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ABSTRACT

A general review of nucleon-nucleus and nucleus-nucleus
collisions for incident energies <10 GeV/nucleon will be
presented. I will briefly discuss the division of these inter-
actions into peripheral and central collisions. The talk will
cover such subjects as: target and projectile fragmentation
systematics, production of exotic nuclear fragments, studies of
multi-particle final states, total cross section measurements,
results from an experiment which indicate the production of
projectile fragments with an anomalously short reaction mean-
free-path, high energy particle production at backward angles
beyond simple N-N kinematic limits, and recent results on back-
ward particle emission in studies with the Berkeley streamer
chamber. In each topic, I will try and emphasis both the par-
ticle and nuclear physics aspects which are present. A brief
discussion of future trends in this energy range will end the
presentation.
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INTRODUCTION

The material for my talk will consist of a general review of
nucleon-pucleus (N-A) and nucleus-nucleus (A-A) collisions for
incident energies of <10 GeV/nucleon. The bulk of data in this
energy range have come from the Dubna Synchrophasotron which can
provide beams of A > 2 with energies up to about 4 GeV/nucleon,
the Berkeley Bevalac Facility with energies up to 2.1 GeV/nucleon
and Saturne at Saclay with energies up to 1.5 GeV/nucleon.

In the study of N-A and particularly A-A collisions it has
become customary to divide the physics to be studied into two
broad categories corresponding to peripheral and central
collisions. Figure ll'3 provides a useful picture for dis-
playing the concepts of interest. The invariant cross-section,
Ed30/dp3, for the production of protons at 0% and 180°
is plotted against the laboratory momentum of the outgoing
proton. Several distinctive features are evident:

1) A peak centered about the momentum/nucleon of the
projectile, which can primarily be associated with
properties of the projectile, i.e., the region of
projectile fragmentation.

2) An increase of the production cross section as the
laboratory momentum approaches zero (rapidity = 0),
indicative of a region which can be associated with the

. target, i.e., the region of target fragmentation.

3) In between these two regions (which primarily reflect
the characteristic of the projectile/target nuclei) we
find a region of relatively slow variation in cross
section. This can be thought of as the mid-rapidity or
central collision region (y = 1/2 1n (E + Py /E - p")).

These separate fragmentation regions are studied most

effectively via peripheral interactions; that is, with large
impact parameters. One anticipates that these regions will be
dominated by few-nucleon physics. Although at the extreme
momenta of Fig. 1, a transition to a region where more nucleons
of the target and/or projectile participate is clearly possible
(at the kinematic boundaries total participation of all nucleons
is of course required). Continuing with this approach, we would
expect the central region to correspond to small impact param-
eters, involving the participation of a majority of the over-
lapping nucleons in the target and projectile. To further
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high-light the idea of separating the interaction zones by large
and small impact parameters, let us look at an example of each
as seen in streamer chamber photos. Figure 2{a) shows the
interaction of an 0.8 GeV/nucleon 12C projectile with a target
located inside the LBL streamer chamber. Six charged fragments
are observed to exit the interaction, all moving fast (approxi-
mately at beam momentum/nucleon) in a small forward cone. No
fragments from the target are seen, suggesting that this inter-
action was highly peripheral, involving relatively small
energy/momentum transfers. In Fig. 2(b) the interaction of a
high energy AOAr projectile with the target nucleus leads to

a very large multiplicity final state. The distribution of
final state particles in ernergy and angle suggests that there
was substantial involvement of both projectile and target
nucleons, i.e., a central collision event.

The subject matter for my talk will be largely drawn from
existing data and interpretations of peripheral N-A and A-A
collisions. The area of central collisions will be described
elsewhere in this conference.a A brief list of the topics to
be presented is shown below:

1) Target and projectile fragmentation systematics,

including production of exotic nuclei,

2) total cross section and mean-free path measurements,

3) high energy ni p production in the backward direction,

particularly production beyond simple N-N kinematic
limits.
In each of these topics I will try to address both the particle
and nuclear physics aspects of these studies. I will not be
reviewing the many experiments in N-A collisions above 10 GeV
which have been used to explore such areas as diffraction
dissociation (e.g., nA + 77pA, pA + pu*w”A) or the space-
time development of hadronic matter in a nuclear enviroment.5
However, diffraction dissociation as manifested in A-A collisioens
will be presented.
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PROJECTILE FRAGMENTATION

The plan in this section will be to investigate features of
peripheral collisions primarily observed in A-A collisions.
Wnen bombarding energies are 1-2 GeV/nucleon, the rapidity
interval between target and projectile is 1 or 2 units of
rapidity. With this separation the two regions of fragmentation
can be thought of as independent (which is essentially the
concept of limiting fragmentation that will be discussed
later). Thus one is free to study the fragmentation process of
either target or projectile, the choice being one of experi-
mental technique. That is, projectile fragments will tend to be
fast, forward-going fragments. Whereas, target fragments are
generally low energy in the laboratory (target) frame, except
for high energy tails which are known to exist.

A. Projectile Fragmentation Systematics

First, I want to demonstrate some of the general features
that have been uncovered in the fragmentation of light heavy-
ions (C, N, O, . . .) at the Berkeley Bevalac. This work
involves studying the single-particle inclusive spectrum of
fragments emitted near 0°.

Figure 3 shows a typical momentum spectrum for the
fragmentation of a 2.1 GeV/nucleon 160 projectile into carbon
isotopes.6 The cross section (in arbitary units) is plotted
against the rigidity (p/z) of the fragment. The prominent peaks
are experimentally identified as various isotopes of carbon. If
one transforms any one of these distributions into the rest frame
of the projectile, a Gaussian distribution is obtained which is
paaked near zero momentum in that frame. Figure 4 shows such a
distribution, this time for the fragmentation of a 2.1 GeV/nucleon
12C projectile into 10Be. This feature of a Gaussian-shaped
momentum distribution is found to be relatively independent of
projectile and target.

From these single-particle inclusive studies the following
regularities have emerged:

1) For a majority of detected fragments, the momentum

distributions can be parameterized in the projectile
rest frame as:
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where Py and p, are the transverse and longitudinal
momentum of the fragment, (p") is the value of the off-
set from zero momentum, and Oy and g, are the FWHM
for the transverse and longitudinal momentum distribu-
tions. Within the estimated errors,6 or = 0.

2) The distribution of o, &8 a function of fragment mass

F is in good agreement with the parabolic form

of = o2F(A - F)/(A - 1), where A is the mass of
the projectile. This behavior is expected essentially
on the basis of momentum conservation and lack of
correlations between nucleons inside the fragmenting
projectile. An example of this parabolic dependence is
shown in Fig. 5. The term Ug can be related to
the square of the Fermi momentum of the fragment.7
Typically, one gets values in the range of 70-90 Mev/c,
consistent with known information on nuclear momentum
distributions.

3) The fragmentation cross section is found to factor into
a target and projectile related part. If we write the

reaction as, A + B -~ C + X, then this factorization can
be expressed as:

c
ag < Ya'¥B J

where yi depends only on the projectile and the
detected fragment, and Y depends only on the
target. A dependence of Yg © Blla, suggestive of
a peripheral interaction, has been found.6 It is
also possible to parameterize the cross section as
Yg = (Al/3 + 83 ), where ¢ plays the role of
an overlap parameter.

There have been a number of theoretical models which have
been brought forth to explain the regularities observed for
projectile fragmentation. Feshbach and Huang8 have applied
a statistical model in association with "virtual clusters" to



explain the data. Goldhaber7 has shown that the para-

bolic shape of of could be understood in the context of
thermodynamic models. Within the frame work of these models,
the temperature of the emitting source is found to be about

8 MeV. An extension af the earlier abrasion-ablation mode19

has been developed to understand the dynamics of the projectile
fragmentation process. In this model,lU the fragmentation
occurs in two stages. 1In the first, the abrasion stage, the
overlapping nuclear matter is sheared away from both target and
projectile. The remaining pre-fragment has a recoil momentum
proportional to the Fermi momentum. This remaining pre-fragment
is left in an excited state and subseqguently decays into nucleons
and/or nucleon clusters, which is the ablation stage. It is one
of these fragments which is detected. The approach was to use a
Glauber model to treat the first or abrasion stage. The follow-
ing expression was obtained from the Glauber model for the cross
section for n nucleons to be scattered out of the projectile (A)
in a high energy A-A collision:

A
o, =( )[dzb(l - P(N)" P(p)AT (1)
n

where

P(b) = f dZd25pA(S - bz) exp[-AtoNN f dz'py (x,2')]

Here (1 - P(b)) is the probability of finding a projectile
nucleon in the overlap region of the target (At) and pro-
jectile with impact parameter b. The equation thus represents
the cross section for n projectile nucleons to be inside the
overlap region and (A-n) to be outside. It is these (A-n)
nucleons which are the pre-fragment. For the ablation stage
they assume thermalization of the pre-fragment and compound
nucleus decay (standard evaporation calculation). This two-step
model generally is able to reproduce the fragmentation cross
sections and the isotopic dependence for the observed widths of
the momentum distributions. Note that the model has an energy
dependence which is built in via the energy dependence of ¢

NN
(the nucleon-nucleon cross section).
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For projectiles in the range of 1-2 GeV/nucleon the momentum
widths and production cross section for various fragments are
known to be relatively constant. As the energy of the pro-
jectile is reduced one anticipates a break in this trend, which
could reflect directly on the reaction mechanisms responsible
for the fragmentation. These fragmentation processes have been
studied at much lower energies.lz’13

Figure 6 shows energy
spectra for 12

C fragments produced in the reactions of 160

on Au and Pb targets at incident energies of B8.75, 13.63, 15.63
and 19.7 MeV/nucleon.12 All the spectra have a Gaussian-like
shape with a maximum close to the energy, Ep, of the fragment
moving with the same velocity as the incident projectile. Upon
parameterizing th85812 and‘other data13 at slightly higher

energy in the form of Gaussians in momentum, the resulting energy
dependence of the momentum widths og is displayed in Fig. 7.

A saturation is seen to set in above 20 MeV/nucleon. The
momentum widths can be related to the temperature T of a decay-
ing system using 1/2 T = og/z m (where m = nucleon mass and

og = (Pfrag/S)z)' The corresponding temperature is shown

on the right-hand side of Fig. 7 and is about 8 MeVv. It has been
conjecturedla that below 20 MeV/nucleon there is longer time for
equilibration to take place (compared to a fast process for

E > 20 MeV/nucleon), and one naturally expects smaller tempera-
tures. The dashed curve of Fig. 7 was obtained using a Fermi

gas model for a system at a temperature T = 2 Mev. Both this
thermal picture and the one previously discussed (abrasion-
ablation) are consistent with the existing data.

An additional feature of the data seen at intermediate
energies (near 100 MeV/nucleon) is the appearance of a surpris-
ingly large transverse-momentum width to projectile fragments,13
all nearly larger than 200 MeV/c. This is in sharp contrast to
the 1-2 GeV/nucleon results where apy = 9p, to within 10 percent.
The origin of thesz increased w'Jdths can be understood if one
includes the fact that the projectile can experience an orbital
deflection due to its interaction with the combined Coulomb-
nuclear field of the target before the on-set of fragmentation.
This additional contribution to the total width 9p, will become
more important as the energy is lowered. Extending the deriva-

tions of Goldhaber’ to include orbital deflection, one obtains:
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2 _ F(A - F) F(F - 1) .2
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where o] = 1/2(pil) = 0, 1is the usual term due to intrinsic

nucleon motion, and og = 1/2(p§l) is the variance of transverse
momentum of the projectile at the time of fragmentation. Typical
values of o) ~ 80-90 MeV/c (consistent with what is expected

Trom 9py results at 1-2 GeV/nucleoni}and 9, ~ 180-220 MeV/c were
obtained. Theoretical calculations for the orbital dis-
persion term are in reasonably agreement with the values

obtained from fitting the data with Eg. (2).

B) Some Current and Future Single-Particle Projectile
(A > 12) Fragmentation Studies

Much of the projectile fragmentation process can apparently
be understood in terms of the geometry of the collisicn, N-N and
N-A cross sections, ground state properties of nuclei and the
decay of a system which is excited to a temperature typically
<B-12 MeV. None of these ideas are fundamentally new by them-
selves, but we shall see that they do provide a tool, the
fragmentation process, which is of considerable utility to a
broad range of nuclear and astrophysics problems.

First, if we consider the process of projectile fragmentation,
we see that there are a number of advantages provided by doing
the experiment at high energy. The fragments are emitted at
energies typically near the beam velocity and are collimated
into a narrow forward cone (at 2.1 GeV/nucleon subtending an
angle of about 2° in the laboratory frame). Recently an
experiment to study the production of neutron-rich isotopes far
from the valley of stability shown in Fig. 8 was undertaken.
Typically, neutron-rich isotopes have been made at low energy
machines, usually requiring large amounts of running time. By
doing the experiment at high energies,15 where thick targets
could be used together with the persistance of fragment velocity,
the discovery of many new neutron-rich light isotopes was made
possible with a relatively modest amount of accelerator time.
Figure 9 shows a sample histo ‘am of data from the bombardment
of a Be target by a 212 MeV/nucleon AsCa beam. Such studies
are able to test various mass formulae and check for the exist-

ence or non-existence of new isotopes, thereby testing the limits
of stability of nuclei.
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The systematics of projectile fragmentation also iends itself
to the possibility of creating secondary beams of isotopess which
can then be delivered in a controlled fashion to an experimental
area for study. One group16 at the Bevalac proposgss to study
the B-decay of exotic, neutron-rich nuclei produced by frag-
mentation and has demonstrated the feasibility of this scheme in
a trial run.

Figure 10 shows cross sections for one-~nucleon removal
processes in the fragmentation of 12C and 160 beams. The
dependence on target mass (AT) is found to follow the average
behavior for lighter emitted fragments observed in such experi-
ments up to Cu. For heavier targets, a strong deviation from
this average behavior is observed and is found to be proportional
to 22, suggesting that Coulomb dissociation plays a major role.

A simple mocdel using the Weizsacker-Williams approximation was
able to explain the single-nucleon removal data. In this model,
the cross section for single-nucleon removal is giver by:

Oy = fg(w) N(w) du (3)

where S is the cross section of interest, o{(w) is the photo-
nuc lear cross section as a function of photon freguency w, and
N(w) is the density of photons obtained by using the Weizsacker-
Wiliiams techniques. By measuring Jyy ONe can invert the
integral above and obtain y{w). For example, a groupl7 at the
Bevalac has proposed a measurement of the reaction, 180 > P o+
l7N, on heavy targets in order to extract the virtual photon-
weighted cross sections as a function of the photon-excitation
energy. In effect, they hope that for single-nucleon removal
fragmentation events the interaction essentially sees only the
virtual photon field of the target nucleus. This in effect
provides them with a "“photon target" as shown below:

1 17

80+I|Y"_, N +p
1

heavy target

The measurements of fragmentation cross sections over as
complete a range of energies as possible is of particular
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importance to cosmic-ray and astro-physical studies. Jestions
concerning the elemental abundances in the cosmic-ray spectrum
and inter-stellar propagation mechanisms need such data as input.

Firally, beams of heavy-ions are proving of considerable use
in both bio-medical studies and as a possible therapy tool. The
possibility exists of fragmenting a primary heavy-ion beam and
selecting out from its many fragmentation products a radio-
active beam (e.g., 12C + llC). Such a beam could then be
delivered and implanted in a patient in a well localized site to
help in appropriate medical studies.

€. Single-Particle Fragmentation Studies of High Energy
Deuterons and Alphas

Now we will consider the fragmentation of light nuclear
systems; namely, deuterons and alphas. Being few-nucleon
systems, one hopes to directly apply some of the concepts which
have been found to be useful in high energy hardon collisions.
Even at energies of a few GeV/nucleon, the energies are large
compared to the characteristic energies (binding energies) of
the system, and such concepts as limiting fragmentation might
be applicable. From a nuclear physics view-point, the frag-
mentation process can potentially provide valuable information
both on the internal structure and momentum distribution of
constituents inside fragmenting nuclei.

Anderson et al.l'2

have studied the forward fragmentation

of deuterons and alphas over a wide range of incident energies
and target material. We will concentrate our atteniion on the
results from the reaction, o« + A - p + x. Figure 11 shows the
invariant croess section for proton production in a 2.1 GeV/nucleon
alphz interaction with carbon. The data are shown for values of
Pr of the outgoing proton between 0.0 and 0.58 GeV/c. The
fragmentation peak (leading particle effect) persists until
about 0.44 GevV/c, where vunly a shoulder appears. In each case,
a high momentum tail (aoproximately exponential) is observed,
perhaps indicating a different production mechanism from that
responsible for the peak. For momenta below about 2 GeV/c, a
flat region appears, possibly from more central collisions.

Next lets, examine these data in another manner. In Fig. 12
contours of constant invariant cross section are plotted in the
rapidity-transverse momentum (pT) plane. The dominance of
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projectile fragmentation in these data is evident; however, an
antistropy is also present. One clearly sees a limitation in
longitudinal momentum at large Prs perhaps indicating a source
of protons in the central region (intermediate rapidity).

These data can be used to test the validity of the hypothesis
of limiting fragmentation as applied to nuclear collisions at
these energies. Limiting fragmentation states18 that the
invariant crcss section should become independent of energy,
i.e.,

3 ¢
d %h
lim E -3 (S!p||1pT) - pa(p"vp-‘—) . (4)
S dp

For alpha fragmentation data the concept can be tested by com-
paring the transverse momentum distributions at a given proton
momentum, chosen here to be protons at beam velccity. This is
shown in Fig. 13 for the three different alpha energies and in
Fig. 14 on a reduced Pt scale. There is essentially no energy
dependence of the invariant cross section, except for the 0.93
GeV/c/nucleon data which is about 10-15 percent lower than the
others near Py = 0. By also comparing these distributions

in the projectile rest frame, it was concluded that limiting
fragmentation was verified for these data to the level of

+7-10 percent out to values of piROJ ~0.4 GeV/c, for

1-2 GeV/nucleon alpha fragmentation to protons. Scaling over
this energy range however does not hold. This is demonstrated
in Fig. 15, where the cross section vs the Feynman scaling
parameter X' is plotted. Clearly, Feynman scaling does not hold
at these energies, although the differences of these
distributions in the peak for the 1.05 and 2.1 Gev/nucleon data
are within a factor of two or three of each other.

As we have just seen, the alpha fragmentation data are rich
in structure and possess certain limiting characteristics. One
hopes to use this knowledge to obtain information about the
reaction mechanisms and ultimately to extract momentum distri-
butions. Thus the goal is to obtain the structure function of
the fragmenting nucleus from such measurements. Some success
along these lines has been achieved.
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In a recent preprint, fFujita and Hufner19 have analyzed

the resultsl"2 of o« + C ~» 3He + x. They employ a model in
which the 3He can arise from three distinct processes as
schematically shown in Fig. 16. These correspond to:
1. Elastic fragmentation (EF), where the target remains in
the ground state.
2. Spectator part (SP), where the neutron is knocked out of
the 4He and interacts with the target.
3. Knock-out (KOQ), where the 3He is knocked out of the
“He and interacts with the target.
The model is calculated in the framework of Glauber theory.
Figure 17 shows a comparison between the calculation and the
data. Agreement within the region of the fragmentation peak is
good and they conclude that this region does indeed reflect in a
simple way the momentum distribution of the (3He,3H) inside
the alpha particle before fragmentation. However, the agreement
away from the peak is not as good, and they suggest that this
might be evidence for nucleon-nucleon correlations.
Wong and Blankenbecler20 have analyzed the resultsl'
from the reaction o + C » p + X with the aim of extracting
nuclear momentum distributions. They have used a model whuich

2

combines two contributors to the final proton spectrum, as shown
in Fig. 18. These include direct fragmentation and hard
scattering terms. Comparison with the data is shown in

Fig. 19. From their analysis, they are able to extract a semi-
empirical nuclear momentum distribution for the alpha particle.
They indicate that their extracted distribution also indicates
evidence of nuclear correlations and possibly final-state inter-
actions. Thus, as in the previous theoretical study,lg the
posssibility of ground state correlations in nuclei via pro-
jectile fragmentation (particularly from the studies in the
region of the high momentum tails of the fragmentation distri-
butions) is supported. However, complications with final-state
interactions are possible, indicating the need for greater
theoretical studies before this becomes a reliable technique for
the study of nuclear correlations.
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D. More Exclusive Studies of Fragmentation

Products: Multi-Particle Final States

By accelerating nuclei to high energies and fragmenting them
on light or heavy targets, one opens up new potentials for
studying nuclear structure. The use of visual detectors such as
bubble or ctreamer chambers allows the study of charged multi-
particle final states. High resolution spectrometers with large
detector arrays like H15521 (Heavy Ion Spectrometer System) at
Berkeley will pioneer a new era in nuclear structure studies by
measuring exclusive finpal states for systems (e.g., 12, 3a),

Figure 20 demonstrates typical momentum distributions
obtained from studying multi-particle final states associated
with the fragmentation of light nuclear projectiles. 1In

Fig. 20(a) the momentum distribution for secondaries associated
with the break-up of a 8.6 GeV/c uHe beam in an Hz—bubble
chamber experiment22 displays several peaks. Using projectile
fragmentation systematics one can clearly identify these as being
due to p (near 2 GeV/c), d (near 4 GeV/c) and t (near 6.5 Gev/c).
Figure 20 (b) taken from a streamer chamber study23 using
320 MeV/nucleon 15N projectiles shows similar peaks. With
further analysis one is able to study the dominant reaction
channels.

By isolating an exclusive fipal state (e.g., 4Hep -+ pp3H
or ddp) information on the incident projectile such as the nature
and distribution of its constituents can be obtained. For example,
Chuvilo et al.2“ have studied the reaction t + p + p + d + n at
2 GeV/c using the ITEP 80 cm Hz-bubble chamber. Possible diagrams
responsible for this final state are shown in Fig. 21(a). They
have performed a calculation based on the incoherent addition of
these amplitudes, which require input of N-N parameters and
matrix elements for the various dissociation channels of 3H.
Comparison of the model calculation with the data shows agreement
with several aspects of the experiment. However, as seen in
Fig. 21(b) there is a noticeable discrepancy for the pole model
predictions near cosB;p ~-1. This could be due to a
neglect of final state interactions or possibly to correlations
in the incident triton which have not been included in the
calculation.
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Ruiz et al.?? have studied the Oo-fragmentation of
relativistic 6Li using a magnetic spectrometer in association
with spark chambers. They find evidence for the dissociation of
6Li into 3H + 2H + p and 3He +2H + n, with each of
these channels being about 20 percent of the 6Li -+ aHe + 2H
channel. They suggest that the most promising production
mechanisms for this are sequential decay through the 16.7 MeV
excited states of 5Li and 5He and single-nucleon emission by
virtual nuclei.

Through the study of multi-particle final states in
projoctile fragmentation, vital information on the reaction
dyramics can be obtained as shown above. This in turn can be
used to extract information of considerable interest to the
field of nuclear structure.

E. A-A Total Cross Sections, and Mean-Free-Path Measurements
Next, I want to discuss some features of A-A collisions
which although not entirely due to peripheral processes, never-
theless can be thought of in that category. I will now describe

results on total-cross section measurements and some recent

evidence for anomalous nuclei as inferred from reaction mean-
free-path measurements of relativistic projectile fragments.
Jaros et al.26 have measured total cross sections for beams
of p, d, o, C on like targets at Berkeley. Glauber multiple
scattering theOry27 has been used to accurately predict N-A
total cross sections in the few GeV range. The formalism in-
volves folding the basic N-N scattering amplitudes with known
nuclear matter distributions. The theory has been extended to
A-A collisions,28 and used to predict total and inelastic cross
sections. The theory is essentially geometrical and predicts
that, o, « (A%éi + Aéggj)z. The primary purpose of
the experiment was to provide data which could be used to test
the predictions of the model.

In addition, an observation by Grib0v29

also provided
stimulus for this experiment. He noted that if one naively
applied Regge factorization to nucleus-nucleus collisions it
would lead to a very different A-dependence for Og than that
expected from geometrical considerations. If one assumes
factorizatiorn and Pomeron dominance, then we can write that the
elastic scattering amplitude, Fel « gBAgEﬁ’ where g's
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refer to the appropriate vertex-Pomeron coupling constants for
nucleus A colliding with B. Using the optical theorem, which

relates the imaginary part of the elastic amplitude to Oy, OnNe
arrives at the relationship:

UT(F\A) i . (5)

If we let B = nucleon = p, and use fact that aT(pA) « A2/3
we obtain:

o (AR) = ab/3 (6)

Thus, factorization predicts AM3

, while a Glauber approach
2/3

, quite different and easily testable.

The "good geometry" transmission technique30 was used to
make these measurements. The technique consists of measuring
the beam particles which are scattered by the target with a set
of circular counters of increasing size. In this way, one can
extrapolate the measurements to zero solid angle. There are two
contributions to the scattering process at small angles; Coulomb
and nuclear scattering. Witn nuclear beams and targets, the
Coulomb amplitude will necessariliy play a larger role. The
separation of the Coulomb and nuclear effects are major
theoretical and experimental problems.

Figure 22 shows the results of these measurements at
2.1 GeV/nucleon. The sc d and dashed curves are the predic-
tions of Glauber theory ar. .he factorization relation,
respectively. The data is seen to be in excellent agreement
with the Glauber prediction for all data points except the CC
point which lies slightly below the Glauber theory prediction.
The fact that the factorization prediction is not satisfied
could be anticipated, since it is only supposed to be valid at
energies much larger than those available in this experiment.

Streamer chamber studies at Dubna32 have extended measure-
ments of inelastic A-A cross sections for carbon beams up to
4.5 GeV/e/nucleon. Results of this work along with others is
shown in Fig. 23. The results displayed as (o, )l/2 v

inel
(Al/3 1/3

tgt + Aproj) ctlearly demonstrate the geometric inter-

would predict A

S
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pretation to these cross sections at energies of a few GeV/nucleon.

Next, I want to consider some very recent results on the
reaction mean-free-path (mfp) of projectile fragments. Since
about 1954 there have been a number of experiments with high
energy cosmic-ray heavy-ions that have reported anomolously short
mfp measurements associated with the fragmentation products.

In order to study this effect with higher statistics, a
joint LBL/NRC/Marburg collaboration32 has exposed a series of
emulsion stacks to ~2 Gev/nucleon l60 and 56Fe beams from
the Bevalac. To obtain their mfp's they follow projectile frag-
ments from an initial interaction in the emulsion, through
successive generations (as high as 7th observed) of collisions.
They have obtained a sample of 1460 events from their scan.

They conclude that there is a significant sample (~6 percent) of
projectile fragments which exhibit an anomalously short mfp for
the first few centimeters after an interaction. At larger dis-
tances these fragments exhibit a more "normal" mfp. Figure 24
shows this feature, where D is the distance (cm) from a primary
interaction vertex. The dashed line is what would be expected
if there were no anomalously short mfp nuclei, and the solid
line refers to an admixture of the anomalous nuclei. Note also
that the vertical axis has a suppressed zero. The solid points
are the data summed over both l60 and 56!—‘8 events as well as
averaging over the outgoing fragment charges (3 < Z < 26). The
scatter in the data points provides a measure of the associated
uncertainties (primarily statistical). This is clearly a very
intruiging result which must be examined with additional experi-
ments.33 The level of statistics needs to be improved and
systematics (dependence on beam, energy, fragment type, etc.) of
the effect need closer scrutiny. At present, one needs to be
very cautious and critical about this result, but if it holds up

it could signal the existence of a new and interesting nuclear
phenomena.

TARGET FRAGMENTATION
We have up to this point been discussing the fragmentation
process from the vantage point of the projectile. There, as we
have seen the fragments are typically emitted at high energies
and in the forward direction. 1In this regime, the technigues of
high energy are most suitable.
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Now we want to transform to the target frame and investigate
reaction products emitted in N-A and A-A collisions. At high
energies, where the rapidity interval between projectile and
target are well separated, the physics of the two fragmentation
regions must be similar. However, the experimental technigues
are often considerably different. The projectile fragmentation
peaks which appear near the projectile velocity, when trans-
formed to the target frame correspond to near zero energy frag-
ments. An example of a target fragmentation process can be seen
by studying low energy protons (TLAB < 200 MeV) at large
production angles. Figure 25 shows the proton spectrum at
eLAB = 150° in p + U collisions at 1.04 Gev. The data3a can be
simply parameterized as the incoherent sum of two Gaussians,

The lower Gaussian (ol = 80 Mev/c) correspondiny to the primary
proton fragmentation peak we would expect to see if we frag-
mented a U-beam on a proton target (i.e., U +p > p + X). The
second Gaussian provides the high energy behavior of this dis-
tribution and is similar in nature to the high energy tail that
was discussed earlier for alpha particle fragmentation (see

Fig. 11 .or example). We will discuss this further in ccnnection
with nuclear correlations obtained from proton production at
180°.

The discussion on target fragmentation will be restricted to
high energy particle production at backward angles. Here, the
area of interest will be particles produced at energies well
beyond those expected from simple N-N cnllisions.

A. High Energy Proton Production at 1800

The production of high energy backward protons has received
considerable experimental and theoretical attention. Frankel
and collaborators have studied this process in p-A collisions at
0.6 and 0.8 GeV>> and most recently at 400 GeV at FNAL.>°
Frankel37 has interpreted the lower energy data in terms of a
model (guasi-two-body-scaling) in which the primary mechanism
for backward proton production is a scattering between the
incident proton and a target nucleon. It is the target nucleon
which is boosted onto the mass-shell and appears in the backward
direction. He was able to show that for the 0.6 and 0.8 GeV
data a simple structure function (G(kg;,) ~ e | 9) is able to
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reproduce the data, and suggested that this structure function
was a measure of the internal momentum distribution of nucleons
inside the target. Remember that backward protons are strictly
forbidden in free N-N collisions. Thus, one hopes that backward
proton production can provide us with a tool for extracting
information on nuclear momentum distributions. However, a word
of caution! Gottfried38 had earlier pointed out the diffi-
culties associated with extracting information on high internal
momentum components due to mean field effects. Amado and
woloshyn39 have demonstrated that final state interactions
preclude a simple interpretation of the backward momenta in
(p,p") reactions.37 However, the study of high momentum
protons can provide valuable information on the production
mechanisms, and possibly on internal momentum distributions.

Our group at Berkeley3 has concluded a systematic study of
the inclusive spectrum of energetic protons (0.4 < p < 1.0 GeV/c)
emitted at 180° using the full range of energies and pro-
jectiles available at the Bevalac. Earlier measurementsAD at
laboratory angles 120° using high energy v, y, ® and p beams
have shaown that the spectra of protons above 400 MeV/c is
independent of projectile type and energy. This strungly
suggests that such experiments do indeed probe fundamental
characteristics of the ground state of the target nucleus.

The energy dependence of the cross sections is shown in
Fig. 26 along with results of other experiments.35'36’“‘42 A
limiting behavior of these distributions sets in above energies
of 1-2 GeV/nucleon. A slight rise is seen in the 400 GeVv data
measured at 160%. The spectrum at 90 MeV has an elastic
kinematic limit at 392 Mev/c. The lack of dependence on incident
energy is exhibited for all targets and suggests that limiting
target fragmentation18 appears to set in around 2 GeVv.

Figure 27 shows the dependence on projectile mass for a
carbon target. The shapes are seen to be roughly independent of
projectile mass. Plotted in the same figure (in the projectile
rest frame) are data from Papp43 for C + C ~» p(2.5°) + X.

The break found in the combined C + C + p + x data near 350 MeV/c
is similar to that found in extracted momentum distributions from
(v,p) experiments. Recent theoretical investigationsa“'46 show
that the internal momentum distributions in nuclei can be
approximated by two overlapping Gaussians when short range
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correlations are included. The low momentum Gaussian is
dominated by single-particle characteristics of the mcmentum
distributions and the second Gaussian emerges when short range
correlations are considered. The solid line is a double Gaussian
parameterization of the C + C + p data. If the internal momentum
distributions are indeed correctly specified by the models, then
one is led to conjecture that the shapes of the measured distri-
butions in the momentum region 0.4 < p < 1.0 GeV/c are a con-
sequence of the presence of nuclear correlations. Note also that
the wide angle proton data of Fig. 25 displays this same double-
Gaussian shape.

To further study the dependence of these cross sections on
praojectile and target mass and energy, we have parameterized our
data ;n the momentum rangezo.azj_p 1.0 GeV/c in the form
do/dp” = UT“/E;)3Q3) X e'(p /2a7) (where o = f(do/dp3) dsp). The
fits are good for incident kinetic energies T > 1.05 GeV/nucleon
having typical uncertainties of +5 MeV/c for o and *10 percent
for O - The dependence of o on the target and projectile
masses is shown in Fig. 28(a). The mass dependences are rela-
tively weak. The dependence on incident energy is more dramatic
and the limiting nature of the cross sections is reflected in
this dependence. A limiting value of 220 *10 MeVv/c is in-
dicated by data at various backward angles and energies above
5 GeV. The dependence of o on the masses at 1.05 GeV/nucleon
incident energy is shown in Fig. 28(b). An approximate
A§/3A€/3 (p = proj, t = tgt) dependence is found for
o1 at 1.05 GeV/nucleon and 2.1 GeV/nucleon. The Apagepend—
ence is expected in a limiting fragmentation model where the
projectile is seen as a contracted disk by the target nucleus.

In such a model, one could interpret the measured momenta as
reflecting information of the target. The At dependence
argues against incoberent collisions and indicates the involve-
ment of more than one target nucleon in backward nucleon
production. Inclusive proton data in the fragmentation region
from p + d and p + 1'ear:tionsl’l'8 show a similar break in the
distributions at about 300 MeV/c. This would argue against a
multiple scattering cascade as the dominant mechanism, at least
for light nuclei. Definitive theoretical work on the contri-
butions of multiple scattering is, however, still necessary to
justify this conclusion.
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Thus, there now appears to be a body of information
developing from single particle spectra indicating that high
momentum protons at backward angles are manifestations of
correlations in the ground state of nuclei. Indeed, there has
recently been several models which incorporate nucleon correla-
tions to explain these data. A model by Fujita and Hufner“g
includes both initial correlations between nucleons in the target
ind final correlations between two nucleo:is. The final state
interaction with the rest of the A-2 nucleons is being neglected.
Fujita has extended this model to includ: multiple correla-
tions.50 The improved model describes well the incident
energy dependence of backward proton spectra in the region
0.4 < p <1.0 Gev/c for the intermediate energy range 0.6 to
1.0 Gev. Theoretical work by Frankfurt and Strikman51 and
Yukawa and Furui52 indicate that backward spectra induced by
high energy probes are mainly composed of spectator nucleins
from the breakup of correlated pairs in the nucleus. As such,
these backward nucleons potentially reflect direct information
of the nuclear wavefunction.

B. Pion Production at 180° in A-A Collisions

Let us now turn to the production of pions at 180°. A
principle reason for studying production of energetic pions from
nuclei in the backward direction is that in free N-N collisions
such production is kinematically restricted. Observation of
pions beyond this kinematic limit may then be evidence for exotic
production mechanisms such as production from c:lusters.51’53'55
Early experiments by Baldin et al.56 using 5.14 and 7.52 GeV
protons observed charged pions at 180°% with energies up to
four times larger than expected from free N-N collisions. They
argued that simple Fermi motion could not account for this effect
and stated that the dominant mechanism for producing such pions
was an interaction between the incident proton and multi-nucleon
clusters in the target, referring to this mechanism as cumulative
production. A recent experiment57 using 0.6 GeV protons
measured pions at 1552 and concluded that the dominant
mechanism was single scattering (NN -+ NN7). A qguestion we

wished to answer was whether there are two different mechanisms,
one dominating below ~1 GeV and the other above ~5 GeV; and if
so, how is the transition between them made. Also the Dubna
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experiment56 observed that the pion spectra were exponential
with a slope parameter T0 ~ 60 MeV, independent of energy.
So that we wanted to obtain data below 5 GeV tc see where this
trend breaks down. Finally, we wanted to test the hard-
scattering model of Schmidt and Blankenbecler58 which had been
successful in reproducing trends observed in high energy forward
pion production experiments.

We now turn to the results from our recent measurements of

pion production at 180° in A-A collisions. We have measured the
following:

Al + A2 - ﬂi(1800) + X
where Al = p,a,C,Ar and A2 = C,Al,Cu,5n,Pb. Incident

energies were 0.8-4.89 GeV for protons, 1.05 and 2.1 GeV/nucleon
for alphas and carbon, and 1.05 and 1.8 GeV/nucleon for Ar.

First, let us consider results on nt production by protons.59
The pion spectra were all found to be exponential in character,
with the slope parameter T0 being weakly dependent on target
mass. Figure 29 shows the dependence on energy of the slope
parameter T and the ratio R = n”/n* for a Cu target.

Both are observed to rise with energy until about 3-4 Gev, after
which a leveling off occurs. The dashed curve represents the
predictions of an "effective target" model55 where the

incident proton is assumed to interact and excite in a collective
fashion the row of nucleons along its path. 1In de-exciting pions
are emitted, much as in thermal models. Although the model
agrees nicely with the energy dependence of To’ it does not
reproduce the magnitude of the cross sections, being low by a
factor of 4 at the lower energies. Since the model does not
distinguish between positive and negative pions, it is in
disagreement with the n~/n* ratio.

The trends observed in Fig. 29 are common to all targets.
Above about 3-4 GeV, a limiting value is reached. Cross sections
for multi-pion production in N-N collisions are increasing in
this region, and could be associated with these limiting
features. Detailed calculations, including absorption and
charge-exchange effects are needed to ascertain fully the con-

tributions of single-scattering processes in this energy region.
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Figure 30 demonstrates the dependence on target mass in this
energy region. The cross sections were parameterized as
Oiny © A", kK> 1 corresponds to the cummulative production
region.56 The variations observed in the A-dependence between
0.8 and 4.89 GeV suggest the possibility that different mech-
anisms are responsible for pion production over this energy
region with a smooth evolution from one to the other as the
energy is increased. Fredrikssans0 has recently analyzed this
A-dependence within the scope of the coherent tube and fluctuon
models. The comparison is shown in Fig. 31. He concludes that
the data support a model in which the proton interacts collec-
tively with all matter within 1 fm in its rest frame at the
time of collision.

Finally, our 180° production data provide a definitive
test of the hard-scattering model of Schmidt and Blankenbecker.58
This model, which successfully fit the forward pion producticon
data of Papp et gl.,sl predicts that the 180° negative pion
spectrum should be independent of energy, depending only on the
scaling parameter x' in the form (l-x')N. Simple counting
arguments yield N 6A-5, so that for a Cu target (A = 63) we
expect o, = (l-x')373. Figure 32 shows a plot of the
invariant cross-section vs. x'. Lack of scaling is evident.

However, each spectrum can be represented as (l—x')N, but for
values of N much small than predicted (see solid lines through
data). Landau and Gyulassy62 have recently modified this

model by assuming that the nucleon interacts with a nucleon
cluster, rather than the entire nucleus. Agreement with the
trend of the data is found. The individual clusters are assumed
to have internal motion, an exponential distribution providing
the best results. They are able to reproduce the data using
clusters of one to four nucleons, but with no single choice
being preferred.

Wong and Blankenbeckers3

have generalized the Feynman
scaling variable to massive but weakly bound systems like
nuclei, for both proton and pion production. For pion pro-
duction, they invoke the hardscattering mechanism schematically
shown in Fig. 18(b). The Dubn356 and Berkeley59 results on
180° pion production are compared with this new scaling var-
iable Xy in Fig. 33. The data, spanning the energy range from
0.8-7.51 GeV, do appear to fall on a single curve of the form
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(l—xH)Be; whereas the model predicts (l-xH)_68 It should
also be noted that there is a considerable spread of the data
about a single curve. At the present time, the scaling param-
eter xH is a somewhat comp'icated function which does not
easily yield to physical interpretation. However, if this new
approach holds up, it contains the promise of yielding valuable
information on nuclear structure functions.
We have also studied the production of charged pions at
180° with energetic beams of alphas, carbon and argon nuclei.
These data are still in a preliminary stage of analysis, but some
of the early systematics for the heavier beams are outlined below:
1) The pion spectra continue to behave approximately in an
exponential fashion, with slope parameters 3-5 MeV
larger than the case of proton beams.
2) The ratio, R = w /%', for the integrated pion
yields from a Cu target is ~1 for the carbon beam, and
1.15 for an argon beam. The increase above R=1 for
the argon beam presumably reflects the increased number
of neutrons over protons which would favor ot
production.
3) The dependence of the integrated pion yields on target
(Ay) and projectile (Ap) is found to be,
o« (A_A )0'8.
pt

C. Backward Particle Production-Streamer Chamber Studies

In order to obtain more information on the mechanisms
responsible for high energy backward particle production we have
supplemented our 180° measurements with a 2.1 GeV proton
bombardment of various targets (C, KC1, BaIz) located inside
the Berkeley streamer chamber.23'6a
offers the following advantages:

The streamer chamber

1) 41 geometry.
2) Large efficiency for charged multi-particle final
states.

3) Capability of being selectively triggered.
We triggered the chamber on any backward particle (BLAB > 90°).
The resulting film has been scanned and measured. A sample
event, obtained from the computer reconstruction of the measured
tracks is shown in Fig. 34, Although the analysis is at an
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early stage, there are interesting features that can be
repcerted at this time. First, a large fraction of the events
(~50 percent) are found to have an associated negative track
which can be identified as a pion. Typically this pion appears
at 8ag © 90°. Thus, backward particle emission (typically

the backward track is a proton) a. 2.1 GeV is often accompanied
by the production of a pion. This suggests that the simple
quasi-elastic process, NN-+NN, as suggested by Frankel,37 is

not the dominant mechanism at this energy for producing backward
protons.

Further information on possible reaction mechanisms can be
obtained from a rapidity plot of the positively-charged particles
(mostly protons) of *hese events. This is shown in Fig. 35.
Several features are evident:

1) Most of the events are centered about the target

rapidity, i.e., target fragmentation dominates.

2) Some contribution from quasi-elastic processes is evident

(near beam rapidity).

3) Large number of events with high Py-

Results for C and KCl targets are similar, except for an increase
of the number of forward events as target mass decreases; probably
due to a decrease in multiple scattering processes.

There appears to be evidence for the role of pion production
followed by absorption in the nuclear environment in the ejection

of high energy backward protons.é5 There are two possibilities

here:

(a) Production of a pion followed by absorption of the pion
on two target nucleons resulting in two back-to-back
nucleons, and

(b) production of the A**(1232) and its subsequent
absorption on a target nucleon via, A+N + N + N,
resulting in the emission of two protons which will tend
to have a near 180° correlation.

A preliminary study of the correlation of a backward positive
track (most likely a proton) and any other positive track shows a
correlation function which peaks for 180°, Figure 36 shows the
laboratory correlation for pairs of positive particles as a
function of the cosine of the angle between the two particles
(one of the pair is always emitted into the backward hemisphere).
A strong correlation at 180° is observed. This correlation is
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enhanced if a momentum cut p > 300 MeV/c is introduced. This
effect does not appear to be explained by phase space arguments.

F ~y~2 37 shows the correlation for 4 and 5-prong events, along
with the predictions of three phase space calculations, which do
not exhibit a strong 180° correlation. Thus, although a pion

does not necessarily appear in the final state as such, its
creation does appear to play a key role as a production mechanism
for backward protons. Further studies are continuing with these
new streamer chamber data to understand the mechanisms responsible
for particle production at backward angles.

CONCLUDING REMARKS
The study of projectile and target fragmentation processes

gives every indication of being a rich source of information on

nuclear structure. There is an accumulation of information
indicating that both single-particle momentum distributions and
higher order correlations (whether they are called high momentum
components or multi-nucleon clusters) play an important role in
particle production in the regions kinematically forbidden to
free N-N collisions. Whether one can extract this infc_-mation
in a clean fashion from the complications of final state inter-
actions _s still a topic of considerable uncertainty. Single-
particle inclusive studies have taken us as far as they can in
these studies, and two-particle and possibly higher level
correlations need to be undertaken,

Projectile fragmentation at high energies has proven to be a
powerful ally in the production of new exotic nuclei. 1In the
future, secondary beams are possible, which will allow even more
detailed information tn be obtained. The area of cosmic-rays
and astrophysics continues to be aided through measurements of
various fragmentation cross sections. 1In terms of high energy
physics ideas, we see that at energies of ~1-2 GeV/nucleon
limiting distributions are appearing. 1In some sense, for nuclei
at a few GeV/nucleon, we are in an apparent asymptotic region,
with its accompanying simplifications.

In 1982, much heavier beams (up to uranium) will be available
at Berkeley. These beams will possess very large Z-values,
which will upgrade the role the Coulomb field plays in these
collisions. Whether this will present new exciting avenues of
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research is not known at present, but it will certainly be an
experimental challenge.
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FIGURE CAPTIONS
Data for the reaction o + Cu - p(0,180°) + x at

2.1 GeV/nucleon. Data at 0° is from Ref. 1 and at
180° from Ref. 3. The invariant cross-section is
plotted against Lab momentum (Gev/c).

(a) Interaction of 0.8 GeV/nucleon 12, projectile
with target located inside the steamer chamber.
Positive particles are bent downward in the magnetic
field of the chamber. (b) Interaction of a

1.8 GeV/nucleon aoAr with PbBOa target located

inside the streamer chamber leading to multi-particle
final state. Tracks bending upward are negative pions.
Data of Ref. 6 showing the fragmentation of an 160
beam at 2.1 Gev/nucleon into carbon isotopes. Cross
section (arbitary units) vs momentum/unit charge
(rigidity).

Data of Ref. 6 on the fragmentation process 12C +

target *leBe + X at 2.1 GeV/nucleon. Cross section
vs longitudinal momentum in the projectile rest frame.
Target averagea width, op", of the projectile frame
longitudinal momentum distribution (Mev/c) vs observed
fragment mass. Data of Ref. 6 for a 2.1 GeV/nucleon
160 peam.

Data of Ref. 12 for 0 fragmentation into 12C at
projectile energies below 20 MeV/nucleon.

Momentum widths obtzined from Gaussian parameterization
of projectile fragmentation data as a function of
projectile energy. Dashed curve is explained in text.

Table of isotopes for light nuclei.

16

Mass histograms for elements observed in the
fragmentation of 212 MeV/nucleon aaCa by a Be target.
Target factor Y7y Vs target mass. Data aiz for "
single-nucleon removal reactions using 0 and ~°C
beams at 1.05 and 2.1 GeV/nucleon.

Lorentz invariant cross section for « + C - p + x at
2.1 GeV/nucleon as function of the laboratory momentum
of the proton. Data are from Refs. 1 and 2.

Contours of constant invariant cross section in the
rapidity-p; plane. Data for o+ C +p + x at 2.1
GevV/nucleon from Refs. 1-2.
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24.
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26.
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Invariant cross section vs Pr for 0.4, 105 and 2.1
GeV/nucleon alphas.

Invariant cross section vs Py for 0.4, 105 and 2.1
GeV/nucleon alphas for Pr < 0.2 Gegéc. ou

Invariant cross section vs X' = (pL /(PL )max)

for alpha fragmentation data of Refs. 1-2.
Representation of the processes cortributing to o + A >
3He + x calculated by Refs. 19.

Comparison of the model calculation (Ref. 19) with

« + C » (PHe,”H) + x data (Ref. 1-2). The
contributions of the various terms are indicated.
Diagrams of the two dominant processes contributing to
alpha fragmentation to a proton.

Comparison of model calculation (Ref. 20) with o + C =+
p + x data (Refs. 1-2). Invariant cross section vs (a)
Feynman scaling parameter, XF and (b) transverse
momentum of the proton.

(a) Momentum distribution of secondary charged
particles for 3394 3-prong events from 8.56 GeV/c
“He-p interactions. (b) Rigidity (p/z) distribui.on
for fragments arising from 4- and 6-prong events in
320 MeV/nucleon 15N + Pb30h interactions.

(a) Possible contributing diagrams for t + p + pdn at
2.5 Gev/c. (b) The cose;p distribution (Ref. 24),
where epp is the angle between the initial and
secondary protons in the pn rest system.

Measured total cross sections (oT(AA)) compared with
predictions of factorization and Glauber models. Data
of Ref. 26 at 2.1 Gev/nucleon.

Dependence of the inelastic 12C-nucleus cross section
on target mass (A;).

Estimated values of the parameter A at different
distances D from the origin of the projectile
fragments. See text for explanation of solid and
dashed lines.

Cross-section (d30/dp3) for p + U =+ p(150°) + X

vs momentum of emitted proton.

Dependence of backward proton inclusive spectra as a
function of incident energy.
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27.

28.

29.

30.

32.

34.

35.

36.

32

Proton inclusive distributions for different
projectiles at 1.05 GeV/nucleon.

(a) Energy (¢), target (o) and projectile (o)
dependence of parameter a where A denotes both Ap and
At' (b) Plot of parameter Or Vs AS/BAé/B, solid

line shows trend expected if dependence is A2/3At.
Energy dependence of (a) to parameter for pions, and
(b) the 7~ /7" ratio at 180° obtained by

integrating each spectra up to 100 MeV from

0.8-4.89 GeV (Ref. 59). The dashed curve in both cases
refers to the predictions of the "effective-target
model (Ref. 55).

A-dependence for charged-pion production. Data were
fitted by the form An; the exponent or is plotted vs
the ratio K for (a) 0.8 and 1.05 GeV, (b) 2.1 GeV, and
(c) 4.89 GeV protons.

Comparison of model calculations for A-dependence with
the data of Ref. 59.

Lorentz-invariant cross section vs x' for =~
production at 180° by 0.8, 1.05, 2.1 and 4.89 GeV
protons and m' production at 180° by 3.5 Gev

protons from a Cu target.

Invariant cross section for p + Cu ~+ nt(lBOO) + X vs
scaling variable Xy (Ref. 63).

Typical event obtained by triggering on backward
particle, 2.1 GeV p + C interaction.

Rapidity plot of positive charged-particles from the

p + 3312 reaction at 2.1 Gev. The kinematic limit of
elastic scattering in the N-N system is shown by the
solid curve.

Correlation between pairs of positive charged-particles
in each event vs cosine of angle between the
particles. For each combination, one of the particles
is emitted at eLAB > 90%. cuts on particle

momentum are indicated.

Correlation analysis (as in Fig. 36) for all 4 and
5-prong events. Pure phase space calculations for
three possible final states are shown.
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