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MeV. Similarly, calculations for "Mg yrast
states excited in the reaction "C("0,n) show a
reduction of a factor of at least 7 at E('60) =145
MeV depending somewhat on the parameters of
the Fermi-gas level density.

Thus, a consistent interpretation of the broad
structures seen at E("0)=145 MeV can be given
by relating them to similar structures observed
at much lower bombarding energies where the
reaction mechanism is well understood. At lower
excitation energies where the high-spin states are
well separated (&/D«1) it is necessary to ex-
plicitly average over excitation energy to make
the broad structures visible. In the statistical
model these broad structures arise from angular
momentum matching, which creates narrow win-
dows of excitation energy above the yrast level
within which a state of spin J can be excited with
significant probability. The spacing of broad
structures suggests the 6J =1 sequence plotted
in Fig. 3. It must be emphasized that this plot
is not unique, however. New data at E ("0)= 145
MeV (Ref. 5) suggest the possibility that the broad
structures at E„(' Mg) =45 and 53.5 MeV may be
doublets. This implies that the sequence plotted
in Fig. 3 may be incorrect above E„=45 MeV.
Further high-energy measurement including ab-
solute cross section will be necessary to sub-
stantiate the statistical-model description of

these data 2nd determine the shape of the '
Mg

yrast line.
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We have measured the inelastic scattering of 35-MeV protons from Th and from
Angular distributions were extracted for J = 0+ —8+ members of the

ground-state rotational bands, and were analyzed with use of coupled-channels calcula-
tions for scattering from a deformed optical potential. The deformation parameter P6
is positive for 3 Th and +U, nearly zero for U, and negative for U. The trends
of the deformation parameters and multipole moments are explained qualitatively by a
simple model.

PACS numbers: 25.40.Ep, 21.10.Ft, ' 27.90.+b

The actinide nuclei accessible to scattering ex-
periments are known to be intrinsically deformed
and thus their charge and matter (proton and neu-
tron) distributions possess nonzero multipole mo-

ments. The moments best studied experimentally
and theoretically are the quadrupole and hexade-
capole ("2~ pole, "where A=2 and 4, respective-
ly). Very little information currently exists on
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higher-order deformations such as the A. = 6 (hexa-
contatetrapole). ' The present work' establishes
the systematic variation of the A. = 6 deformation
for the nuclei '"Th and '"""""U.

Apart from the fundamental interest in the nu-
clear shape the importance of studying deforma-
tions of higher order than quadrupole is reflected
in the effects they have on nuclear properties.
For example, in the heavy transition metals (e.g. ,
W and Os) a stability against oblate ground-state
shapes may be attributed to the hexadecapole
degree of freedom. ' Indeed, experimental knowl-
edge of higher-order equilibrium deformations of
the actinides can put stringent constraints on the-
oretical methods for calculating ground-state
properties (and thus influences predictions con-
cerning the stability of heavy nuclei). For ex-
ample, two approaches' to the liquid-drop contri-
bution to ground-state energies which give almost
the same quadrupole deformations yield substan-
tially different higher-order equilibrium deforma-
tions. Furthermore, rotational bands built upon
single-particle states' and the sizes of gaps in
single-particle energies at 8 =100 and N =152 de-
pend' upon the amount of A. = 6 deformation.

Empirical evidence for A. = 6 deformations in
actinide nuclei was first shown by Hendrie and
co-workers' in (e, n') experiments and by Moss
etal. ' in a (P,P') experiment. But subsequent
studies, using Coulomb excitation, ' and electron'
and neutron scattering, "probed only A. = 2 and 4
deformations, and thus only confirm theoretical
expectations (e.g. , Refs. 3 and 11) of how the de-
formation parameters P, and P, vary across a
region of deformed nuclei: P, should attain a
maximum va, lue in the middle of the shell and P,
should change sign near that region. For P„ the
early experimental work in the rare-earth region
and actinide nuclei used only zero or negative
values in the data analysis whereas the calcula-
tions by Nilsson etal. "for the rare-earth and
transition-metal nuclei suggest that P, should
change sign twice in the region.

We present here measurements of the A. =2, 4,
and 6 deformations of '"Th and '"""'"Uusing
proton inelastic scattering at 35 MeV. This is
the first systematic study of the A. = 6 deforma-
tions in the actinide region and gives the first
evidence for a change in sign of P, in a deformed
region. A 35-MeV proton should be sensitive to
the P, deformation because its wavelength %. is
less than 1 fm whereas the P, deformation in-
duces six surface lobes (see Fig. 1), with about
8 fm between lobes in '"U.
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FIG. 1. The inset panel to (a) shows hexacontate-
trapole deformations of a sphere. (a) Data and best
fit" coupled-channels calculations for the '3~Th(p, p')
reaction, using a full deformed spin-orbit interaction
(DSO) and a spherical spin-orbit interaction (SSO).
(b) The phase (and magnitude) difference in the 6+ data
for 3 Th and 3 U, this due to the different signs of pe.

The elastic and inelastic scattering reactions
using 35-MeV proton beams from the Michigan
State University cyclotron were measured in the
'ocal plar. e of the Enge split-pole spectrometer by
using a proportional counter, .".s previously de-
scribed. ' Thorium and uranium tetrafluoride
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materials were used to make' targets of ' Th and
'"U. Targets of '"""Uwere made' in an isotope
separator. Angular distributions for elastically
and inelastically scattered protons leading to
sthtes in the ground-state rotational band with
J'=0'-8' in '"Th are shown in Fig. 1. Our anal-
ysis of the data follows closely our previous
study' where we fit the data using a parametrized
deformed optical-model potential (DOMP) to de-
scribe the scattering of the protons from the
target nucleus modeled by a rigid rotor. In this
model inelastic scattering transitions to rotation-
al states are determined by the intrinsic deforma-
tions of the nucleus. The deformations are in-
troduced by replacing the radii in the nuclear and
Coulomb potentials by B(8)= r, A'~'[1+ QzP~ F&,(8)]
where A, =2, 4, 6, and 8. The deformation pa-
rameters P„of the real and imaginary parts of
the nuclear potentials were assumed to be equal.
In the nuclear potential, a Woods-Saxon radial
form was assumed, whereas the Coulomb poten-
tial was for a deformed, uniform charge distribu-
tion whose moments reproduce those measured
by Coulomb excitation. ' Searches on the standard
optical-model parameters V, 8'„V, , a„, and

a, as well as the deformation parameters P„P„
and P, were carried out. Both the full deformed
(DSO) and spherical (SSO) spin-orbit interactions
were used: SSO calculations allowed all levels
of the ground band to 8' to be coupled to I.=10
(with P, =0) and extensive searches to be made;
DSO calculation searches were made by using
the values of P, from the SSO searches; finally,
for Th and BU, several "one-shot" DSO cal-
culations were performed on a large computer.
The results of these approaches were not very
different. Table I gives the deformation parame-
ters (for the DSO calculations only). We note that
the sign of P, is positive for '"Th and '"U, near-
ly zero for '"U, and negative for '"U.

Figure 1(b) shows the angular distributions for
the 6+ states in ' 'Th and '"U. The difference in

the phases of the oscillations is the most striking
feature, and, as the calculations show, this helps
indicate the difference in the signs of P, in these
two nuclei. Note that the fits to these data are
significantly better than in Ref. 2 where P, defor-
mations were not included.

Deformation parameters and even deformation
lengths (P~A) are model- and reaction-dependent
quantities. The multipole moments of an intrin-
sically deformed charge or matter distribution
are more fundamental. With the assumption of
axial symmetry, these are

q„,= fr"Y„,(8)p(r, 8)d'r.

In Coulomb excitation measurements, for ex-
ample, with use of the rotational model,

B(EA; 0+ —J = A. +) = q ~o'.

Our analysis follows a procedure suggested by
Mackintosh" following work by Satchler": To
the extent that the DOMP that we use can be de-
rived from folding a realistic nucleon-nucleon
interaction with the matter distribution (under the
assumption of a density-independent interaction
and equal proton and neutron deformations), the
moments of our DOMP should be equal to those of
the underlying matter distributions. Thus, we
calculate

Zf r~V(r, 8) Y~,(8)d'r
f y(r, 8) d'r

for A. = 2, 4, and 6, using the parameters in Table
I (for the DSO DOMP only; those from the SSO
DOMP are the same within statistical uncertain-
ties). These are also given in Table I.

Some time ago, Bertsch proposed" a simple
picture of how, to first order, intrinsic moments
and deformation parameters should vary for nu-
clei within a major shell [ ~q„P~

™f„'Pz( p') d„',
where P~(p, ) is a Legendre polynomial and p. is
the cosine of the angle between the symmetry axis
and the orbital being filled]. He was thus able to

TABLE I. Deformation parameters Pq and multipole moments q&0 for
Th and ' ' U from coupled-channels calculations using a deformed

spin-orbit interaction. The units for qqo are e'b

q20 q4p &60

232Th
234U

236U

238U

0.202 (2)
0.214(2)
0.220(2)
0.226(1)

0.068(1)
0.072 (2)
0.063(2)
0.052(1)

0.009(2)
0.007(4)

—0.003(5)
—0.011(2)

2.82(4)
3.12(6)
3.17(7)
3.2S(3)

0.98(4) 0.30(4)
1.12 (7) 0.34(7)
1.00(7) 0.21(8)
0.88(3) 0.10(3)
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percentage differences between the values from
Coulomb excitation and from our study, which
has sensitivity to neutron distributions, are near-
ly the same as what Brack eta/. "predicted for
differences between reduced proton and neutron
moments. But, here for the first time in either
the rare-earth or the actinide region, a change
in sign of P, is observed, along with an indication
that q„changes sign in the vicinity of A ~240. It
is rather remarkable that the simple model of
Bertsch predicts this same effect for this order
of deformation. The more sophisticated calcula-
tions of Nilsson etal. " also predict the same
trend. Further studies of higher-order deforma-
tions are needed both in the actinide and rare-
earth regions to extend the present results.
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explain the existence of positive values of P~ at
the beginning of a deformed region and negative
values at the end.

Qualitatively, as shown in Fig. 2, the variations
of q» and q4, values across the region are de-
scribed by Bertsch's model. (The apparent quan-
titative disagreement in locations of maxima,
minima, and crossing points presumably is be-
cause the simple picture neglects shell, surface,
and Coulomb energy effects. ) Quantitatively, the

FIG. 2. Values of the quadrupole, hexadecapole, and
hexacontatetrapole moments in the actinide region from
Coulomb excitation (triangles) (Ref. 8) and the present
(p, p') study (circles). The average percentage differ-
ences between q2p and q4p values from these two studies
(6.7'4 and 17%, respectively) are consistent with the pre-
dictions of Brack et al. (Ref. 15) for differences be-
tween reduced neutron and proton moments (6.6VO for
q2p and 22% for q40) .
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Light-particle emission in the fusion reactions in the system N+ YAl at 100 MeV
has been studied with use of coincident techniques. Comparison of the data with a sta-
tistical model accounts for the energy and angular distributions of the products, the
particle multiplicities, and the dealignment in the evaporation cascade. However,
(18+ 6)% of the evaporation residue cross section is of nonequilibrium origin and is
interpreted in the framework of preequilibrium emission from complex configurations.

PACS numbers: 25.70.Bc
Several studies of heavy-ion reactions have

been made recently where light-particle-heavy-
fragment coincidence techniques have been em-
ployed to explore the reaction mechanism, es-
pecially questions regarding the existence of non-
equilibrium phenomena. Althought the statistical
model is very useful in such studies to simulate
the equilibrium decay of compound nuclei, de-
tailed application of the model has been made
only in a few cases. ' In this Letter, we report
the results of a coincidence study of the light
charged particles emitted in the fusionlike reac-
tions of 100-MeV "N projectiles with "Al. From
a comparison of the experimental energy spectra
and angular correlations with the predictions of a
multistep Monte Carlo statistical-model calcula-
tion, we conclude that a significant nonequilibri-
um component exists in the n emission leading to
evaporation residues (ER). This component is
interpreted as preequilibrium emission from
complex configurations.

The experiment was performed at the isochron-
ous cyclotron of the Institut des Sciences Nu-
cldaires at Grenoble. Heavy ions produced in the
reaction of 100-MeV "N with "Al were detected
with use of a telescope consisting of a gas-ioniza-
tion ~ detector and a Si E detector. The H and
He particles were detected (in and out of the plane

defined by the heavy-ion detector and the beam
axis) with use of a silicon detector telescope con-
sisting of three or four detectors. Both singles
and coincident events were tagged and written on
magnetic tape, and were analyzed off-line on the
HP-21MX computer at the Institut de Physique
Nucldaire, Lyon.

Statistical-model calculations were made with
use of a multistep Monte Carlo Hauser-Feshbach
code which allowed the particle emission prob-
abilities and kinematics to be followed over all
the steps in a large number of evaporation cas-
cades. ' The semiclassical formalism of Ericson
and Strutinski' was employed to calculate the an-
gular distributions and to follow the direction of
the angular momentum of the evaporation resi-
dues along the cascade. The parameters chosen
were those of Ref. 2 which gave a good fit to the
ER mass distributions and energy spectra. in
light-heavy-ion reaCtions. In our calculation, the
only free parameters were the critical angular
momentum for fusion, which was set equal to 275
to reproduce the ER cross section, and the radius
parameter for the moment of inertia (1.43 fm)
which has been chosen to fit the back-angle light-
particle spectra.

We discuss certain aspects of the inclusive ER
data first. The magnitude and shape of thd'an-
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