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essentially the same hypothetical fusion nucleus
as the system "Fe+'"U), implying that quasifis-
sion and quasielastic transfer might constitute al-
most all of the reaction cross section. This indi-
cates that for any very massive heavy-ion system
to exhibit a reasonable fusion cross section, a
large degree of asymmetry between target and
projectile masses is required.
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This paper presents a model based on the assumption of the existence of "correlated
clusters" which stay as they are during a fast collision. The model can explain remark-
ably well the inclusive spectra of energetic protons at 180' in the proton-nucleus experi-
ments by Frankel et al.

Recently, Frankel et al. ' have measured the in-
clusive cross section for 180' production of high-
energy protons (E~= 150-450 MeV) in proton-nu-
cleus collisions with an incident proton energy
F,. of 600 and 800 MeV. To understand the data,
Amado and Woloshyn' proposed a model based on
a single-scattering mechanism and showed that
the model gives results which are a few orders
of magnitude smaller than the experiment if one
uses for the Fermi-momentum distribution in the
nucleus that corresponding to a zero-temperature,
noninteracting Fermi-gas model. To explain the
data, they employed a phenomenological Fermi-
momentum distribution which is quite different in
the higher-momentum region from the one usually
adopted in low-energy nuclear physics, ' even
though the Fermi-momentum distribution in nu-
clei is not well investigated in such a high-mo-

mentum region (k 2 700 Me V/c).
In this Letter, I consider the backward-scatter-

ing problem as being caused by the reaction be-
tween the incident proton and a group of nucleons.
I assume the existence of a group of nucleons
which stay as they are during the fast collision.
I call these nucleons "correlated clusters. " The
number of the correlated clusters (hereafter re-
ferred to as CC) to be found in the nucleus may
be expressed by

A
G —,P (A N),

where A is the mass number of the target nucle-
us, and P„denotes the probability of finding A
nucleons in the CC state. P„consists of two
parts: One is the probability of finding X nucle-
ons in a small volume V„whose radius is an
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order of the correlation length l, (l, -0.5—0.7 fm),
and the other is the probability $ ~ that the CC
state, composed of N nucleons, does not break
up during the fast collision. Therefore, I write
P~ as

(2)

where the radius of V is the mean distance f (I
-1.4 fm) between two nucleons inside nucleus.

I now want to describe the proton inclusive
cross section at 180' in proton-nucleus collisions.
My mechanism for this process is similar to the
Amado-Woloshyn model, ' except that in this case

!
the incident proton hits the CC, instead of the nu-
cleon. Therefore, I write the cross section as

p„(r) = (v/w)"' e

one obtains the following form for w„(k):

w„(k) = (4w/Nv)"'e '"~"

which is normalized according to

fw (k)[d'k/(2m)']=1.

(5)

(6)

(7)

Finally, m~ cc denotes the p-CC invariant ampli-
tude and is related to the cross section in the
center-of -mass system4 by

(
dg 1 1

dn, , cc (8m)' s

where s is the square of the center-of-mass en-
ergy. To determine the value of mp cc, I assume
that (dv/dQ, )~ cc is the same as the proton-
nucleon cross section in the center-of-mass sys-
tem. Note, that, in Eq. (3), the off-shell effects
'.n ~p cc are ignored.

In Fig. 1, I show the various contributions from
the N-CC state to the proton inclusive cross sec-
tion calculated by Eq. (3). One can see from Fig.
1 that the zeroth-order term (N= 1 case) gives
results which are a few orders of magnitude
smaller than experiment, as has been already
stated in Ref. 2. However, the N=2 case gives
as large contributions around Ep= 150 MeV as the
observed cross section. Further, the N=3 case
becomes important around Ep= 200 MeV and the
N=4 case around Ep 300 NeV. The solid line
shows a sum of the N=1 through N=4 contribu-
tions and yields an excellent description of the

Imn-ccl ~( ) (2z)3 (Q~)2 j'
with Ecc= [(NM)'+ (p, +R —p&)']'" and E= Ip, INM,
where (E;, p, ) and (E&, p&) denote the initial and
final energy and momentum, respectively. e is
the average nuclear excitation. w„(k) is the mo-
mentum distribution of the N-correlated cluster
(N-CC) state, related to the N-CC state wave
function [p~(r)]' 2 by

w„(k) = C!fp ""(r)e' "'~d'
rP (4)

Choosing a simple expression for p„(r), such as

5(E;+NM —E~ —Ecc—e)
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FIG. 1. The contributions of each N-CC state (%=1—
4). The solid line shows the sum of the contributions
and is compared with the data.
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l observed data. In Fig. 2, we compare the calcu-
lations with experiment for three typical cases
with different masses and different incident en-
ergies. Again, the model shows a remarkable
agreement with the experiment.

Concerning the parameters introduced in this
model, I will comment on v which appears in

p„(r). The value used here is 0.5v=0.419 fm 2

which is independent of the mass number A. This
choice may not cause any serious errors, since
I am only interested in describing the data to
within a factor 2. Secondly, I introduced P„, the
probability of finding the N nucleons in the CC
state. Here the following value is used for (V,/V),

(V, /V) = 0.07,

which corresponds to the correlation length f,
=0.6 fm which is consistent with the one produced
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FIG. 2. A comparison of the present calculations
with the experimental data from Ref. 1.

by the short-range correlations in the nucleon-
nucleon interaction. ' Further, $„of P~ in my
calculation is found to be $ „=1, which means
that during the fast collision the CC state has
very little probability of breaking up. However,
this result is not conclusive at all, since we put
the p-CC cross section equal to the p-1V cross
section, which apparently underestimates the
p-CC cross section, since the CC state has a
larger volume than the proton.

Next, I will discuss other possible mechanisms
that should be considered for the backward scat-
tering process. First, I comment on some possi-
ble effects due to statistical processes. In this
regard, I refer to the calculations by Fijita and
Mantzouranis, ' who studied the same problem in
terms of the generalized exciton model, ' which
can describe the low-energy nucleon distribution
quite well. However, it was found that the gener-
alized exciton model cannot reproduce the ob-
served behavior of the energy dependence of the
inclusive cross section in such high-energy cas-
es. Secondly, I comment on multiple-scattering
processes (i.e., sequential scatterings), since
they are known to be very important in forward
scattering. However, one can easily check that
the incident proton loses too much energy when
it scatters at 180' through multiple scatterings.

Up to now, I have described the CC model. In
what follows, I compare my model, first, with

FIG. 3. The incident-energy dependence of the cross
section at E& ——250 MeV. Here, the incident-energy de-
pendence of the proton-nucleon cross section in the
c.m. system is ignored in both models. Further, I em-
ploy the elastic proton-nucleon cross section for (do/
~~c, m. ~p- CC'

the Amado and Woloshyn (AW) model and, second,
with the model presented by Burov et al. '

As mentioned before, the AW model can also
reproduce the data quantitatively. A question
may arise to whether one can discriminate be-
tween the AW model and the present one. This
may be achieved when one considers the depen-
dence of the cross section on the incident proton
energy. This is qualitatively quite clear because
in the AW model the main features of the spectra
are determined by the momentum distribution in
nucleus whereas in my mod'el when the incident
energy becomes higher, high-energy protons at
180' become more available, since the outgoing
protons are the ones that hit the CC. Figure 3
confirms numerically this tendency. At the pres-
ent stage, where there are only two experimental
points available, one may not draw any conclu-
sions as to which model is more reasonable,
since both models are only reliable to within a
factor 2 or 3.

Next, I discuss the connection of the CC model
with the so-called "fluctuon" model that has re-
cently been developed by Burov, Lukyanov, and
Titov and that has turned out to explain quite suc-
cessfully the pion inclusive spectra in 8-GeV pro-
ton-nucleus collision. The fluctuons are some

176
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special state, related to a fluctuation of the nu-
clear density, composed of N nucleons (N= 2, 3,
4, . . .). However, the nucleons composing the
fluctuons are assumed to be confined to a very
small volume whose radius is smaller than the
radius of a nucleon. Although such a state is un-
known in nuclear physics, the picture has one ad-
vantage over my model, since the fluctuons auto-
rnatically satisfy the only condition which exists
in my model, namely, that the CC does not break
up during the fast collision. In other words, the
fluctuons are geometrically so small that the nu-
cleons in each fluctuon interact with the incident
protons simultaneously. Qn the other hand, it is
found in my model that the mean distance between
the nucleons composing the CC is almost the same
as the correlation length which is usually found
in nuclear structure calculations. In this respect,
it may be said that the CC has more reality in
the nucleus than the fluctuon.

I have shown that a model which takes into ac-
count collisions between the incident proton and
correlated clusters is quite successful for ex-
plaining the backward-scattering problem. Furth-
er studies of this kind would be quite useful for

exploring new features concerning correlations
in nuclei.
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Fragments with 1-Z & 12, some with energies as low as 9 MeV/nucleon and some with
energies as high as 120 MeV/nucleon, have been analyzed in high-energy nucleus-nu-
cleus reactions with C, Ne, and Ar projectiles. For a given projectile the invariant
cross sections of all fragments appear to define a "universal" curve that is exponential
in momentum, provided momentum is evaluated in a frame in which the distribution is
isotropic. The low speed of the frame (-0.01c to -0.1c) suggests emission from the
recoiling target.

Recently we reported' energy and angular dis-
tributions of complex nuclei (3 & Z & 9) with ener-
gies -15 to —60 MeV/nucleon produced in high-
energy nucleus-nucleus interactions at the Law-
rence Berkeley Laboratory Bevalac. The angular
distributions were consistent with isotropic emis-
sion from a source moving in the beam direction
with a very low velocity, P, =0.08+0.02. The en-
ergy distributions in the moving frame were about

equally consistent with Mmovellians with a very
high temperature, v = 50 to 70 MeV, or with ex-
ponentials in momentum, the latter implying a
nonthermal process. We pointed out that a source
in thermal equilibrium at such a high tempera-
ture and low velocity would be incompatible with
energy-momentum conservation and concluded
that most of these complex nuclei must have been
emitted nonthermally.


