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predicted by any of the current theoretical calcu-
lations and since A'=154 is the highest neutron
number that is currently accessible to experimen-
tal study, extrapolations of barrier parameters
to obtain neutron-induced fission cross section
estimates are probably very uncertain beyond N
= 154. This effect could be particularly important
for estimates of superheavy-element production
cross sections.
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The spectra of protons, deuterons, tritons, and 3He observed from the bombardment of
140-MeV n particles on a number of nuclei exhibit broad peaks. The behavior of these
peaks suggests that they result from the breakup of the incident n particle. The breakup
yield accounts for about 10% of the total reaction cross section. It appears that this proc-
ess can be described in terms of a simple projectile-breakup model, similar to that

origi-

nallyy proposed by Serber for deuteron breakup,

It has been known for some time that loosely
bound projectiles such as the deuteron and 'Li
breakup in the field of a nucleus. ' ' At an inci-
dent energy of 70 MeV, the proton yield resulting
from deuteron breakup on "'Pb accounts for ap-
proximately 30o/o of the total reaction cross sec-
tion. 4 The deuteron breakup process was dis-
cussed in an early paper by Serber. ' For an inci-
dent energy per nucleon much larger than the
projectile separating energies, one would expect
the breakup of more tightly bound particles to
become important, In this Letter, we present
evidence that the breakup cross sections for n
particles in the field of the nucleus are relatively
large at incident energies in the region of 140

Mev.
Complete charged-particle energy spectra have

been recently measured over a wide angular
range for 140-MeV e particles on various target
nuclei. ' Figure 1 shows the proton, deuteron,
triton, and 'He spectra at several laboratory
angles for 140-MeV n particles on ' Bi. Very
broad, pronounced peaks are observed in all
spectra. The locations of these peaks are approxi-
mately equal to —,', —,', &, and 4, respectively, of
the incident n-particle energy. These peaks are
at least 30 MeV wide, Similarly, the broad peaks
which dominate the 'He yields at forward angles
for 140-MeV cy particles on Ni, Zr, Sn, and
"'Th are interpreted as due to the breakup of n
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FIG. 1. The proton, deuteron, triton, and 3He spec-
tra at several laboratory angles for 140-MeV o.'par-
ticles on ~Bi.
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is the Fourier transform of the relative wave
function of the 'He and neutron in an o. particle.
A wave function of the Eckart form is used'

(I - Br)4
y'

(2)

where a =(2pc„) '/h with p and e being the re-
duced mass and the separation energy. The pa-
rameter P was determined by fitting the elastic-
electron-scattering data. It also fits the momen-

tum distribution found in the quasifree scatter-
ing reactions such as 4He(p, 2p)'H. ' C is a nor-
malization constant. The differential cross sec-
tion for the observed particle can be written as

(d v/dQ„dE„)~l g(p) I m, (2m„E )' '

particles in the field of the nucleus,
We have carried out a calculation for n-particle

breakup analogous to the Serber model for deu-
teron breakup. ' We will consider only the 'He
channel. Similar treatments can be extended to
the other breakup channels. For simplicity, we
have also made the assumption that the nucleus is
is transparent to the 'He particles and have treated
the 'He particles as spectators in the breakup
process. (In the case of deuteron breakup, it
does not make much difference whether the nu-
cleus is assumed to be transparent or opaque. ')

The probability, P(p), that the 'He particle has
a momentum p in an n particle is given by

&(p) =
I P(p) I',

where
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FIG. 2. The 3He energy spectra for 140-MeV ~ par-
ticles on ~Bi. The long dashed curves are the break-
up- model calculations.

with p=p„—po, and

Ipl'= Ip. l'+2m„&. —2lp. l(2m. &.) 'cos,
where p„p„, m„, and E„are the momentum of
the observed particle due to the c.m. motion of

incident n particle, the final momentum, the

mass, and the energy of the observed particle,
respectively.

Figure 2 shows the breakup-model calculations
compared with the experimental 'He energy spec-
tra at various angles for ' 'Bi. Figure 3 shows

a comparison of the calculated 'He angular dis-
tribution (shifted by 6', i.e., 8~=8+6', to rough-

ly account for the Coulomb repulsion from the

target) and the experimental data, normalized at
0 &,b

——13 . Although our data points were limited
to angles larger than 12, the agreement is en-
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couraging. By integrating the calculation nor-
malized to the experimental data for ' 'Bi, the
total breakup cross section for the 'He channel
is found to be about 2% of the total o.-particle
reaction cross section on "'Bi at 140 MeV.

The breakup cross section for the triton chan-
nel is approximately the same as that for the 'He
channel. The total breakup cross sections for
the proton and deuteron channels also appear to
be comparable to those for the triton and 'He
channels. The neutron channel can be expected
to be similar to the proton channel. If we assume
that the unobserved component of the n particle
undergoes a large-momentum-transfer interac-
tion with the target it will have a small probabil-
ity of emerging with the appropriate energy at a
given angle to be identified with the Q. -particle
breakup process. Under this assumption, the
cross sections for all five channels should be
summed to obtain the total breakup cross sec-
tion. We estimate that the total breakup cross
section for 140-MeV o.'s on '0'Bi could be as
large as 20% of the total reaction cross section.
It should be noted, however, that recent observa-
tions of heavy-ion-induced reactions which also
exhibit peaks attributed to projectile breakup
have been interpreted in terms of correlated frag-
ments. ' Complete correlation of Q. -particle
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FIG. 3. The calculated He angular distribution com-
pared with the experimental data, divided by A'i 3. The
calculation was normalized to the experimental data at
~lab

breakup fragments would reduce our estimate of
cross section by a factor of 2.

The magnitude of the breakup peak increases
with the target mass. According to the breakup
model, the cross section for n breaking up into
'He-n is predicted to be proportional to 2vA~A,
where R„ is the mes. n n radius, R = Jri g (r) i'd'r,
and R = rg~' T. he experimental a-particle
breakup cross sections into 'He-n channel for
five target nuclei, divided by A~', are shown in
Fig, 3. It is apparent that the breakup cross sec-
tion has an approximate A~' dependence as pre-
dicted by breakup model.

The agreement between the simple calculations
and the experimental energy spectra suggests
that the broad peaks observed in the particle en-
ergy spectra are due to the breakup process.
The locations, shapes, and intensities of these
peaks are determined by the same momentum
distribution of the observed particle in the pro-
jectile as determined in the reactions He(p, pn)-
'He and 'He(p, 2p)'H."In order to understand the
absolute magnitude of the cross section and the
detailed behavior of the peaks it will be neces-
sary to carry out distorted-wave calculations.
In this regard it is interesting to note that the
breakup process can be described by a first-
order diagram in which the upper vertex repre-
sents the usual breakup of the incident projectile
into its components and the lower vertex the inter-
action of the neutron with the target. In the case
of stripping reactions to discrete final states
this vertex represents the appropriate overlap
integral and in quasifree scattering, the n-A
scattering cross section. In the case of the break-
up reaction it would appear that this vertex repre-
sents essentially the total n-A cross section at
the appropriate neutron energy, - ,'(E~ —20) M—ep.

The projectile breakup may be an important
part of the total cross section for any complex
projectile at sufficiently high energies. The be-
havior of broad peaks in the spectra resulting
from such projectiles should be compared with
the prediction of this simple process.
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We report, the first experimental evidence for Coulomb-nuclear interference in the ex-

citation of high-spin states by very heavy projectiles. The data are intepreted with use

of a model described previously, and the feasibility of using this method to study the de-

formed nuclear surface is demonstrated.

Inelastic excitation in the Coulomb-nuclear in-
terference (CNI) region has been studied exten-
sively for ions such as helium, ' carbon, ' and oxy-
gen. ' However, little attention has been given to
CNI in the scattering of very heavy projectiles
from highly deformed nuclei. I'reviously4 we in-
troduced a new theoretical formalism describing
such processes. We present here the first ex-
perimental data for such systems, and interpret
the results with that formalism.

We have studied the systems Kr + Th, Ar
+"'U, and "0+'"Dy, with projectiles from the
Berkeley SuperHILAC, and the Oak Ridge iso-
chronous cyclotron. In all cases the de-excita-

tion y-ray cascade was detected in coincidence
with backscattered particles, using standard
Ge(Li) and annular silicon-detector arrangements.
The annular geometry yielded average particle
scattering angles of 0, ~ -165.

Thick targets were used, and y-ray spectra as
a function of incident beam energy were generat-
ed by taking coincidence cuts in the heavy-ion
spectrum, each corresponding to a different ef-
fective beam energy. The relation of incident
beam energy (checked by time-of-flight measure-
ments) to detected particle energy was determined
using elastic kinematics and theoretical stopping
powers. With these methods we obtained spectra
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