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The energetic protons seen at 180' in 600- and 800-MeV proton-nucleus collisions by
Frankel et al. are accounted for by a single-scattering mechanism that incorporates a
new phenomenological form for the momentum distribution in the nucleus.

Frankel et a/. ' have reported detecting high-en-
ergy (100-400 MeV) protons at 180' from 600-
and 800-MeV protons incident on a variety of nu-
clear targets. The high energies and therefore
short time involved suggest that this is a direct
reaction rather than a statistical process involv-
ing distribution of the incident energy among many
particles. The simplest direct process is a sin-
gle scattering and that is the mechanism we con-
sider here. There seems little point in turning
to multiple- scattering mechanisms that maintain
the direct reaction features until the simplest is
explored. This single scattering requires that
the struck nucleon be moving backward with high
virtual momentum before the collision. The rap-
id fall-off with detected proton energy observed
by Frankel et al. from this point of view is a di-
rect manifestation of the rapidly falling momen-
tum distribution in the nucleus. In this Letter we
introduce a new parametrization of that distribu-
tion, and using the single-scattering mechanism,
calculate the inclusive cross sections of Frankel
et al. The parameters of our momentum distribu-
tion are obtained by fitting the guasielastic elec-
tron scattering data which are dependent on lower
momentum components' ' and thus there are no

free parameters in our calculation of the proton
inclusive cross section. We obtain the magnitude
of the cross section as well as the general depen-
dence on detected proton energy, bombarding en-

ergy, and target atomic number.
Our mechanism for the process is represented

by the Feynman graph of Fig. 1. The incident
proton with momentum P (in the lab frame) strikes
a virtual nucleon of momentum 0; the residual nu-

cleus recoils with momentum A and in the state
S,. After the collision the observed proton has
momentum q and the unobserved nucleon has mo-
mentum p'. The nucleon-nucleon collision is de-
scribed by an (off-shell) two-body scattering am-
plitude. The experiment measures do/d'q at 180'
and hence sums over P' and S„subject to energy
and momentum conservation. If we assume that
most of the states S, are at low excitation ener-
gies compared with the other energies of the
problem, we can neglect the S, dependence of the
argument of the energy conserving ~ function.
The sum over SI, can then be done by closure' so
that in dv/d'q only n(h), the probability for finding
a particle of momentum k in the target ground
state, appears. Making this approximation we ob-
tain for the cross section associated with the
mechanism of Fig. 1

do M' 1
d'q pE(q) 2(23)3 E@ E( —[np(k)Q! mph! 3+ n„(h)Q! m~„!3]

&&6(E(p) +M-E(q) -E(p+%- q) —e) (1)

where E(p) = (p'+M')'I', Q!m!' is the square of the nucleon-nucleon scattering amplitude summed over
spins, and & is the average nucleon interaction energy. The quantity n~(h) [n„(h)] is the probability den-
»ty « finding a proton [neutron] of momentum h in the target ground state. The normalization is

de M
(2.)3E(j) '( ) (2a)
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2
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FIG. 1. Single-scattering mechanism for proton in-
clusive scattering. The argument of the energy conserving & function
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reflects the assumption that the excitation energy
and recoil energy of the residual nucleus may be
neglected. We interpret Fig. 1 as a regular Feyn-
man diagram and hence the "energy" of the ex-
changed particle k does not appear in the 6 func-
tion. ' We use the 5 function in (1) to do the angu-
lar integral. The remaining k integral runs be-
bveen allowed kinematic limits given by

- = Q —(2M &v + ~')'~',
k ~„=Q + (2M' + &u2)'12,

where Q = Ip —ql and ~ =Earp -E(q) —e. The val-
ues of k " in this problem al e ln the range 700
to 1400 MeV/c. These are very large momenta
compared with typical nuclear values and since,
in this region, n(k) falls rapidly with increasing
k, the k integral in (1) will be dominated by k's
near k ~. The cross section will therefore be
approximately proportional to n(k h).

For ImI' in (1) strictly we need the off-shell am-
plitude. We assume we can take ImI' out of the
integral in (1), take k =k ~, and take the on-shell
Im I appropriate to scattering from momentum p
to P' (a relatively small momentum transfer) at
the final center-of-mass energy. Other treat-
ments of the off-shell amplitude introduce uncer-
tainties of about a factor of 2 in the cross sec-
tion, but short of a full off-shell theory, the
choice remains arbitrary to this extent.

It remains to find a model for n(k). We recall
that quasielastic electron scattering has been
used to investigate the momentum distribution
for low momentum2'3 and it is natural to try to
fit both electron and proton scattering with a com-
mon distribution. Quasielastic (e, e ) scattering
has been fit mith a momentum distribution corre-
sponding to a zero-temperature noninteracting
Fermi gas. ' This is not suitable here as it has
no high-momentum components at all. We have
tried to generalize the distribution to that of a
finite-temperature Fermi gas, but as we shall
see, it is not possible to incorporate enough high-
momentum component to fit the Frankel experi-
ments and still be able to fit the (e, e') data. This
is essentially due to the extremely fast (Gaussian)
falloff of the Fermi-gas distribution at high k. It
should be noted that the Gaussian falloff in q seen
by Frankel et al. does not imply a Gaussian fall-
off for n(k). In searching for a better form, we
found two that are phenomenologically equivalent,
and which are motivated by our study of a one-di-
mensional many-body problem. ' These are

n, (k) = N, k yJsinhy, k,
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FIG. 2. Backward inclusive proton spectrum for 6pp-
and 800-MeV protons on Ta. The solid line is a fit to
the data of Hef. 1. The dashed and dash-dotted lines
are our calculations with momentum distribution (Ba)
and (Bb). The —~ ~ line uses the finite-temperature
Fermi-gas momentum distribution.

800 MeV—

and

n, (k) = N, /cosh'y, k. (Sb)

N is a normalization constant while y is a momen-
tum scale. These n(k) are functions of k', but for
large k fall only like exp(-y, k) or exp(- 2y, k). In
fact for very large k, n(k) should fall like a pow-
er, ' but this presumably does not happen until
k/A is large, a regime not attained here. We fix
N and y (and e) for each case again by fitting the
(e, e') quasielastic data. ' For example, for Ta,
we find that ~ =35 MeV, y, =2.5 fm, and y, =1.0
fm.

All of the quantities in (1) are now fixed and we
calculate the cross section. R. Fig. 2 we show
the calculation for tantalum compared with the
Frankel data for 600- and 800-MeV bombarding
energy. We see that (Sa) and (Sb) give the magni-
tudes and general trends equally mell, while the
Fermi-gas fit is three to four decades too small.
In Fig. 3 m'e compare our calculated cross sec-
tions with the data of Ref. 1 for 600-MeV protons
incident on C, Cu, and Ta. We only show the cal-
culation for case (Sa) to keep the figure simple.
Here (Sb) would do about as well. The absolute
magnitude, slopes, and dependence on A. and bom-
barding energy are all qualitatively correct. It
should be stressed again that there are no free
parameters, since the parameters in n(k) have
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nism that accounts for the energetic backward
protons seen by Frankel et al. in high-energy
proton-nucleus collisions. The explanation is
based on n(k), the momentum distribution in the
nuclear target, for very large momenta. We
have a new parametrization of n(k) that accounts
for the data, which is gratifying, but at the same
time points out that these remarkable experi-
ments are giving information on n(k) in a new and
largely uncharted domain.

We thank Professor S. Frankel for sharing his
data with us prior to publication.

FIG. 3. Comparison of calculated (———) and experi-
mental (—) inclusive proton spectra for 600-MeV pro-
tons incident on C, Cu, and Ta.

been fixed from another and very different set
of experiments and that we have made no attempt
to search for more sophisticated or complicated
forms for n(k) or the off-shell amplitude since
this would be inappropriate in terms of the di-
rect, simple account of the data we are trying to
glvee

There are many questions raised by our calcu-
lation. Can the microscopic theory of n(k) be im-
proved~ Can the single-scattering assumption be
further checked or justified~' Can the ideas used
here explain the deuterons or tritons also ob-
served by Frankel et al. ~ What are the implica-
tions of the large high-momentum tail in our mod-
el for other medium-energy processes~ We do
not have complete answers to these questions.
Rather, our purpose is to show that the proton
cross sections can be simply explained and to re-
late that explanation to another set of data which
depend on internal nuclear motion in a completely
diff erent physical region.

In summary, we propose a simple direct mecha-
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proton momentum distributions. In Bef. 2 proton and
neutron Fermi momenta are weighted so that proton
and neutron densities are equal. Choosing such a
weighting for y has only a small effect on the final re-
sults.

To gauge the sensitivity of the fit we note that a 5%
change in y leads to a 5~jo change in the height of the
quasielastic (e,e') peak and a change of 25% (at the low-
est observed q) or 60% (at the highest) in the proton
cross section.

For example, the single-scattering mechanism
makes definite predictions for the angular dependence
of the proton inclusive cross section which S. Frankel
has proposed to measure.


