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The proton spectrum over the angular interval of 0 to 10 mrad from the interactions of 29.4-
GeV nitrogen on carbon has been calculated. The differential cross section for the emission
of protons indicates that there is a significant number of emitted protons with energies great-
er than the energy per nucleon of the incident projectile (2.1 GeV). A description of the cal-

culational method is included.

[NUCLEAR REACTIONS !N(i2C, p), E =29.4 GeV; calculated o (E,), g =0-10 :I

mrad.

INTRODUCTION

An interesting result has been obtained from an
exploratory approach to the calculation of heavy-
ion reactions,! namely, that the predicted proton
spectrum at small forward angles contains a sig-
nificant number of protons emitted with energies
greater than the incident energy per nucleon of the
projectile. An early experimental test? of this
theoretical prediction is important in that it will
help guide this and other theoretical approaches.?

In carrying out the calculation, the basic concept
employed was that heavy-ion reactions can be
treated as the interaction of two Fermi gases. Ap-
proximations were made to facilitate the effort,
and potentially important effects (such as depletion
of local nuclear density and angular momentum
transfers) were ignored. Due to the preliminary
nature of the model, only the proton spectrum is
discussed here while other results are reported
elsewhere.* However, it is expected that the bulk
of the high-energy proton spectrum in the forward
direction will be relatively stable to changes in the
model. The justification for this opinion is given
in a subsequent section. Since the time delay will
be significant for the completion and validation of
the computer program with the approximations
removed, publication of the proton results for sub-
sequent experimental verification or nullification
appears warranted at this time, particularly since
the proton spectrum reflects the approach employ-
ed. An alternative theoretical approach, which is
proceeding concurrently elsewhere,® will not yield
the same shape for the spectrum.

MODEL AND CALCULATION

The method of carrying out the heavy-ion calcu-
lation is an extension of the method of intranuclear
cascades. For incident nucleons, at least, it has
been shown that the absolute value of experimental
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energy-angle-correlated nucleon spectra from
continuum-state transitions involving nucleons
(about 0.1 GeV or more) on complex nuclei,can be
reasonably reproduced by this method.>~" In this
approach, the incident nucleon interacts initially
with one of the bound nucleons of the nucleus in a
“quasifree” interaction. The collision products
from this interaction, which might include pions,
move through the nucleus and interact with other
bound nucleons in the same manner, and the pro-
cess is repeated (building up a cascade of parti-
cles) until all of the collision products escape or
are absorbed by the nucleus.

The heavy-ion reaction then is envisioned to
take place as follows: During the passage of the
incident heavy ion (projectile) through the target,
those nucleons of the projectile that are in the
region of overlap undergo quasifree reactions with
the individual nucleons of the target. A cascade is
thereby generated simultaneously in both target
and projectile. The nucleons that have been jarred
free of the binding forces in either the target or
projectile and that also manage to survive capture
during the development of the cascade escape from
the target and projectile. They are emitted as free
nucleons in various directions and with a variety of
energies. After completion of the cascade, the
remaining fragments of the projectile and of the
target move off in highly excited states emitting
evaporation particles until sufficient excitation
energy is lost to stop the evaporation process.

The present version of the heavy-ion-collision
model only approximates the feature of the simul-
taneous cascades in both projectile and target. To
this end we first permit the projectile, moving with
velocity 7, to impinge upon a target that is station-
ary in the laboratory frame of reference. Cas-
cades are allowed to develop only in the target.
This is called the “forward” reaction. Then the
target, moving with velocity -V, is made to im-
pinge upon the projectile, which is taken to be
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stationary, and cascades are then permitted only
in the projectile. The directions and energies of
all partieles thus calculated in this “inverse” reac-
tion are transformed to their corresponding values
in the frame of reference of the forward reaction,
i.e., in the laboratory frame. The results from
the forward and inverse reactions are then each
weighted by one half.

The general physical properties that are simulat-
ed for the nuclei of every target and every projec-
tile are as follows: The nucleons making up the
nucleus are clustered closer together near the cen-
ter of the nucleus than on the edges. The density
distributions are thus approximations to measured
Fermi-type charge-distribution functions.® Some
of the distributions that were tested for applicabil-
ity to this model are shown in Fig. 1. Details of
these tests will be given subsequently in this paper.
The nucleons bound in the nucleus are in constant
motion with zero-temperature Fermi energy dis-
tributions, which are determined by their local
densities. Attractive single-particle potentials are
assumed to exist in the nucleus, and these are
made to vary in strength with the Fermi energy.
An approximation to account for exclusion effects
in all reactions is incorporated. Further details
on the nuclear properties are given elsewhere.®

Briefly, the calculation, which employs Monte
Carlo techniques, proceeds as follows®:

(1.) A center-to-center impact parameter, mod-
ified crudely for Coulomb effects, is randomly se-
lected from a uniform distribution over the area of
a circle whose radius is the sum of the target and
projectile radii. The coordinate system of the lab-
oratory frame of reference is located at the center
of the target with the z axis in the direction of the
incident projectile. Approximate calculations are
used to alter the direction of the incident heavy ion
to account for Coulomb deflection. The deflection
and impact parameter modifications to account for
Coulomb effects are calculated as follows: A rela-
tivistic transformation is made to the center-of-
mass system (C system). In this system, a non-
relativistic kinematics calculation for point
charges acting only under the influence of their
Coulomb forces is carried out using the initially
selected center-to-center impact parameter. This
calculation yields the distance of closest approach
and the C-system scattering angle. The impact
parameter used in the heavy-ion calculation is set
equal to this distance of closest approach. The
C -system Coulomb deflection for the heavy-ion
reaction is taken to be one half the C-system scat-
tering angle for the point charges. The value of
one half is used because the ions are acting under
the influence of a pure Coulomb force only until
they overlap, at which time the forces become ex-

tremely complicated. A relativistic transformation
back to the laboratory system gives the Coulomb
deflection used in the heavy-ion reaction.

(2.) Each nucleon in the projectile is assigned a
position inside the projectile and is given an inter-
nal energy. The positions and energies are ran-
domly selected from the density and Fermi energy
distributions described above. The internal ener-
gies do not change the incident kinetic energy (taken
to be the kinetic energy per nucleon of the heavy-
ion reaction) or the direction of each nucleon. They
are used only in calculating the energy available
to the reaction when the nucleons collide. For this
purpose, the incident energy is reduced by the dif-
ference between the local well depth in the projec-
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FIG. 1. Relative nuclear density vs nuclear radius for
three nuclear configurations representing the N nucle-
us. Solid line: “standard” configuration; dashed line:
“smaller” configuration; dot-dashed line: “smallest”
configuration; dashed curve: Hofstadter’s Fermi-type
distribution (Ref. 8).
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tile and the internal kinetic energy of the nucleon;
i.e., the incident energy is reduced by an amount
which approximates the actual binding energy of
the nucleon in the projectile in order to obtain the
energy available to the reaction.

(3.) Trajectories for each nucleon of the projec-
tile are calculated, all initially parallel to each
other, with x and y positions determined by steps
1 and 2. Depending on the impact parameter selec-
ted, some of these nucleons will miss the target
completely, while some will pass through the target
but will not collide (because of target transparen-
cy). The remaining fragment of the projectile
consists of all of these uncollided nucleons and it
also consists of holes interspersed throughout the
fragment. The holes result from the removal of
those nucleons of the incident projectile that have
collided.

(4.) For each nucleon that collides, an indepen-
dent cascade is developed in the target. Some of
the cascade neutrons and protons (and also 7 me-
sons) escape with various energies and directions.

(5.) The excitation energy remaining in the pro-
jectile fragment is calculated from the holes there-
in, while that for the target is calculated from a
kinematic energy balance.

(6.) Conservation of total energy and momentum
is invoked in carrying out the relativistic kinema-
tics calculations that determine the directions and
kinetic energies of the fragments of the projectile
and target. An angular distribution for the projec-
tile fragment suggested by experimental evidence
is employed'?; i.e., it is assumed that the projec-
tile fragment is isotropically distributed in a sys-
tem moving with velocity V of the initial projectile.

(7.) As the excited projectile and target frag-
ments move away from the interaction site, they
are made to evaporate particles until their excita-
tion energy is lost. The evaporation of each parti-
cle from the fragment is calculated in the rest sys-
tem of the fragment, where isotropic emission of
the particles is assumed. The laboratory energy
of each particle is calculated by a transformation
back to the laboratory system. The change in mo-
mentum of the fragment following each evaporation
is taken into account.

(8.) Steps 1-7 are repeated several hundred
times in order to sample properly from the distri-
butions employed.

(9.) The inverse reaction described above is cal-
culated by repeating steps 1-8, while interchanging
the roles of target and projectile, and the results
are transformed back to the laboratory frame of
reference. However, the fragment of the stationary
projectile in the inverse reaction is given the same
angular distribution as it has in the forward reac-
tion.
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DISCUSSION

The sensitivity of the results to the assumptions
deserves discussion. The nuclear radius was
varied from that normally used in the intranuclear-
cascade calculation.® The nuclear conﬁgurations,
designated as “standard,” “smaller,” and “small-
est,” and the radii used in this variation are shown
in Fig. 1. The configurations correspond to those
whose outer radii are equal to the radius of the
Hofstadter Fermi-type charge-distribution function
when the value of this function reaches 1, 4, and
7%, respectively, of its value at zero radius. A
comparison of the results using these radii for the
emission of high-energy fragments at 0° with the
data of Heckman et al.*''° indicated that the sensi-
tivity of data of this type to the radius is about the
same as the change in the geometric cross section
with the radius. The configuration designated as
“smaller” is the one adopted for this paper.

The angular distribution (which is not determined
from the model) of the excited target and projectile
fragments that emerge from the reaction prior to
evaporation was varied. In one case it was as-
sumed that the target recoiled isotropically in the
center-of-mass system and in another it was as-
sumed that the projectile recoiled with & momen-
tum equal and opposite to the momenta of the nu-
cleons removed from the projectile. The data of
Heckman et al.!” were again used as a standard for
comparison. For the first assumption the predict-
ed cross sections for the yield of various high-en-
ergy fragments emitted into the appropriate angu-
lar and energy ranges (corresponding to the mea-
surement) were all zero. For the second assump-
tion, the high-mass isotopes appeared too frequen-
tly and there was a deficiency of low-mass iso-
topes. The bulk of the high-energy proton spectra
is insensitive to the assumed angular distribution
of the fragments.

Direct tests of the sensitivity of the results to
the other assumptions in the model have not been
made, but conjectures regarding this sensitivity -
warrant a brief discussion. The neglect of the
Fermi motion of the nucleons in the projectile with
respect to the energy and the direction of the in-
coming nucleon should be small. The laboratory
energy of a bound nucleon will vary from 1.4 to
2.9 GeV if it has a kinetic energy of 30 MeV with
respect to the center of mass of a projectile whose
laboratory energy is 2.1 GeV/nucleon. However,
the total cross sections are relatively constant
over this energy range of variation,!! and the dif-
ferential scattering cross sections are all peaked
forward.'? Therefore, one would expect that the
inclusion of the Fermi motion of the nucleons in
the projectile would give rise to second-order ef-
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fects only. At the energies under consideration
(~1 GeV/nucleon) the changes in the directions of
these nucleons due to the Fermi motion would be
extremely small.

The representation of the development of simul-
taneous cascades in both projectile and target
(while they are interacting) by the separated for-
ward-inverse reactions should lead to changes in
the mass distribution for the light fragments and
leave that for the heavy fragments (masses close
to the target or projectile) relatively unaltered.
The reactions leading to the formation of heavy
fragments are simple in that they are generally
peripheral interactions in which only a few nucle-
ons are involved, and hence they should be better
represented by the forward-inverse approximation;
i.e., their residual mass and excitation energy
distributions (which affect the evaporation phase)
should be better represented.

The neglect of local nuclear-density depletion as
the interaction proceeds is expected to have a sig-
nificantly greater effect on the results that are due
primarily to central collisions (and hence more
complicated reactions) than on those from peri-
pheral collisions.

The neglect of angular momentum transfer could
affect both peripheral and central collisions be-
cause there is such an enormous amount of angular
momentum involved in these high-energy heavy-
ion reactions. For example, the incident angular
momentum for a 1-GeV/nucleon Al-on-Al reaction
is typically 1000%. Even if relatively small frac-
tions of this are transferred to either the target
or projectile fragments, their evaporation charac-
teristics will be greatly altered.

The bulk of the proton spectrum at high energies
comes from peripheral quasifree (cascade) inter-
actions, and hence the effects of the forward-in-
verse approximation and the neglect of both nuclear
depletion and angular momentum should not affect
this portion of the spectrum significantly. At the
maximum energies, however, the evaporation con-
tribution dominates, and although the cross section
is relatively small, its effect is quite interesting
and is discussed in the next section.

NUCLEON SPECTRUM IN FORWARD DIRECTION

The predicted proton spectrum at forward angles
from 29.4-GeV N-on-C collisions is shown in Fig.
2 for the “smaller” nuclear configuration. There
are two peaks predicted at high energies. The peak
centered at 1.7 GeV is made up primdrily of cas-
cade or direct-interaction protons from the for-
ward reaction (84%) with the remainder consisting
of cascade protons from the inverse reaction (10%)
and evaporation protons from the projectile in the

inverse reactions (6%). The peak centered at 2.3
GeV consists mainly of protons evaporated from
the projectile in the forward reaction (56%), with
cascade and projectile evaporation protons from
the inverse reaction contributing the remainder
(16 and 28%, respectively).

The peak at 1.7 GeV is the “ quasifree” peak from
the direct interactions of the nucleons of the pro-
jectile with those of the target. The peak is located
at a smaller energy than expected (expected at ~2.1
GeV at these angles) because of exclusion effects.

It is both interesting and important to note that the
the cross section for the emission of protons with
energies greater than the energy per nucleon of
the incident projectile (2.1 GeV) is quite sig-
nificant. Experimental verification of the shape
of the proton spectra is important in order to guide
the theoretical approaches. Other attempts at
heavy-ion calculations, which are similar to these
but which do not include the inverse reaction, yield
proton spectra whose ratio of cascade-to -evapora-
tion contributions is very different.® This parti-
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FIG. 2. Proton spectrum for the angular interval of
0—10 mrad from 29.4-GeV N on C. The energy per
nucleon of the incident projectile is indicated by the ar-
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cular spectrum was selected because it is amena-
ble to early experimental verification,? and it
clearly distinguishes the cascade and evaporation
protons at the high energies.

Statistically, the peak at the highest energy is
significant in that the same case was repeated
using the “standard” and “smallest” nuclear con-
figurations, and essentially all of the high-energy
results were within statistics of each other (i.e.,
their error bars overlapped), and all results indi-
cated two similarly located peaks at high energy.

Physically, however, the second peak may not be
manifest as such because its existence, theoreti-
cally, is dependent mainly on the evaporation
phase of the calculation, particularly evaporation
from the projectile fragment. As was discussed
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in the previous section, the forward-backward
approximation and the neglect of simultaneous
cascades and angular momentum transfers will have
a direct bearing on the evaporation process, and
they will therefore affect the magnitude and, to
some extent, the shape of the second peak.
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