.e.[E(°*He)=5/9x 52 MeV. (Note that fusion
Report, we demonstrate the feasibility of applyingof the °*He fragment would be expected to occur for colli-
incomplete-fusion reactions to populate high-spin states igions near grazing and would thus be localized at High
neutron-rich actinide nuclei, in this case using thewaves. Our illustrative calculation ignores this effect, instead
232Th(°Be,a3n) reaction to populate high-spin states in assuming a standard triangular spin distributiofor the
234, This reaction does not proceed via the equilibration of°Be-induced reaction, less than 0.1% of the fusion cross sec-
a ?*Pu compound system followed by evaporation ofa@an tion survives fission. This compares with tRele-induced
particle and three neutrons, but rather by the breakup of theeaction, for which 3.5% of the total cross section survives
°Be beam into(notionally) *He+°He, with the immediate fission, eventually resulting in the population of uranium iso-
emission of thea particle and fusion of the ®He” frag-  topes via neutron evaporation. In essence, the higher fissility
ment. Thus, in effect, this is @Ke,3) reaction, with the  of the Z=94 system means that very few of the compound
“radioactive beam” obtained from breakup of the stablenuclei formed by complete fusion survive fission. This
beam. means that the observation of uranium products implies that

Previous work in other mass regions has shown that thithey were populated by an incomplete-fusion process.
type of incomplete-fusion reaction has a tendency to popu- A better estimate of uranium production can be obtained
late slightly more neutron-rich nuclei, and at a higher spin,if the relative cross sections for incomplete and complete
than the equivalent (Hxn) reaction[4,5]. Typically, the fusion are known. This quantity has been measured recently
residues for the incomplete-fusion component of the reactioffor the °Be+2%%Pb systenj8] and can be taken as a guide to
are weaker than those from the complete-fusion componenthe expected ratio of incomplete to complete fusion for the
However, for very heavy targets, the residues populated byBe+23?Th system, since the breakup will almost certainly
incomplete fusion are expected to dominate over those fromplay a more dominant role for the heavier target. In the
complete fusion. This can be demonstrated for tHBe  former case, about 25% of the cross section is incomplete
+2%2Th system using statistical model calculations with thefusion, which would translate te-7 mb for the production
PACE code[6]. Values for the parameters which enter theof uranium isotopes populated by th&2Th(°Be,axn)
code have been taken from RET], including the level den- incomplete-fusion reaction, approximately 20 times stronger

sity parameters,,=A/8.8 MeV ! anda;/a,,=0.90 and the
yp n Fien TABLE |. Calculated cross sections f6He- and®Be- induced

fusion reactions orf3Th.
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than the production of plutonium isotopes populated by the T T singles
22T (°Be,xn) complete fusion-evaporation channel. A 7 %[ ]
mb cross section is large enough to makaay spectro-
scopic measurements feasible, as is demonstrated below. 200 ¢
We performed ay-ray spectroscopy experiment using a i
beam of 52 MeV °Be ions, supplied by the ANU 14UD 100 |
Pelletron accelerator, incident upon a 1.0 mgiceelf- I
supporting target of%?Th. The target was chosen to be thick i
enough that most of the recoiling fusion products are stoppec g, & Y
in the target, but thin enough that the majority of the fission f
fragments escape. The rays emitted in the reaction were 0
observed using the CAESAR array of six Compton- :
suppressed, 25%-efficient HPGe detectors. To identify the C ]
incomplete-fusion component of the reaction, the ANU Par- 2| 3
ticle Detector Ball(PDB) [9] was used to detect the emitted
a particles. The PDB consists of an array of 14 fast/slow * % 100 150 200 250 300 350 400
combined plastic scintillators for which the phoswich tech- cnesay ket
nique is used to separate the fast signals in the thin front FIG. 1. (a) Singles spectra for th&Be + 232Th reaction at 52
element AE) from the thicker(slow) rear elementf). The  MeV. (b) Projection of they-y coincidence matrix which was cre-
scintillator array covers 85% of# and has three rings of ated requiring the detection of twp rays within =170 ns of each
essentia”y equiva|ent detectors, i.e., four “forward,” six other and in coincidence with am particle. In both spectra, the
“middle,” and four “backward” detectors, subtending characteristic patterns of the observed x rays are marked.
angles of approximately 20°-60°, 60°-120°, and 120°- ]
165°, respectively. The forward detectors were covered with Figure 2 presents a sum of five background-subtracted
aluminum shielding foils of 45 mg/cfrthickness to prevent Ccoincidence spectra obtained from they coincidence ma-
rate limitations from the scattering of beam particles. Thesdlix by setting gates on th&2 transitions in the cascade
foils were sufficient to stop’Be ions with energies up to Cconnecting the 4 and 14 excited states in”*4. The
~57 MeV, but also stoppead particles of less than-19 ground-state band is observed clearly up to thé 186"

MeV energy, thus reducing the-detection efficiency at for- transition[3]. Note that these highest-spin sta.tesﬁﬁ'u
ward angles. were identified previously using Coulomb excitatihO]

During the experiment, pairs of rays within a= 432 ns and heavy-ion-induced transfgt1] reactions, not using the
: : ’ : 22Th(a,2n) reaction[1—3]. Because both the Coulomb ex-
y-ray time difference and up te- 800 ns after detection of = ''"\% : X :
a particle were recorded. The parameters recorded inclugddtation and transfer reactions result in the selective popula-

the energies and times of detection of theays, the relative tion of particular subsets of excited states, the incomplete-
time between detection of a particle andyaray, and the fusion reaction used here has the potential to populate new

time-filtered A E signals from the plastic scintillators concat- N1gn-spin states which were not known previously. The cur-

enated into three groups corresponding to the three rings gent work was also sensitive to the identification of isomeric
detectors. The minimum coincidence condition was set irptates, although no delayed population of the ground-state

hardware to correspond to a particley event.

Singles spectra were also collected and the measure |
singles spectrum is shown in Fig(al The strongest lines _
present are the x rays and Coulomb excitatjorays arising 1500
from the 232Th target[3], together with light-ion contami-
nants formed from reactions on oxygéresent in the form
of oxide in the target The y rays from the ground-state
band in?**U are very weak.

To enhance thé**U component of the reaction, they
coincidence data were sorted offline inkn,-E, matrices 1
with various time and particle conditions. Figuréjlshows O e s a0 300 T
the projection of ay-y matrix created requiring tweg rays energy [kev]
to be observed within=170 ns of each other and also in FIG. 2. Sum of coincidence spectra with gates set onBBe

prompt coincidence W'th_ the detection of anparticle. A transitions in the cascade connecting theahd 14" states in the
total of 4>< 10° a-y-y commde_nce events were sor;ed_ INtO ground-state band oU. The dispersion of the main spectrum is
the matrix. An unresolved continuum gfrays due to fission ¢ 0.5 kevichannel, while the inset is the higher-energy region of
is the dominant feature of the matrix projection, with promi- the spectrum, but compressed to 1.0 keV/channel. The effects of
nenty rays from Coulomb excitation of th&?Th target also internal conversion are apparent, especially for the 43 keV, 2
present. They rays from the ground-state band f&"U are 0" transition, which proceeds almost entirely by internal conver-
strongly enhanced compared to the singles spectrum. sion so that the associatedray is not observed.
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band was observed at the level 5% of the total 234U Early [12,13 and recen{4,5] studies using incomplete-
channel intensity. fusion reactions have shown that the angular distribution of

With the limited statistics collected, the rays from the emitteda particles can be used to discriminate between
known states in the octupole band AU were only very the complete and incomplete-fusion components. However,
weakly observed. The inset to Fig. 2 shows the energy regiogxamination of the different yields d**U when« particles
in which thesey rays are expectel@] and it is apparent that were detected in the forward, middle, or backward rings of
they are very weak. The coincidence spectra show that theretectors did not show a strong angular dependence. This is
are y rays with energies of 8385) and 848.(6) keV feed- presumably a result of the fact that the grazing angle under
ing into the 8 and 10 levels, respectively, of the ground- the present experimental conditions~sL05°.
state band i*%U. The y-ray intensities are approximately  |n summary, with a modest-ray/particle-detector array
equal and are each only(1% of the total intensity(cor-  combination, we observe excited states’¥#U up to a spin
rected for internal COﬂVGI’Si())I(Df the 201 keV, 8 —6" tran- of 184 using the 232Th(9Be,a3n) incomp|ete_fusion reac-
sition. This confirms the previous tentative observations ofjon. Two tentative excited states in the octupole band of
possible (9) and (11) states in the octupole band 8U 234 [1] are confirmed, while a new state at 1366 keV, pos-
[1]. sibly the 8" member of they band, is identified. An inter-

In addition, a newy ray with energy 868.@) keV and a  esting property of the incomplete-fusion reaction used in the
total intensity 42)% of the 201 keV transition was found to present work is that it is “self-selecting,” in the sense that
feed the 8 level in the ground-state band. This suggests anly the incomplete-fusion products are likely to survive fis-
new excited state at 1366 keV, which is about where th&jon, and thus they will dominate over the complete-fusion
unknown 8" level of the y-vibrational band is expected to channels. This type of reaction may provide a useful alterna-
lie. A dominant decay of this state viaJa—J transition to  tive method for the population of high-spin states in heavy,
the ground-state band would be consistent with this interpreneutron-rich nuclei.
tation.

It should be mentioned that the current data set contains
only 4x 1P a-y-y coincidences, so that a significant im-  The authors would like to thank R. Turkentine for fabri-
provement would obviously be possible using the new geneation of the target and the academic and technical staff of
erations of germanium and particle detector arrays. In fact, ithe Australian National University Heavy lon Facility for
the current data set there are orll20 coincidence counts their ongoing support. The authors are grateful to S.M. Mul-
between the 868 and 201 keY rays, so that there is no lins, R.T. Newman, and A.M. Baxter for their assistance dur-
possibility for angular correlation or distribution information ing the experiment and also wish to thank the members of
to determine the multipolarity for the new 868 keV transi- the ANU Fission group for their communication of experi-
tion. mental results prior to publication.
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