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Experimental Evidence for Hyperdeformed States in U Isotopes
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Sharp transmission resonances have been observed in the235Usd, pfd 236U reaction. The shapes of
the resonances as well as the angular distributions of the associated fission fragments are analyzed
together with the data obtained previously for234U. The resonances are interpreted as being
hyperdeformed rotational bands with̄h2y2u  1.810.5

20.7 and 1.611.0
20.4 keV and K values of 1, 2, and 4

for 234U and236U, respectively. [S0031-9007(98)05574-4]

PACS numbers: 21.10.Re, 21.10.Gv, 25.85.Ge, 27.90.+b
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One of the most exciting aspects of research on nucl
shapes in recent years is the study of superdeformed (
and search for hyperdeformed (HD) nuclear shapes wit
ratio of 2:1 and 3:1 for the long to short axis in deforme
nuclei, respectively [1–3]. Although one of the mai
goals of a very large community with 4p g-arrays such
as GAMMASPHERE or EUROBALL is to search for
HD states, up to now only some signs of HD rotation
bands have been found, but no discrete HD levels ha
been identified.

In the actinide region a third minimum in the potentia
energy (which contains HD states) was predicted alrea
more than 20 years ago by Mölleret al. [4]. In these
nuclei the so-called third minimum of the potential barrie
appears atb2 ø 0.90 andb3 ø 0.35 [5–8].

Experimentally, the very large quadrupole and octupo
moments of the HD states manifest themselves by
presence of alternating parity bands with very larg
moments of inertia [9]. With the aim of delineating new
HD structure Blons and co-workers [10,11] measured t
subbarrier resonances of the fission probability for seve
Th and U isotopes with high energy resolution. Fo
230Th, 231Th, and 233Th they were able to describe th
microstructure of the resonances as being HD rotatio
bands. However, for the U isotopes they encounter
rather puzzling results [12].

In order to understand the large deformation observ
for the fission isomers, Strutinsky [13] developed
macroscopic-microscopic method for calculating the p
tential energy of nuclei as a function of shape. In his a
proach the potential energy is given as a sum of a rat
smooth barrier described by the liquid-drop model a
an oscillating shell correction term. The macroscopi
microscopic models and the various steps involved
the calculations are extensively discussed in the lite
ture [14]. These calculations resulted in a very shallo
sDE ø 0.5 MeVd third minimum which can accommo-
date only a few very low-energy excitations.

A new impetus was given to the experimental studi
of HD states by C´ wiok et al. [7], who predicted a
0031-9007y98y80(10)y2073(4)$15.00
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much deepersDE ø 2.5 MeVd third well for the actinide
nuclei. Interestingly, this well splits into two distinc
minima with very differentb3 values. The minimum
with b3 ø 0.6 is almost as deep as the superdeform
minimum. In such a deep third well many excite
hyperdeformed states might be accommodated and
interplay of large deformation and magicity may b
studied [7].

Following Glässelet al. [15] the vibrational states of
a nucleus having a complex potential energy surface
discussed above) might be classified as class I, class
or class III states, depending on whether the amplitude
the greatest in the ground state, the second, or the th
minimum, respectively.

Higher-lying states in the second or third well could b
studied by measuring the fission probability as a functi
of excitation energy. The states must be predominantly
b-vibrational type, i.e., the stretching mode, which lea
to fission. If the levels in the first well are populated, e.g
by sd, pd reactions, one will observe an enhanced fissi
probability (transmission resonances) for those excitat
energies in the first well which coincide with vibrationa
states in the second or third well.

In this paper we report the first high resolution stud
of the transmission resonances in236U. These results
are interpreted together with the234U results obtained by
Blons et al. [12] as a consequence of the hyperdeform
states lying in the third well of the fission barrier
Information on the spins of the above transmissio
resonances excited in thesd, pd reaction has been obtaine
from comparing the measured fission-fragment angu
distributions with the results of PWBA calculations [15
In PWBA calculations, them-state population amplitudes
with respect to the recoil axis are all zero except form 
0. This implies axial symmetry for the measured fissio
fragment angular distribution around the recoil axis.

Subbarrier resonances at about 5 MeV excitation e
ergy have been observed previously in many actini
nuclei [9,16]. Based on the modest energy resoluti
measurements, these were believed to arise from
© 1998 The American Physical Society 2073
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coupling of compound nuclear states in the first potenti
well to vibrations of the fission degree of freedom of th
second potential well. Goldstoneet al. [17] proposed that
the observed transmission resonances in234U and in236U
might be due to states in the second well, which consist
a fission vibration coupled to low-lying states in the sec
ond well such as rotations andKp  01, 02, 21, 12 . . .
collective vibrations. Blonset al. [12] were able to re-
solve the fine structure of the resonances in234U and they
measured also the angular distribution of the fission fra
ments, but their results were not consistent with the ang
lar distributions calculated with the assumption of sing
pureJ resonances.

If the excitation energy is higher than the inner barrie
of the second well, but lower than the barriers of th
third well, then the transmission resonances correspond
to class II and class III states could in principle b
distinguished according to their width. The width o
class II resonances should be much broader due to
strong coupling to class I states, while the damping
class III resonances is hindered by the higher barriers
the third well. According to the above consideration
the best energy region for studying the hyperdeforme
states by measuring the transmission resonances in
actinides is indicated in Fig. 1, illustrating the232,234,236U
potential barriers.

The experiment on236U was carried out at the De-
brecen 103-cm isochronous cyclotron atEd  9.73 MeV
and atEd  13.0 MeV at the Munich Tandem accelera-
tor. Enricheds97.6% 99.89%d 88 250 mgycm2 thick
targets of235U were used.

The energy of the outgoing protons was analyzed
Debrecen by a split-pole magnetic spectrograph [18
which had a solid angle of 2 msr and was set atQlab 
140± with respect to the incoming beam direction. Th
position and energy of the protons were analyzed

FIG. 1. Potential energy as a function of the quadrupo
deformation parameter for a few U isotopes. The energy a
location of the saddle points and minima (except for the thi
one) were taken from Ref. [14], while the energy of the thir
minimum for the less reflection—asymmetric HD minimum
sb3 ø 0.4d was taken from Ref. [7]. The whole energy scal
was slightly shifted in order to reproduce the energy of th
ground states in the first well. The best excitation energy regi
for studying the hyperdeformed states is marked by horizonta
shadowed regions.
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two Si solid-state, position-sensitive, focal-plane dete
tors. The overall proton energy resolution of the syste
including the effects of the target thickness and long te
stability was estimated to be less than 20 keV.

In Munich the energy of the outgoing protons wa
analyzed by a Q3D magnetic spectrograph [19], whi
was set atQlab  130± relative to the incoming beam
and the solid angle amounts to 10 msr. The position
the focal plane was measured by a light-ion, focal-pla
detector of 1.8 m active length using two single-wir
proportional counters surrounded by two etched catho
foils [20]. Using that detector with the spectrograp
a linewidth of #3 keV has been observed for elasti
scattering of 20 MeV deuterons.

Fission fragments were detected in both experiments
two position-sensitive avalanche detectors (PSAD) [2
having two wire planes (with delay-line readout) corre
sponding to horizontal and vertical directions. Proto
were measured in coincidence with fission fragmen
Typical proton energy spectra are shown in Fig. 2 as
function of excitation energy.

A highly damped superdeformed (SD) vibrational res
nance, which is very close to the top of the first barrier
clearly seen at 5.1 MeV [17]. Above this resonance w
observed some sharper peakssFWHM ø 30 keVd simi-
lar to the modest energy resolution worksFWHM 
60 70 keVd of Goldstoneet al. [17] and to our previous
results [22,23]. These resonances do not appear to be
preciably damped although they are above the top of
inner barrier, so these sharp resonances cannot be as
ated to SD states lying in the second well. These resu
support the presence of a deep HD minimum as predic
by Ćwiok et al. [7].

In the third well of the potential barrier the reflection
asymmetry permits almost degenerate levels of both p
ties in the rotational spectrum. These kinds of rotation

FIG. 2. Proton spectra in coincidence with the fission fra
ments measured in Debrecen and Munich.
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levels have been nicely observed in the experimental fi
sion probability of231Th [10]. Assuming that each of the
observed resonances also contains a whole rotational ba
we fit our experimental results by using simple Gaussia
functions for describing the different members of the ban
following the same procedure of Blonset al. [10].

The relative excitation probabilities for members of th
rotational band were taken from the work of Backet al.
[16] who performed DWBA calculations for thesd, pd
reaction at the same bombarding energy. The width
the Gaussians was fixed by our experimental resolution

We have used the following free parameters
(1) Energy of the band head, (2) absolute intensi
of the band, and (3) rotational parameter of the band. T
last parameter was kept identical for all of the groups, i.e
the 5.28, 5.37, and 5.47 MeV groups. A fit to the mea
sured spectrum was performed with the above paramet
using leastx2 method. The nonresonant part of the fis
sion probability was taken into account as an exponent
“background.”

Assuming that we saw a rotational band built on a
excited state rather than on the ground state in the H
potential well, we varied theK value of the band head
as well during the fitting procedure. The sameK value
was assumed for all the groups observed. AssumingK
values differing by one unit for the neighboring group did
not change thex2 value much. The best fit was obtained
with K  4 as shown in Fig. 3(a). TheK value of the
target wasK  7y2. At the low bombarding energy we
used (9.73 MeV) thel  0 transfer is the most probable
which implies the excitation of mainlyK  3 and 4 states
in agreement with our results.

The calculatedx2yF values as a function of̄h2y2u are
plotted in Fig. 3(b). The predicted values ofh̄2y2u for
the hyperdeformed and superdeformed states are indica
by HD and SD, respectively. From our best fit we ge
h̄2y2u  1.611.0

20.4 keV in good agreement with the value
predicted for the hyperdeformed statesh̄2y2udtheor 
2.0 keV [6].

Fission-fragment angular distributions were generate
for the 5.47 MeV line as well as for the continuous non
resonant part of the fission probability and normalized
the knownsd, fd angular distribution [24]. The angular
distribution is shown in Fig. 3(c). All distributions were
fitted with even Legendre polynomials (LP) up to fourth
order. For the nonresonant region our LP coefficien
are in good agreement with the previously publishe
data [25–27]. The measured angular distribution wa
compared to the calculated ones assuming differentK
values, in order to get information on theK value of
the hyperdeformed rotational band. From the comparis
the most probableK value of the band isK  4 [see
Fig. 3(c)], which is in perfect agreement with the analys
of the proton spectrum.

We also reanalyzed the results of Blonset al. [12]
concerning234U in a similar way to that for236U. We
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FIG. 3. (a) Proton spectrum measured for236U in coinci-
dence with the fission fragments as a function of excitatio
energy, compared to the fitted rotational band; (b) the resu
of the x2 analysis; the theoretical predictions for the HD an
SD rotational parameters are indicated by arrows; (c) expe
mental fission-fragment angular distribution for the 5.47 Me
resonance with respect to the recoil axis (z axis) compared to
the calculated ones.

assumed that each of the resonances observed (see Fi
consists of a complete rotational band.

The energy of the band heads, the absolute intensity
the bands, and an inertia parametersh̄2y2ud were fitted to
the experimental data. The obtained inertia paramete
h̄2y2u  1.810.5

20.7 keV, which is the average of the value
at the equivalentx2 minima, and again agrees well with
the predicted value for the HD states.

The angular distribution of the fission fragments wa
also calculated and compared to the experimental data [
Fig. 4(c)]. Good agreement has been obtained, which a
supports that each of the peaks observed contains a c
plete rotational band withK  1 or 2, instead of one defi-
nite state with a well definedJp as assumed by Blonset al.
[12]. The K value of the target was5y2, which implies
the excitation ofK  2 or 3 states withl  0 transfer.

We note that Blonset al. [12] observed many more
resonances at higher energy up toEp ø 5.5 MeV, which
corresponds to the energy of the inner barrier of the th
well shown in Fig. 1. Their widths are very similar to
2075
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FIG. 4. (a) Fission probability of234U as a function of
excitation energy. The full curve is a result of the fit with
h̄2y2u  2 keV according to the deepestx2 minimum; (b)
the results of thex2 analysis; (c) fission fragment angula
distributions for the 4.86, 4.91, and 4.97 resonances
234U compared to the theoretically calculated curves assum
different K values for the rotational bands.

the ones we analyzed here, but for the present analy
we chose only the resonances for which the angu
distributions of the fission fragments were also publishe

In summary, we have measured the fission probabil
of 236U as a function of excitation energy with thesd, pf d
reaction in order to search for the presence of a th
minimum of the fission barrier. Our deduced momen
of inertia andK values of the rotational bands observe
in 234U and 236U support the existence of a deep HD
minimum predicted by C´ wiok et al. [7]. In this potential
well the transmission resonances observed in the fiss
probability might correspond to some higher-lying (e.g
two-neutron) states built on the basic vibrational states.

Another signature of the HD states could be their high
characteristic fission-fragment mass distribution [7].
2076
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order to demonstrate an enhanced mass yield for mas
around 134 and 100 we plan to measure the fissio
fragment mass distribution of the HD states.
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