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d - ol I. INTRODUCTION

In the past few years it has become possible to accelerate various
heavy ions -- from deuterons and alpha particles up to 20Ne -- to energies
of several GeV per nucleon. It will soon be possible to accelerate even
heavier ions (at least up to Fe) to relativistic éncrgics. In these
lectures we will be discussing the physics interest in experiments involving
such heavy ions. One is immediately faced with a curious fact; namely,
most high energy elementary particle physicists tend to consider complicated
objects like deuterons and alpha particles, not to speak of the heavier
ions, as too complex and messy to deal with. As a colleague of mine once
told me: "The idea of throwing mudpies at each other doesn't really interest
me." On the other hand the nuclear physicist fcnds to be rather appre-
hensive about the complexity and cost of high energy experiments, and
gencrally feels more comtortable with lower energy experiments having more
or less traditional interpretations. Thus hiéh energy heavy ion physics
finis itself in a no-man's land somewhere between elementary particle
physics and nuclcgr physics. To make matters even worse it turns out that
the language uscd by particle physicists to describe high energy processes
is almost incomprehensible to nuclear physicists and visa versa. 1 hope
to show in these lectures that experiments with high energy heavy ions
are likely to have an important impact on both high cnergy clementary
particle physics and nuclear physics. They will also provide usecful
new information about processcs having astrophysical implications. Although
these lectures will confinc themselves to questions of physics, it must be
pointed out that heavy ion beams will also play important roles in biomedical

rescarch and therapy, and in the production of superheavy clements.




A bit of history might be in order. It hgs been possible for quite
some time now to accelerate heavy ions to energies of several MeV/nucleon,
and a very active rescarch program has evolved with these particles, inclu-
ding Coulomb excitation studies, production of heavy clements and new
isotopes, etc. Many of the early cyclotrons were capable of accelerating
deuterons and alpha particles to energies of tens of MeV per nuclecon. The
184" synchrocyclotron at Berkeley has for a long time had the capability
of producing beams of 101 450 MeV deuterons/sec, or a similar intensity
of 915 MeV alpha particles. These beams were used both for physics and
biomedical research. But it was only in 1970-71 that four accelerators in
the muiti-GeV class -- the Princeton-Penn Proton Synchrotren, the Dubna
Synchrophasotron, the proton synchrotron SATURNE at Saclay, and the ﬁBL

!
Bevatron began to accelerate ions heavier than protons. ‘

In discussing experimental programs in these lectures, I will
confine myself mainly to those at the Bevatroﬂ,'although some recent
results from SATURNE will also be mentioned. In Table I is a sumnary
of paramcters of the presently available heavy ion beams at the Bevatron.
During the next fbaf it is planned to couple the Super ililac accelerator
to the Bevatron as an injector of even heavier ions. The expected beam
parameters are also shown in Table 1. Up to now most of the experiments
have been of the rather simple exploratory type, but more refined cxpcri;
mental programs are starting to be undertaken.

It is important to emphasize a kincmatical fact which plays a
crucial role in many of these experiments. The availability of very

encrgetic projectiles makes it possible to study their fragmentation in



TABLE I,

PROPERTIES OF HEAVY ION BEAMS AT THE BEVATRON

ANTICIPATED FLUX

I0N ENERGY PER NUCLEON PRESENTLY AVAILABLE FLUX WITH BEVALAC (1974)
(particles per pulse) (particles per pulse)

1 ' 12

H 0.1 - 2.5 GeV 5 x 10 --

2[[ " 2 x 1011 --

3“(2 " 1 x 1011 o

4He " 2 x 1010 3 x 1010

6Li i -- 3 x 1010
10, " -- 3 x 1010
12 " 1 x 108 FE S
14y " 1 % 107 3 x 100
160 L 1.5 XI07 3 x 1010
20ye " 10° 1010
40Ar " -- S X 108

@

Bdkr " —— 5 % 104

Encrgy spread: 300 KeV/nucleon FuilM
Spill: 0.2 - 1.0 scc

Pulse frequency: 10 - 17 pulses/minute




the laboratory system even though the fragments have little or no cnergy
relative to the projectile. Thus for example information about the frag-
mentation of 126 can be obtained in a g (projectile) + p (target)
collision which could not be obtained in the corresponding p (projectile) +
lzC (target) interaction because in the latter casclmnn'qf the fragments
would find it difficult or even impossible to get out of a finite-sized
target. As we will sce shortly, it has become possible to make detailed
studies of the fragmentation of energetic projectiles into piecces having
very low velocities relative to the projectile -- measurements which
heretqfore were impossible. A related consideration is that the fragmen-
tation of fast projectiles tends to cause the various picces to go into

a rather narrow cone in the forward direction, thus making it quite
straightforuvard to make detailed momentum analyses of the fragments with
a magnetic spectrometer having a relatively small solid angle acceptance
in the laboratory system and to détcct most of them with detectors of
modest size. These factors, though of no great theoretical signiticance,
are very important indeed from the experimental point of view.

What thCHtﬂHl(mC hope to learn from experiments with energetic
heavy ions? As we will see, the experiments bear on such topics as high
encrgy interaction mechanisms, fragmentation processes, particle production,
nuclear and hypernuclear structure, and cross sections for processes
having astrophysical implications. We will examine the theoretical models
that have been proposed to describe high energy heavy ion processes, and
in particular we will try to focus on the similarvities and differences
between heavy ion interactions and the corresponding interactions of
high energy pions, kaons, and nucleons both from the experimental and

the theoretical points of view.



In attempting to present a rather new subject like this it soon
becomes painfully clear that there are as yet few if any experts, nor
a great deal of solid reference material. I have tried to include in
the bibliography a sampling of some typical experimental and thooretical

papers dealing with the topics discussed in these lectures.




II. WHAT CAN WE HOPE TO LEARN FROM EXPERIMENTS
WITH ENERGETIC HEAVY IONS?

A. lligh Encrgy Interaction Mfechanisms and Nuclear Structure

At the outset one has to define the term "high energy'. What may
be high energy in one domain of physics will certainly not be high energy
in another. One has to introduce a scale. In atomic physics that scale
may be characterized by the level spacings of atomic energy levels, in
nuclear physics the spacing between nuclear levels, and in clementary
particle physics the spacing between resonances. In terms of constituent
models the characteristic encrgies could also be related to the binding
of the various pieces. Asymptotic considerations apply when the interaction
energies are large compared to such characteristic energies, Of course,
a given system can have several quite distinct characteristic cnergicg;
thus, for example, a nucleus may have churaétcristic energies corresponding
to possible coherent excitations of the whole ;uclcus, as well as those
related to Tesonant excitations of the individual nucleons comprising
the nucleus. It may not be unreasoniable to expect that asymptotic consi-
derations willlu?applicable to hadronic systems at various levels. In
pérticular, the fragmentation of several GeV/nucleon nuclei by various
targets can be expected to show some of the same kinds of limiting distri-
bﬁtions that have been postulated for and observed in "elementary' particle
interactions at NAL and I5R. It scems likely that the closely related
concepts of scaling and/or factorization may also be applicable to nuclear
systems at high energy. Two important conscquences follow if these conjec-
tures are true: (1) High energy heavy ion experiments would provide an

extremely powerful means of studying nuclear correlations inside nuclei.




In the limiting case the fragmentation of such nuclei should reflect
very closely the '"parton" structure of the projectile independent of

energy and target. (2) Such experiments (at a few GeV/nuclecon) could

conceivﬁﬁl} pfovide imﬁbrtanﬁ tes£§ of high energy intcraction models.
The additional degree of freedom introduced by allowing the baryon number
to vary puts additional constraints on models of high energy collisions,
and may provide new insights into the nature of such interactions.

As an example let us consider the question of factorizability of

total cross sections. The principle of factorization implies that

= 2
9An%B3 (o0 ° -
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one would expect
4/3
TA - A .

(1)

It has hcm:;nﬁnted out hy Gribov that such a behavior is not

in conflict with theory at sufficicntly high energy if the nucicus

becomes larger and at the same time more transparent. Still it is a rather
strange result and it would be very surprising indeed to see such an
A-dependence at a few GeV per nucleon. Specific models, such as for example
ﬂiauher—typc models or even geometric models predict quite different
relations between total cross sections. It is worth kecping in mind that

such tests of factorization are difficult in the case of B = 0,1 systems

because of the very limited number of possible experimentally accessible




combinations of stable projectiles and targets. The use of B > 2 particles

will greatly increase the experimentally feasible tests of factorization.

B, Astrophysical Considcrations

Among the most important and still unanswered questions in
astrophysics are those pertaining to the naturé of cosmic ray sources and
the lifetimes of the cosmic rays. Practically all nodels of cosmic ray
source-abundances that have been proposed suffer from a lack of accurate
cross section data for the fragmentation of various hcavy ions by the
hydrogen and hel;um in the interstellar medium. The availability of beams
of heavy ions with energies of a few hundred to a few thousand MeV/nucleon
should make possible measurements of a number of cross sections of‘intcrest,
including those for some unstable heavy ions. The question of cosﬂic ray
lifetimes might be resolved by measurement of production, interaction and
electron attachment cross scctibns of 1030 and SSHn. These are typical

examples of K-capturing nuclear species, and their abundance can be related

to cosmic ray lifetimes once the relevant cross sections are known.

C. Chew's Conjecture

Chew has conjectured that "whenever the available encrgy becomes
large therce should be manifested general strong interaction characteristics
that are independent of baryon nunber. None of the known hadrons, after
all, can be regarded as 'elementary', the composite nature of any hadron
n(2)

becoming more and more prominent as the energy increascs. lie argues

the concept of "nuclear iomocracy' is incompatible with assigning a



preferred status to any hadronic spccics.(s) Although he recognizes thaf
there are certain experimental distinctions, between B = 0,1 and B > 2

systems such as for example the density of level spacings, he maiﬁtains

that most of the experimentally measurable parameters vary rather smoothly
and monotonically with baryon number, and that common theoretical foundations
underlie all hadronic systems. In his view the traditional theorctical
distinction between "nuclear' and "particle' physics is rather artificial,
and arises more from the failure of thcorists to properly merge non-
relativistic and relativistic considerations than from any inherent

(4)

difference between then.

Chew divides our present understanding of strong interactions into
‘the following three categories: ''(1) General principles; (2) Modclsiof
manifestly limited capacity that approximately describe restricted |
ranges of phenomena; (3) Principles that currently are applied only in
an approximate sense but that show promise of eventually achieving a
general status." Exampics of the first'cutcgory are such genecral S-matrix
principles as Poincare invariance (implying conservation of energy,
momentum, and angmlar momentum, as well as equivalence of different inertial
frames of refercnce), unitarity, causality, isospin symmetry,.hypcrcharge
conservation, and the connection between spin and statistics. In the
second category he places quark models, the potential (optical) model and
the‘dual resonance (Veneziano) model. Examples of the third category
are SU(3) symmetry and Regge asymptotic behavior. He then observes that
in such a classification no sharp line can be drawn on the basis of baryon
number, and he asks the question of whether category 2 and 3 principles

urc'gencral enough. to encompass B > 2 phenomena. It is through experiments



-10-

with energetic heavy ions that we may hope to learn whether or not B

and 1 systems constitute an aristocratic class obeying a distinct set

of physical laws or if we are dealing with true nuclear democracy.

e i - s D _




- 11 -

III. TYPES OF THEORETICAL APPROACHLS
TO HIGH ENERGY HEAVY ION INTLERACTIONS

The existing theoretical models can be classificd into three groups:
(1) Macroscopic, geometric, optical, hydrodynamic, statistical.

(2) Microscopic, e.g., interaction of constituents, multiple
. scattering, cuascade processes.

(3) Regge and Particle Type Models, e.g., multiperipheral
bootstrap, Regge asymptotic models, pole deminance.

Not only are these theoretical approaches of interest in themselves, but

also the connections between them have yet to be clearly formulated.

A. Macroscopic Models

There are various types of macroscopic models. Coruon to all of
them is the underlying basis that in the interactions of energetic heavy
ions the principal features can be described in terms of parameters
characterizing the macroscopic properties of the colliding systems. For

; ; - (5) ; : .
exanple, Bownan, Swiatecki and Tsang use the geometric picture of two
colliding spheres which partially overlap according to the impact parameter

.

between them. For relativistic ions these Lorentz-contracted spheres then
interact with each other in the region where they overlap. They use the
term "abrasion" to describe the process of shearing of f nuclear matter 1in
the overlap region. The residual target and/or projectile nuclei may then
he prossly distorted objects with much higher than normal surface energy.
These highly excited objects deexcite by boiling off nucleons in a second
stage process which they characterize by the term "ablation". They have

refined this simple picture by introducing a "friction" parameter whose
it I




role it is to modify the clean abrasion by allowing a friction between

the target and projectiles to partly heat nuclear matter in target and
projectile and to cause it to drag chunks of nuclear matter out ot onc system
or the other in the collision process. Their simple model has been quite
successful in describing the general fecatures of the limited fragmentation
data that is now available. It will be interesting to experimentally
determine how strong is the correlation between the fragmentation of the
target and the projectile. With this model, naively one might expect

to find a strong correlation in the sense that a big piece knocked out of
the projectile should more often than not be accompanied by a big piece
knocked out of the target. A geometrically interesting configuration

would be the case if a small projectile were to drill a small hole out

of a larger targct. At this stage this type of theorctical model is’

largely phenomenological in that the paramcters are determined by comparison
to experiment or by crude estimation. Its main virtue is the simplicity

of the geometrical picture used.

Another type of macroscopic model is.once in which the projectile
generates a shockewave inside the target (or visa versa), and the fragmen-
tation or particle production is the result of such shock phenomena. This
type of model was suggested many years ago by Glessgold, Heckrote, and
Wanson,(ﬁ) and might be applicable to high cnergy nuclecus-nucleus processes.
It is worth keeping in mind that the velocity of sound in nuclear matter is
a significant fraction of the velocity of light so that relativistic
collisions are nceded to produce such shock phenomena. Detailed unluulutionﬁ
are needed to establish the usefulness of this type of model in high energy

heavy ion collisions.
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Another type of macroscopic model is.once in which the projectile
gencrates a shockewave inside the target (or visa versa), and the fragmen-
tation or particle production is the result of such shock phenomena. This
type of model was suggested many years ago by Glassgold, Heckrote, and
Watson,(ﬁ) and might be applicable to high cnergy nucleus-nucleus processes.
It is worth keeping in mind that the velocity of sound in nuclear matter is
a significant fraction of the velocity of light so that relativistic
collisions are needed to produce such shock phenomena. Detailed cnluulutinnﬁ

are needed to establish the usefulness of this type of model in high energy

heavy ion collisions.



Statistical or thermodynamic models in which the interaction is
described in terms of temperature and.partition of energy according to
‘the principles of statistical mechanics are also likely to find appli-
cability in the fragmentation of energetic nuclei. The density of
possible final states is sufficiently high in this case ghat.statistical
considerations should play an important role. Here again methods of
calculation exist but detailed comparisons with actual experimental situa-
tions are largely non-existent.

Optical models in which the projectile (or the target) is considered
as an optical medium with complex refractive index have been widely
used to describe small angle nucleon-nucleus scattering and should aslo
provide a good desdription'of certain types of nucleus-nucleus collisions.
The basic problem here is to properly describe the optical properties
of the system. Hullensicfun(7) uses the opaqueness of the nuclcon and the
density distribution of the A nucleons which follows from the measured
nuclear electric form factor to determine the nuclear opaqueness, oA(x,y,z).
The nucleon opaquencss is determined from elastic nucleon-nucleon scattering.
Thus, although the theory itself is macroscopic, the input parameters are
determined in part from microscopic considerations. In essence Milllensiefen's
calculations as well as those of Czyz and H&ximon(g) are extensions of

the Chou-Yang model for pp scattcring(g) to nucleus-nucleus collisions.

B. Microscopic Models

Here the basic premise is that the scattering of two complex objects
can be related in a straightforward way to the scatterings of the various
constituents out of which these complicated objects arc built. The most

frequently used models are all extensions or elaborations of the original



Glauber model. Implicit in most calculations of this type are: (1) The
nucleons :inside a nuclcus are uncorrelated; (2) Spin effects are '
neglected; (3]'In combining the effects of multiple scatterings the

phases involved are simply added; (4) The results of such calculations

are valid only for small angle scattering; (5) The passage of the prpjcctilc
is fast comparcd to the rotation frequency of a dcformcd.tnrgot nucleus,

For example, Tekou has applied the Glauber model to both deuteron-nucleus
(11)

; 10 . .
scatterlng,( ) and nucleus-nucleus scattering at high energy.

The elastic scattering amplitude of a wave through a medium can be

written
&+ -
_ ik e _AiX(b) ig+b
£ = 5 f d“b [1 -~ e ] e
where b is the impact parameter

E o
q is the momentum transfer

-+, -

k is the momentum of the wave.
The phase X(b) is then constructed from the phases of the individual
nucleon-nucleon scattering terms. This type of calculation is well-known
and will not be repeated here. TFor a plane wave through a system with a

large number of constituents,

(=

!

7 - -pol (2)

|

(=9

where I is the intensity of the wave,

Ui
:—;i— = iky - 9}_3 w(l-ia) (3)
where the factor
» £(0°
L . Re £(0%) @)

Im ffﬁﬁ)
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then _
-iX{b) = -fwdzj(b,z) % (1 - ia) . (5)
For two composite systems:
iX(,-b) = -3 (- ia) [ d25 D, (5 - b)) D,(s - by (6)
where
Dl(sl) = f dz pl(sl,z) (7a)
D,(s,) = [ dz p,(5,,2) (7b)
and
f d3rlol(r1) = Al 3 (Sq)
[ d¥rp,(r) = A, : (8b)

In this case

f = ~i-—E—j‘dzh

: *+ ok LF S M ‘
- 1 gl X(bl—bz)] qu.(hl_h2) (9)

d’b, [1 -

In the limit of many constituents the Glauber theory gues over to the
eikonal optical model discussed previously.. In all cases vhere such
Glauber-type calculations have been made with sutficient care the results
have agreed very well with experiment down to ecnergies < 500 MeV. However,
up to now most of these calculations have involved primarily total and small
angle elastic cross sections. It would be very useful to have this type

of calculation extended to larger angles and to such inelastic channels

as pion production and frngmcntatioﬁ of heavy ions into nucleons and other
pieces, It may be difficult to do so because, although Glauber theory can
be used to calculate nuclear excitations, it may be difficult to use it to

predict specific deexcitation mechanisms.



& Yl s

In brinciple it is possible to use Glauber theory to study the
detailed interactions of every nucleon in the target with every nucleon
in the projectile, and even include the effects of inelastic processes.
However, such calculations are still much too complicated to be practical.
Instead various types of classical (non-quantum mechanical) cascade
calculations bave been made using Monte Carlo methods. A weakness of
such cdiculations is that it is difficult to take into account coherent
effects in which several nucleons participate in a collision. Up to now
relativistic effects have been largely ignored in such calculations.
Despite these shortcomings such cascade calculations(lz’is) have agreed

quite well with certain experimental observations of light fragment emission

. 4 . P
resulting from proton, deuteron and ‘He bombardment of silver and uranium

at energies of several GeV per nucleon.

C. Regge Type Models (High Energy Particle Theorices)

As Chew suggests is is tempting to apply Regge ideas to the collision
of energetic nuclei. One of the first practical aspects of this is to

introduce the proper kincmatical variables. As we will sce shortly when
) . s : Vi
we discuss the experimental results, the rapidity variable y = tanh -——
C
&
Pu_
o
“11%mx
interactions of reclativistic heavy ions. This is because the rapidity

and the scaling variable x' =

are very well suited to describe the
variable, y, has the property of (1) continuing to grow as the particle's
encrgy increases in contrast to the velocity which approaches its asymptotic
limit whenever the kinetic energy becomes comparable to the mass, and

(2) providing a description of particle interactions in which the differences

in rapidity between particles is independent of Lorent:z frame. At 2 GeV/nucleon



the rapidity difference between target and projectile is just a little

) ; . ; .d3
less than two units., Use of the invariant cross sections E T—% ;
- dp-

. d%g d3g A
- etc., are useful in displaying the experin ¢ ——
Tan? * 3?3%7_’ i playing th perimental
results. Relations between these Cross sections and between the various
_types of kinematical variables commonly used in relativistic particle
collisions can be found for example in References 14 and 15.

(2) . ; . : .

Chew defines Regge behavior as follows: Consider a collision

process in which one can divide incoming and outgoing momenta into two

groups (as shown in diagram below).

61-_ﬁy Diagram 1

Q is the four momentum transfer between the right and left groupings.

Two sets of "internal' variables X, and i characterize the left and right
\’f

. , o i B
groups of particles. When the rapidity difference ¢ = tanh e E large
g 2 . ;
and all other variables -- X, Xp and t = Q° -- are held fixed, the amplitude

has the asymptotic form:

s
- 29 1
Alx xpe £ 8 ggiub. Xpr ) @ (10)

>

where i may contain continuous as well as discrete components.

4+ -

Froissart has shown that for t = 0

Re a. =< 1.
i

Those values of 4y with the largest: real parts are asymptotically dominant.




In particular it has been experimentally observed that when t is near zero
and the internal quantum numbers in the direction of the momentum transfer
vector Q (in Diagram 1) are those of the vacuum there is an important contri-
; . (10) . s

bution to the expansion from a, = 1. This is the so-called Pomeranchuk-
contribution -- the "pomeron''.

Chew then goes on to define a Regge.pole as being a discrete value
of ay that depends only on t (not on Xp and xl) and whose coefficient has

a factorizable dependence on X, and Xps 1.84y

a;(t)g

A(xL,.x t, L) E}m § giL(xL,t) giR(xR,t) ¢ . (11)

R’
The question of how the pomeron is related to Regge poles, and if it
factorizes is still not experimentally settled. However, if we assume
that for rapidity gaps ¢ 2 2 a factorizable pomeron dominates for both
large and small baryon number we can examine what experimental consequences
this has in the case of high energy heavy ion interactions.

We have shown earlier the experimental implication of factorizability

. : 2

n the case of total cross scctions, 1.c. iy S . In the case
in the cas " ’ » o = (Oan) S
of diffractive dissociation of AB » A*B¥ where there is a large rapidity

gap between AA* and BB* 2% shown in Diagram 2

A¥ g B"
,hfv_i "
_”l P H

A 0

Diagram 2

factorization implics that
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d ' ZUP(t)
s2 5% (AB + A*B*) e Brpore |o2ok -
mzlnz ) large mA*mB* :
At B* »
where AAI+A* and A pp-bt ATC factors which are related to the cross sections

a (AF~+A*) and o(BP+B*), and s is the square of the total c.m. energy.
For the special case when AB*A' + anything as in Uiagram 35
X

TP
I Diagram 3

A B

y —=>

when' only the final particle A' is detected, we are dealing with a single
particle inclusive experiment. Again, if there is a large rapidity gap, and
if no quantum numbers are exchanged, it is tempting to assume ”pomoroﬁ” domi-
tce. In this case the right hand vertex is proportional to the total
"ponieron’ + B Cross section which-in turn is related to the so- called triple

pomcron vertex whose value and behavior as a function of t is of great

current interest (sece Diagram 4).

.\TP(H

: L
()‘-\_/'- Diagram 4
iP(e)
T

[f the aspects of Regge behavior described above are valid for large baryon
numbers as well as for small, there will be a vast increase in the variety
of experiments that shed 11LhL on the triple-pomeron vertex. 0f course, we

don't know yet if the encrgies available at p1chnt for these expv11mcnts




would be sufficiently high to cleanly isolate the "pomeron" contribﬁtion.

Thus another question of interest is at what energies do Regge asymptotic
approximations become valid? If the spacing between levels were to determine
the scale then the scattering of large baryon number systems may be asymptotic
much sooner than the corresponding "elementary' particle processes.

In inclusive experiments of the type sketched in Diagram 4 pomeron
factorization implies that what happens at the AA'P vertex depends asymptotically
only on the momentum transfer but not on the PB X vertex; i.e., not on the
nature of B nor on the energy. It would also be of interest to sec how
the coupling of the pomeron to B depends on the mass of B and on the
momentum transfer, and how this coupling relates to the '"pomeron''-nucleon
coupling. As we will sce in the next scction, the cxperiments of chﬁmun,
et al., indicate that the fragmentation of energetic nitrogen and oxygen
jons is approximately proportional to the (mass of the targot)l/d.

It seems likely that in diffractive dissociation processes of heavy
ions with energies of several GeV per nucleon, the rapidity distributions
of the fragments will be somecwhat different from those observed in pp
experiments at higher energies. This is because the loose binding of
the constituents of the heavy targets and projectiles may cause projecs
tile and target fragmentation to be more copious than "pionization." In
other words the preduction of particles in the interior regions of the
multiperiphcral chain can be expected to - suppressed relative to disso-
ciation of the external particles. Experimental evidence from the inter-

action of 2.1 GeV 16O jons in emulsion indicate the following relative

(16)

probabilities for each of the fragmentation processces sketched below.
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It will be interesting to see how well these results can be reproduced

by Regge and other models.

D. Relationships Between Macroscopic, Microscopic, and Regge Type Models

The success of any model must ultimately be based on how well
predictions agree with experiment. If these threc types of models were to
all describe the experimental observations then it seems reasonable that there

|
must exist a close connection between them. We have already seen an example
of this in the case of the Glauber type model which goes over to an eikonal
type optical model when the number of target and projectile constituents
gets to be very high. The relationship between Glauber and Regge models
is not quite so clear. Trefil(17) has used a Glauber type approximation to
show that if nucleon-nucleon interactions scale, then nucleon-nucleus
collisions and even nucleus-nucleus collisions should also scale. Experi-
ments with encrgetic heavy ions may shed some additional light on how these
various models interrelate. It is certainly an important theoretical
problem to establish the connection between these different approaches.

The validity of such concepts as limiting fragmentation, scaling
and factorization are not necessarily tied to any onc particular model,
and one of the crucial and as yet unanswered questions is: Where do the

predictions of the different models really differ enough so that experiments

can distinguish between them.
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——...IV. EXPERIMENTAL RESULTS )

In Table II is a summary of experimental heavy jon activities at the
' (18) :

Bevatron taken from Heckman's talk at the Uppsala Conference on High
Energy Physics and Nuclear Structure. In this discussion of recent experi-
mental results I will confine myself to three subjects: (1) Fragmentation
of l60 nuclei at 2.1 GeV/nucleon (at LBL); (2) Single particle inclusive
spectra resulting from the collision of relativistic protons, deuterons, and
alpha particles with nuclei (at LBL); and (3) missing mass spectra resulting

from np, dp, and dd collisions (at Saclay).

TABLE 11

CURRENT HEAVY ION PHYSICS RESEARCH PROGRAM AT BEVATRON

Heavy Ion Fragmentation: Single Particle Inclusive Spectra at
Forward Angles :

Heavy Ion Total Cross Section Measurements
Range and Ionization Studies

Positive and Negative Particle Production: Search for Coherent
Pion Production

Nuclear Fragmentation of Heavy Target Nuclei Induced by High Energy
Heavy Ions

d-p Backward Elastic Scattering
Production and Study of a Tagged, Mono-energetic Neutron Beam
Production of High Energy Hypernuclel

Emulsion Studies of Target Fragmentation, Spallation and lleavy
Ion Cross Sections

Calibration of Particle Detection and Identification Systems for
Satellite and Balloon Flight Experiments
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6 5
Heavy Ion Fragmentation of 1 0 NHuclei at 2.1 GeV/nucleon

H. H. Heckman, Lawrence Berkeley Laboratory
G. L. Greiner,University of California, Space Sciences Laboratory

P, J. Lindatrom
_F. S. Bieser '

.

y 16 ;
The experiment on the fragmentation of =0 nuclei by Heckman, et al

; 0 14
continue and extend earlier work on the O - fragmentation of N beam

huclei at 2.1 GeV/nucleon.hS] The first experimental results gave

evidence that the

N

single particle inclusive spectra are independent of

the target nucleus. Another striking feature of the fragmentation process

is that, within the measurement error, the forward going fragments of

e mean velocities equal to the velocity of the

the beam projectile hav

incident beam.It is this last property that has proven extremely useful

e ——

in the production of well defined secondary beams of isotopes.

Figure 1 is a scale drawing of the 0° heavy-ion magnetic sﬁectro-

meter that has been designed and brought into operation to cnrry:eut the

0 % .
0 -fragmentation experiments. The spectrometer focuses magnetically

analysed beam fragments, produced within 12.5 mr of the beam directidn,

onto charge—measuring colid-state detector telescopes placed along the

focal plane of the spectrometor. The rigidity R(GV/c) = p: /z of the

fragments is given by the expression R = K(D)/D, where D is the deflection

distance and K(D) is a slowly varying function of D. Salient features
of the isotopic identification are:

1) Rigidity resolution (rms)
AR/R = 0.6 4D/D (130 < D= 400cm)
ii) Charge resoluticn (rms)
AZ = + 0.1e
1i1) Time of flight (FVIM)
6t = 100 psec

The description of this experiment is taken from flecckman's paper given
at the Fifth Conference on High Energy Physics and Nuclear Structure,
ippsala, Sweden, Junc, 1973. I thank Dr. Heckman for permission to
include his paper in these lectures.

(1)

\.

)




-~ Because the beam frapments have well defined velocities, the magnetic
spéctrometer effectively becomes a Z/A (o¢D) spectrometer. How the
isotopes are spatial separated along the guide rail is illustrated in
Figure 2 where the distance D is indicated for ali isotopes with A = 16.
Figure 3 presents the measured.spectrum of the carbon isotopes asha .
function of D produced by the fragmentation of 16O beam nuclei at E = 2.1
GeV/nucleon in a beryllium target. If we now‘take the N(D) spectrum and
express it in terms of longitudinal ﬁomentUm, we obtain the distribution
H(p“ ) shown.in Figure 4 . Qualitative Propertie? of the carbon spectrum
are: -

i) the peak intensity occurs at A = 12,° i

ii) the envelope of the spectrum diminishes monotonically as IA - 12 | = \j}

increases, and

iii) the spectral shape in momentum space of the various

isotopes are the same. ' ]
To the accuracy of the measurements, a characteristic of all such spectra,

helium through oxygen, is that the maximum for each isotope occurs at a

momentum corresponding to the beam velocity.

LA 3 12 ! * "
ihe curves drawn through the individual carbon isotope spectra are -
Gaussian functions of momentun P“ , all having equal standard deviations. 5
!
When these distributions are transformed to the projectile frame ’L
s _.__'_/-—-—’"' S A e e e
(where the beam projectile is at rest), the momentum distribution conduce
. ; G . = 2 2
to a single (Gaussian) distribution of form N(:” )proj o exp[ - I “/l(m”c) ].

This is illustrated in Figure 5 where we have plotted the longitudinal
momentun distributions N(P“ ) versus P, for a sample of isotopes of the
I -
i . : 1
elements Z = 1 to 8 produced by the fragmentation of 6O nuclei (Be target)
~at 2.1 GeV/nucleon. (The sample was selected on a criterion of minimal
statistical accuracy for the spectrum of each isotope.) Within the indicated

typical error, the distributions N(P”) are remarkably consistent with a
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unique Gaussian function with o = . g 140 MeV/C.

L

To complement these longitudinal momenta data, we present in

b, c
’ our first measurements of transverse momenta. These

Figures 6 s
distributions were derived from the analysis of particle trajectories

using a pair of J-plane (1200) multiwire chambers (128 wires, 1 mm wire

spacing) placed behind the detector telescopes. The data presented

r 15N'14C and le are the projected transverse momentum distributions

fo n

H(Bl) as measured. Both x- and y- components of P, normal to, and in

the plane of the spectrometer, wWere measured and are shown in the figure

(PII is along the Zz -axis). We anticipate that uncertainties in the

{ncident beam direction, multiple scattering in the target and spatial

resolution of the wire chambers will affect a 5 - 10% correction to the

stand§rd deviations of the N(Fl) spectra.
As was done for the longitudinal momentum distributions givén in
i
Figure 5, we compare the perpendicular momentum distributions for
15, 14 13, . - .

N, C and ~C to Gaussian functions. The solid curve has a standard
deviation o = 140 leV/C, the dashed curves --- 100 and 180 MeV/e. The
hash-marks in the vicinity of 500 HeV/e inAeach fioure indicate the
maximum valug of Pl that is transmitted by the spectrometer system for
the laboratory momentum of each isotope., These I’_L (max) correspond to a
12.5 mrad production angle at the target. Although the data are pre-
liminary, they clearly indicate that no sipnificant differences are
,abparent between the lonpitudinal and transverse nmomentun distributions.
Both can be characterized by Gaussian functions with widths ¢ = m c.

In Figure 6 c' we have included the longitudinal momentum distribution

13 - -
for ~“C(see Figure 5) to exhibit the similarity between the parallel

and perpendicular momentum distributions.
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At this stapge, the experimental results strongly suggest that, in

the projectile frame,

of the fragmentation products of heavy ion beams at 2.1 GeV/nucleon -are

the same, with a characteristic width approximately m C.
i

Furthermore, these distributions appear to be independent of the

atomic mass of the fragment.

That the fragmentation of relativistic heavy ions via the nucleus-

nucleus interaction proceeds with a minimal value of momentum transfer -

suggests that theories pertaining to single particle inclusive spectra,
may be applicable to heavy ion fragmentations. Of immediate relevancy

is the concept of the factorization of cross-sections. Factorization

states that in the reaction A + B +~ X + —--—-, the partial cross sections

X X : , X
factor according to the rule "B Y, Vg where the function Y (A)
IS & t
\

depends on the beam nucleus A and its fragmentation product X and Yg

1g a function of the target nucleus B only.

As previously mentioned, the first high energy fragmentation experi-

ments performed at the Bevatron gave evidence for such factorization, i.e.,

the modes of fragmentation are independent of the target nucleus.
In a conventional transmission experiment, we have measured the

total cross sections for the production of B, C, and ¥ from = O ions

32, s - ;
and B from ~“C ions at E = 2.1 GeV/nucleon in targets of CH,, C, S, Cu

and Pb. In this experiment, only the initial (Z = 6 or 8) and final

# !
(effective) charge Z of the products were measured. Figure 7 18 a

plot of the target factor TB’ versus the mass of the target. ILf it is

= N . . .
assumed that YB is of the form TB =}, where M is in atomic mass units,

X . ; y
then YA is equal to the total cross section for the production of X from

beam nucleus A in hydrogen. With a fitted target factor exponent of

X X 04256

n = 0,256, the factorable cross scction becomes Uk“ =0, ! an
& ¢

expression that fits the data to a coi. idence level of 0.6

the longitudinal and transverse momentum distributions
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B, Single Particle Inclusive Spectra Resulting from the Collision of
Relativistic Protons, Deuterons, and Alpha Particles with Nuclei**

J. Jaros, J. Papp, L. Schroeder, J. Staples,
H. Steiner, and A. Wagner

Lawrence Berkeley Laboratory

We report here some preliminary results of an experiment to measure
single particle inclusive spectra resulting from the col;iSions of 1.05-4.2
GéV (kinetic energy) protons, and 1.05 and 2.1 GeV/nuclcﬁn deuterons and
alpha particles with targets of Be, C, Cu, and Pb. The yields of nﬁ, B, d;
3H, 3Hc, and 4He were measured as a function of momentum at a fixed labora-
tory angle, 8 = 2.5°. The initial motivation for this experiment was to
measure negative pion production from a variety of targets bompurded by rela-
tivistic deuterons and alpha particles to search for very energetic pions;
pions with energies considerably larger than those which could be propduced
in a collision of a single nuclcon with a nucleus. A second phase of the
experiment consisted of reversing the polarity of our spectrometer and
measuring positive particle yields. It was tﬁought that the high energy
fragmentation Bf deuterons and alpha particles might provide a heretofore
uncxploited means of studying particle momentun distributions and correlations
inside these projcctilcs. It seemed quite possible that the fragmentation
of these particles, even in the range of 1-2 GeV/nucleon, would already have
reached some kind of limiting or asymptotic distribution, and that measure-
ments of these fragmentation spectra might thus also afford rather interesting ’
tests of such concepts as limiting fragmentation, scaling, and factorization.
We were curious to sec to what extent the various mcchnnisms proposed to
describe very high energy elementary particle collisions could be applied to
deuteron and alpha particle interactions at these encrgies. I[n this context,

a series of questions present themselves:

**[hc description ot this experiment is taken from our paper submitted to
the Aix-en-Provence Conference on flementary Particles (September, 1973).



(1) What is the role of diffractive dissociation, Regge or Pomeron
exchange processcs, multiperiphieralism, fireballs, and other similar
concepts in the collisions of high energy heavy ions with complex
targets?

(2) Is thbrc any relation between the characteristic energies of a system
(e.g., the spacing of the energy levels) and the éncrgy at which
asymptotic considerations become valid?

(3) What can be learned about the "parton' structure of these particles
in experiments of this type? After all we are dealing with systems
whose nuclear structure is thought to be rcasonabiy well understood,
and so we should be able to test some of these ideas in a more familiar
context, namely, the decomposition of a nuclear particle into its
constituents. |

Although we cannot answer all of these questions completely with the data
presontcd here, we would like to.indicutc how our measurements bear on some
of these concepts.

The experiment wis performed in the external beam of the Bevatron.
Fluxes of particles ranged from 109-1010 per pulse for alphas, and 1{)10~1011
per pulse for deutcrons. A double focusing spectrometer was uscd to momentum
analyze the sccondary particles and to transmit them to our detecting
system. The detection system was extremely simple, consisting of two scin-
tillation cpunters to measure the time-of-flight of the seccondaries over a
15 meter flight path, and a pair of scintillation counters to record their
pulse heights and in this way to distinguish between singly and doubly

charged particles. Tl time-of-flight spectra were stored in a 400 channel



analyzer and then read onto magnetic tape. Data were typically taken at
momentum/charge intervals of 0.25 GeV}clovcr the range, 0.5 < k < 5.0 GeV/c.
No attempts were made to make measurcments below 0.5 GeV/c because in the case
of pions the lepton contamination and the decay corrections became too large
to be easily manageable. For protons and heavier fragments fhc multiple
scattering and energy loss considerations made it impracticable to go to

lower momenta. The upper limit of 5 GeV/c 'was set by limitations on the
current in the magnets of the beam transport system. A monitor telescope
(three scintillation counters in coincidence) was placed about 3 meters

from the production targets at about 90° to the incident beam. The monitor
counts, which were proportional to the amount of beam striking a given target,
were used during the experiment as a relative normalization for our iyields.

To obtain an absolute normalization the monitor counts for each taréct

were periodically calibrated against the beam intensity as measurcdeith

both an ionization chamber and a secondary cmission monitor which were located
in the primary beam just upstream of the production targets. Somie unresolved
questions still exist about these calibrations, and also about the effective
solid angle acccbtancc of our spectrometer, so that the absolute normalization
of our particle yields are not final. The momentum dependence of these yields
for each target is not affected by these uncertainties. During the course of
running, a scintillation screen viewed by a TV camera was moved into the beam
to check the spot size of the beam at our production target and to sce that
the beam had not wandered off the target.

We turn first to the results on negative pion production. In Fig.38
we show the single particle inclusive n~ spectra at 2.5° (Lab) resulting

from the collision of 1.05, 1.73, 2.10, 2.66, 3.50, and 4.20 GeV protons
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with a 0.64 cm long Be target. Similar spectra, not shown here, were obtainéd
with C, Cu, and Pb targets. 1In these spectra as well as in all of the other
pion yields to be rcported here the results were corrccfed for lepton
contamination in the beam (as measured with a gas-filled Cherenkov counter) ,
decay in flight, and effects due to the finite lengths of the targets used.
Except for the points at the very tails of these distriﬁutions the statis-
tical errors are very small, and do not constitute the major uncertainty

in our results. Systematic effects due to focusing and steering the primary
beams onto our targets constituted the main source of error outside of the

aforementioned monitor calibration problems. When these results are

-~

; : ) E g
replotted in terms of the Lorentz Invariant cross scction KZ'TQ%K' versus
a
*
k )
the scaling variable x' = T?QT— (where kE is the longitudinal momentum

0 max
of the outgoing pion as measurecd in the overall center-of-mass system) a

rather remarkable result appears (Fig.9 ). All of the spectra tend to fall
on top of each other. This scaling property, where the pion yield becomes
a function only of the single scaling variable x', usually at a fixed RL
and independent of the total encrgy, is familiar at higher energies, but
here we see that even at 1 GeV the scaling behavior is quite well satisfied.
It should be kept in mind that because the cxperimontrfas done at a fixed
angle in the laboratory system (0 =2.5%) the transverse momentum, ky,

is not strictly constant (22 £ k; =< 220 Mev/ce) . llowever, especially at the
lower momenta kj stays small and does not vary much in an absolute sense.
At the higher momenta (e.g. 3-4 Gel/c) this variation of k; may well be
responsible for the observed differences in the various spectra.

- « - - - .
The laboratory cross section, =—3- , as a function ot pion momentun,
¢
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k, for pion production by 1.05 GeV/nucleon and 2.10 GeV/nucleon protons,
dcufcrons, and alpha particles on Be is shown in Figs.10 and 11. Two features
stand out:

1) Pions are produced more copiously be deuterons and alphas

than by protons, and
-2) The pion spectra induced by deuterons and alphas extend to
highor momenta than those induced by protons.

Preliminary attempts to fit the observed deuteron and alpha induced pion
production spectra with a model in which the nucleons moving inside the
projectile collide individually and independently with the target nucleus have
so far been unsuccessful in reproducing the observed results. Although more
refined calculations with better input data are necessary Our results scem
to suggest that the effects of multiple scattering terms OT equival&ntly some
sort of collective process in which several nucleons in the projcctiie
act jointly are not necgligible, and should be included in such calculations.

The Lorentz Invariant cross sections gé'ﬁii}‘vs x' for pion production by

diidk

deuterons and alpha particles is shown in Figs. 12 and 13. Again the scaling
property of these distributions seems to be satistfied., It is also interesting
to note that these distributions fall much more steeply with x' as the mass
of the projectile is increased. This feature is not unexpected since a compli-
cated loosely-bound object like an aipha particle probably has a much harder
time transferring a large iraction of its energy to a single pion than does
a proton.

In Fig. 14 we show the pion yield as a function of laboratory momentun
for 2.1 GeV/nucleon alpha particies on various targets. It is scen that
the shape of these spectra is almost independent of tavget material. This

feature is true of all the pion spectra measured in this experiment, except



- B2

at the very lowest momenta where a slight target dependence becomes notice-
able. As shown in Fig.15 the pion production cross sections for 2.1
GeV/nucleon alpha particles (as well as those for other projectiles

_ . I 5 /3 -
and energies) are proportional to A when k > 1 GeV/c.

Next we turn to the results on the fragmentation of protons,

deuterons, and alpha particles into positively charged particles. A large
amount of data was amassed (incident energies: 1.05 and 2.10 GeV/nucleon;

incident particles: protons, deuterons and alpha particles; targets:
q

3 .
He.) As an example 1in

4 + 3
Be, C, C“Z’ Cu, Pb; fragments: w , P, d, “H, THe,
Fig. 16 is shown the fragmentation of 1.05 GeV/nucleon alpha particles by
a Be target. The "parton' structure of the alpha particle is clearly
) = 4 : R )
displayed. Not only does ‘e consist of proton and neutron constituents,

: 3 3 " ’ " ;
but also deuterons, 1, and “He. lie thus expect that high energy diffractive
dissociation of alpha particles in reactions of this type should provide

I ! ] 1
us with a reasonably clean '"snapshot" of nucleon correclations and momentum
distributions without having the interaction itself scriously disturb the
pre-existing conditions in the projectile. Care should be exercised in
interpreting the magnitudes of the various peaks, because as has been
pointed out previously the data were taken at fixed 0,07 2.5%, and
consequently different transverse momenta are involved in these distri-
butions. These effects can be significant since typical Ferini monmenta are
100 to 200 MeV/c and at 0, . = 2.5° a k = 2 GeV/c particle has a transverse
momentum of ~100 MeV/c. In any case, it is evident that the fragmentation

4 b nen e B . ] : . " = 3
of 'He into deuterons has a €ross section comparable to that for fragmentation

into protons. It should also be noted that the position of the proton,

3, 3 2 -
deuteron, and “H, “He peaks occur as expected at one-fourth, one-half,
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and three-fourths of the momentum of the incident alpha particle. These

facts are neatly summarized in a plot of the Lorentz Invariant cross

. E & { i :
section Eiliﬁgf Versus y ., the rapidity of the outgoing fragment. Such a

plot is shown in Fig.17. Several features stand out:

1) The peaks of the rapidity distributions all coincide with the
rapidity of the incident alpha particle projcctiie.

2) The heavier the fragment the more sharply peaked (i.e., the
narrower) the distribution.

3) The diffractive dissociation peak is cleanly scparated from
other identifiable regions of the rapidity distribution, i.e.,
it is well separated from the rapidity of the target, and stands
out clearly from the central ("pionization") region. Again, this
feature is not unexpected. Oﬁ the contrary it would be surp?ising
to find large numbers of these fragments in the central region,
and the bulk of the particles resulting from target fragmentation
are too low in momentum to be detected by our detecting system.

4) Because of the 0.5 GeV/c lower 1im;t on the momentum of particles
detected in this experiment the rapidity distribution of the pions
(because of their small mass) extends to much higher values of
rapidity than do the distributions of the heavy fragments.

In Figs. 18 and 19 are shown the laboratory cross scctions and the
lorentz Invariant rapidity distributions resulting from the fragmentation
nf 1,05 GcV/ducleon deuterons on Be. The momentum distribution of the
protons is again centered at the same point as in the case of the alpha
particle, but here the distribution is significantly narrower. This is

not unreasonable since the deuteron is a much more loosely bound system



than 4He. This can also be seen by comparing the rapidity distributions.
The shape of the deuteron spectrum is reminiscent of other inelastic
scattering processes, and it may well be that rather similar theoretical
considerations apply to all of thcsc.proccsses.

Finally, in Figs. 20 and 21 are presented thc laboratory cross
sections and the Lorentz Invariant rapidity distributions of protons
resulting from the fragmentation of 2.1 GeV/nucleon deuterons and alpha
particles by Be. Again the protons from the alpha fragmentation have a
broader momentum (and rapidity) udistrihufion than do the protons from
deuteron disintegration. At first sight a comparison of Figs. 17, 18,
and 21would seem to indicate that these proton distributions have not yet
attained any kind of limiting characteristic, but here again the pitfall of
measurements at a fixed laboratory angle must be taken into account. Although
a definitive statement about limiting distributions in this case must
await further experimental invesiigation, it ;ccms likely that the observed
distributions are indeed at some kind of asymptotic limit.

Lack of space and time prevents us from showing the detailed behavior
of these distributions for different targets. In practically all cases,
ﬁowcvgr, the shapes of the distributions shown above for the case of Be
are almost identical to those of the other targets., Only in the case of
very low momentum heavy fragments do target dependent effects manifest
themselves.

In this paper we have tried to show that single particle inclusive
spectra resulting from the interactions of relatively modest-energy protons,

deuterons, and alpha particles with nuclear targets show many of the features
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such as scaling and limiting fragmentation that are characteristic of

very high energy elementary particle interactions, and that experiments of
the type-discussed here may shed additional light not only on the nuclear
physics aspccts.pf these reactions but also on possible high energy

interaction mechanisms.

We thank Dr. Hermann Grunder and the Bevatron Staff for their important

contributions to this experiment. We also thank J. Wiss for help with the

data analysis.
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C. Missing Mass Spectra Resulting from np, dp and dd Collisions (at Saclay)

The following types of reactions have been studied:

(1) d + p~d + (mm)+ at 2.94 - 3.41 and 3.48 GCV/C(lg)j

(2) d +p~> 3He + 70, d+p - e, d o+ p e + n0 for
2.83 < py < 3.82 Gev/e (29,

(3) n+p-+d+ (nm)? and the "ABC" effect(ZI);
(4)d + p~ 3Hc + (mm)9 and the parameters of the "ARC'" and "DEF"

effects(zz);

(5) d +d > Ye + (nm)0 at 2.49, 5.34, and 3.82 Gev/c. (23

(1) d +p>d+ (mm)+

In this reaction one of the objectives was to look for T = 1/2

isobars. A single arm spectrometer wias used to momentum analyze the
Y _

outgoing deuteron. Some typical results are shown in Fig. 22(19). Care

must be taken in interpreting the peaks because of kinematical effects

associated with plotting a%gp- . The arrow on the first peak shows the
P lab

position of the m mass in the reaction N + p -~ d + for incident nucleons

having half the momentum of the deuteron beam. The peak at a mass of 1150

MeV does not seem to move with angle or energy although its magnitude

decreases at the larger angles. MNo evidence for higher mass T = 1/2 N*'s

is seen. There are various possible mechanisms which can be used to explain

the experimental observations. Among these the one-particle exchange contri-

butions

7 exchange not possible

n exchange possible

— . -

***lloccent results of these experiments have been presented at Uppsala (June,
1973), Berkeley (August, 1973), and Aix-en-Provence (September, 1973).



are likely to be important. No claim is made that the observed peak is

a new T = 1/2 baryon resonance.

(2) d+p~ 3ile + 70, d+p-~ % » n, do+ B e e + n!?

Here the main objective was to measure the relevant cross scctions
and thereby to shed some light on possible meson production mechanisms.
The first two reactions also afford yet another test: of charge independence

(20)

in hadronic interactions.

0 e s
(3) n+ p->d+ (mm)  and the MABCY effect
A monoenergetic neutron beam from deuteron stripping was used and

a large "ABC" effect was observed as shown in Figs. 23 and 24. Confirming evidence
8 g :

: . . 5 0
comes from the deuteron spectrum resulting from the reaction d + p » d + (mn)~ + p

which can be interpreted to occur in part as

{ + + d + (mm)o

-
[pspectator o) #i pspectutor

+pl+p+n +d + (mm)+

and spectator

[nspcctator

(4) The "ABC" and the "DEF" effects in the reaction d + p = “He + (nm)°

Thirteen spectra in the ranges of incident momenta 2.8 < p £ 3.8 GeV/c
and laboratory angles 0 s_ﬁi < 11° were obtained by the Saclay group for the
above reaction as well as two spectra for the conjugate reaction d + p
. + & o ; : . =g =
H o+ (mn) . An example of the results obtained by them is shown in Fig. 25.
The authors conclude:

(a) The "ABC" effect exists and has I = 0,

(b) The central mass of the PABGC! varies between 300 + 12 and

365 + 23 MeV depending on kinematical conditions,

(¢) The "ABC" has an intrinsic width of 50 + 10 MeV.
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(d) The angular distribution of the production cross section in
the c.m. system is strongly peaked forward and backwards in
contrast to n% and n% production.

(e) The production cross section of the "ABC" at 180° varies rapidly
with total energy in the c.m. system and has a maximum near
W* = 3,38 (See Fig. 206).

(f) That there is a new bump, which they call ”DEF”,‘with a4 mass
of.450 + 20 MeV.

(g) That the "DEF'" has I = 0.

(h) That the production cross section for the "DEF'" has the same

~angular and energy dependence as the "ABC".

A number of mechanisms have been postulated to explain the observa-
. (25,26) = , : .
tions but up to now none of these are completely satisfactory. Thus
the exact nature of the "ABC" effect, and now also perhaps the "DEF'",

still remains to be elucidated.

(5) d +d + 4He + (mm)0 at 2.49, 3.34, and 3.82 GeV/e,

The observed spectra show two broad peaks (Fig. 27). One corresponds

to "ABC'", the other to the wl. This reaction is of interest for several

reasons: (1) One is dealing here with two T = 0 deuterons and a T = 0

alpha particle, so that if isospin symmetry is valid only T = 0 (mm)0 states
should be produced. No 7915 have been seen. (2) The reaction dd - He + v
can be sfudied l

cerved and can be compared with the inverse process vy + He = d + d

and thus afford a test of detailed balance.
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The foregoing serve as illustratiéns of results that have so far
been obtained in experiments involving B = 2 projectiles. It is clear that
the interpretation of these experiments presents new difficulties and
challenges. But it is also clear that experiments of this general type
areilikely to provide useful new information about the nature of strong

interactions.




= B

V. OTHER PHYSICS EXPERIMENTS AND THEIR POTENTIAL SIGNIFICANCE

Let us look briefly at a number of other types of experiments,

some of which are even now being undertaken.

A. Total and Small Angle Differential Cross Section Measurements

Among other things the object here is to test factorization and
to check the validity of Glauber model predictions. A complicating factor
is introduced by the presence of rather strong Coulomb amplitudes which
. ’ , . (27) s, S .
interfere with the nuclecar scattering. It may be very difficult to

cleanly separate the Coulomb and nuclear effects.

B. Experiments with Monoencrgetic Neutrons from Stripped Deuterons

The availability of energetic deuteron beams has made it possihle
to obtain high intensity, essentially monoenergetic neutron beams by i
stripping the deuterons. A furthér refinement is to tag the neutron's
encrgy by momentum analyzing the stripped proton in coincidence with the
neutron. Such monocnergetic neutron beams can be uscd in a number of exper-

. 0
iments such as n+ p+d + g, n + Prp+n, n+p-+d+ (im), etc.

C. Polarized Neutrons from Si;ippcdrtnluri:od Deuterons

If polarized deutcrons can be successtully accelerated to high
cnergy the stripped protons or neutrons would also be polarized and could
be used for example to study spin dependent effects in clastic and inelastic
nﬁ scattering. Use in conjunction with a polarized target would permit high

energy polarization correlation measurcements which have a bearing on the



principle of factorization and on the establishment of the nature of the
ﬁuclcon-nuclcon scattering amplitudes at high cnergy. It should be easier

to accelerate polarized deuterons to high energy than polarized protons

because of their smaller magnetic moment. Polarized or even aligned

deuterons would also be very useful in making detailed tests of Glauber theory.

D. Hypernuclei and Superstrange Nuclei

The use of energetic heavy ion beams to produce hypernuclei offers

i ; - : (28)

an interesting new probe of nuclear structurec. The Arizona group has
- . ) 17 A

made preliminary measurements of the reaction 0+ p~+ 0n+ K 1in
hopes of using this type of two body final state to produce unique species
of hyperfragments whose decays could subsequently be studied, Unfortunately
the cross sections are small. A more prolific source of energetic hyper-
fragments would result from the fragmentation of a relativistic projectile
: + ; J+
into a K and a hyperfragment. The prescnce of the K could be used to
trigger the hyperfragment detectors. The time-dilation associated with
the lifetime of relativistic hyperfragments may make possible detailed
ae . - . s Batdmas . ini cxt29)
measurements of decay parameters and lifetimes. Kerman and Weiss
have pointed out that it should be possible to produce superstrange nuclei
with beams of energetic heavy ions. Very roughly the cross sections in heavy

nuclei are calculated to decrease by factors of about 10 for each additional

unit of strangeness.
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E., Spin Corrclation Measurements in the Fragpmentation of B > 2 Nuclei
fi

An interesting test of diffractive dissociation and a novel probe
of nuclear structure is possible through the determination of spin corre-
lations of fragments produced in particle interactions at high energy. The
idea can bes; be illustrated for the case of deuteron fragmentation. In
the diffractive dissociation of a deuteron the 3S1 nature of the neutron-
proton system should be left intact. Thus there should be a definite
correlation between the spins of the neutron and the proton fragments.
This can be measured in those cases where both the necutron and the proton
are rescattered iﬁ such a way that the scatterings analyze the polarizations.
Then for example there should be a preponderance of neutron scatters to the
left whenever left-scattered protons are detected. Similarly right;rjght,
up-up, down-down, should be more probable than up-down, right-left, céc.
Here we have another manifestation of the so-called Einstein-Rosen-Podalsky
paradox. The idea can be turned around by assuming that spin flip is unim-:
portant in the fragmentation of high encrgy projectiles. Then such measure-
ments would bear on the spin correlations of the constituents of the

fragmenting nucleus.

F. Measurements of Pion Multiplicitics

It would be very interesting to determine if anomalously high pion
multiplicities result from nucleus-nucleus collisions at hipgh encrgics.
After all, a very large amount of energy could sometimes be deposited into
a rather small volume and this might manifest itself in the form of pions.
From another point of view high pion multiplicities could also result from

coherent effects between production amplitudes of the various nucleon-nucleon




scatterings. In any case such measurements should provide interesting

tests of high energy interaction models.

G. Fragment Correlation Experiments (Multiparticle Inclusive and
Exclusive Reactions

As pointed out previously fragment correlation meﬁsurcments should
provide important tests of theoretical models. Several types of correlations
are of interest: (1) Correlations between target and projectile fragments.
This tests geometric models and factorization. (2) Correlation between
projectile fragments. This is particularly important from the standpoint
of nuclear structure. For example, whenlzc fragments into dHc is the
residue most often two more a particles or some other configuration?

(3) Correlation between fragments clustering ncar the rapidity of the
projectile and those which dome from the middle of the rapidity interval.
Are the "central' fragments really independent of both projectile and
target as might be naively expected from a multiperipheral type model?

Such rapidity correlations play an important role in high energy interaction

theories.

H. Coherent Excitations of huclet

Nuclear levels can be selectively excited in processes where the
exchange of quantum numbers can be selectively controlled. For example
a+ (A,2) +a+ X requires that X has to have the same isespin as (A,Z).
Although such reactions have been extensively studiced at lower cinergies,
the availability of high energy projectiles allows such measurements to be

extended.
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VI. A FEW CONCLUDING COMMENTS AND SPECULATIONS

I have tried to show that experiments with high energy heavy ions
are likely to yield interesting new information about the nature of high
encrgy processes and about nuclear structure, It is a new field with
many more questions than answers. |

It is amusing to speculate about some '"far out'" aspects of heavy
ion collisions:

(1) For example, what happens when two heavy ions come together
to form a system with zeff > 1377 Will quantum electrodynamics
survive?

(2)‘ At very high energies the lifetime of virtual states (e.g.,
that of N*'s) inside nuclei increases by a factor m/L. What
is the effect of such virtual states?

(3) What would happen in heavy ion: inieractions at ISR energies?

o Farley(so) speculates about possible new types of phenomena
when high energy densities (say ~10 GeV/nuclear volume) are
produced. Would such a system have a Hagelorn limiting temper-
ature? Could one get pion condensation? Could such a system
be a brccding ground for new types of complex systems?
Quantum number restrictions may be less severe,

(4) It seems likely that central collisions of high energy hecavy
ions will be more interesting than peripheral processcs.

It is not really clear what happens when tuwo massive relativ-
istic objects hit head-on,

(5) Can we expect any unusual phenomena to be associated with the

very large anpular momenta available in such processes?
g I
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I hope these comments will serve to stimulate more thinking about physics

with high energy heavy ions.
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IX. FIGURLE. CAPTIONS

Magnetic spectrometer for the 0°-fragmentation experiment,
Fragments of heavy ion beam (100) produced within 12.5 mr

of the beam dircction are focused along guide rail according
to charge and momentum.

Deflection distance- D vs Z and A of isotopes produced at 0° and
at beam velocity.

Observed count-ra%e vs D of the carbon isotopes produced by the
fragmentation of 00 nuclei at 2.1 GeV/nucleon.

Momen tum SYFCtrum for the carbon isotopes produced by the fragmen-
: J . . v
tation of "0 auclei at 2.1 GeV/nucleon.

Longitudinal momentum distributions in projectile frame.

Transverse momentum distributions for a) ISN; ) ”C and

c) 13¢ isotopes produced by fragmentation of 160 @t 2.1 GeV/nucleon.
Transverse components in, and nermal to, the plane of the magnetic
spectrometer are shown. The longitudinal momentum spectrum for

13¢ js also shown for comparison in ¢).

Target factor Y(B) vs M(amu) of target, the solid line denoted
y(B) = MO+ 256, ‘

-
acr - & " - .2 =
—i;—) far w production by protons on be s d function of
alldk/1ah

pion momentum. 0 = 2.5° (lab). The different points correspond
to different proton energies,  The curves have no theoretical
significance and were drawn only to aid the eye in connecting
the points at eiach energy.

n~ production by protons on Be. 0 = 2.5° (lab). The data of

Fig. 8 plotted in terms of the Lorentz Invariant cross section
: )
I . ) ; S . by
S - vs the scaling variable x' = TR T
M2 X

: |
22 = , . )
(T—HF) ; for n  production by 1.05 GeV/nuc leon protons, deuterons,
lab

and alphas on Be. 6 = 2.5% {1ah)s
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a1k
, deuterons, and alphas on Be. 6 = 2.5" (lab)

= P53 ) .
: (8 a )1 ' for n production by 2.10 GeV/nucleon protons,
a .

s 2
The Lorentz Invariant cross section E%-%E%E- vs the scaling
C
k*
variable x' = -g%—- for pion production by 1.05 GeV/nucleon and
(K Jnax ;
2.1 GeV/nucleon deuterons. 6 = 2.5° (lab).
. - E 920 . N
The Lorentz Invariant cross section jor ze=y- VS the scaling
h o (S0 AN
. kg

variable x' = fﬁgi for pion production by 1.05 GeV/nucleon
il max

and 2.1 GeV/nucleon alphas. 8 = 2.5° (lab).

2 =
L vs pion momentum k for = production by 2.1 GeV/nucleon
3ndkf1ab

alpha particles for three different targets: Be, G, and Pb,

'e = 2.5° (lab)
| f_éig, vs A
\anak lab Target

*alpha particles for different pion momenta. 6 = 2.5 (lab).

for = production by 2.10 GeV/nucleon

7]2(1

353})11h' vs fragment momentum
[S AN ol L

Fragmentation cross sections;(
for dissociation of 1.05 GeV/nucleon alpha particles into

protons, deuterons, 3”, JHe, and 4“0. g = 2.5° (lab). Be target.

The data of Fig. 9 plotted in terms of the Lorentz Invariant

; P 40 S .

cross section - =—-— Vs the rapidity variable y . Arrows

k* 9§dk I ) Ye A
indicate the rapidity of the target and the incident alpha

particle projectile. 6 = 2.5° (lab).

. i N2
Proton and deuteron production cross scctions ek Ll
[ARTIAR N o

fragment momentum resulting from the interaction of 1.05 GeV/nucleon

deuterons in Be. 6 = 2.5° (lab).

g e Cmmanm
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Fig. 19. The data of Fig. 18 replotted in terms of the Lorentz Invariant

' . : 3% — ;
. .cross section é%-sﬁgf vs the rapidity variable y..

32y

i : i 3 ions \ —= vs momentum for protons
Fig. 20. Fragmentation cross sections (anak)lab I

resulting from 2.10 GeV/nucleon deuteron and alpha particle

" interactions in Be. © = 2.5° (lab).

Fig. 21. The data of Fig. 20 replotted in terms of the Lorentz Invariant

. --LE 220 o
cross section ﬁ%-gﬁgi-VS the rapidity variable y¢.

Fig., 22. Missing mass spectra at various angles and incident energies
(19)

. resulting from the reaction d + p - d + (mm)o. Saclay Group.

Fig. 23. Missing mass spectrum.resulting from the reaction n + p +~ d + (mm)o.
| :

(21) |

Saclay Group. !

Fig. 24. Missing mass spectrum resulting from the reaction d + p + d + (mm)O

e (21) *
+ pspcctutor' Saclay Group . .

Fig. 25. Missing mass spectrum resulting from the reaction d + p -+

(22)

3 o
He + (mm) . Saclay Group.
Fig. 26. Backward differential cross section as a function of energy for

producing the "ABC" in the rcaction d + p -~ 3Hc + "ABC".

Saclay Group(zz).

Fig. 27. Missing mass spectrum resulting from the reaction d +d -+

(23)

4He + (mm)o. Saclay Group.
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I - INTRODUCTION

- The availability of high-energy heavy ion beams at the LBL Bevatron
~has made it possible to investigate experimentally the mechanism'. involved

in nucleus - nucleus interactions. It is of main interest to make some
progress in this field as it appears that heavy nucleonic probes will give

us much information ° about the elementary processes involved in high -

energy collisions.

The preliminary results we present here will be analyzed in order
to test some important properties predicted by the quantized unitarity
interaction model (ref. 1), especially the existence of coplanarities in

high—-energy production processes.

The experiment was. done using nuclear emulsion detectors which

present very high angular resolution in all spéce.

The emulsion stacks, irradiated by the 2.1 GeV/N oxygen beam,
were made of normal K-5, 600 U thick Ilford plates. They have been chosen
for their sensibility that make it convenient to follow any emitted charged
particle. Furthermore it will give us a sample of hydrogen, light and heavy,
spin and spinless nucleus - nucleus interactions. We measured eight stars,
the targets have been identified and selected according to the method developed

in reference 2.

JI - DATA PROCESSING

A. Tomproved measurement procedure

Very precise angle measurements have been performed by physicists
on "LEITZ Orthoplan" microscopes which have been selected for their mechanical
properties of vertical motion. Indeed their helicoidal system for measuring
dips is believed to be most insensitive to wear and to give a constant |

measurement unit, since integrated on a large number of screw steps.

All microscopes are kept at constant temperature during the
measurements, the star being adjusted to the optical axis and the stage

definitely blocked up in the (x,y) plane.

Measurements of azimuthal angles are made relatively to any
arbitrary original direction of a goniometer which gives directly minutes
of arc. Ten independant measurements are made by considering the parallelism

between the reticle of the goniometer and each track.




" HIGH-ENERGY "ELEMENTARY PROGESSES'IN'NUCLEUS*NUCLEUS'INTERACTIONS
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High resolution in angular distributions has been obtained for
nucleus~nuc1eus interactions induced By the 2.1 GeV/n incident oxygen beam
of the LBL bevatron. In the first part we present the technical improvements
and the measurement procedure we have developed to this purpose. In the
second part we analyze six events and conclude to the existence of geometriéal

correlations between the charged particles emitted in the first scattering

process.

This set of particles includes the leading one and corresponds
to the diffractive component of high—-energy particle production. The
dynamical origin of these correlations is discussed and the existence of

internal parameters suggested.

NUCLEAR REACTION 016, emulsion nuclei, E = 2.1 GeV/n, measured angular

correlations, deduced elementary processes, leading particle effect, dlffractlve

scattering, dynamical correlations.




For each one the ten independent dip measurements are made starting from the
center of the star upto adetermined point of the track by retaining the
maximum contrast of the track grains. The micrometric screw is to be

rotated slowly in the same direction in order to avoid mechanical play
effects. By adjoining a vernigf to the micrometric screw we are able to

evaluate the tenth of a micron.

To reduce the depth of vision field we used 100 x object and
25 x ocular lens. A “LEITZ" goniometer is fixed on the binocular and a

television camera on the central tube.

The dip measurements are made using a television screen in order
to avoid the eyes' accomodation of the operator. The fixed micrometer has
been mechanically dissociated from the exit centered lens system so to

fourfold the television field. By the way we also get a better resolution
on the micrometer system, a longer measurable track length and a smaller

depth field.

B. Experimental biases and corrections

TaBIéjlﬁ shoﬁs the detail of measurements for one event. The two
 first columns contain each ten independent values, expressed in microns,
of the relative dip position of two grains, one located near the center

of the star, the other omne on the track at about half -a micrometer length.
The exact projected distance between these two points is expressed in
micrometer units. The third column shows ten independent values of the

azimuthal angle, in degrees and minutes.

The values have been corrected for field curvature. Physical

~ constraints such as emulsion distorsionznxénegligeably_small because

the volume containing the measured lengths .is- elementary enough in regards
to such macroscopic effects. Further geometrical aberrations have not

been considered since the star is adjusted on the optical axis and no

noticeable distorsion was detected for the beam tracks.

" III - DATA ANALYSIS

Our aim is to detect the existence of physical coplanarities
in high-energy particle production. At this stage of our study we only
know the angular distribution event by event and thercfore are unable to

transform laboratory variables into center-of-mass cnes.



So we have to restrict ourselves to collisions which conserve the center-of-mass
coplanarities. Furthermore, we had to reject two events with special
configurations, i.e. with few tracks very strongly collimated in the fofﬁard
direction and presenting large relative errors, which could favour too

- much the coming out of coplanarities.

_ One of the oxygen-hydrogen interactions is remarkable by its
relativistic heavy ion emission. Though its asymmetryis larger than the one
of the other stars, we have included it in our study in order to show that
the coplanarity effect also exists in that specific case. But we should _
‘be a priori aware that it will'be more difficult to conclude for physicalh

effects in the case of that star.

We did an independent event analysis and a systematic search
.for coplanary tracks on six events, four oxygenrhydrogen interactions, 6ne
oxygen—light nucleus and one oxygen—heavy nucleus interaction satisfying
the above criteria. We decided for coplanarity each time the box product of
the directive cosines was both compatible with zero within the error and

less than 10/00.

In each event we found coplanarities of 3, 4 and even 5 charged

particles, which we divided into 2 groups.

type A : coplanarities, containing the incident track. They are invariant
in the CMS to laboratory-system transformation.

type B

coplanarities not containing. the.incident track.: They are not

- invariant in such a transformation.

In order to extract the physical coplanarities of three particles

out of casual ones, we deformed randomly  our events in the following way :

. = in order to conserve the kinematical constraints as well as
possible the directive cosines were deformed so that the real angle between

each track and the incident one remained constant.



- in order to avoid any too large geometrical deviation, the final

asymmetryfactor was not allowed to change by more than 25 Z.

1 - Coplanarities of-three tracks

In Flgures 1 A 1 B "and '1°C, we plot the ratios P. (1) P (t) and P (t 1)
deflnedas follows :

Pf(l) _ (number of coplanarities of type A) real event

(number of coplanarities of type A) 1th PR N —

Pf(t).= (number of coplanarities of types A and B) real event

(number of coplanarities ofrtypes A and B)ith deformed event

(number of coplanarities of type B) real event

P(t 1)

(number of coplanarities of type B) deformed m—

One can see that there is a large excess of real coplanarities
including the incident tréck while the other real ones appear as more casual,
essentially in the last ratio. The statistical excess in the case of Figure 1 C
is mainly due to the physical constraints which remain while crudely substrac-

ting number of coplanarities.

Figure 2 A represents the frequency of the ratio RE defined by : 7

Rf _ [ number of c0p1anarities of type A

num?er of coplanarities of type A and B voul EvEhE

number of coplanarities of type A

number of coplanarities of type A and B ith deformed eves

e

Figure 2 B repfesents the frequency of the ratio R? defined by

RS number of coplanarities of type A

number of coplanarities of type A‘and B ith deFormel avois

number of coplanarities of type A

- s/l
number of coplanarities of type A and (1+1)th o -

event



‘process (FSEP).

' £
Each event was deformed thirty times and the values R = 1.0 were
equally distributed between the'statistical"” (R<1) and the'physical" (R>1) sides.
We immediately see that the ratios Rf>1 are about six times more frequent

: s s
than the Rfs,l ones ; on the other hand the ratios R">1 and R <1 are equally

probable, as expected.

g S IE— 4 e e e el ey e

In order to determine what kind of particles are involved in these

coplanérity effects we did a systematic cut—off analysis on white, grey, black,

jet- and non jet - particles. We found that the most unbiased sample was made

of the high-energy heavy ion tracks, if any, and of all the grey and white
trakcs, i. e. of essentially the relativistic tracks. Figure 3 showing therRf :
histogram for these relativistic tracks does not reveal any noticeable
discrepancy with Figure.2. -

2 - Phenomenological analysis of four tracks coplanarities

The next step was to look for high order coplanarities. Table 2
shows the frequency of four tracks coplanarities appearing in each event

deformed thirty times in the same way as describedbefore. There is a striking

evidence for very high abundances in our real events.

Let us now begin with the event by event analysis, in order to get

some more specific and relevant informations about the first step elementary

) .STAT.

1
(COP4 |
(copi) PHYS.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 2 3 4 5 21/<1
AgBr 20 1 1/29
CNO 12 6 2 3/27
H(1l) 19 1 1/29
H(2) 18 8 1 1 1 1 12/18
_H(3) 28 1 1 2/28
H(4) 20 5 2 3 10/20
Table 2
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The number of realistic coplanarities have been deduced by assuming that

a track cannot belong to more than one deduced coplanarlty Thble 3 summarizes

the characterlstlcs of each eventl

~—=-=="" Comments on “Table 3t

1 - column 1 represents the configuration of the measured coplanarities.
Each circle represents a charged particle contributing in

coplanarities, the black one being the incident one.
2 - star N° is the identification number.

3 - target Hl, H2, H3, H4 are 4 stars on hydrogen target.
| CNO : Target belonging to C,N,0 group
AgBr : Target belonging to Ag, Br group.

4 - tolum 4 represents the total number of cﬁarged particles in the final

state.

W : means white (relativistie) tracks
c: meens grey (felativistic) tracks
B f means black (low enmergy) tracks

HI : means relativistic heavy ions in the forward direction.

5- 6 = columns(S 6) represent re5pect1ve1y the measured number of 3 4 tracks

coplanarities including the incident one.

7 = column (7) represents the deduced number of 4 tracks coplanarities,

where W, G, and B represents the nature of the tracks

contributing in each of such coplanarities.

8 -~ column (8) represents the.deduced number of 3 tracks coplanarities,

including the incident particle.

9 - column (9) Number of 3 tracks coplanarities which do not. interfer in

the 4 tracks one.
10 - column (10) Number of coplanarities formed by more than 4 tracks.

11 - column (11) The ratio of the number of charged particles contributing

in the coplanarities to the total number of charged particles

in the final state.
12 - column (12) Number of elementary processes as explained in section (3.2).

13 - column (13) represents the configuration of the deduced coplanarities.

In the case of hydrogen targets we observe only one four-tracks coplanarity.
This is to be expected if one assimilates the first step with the first
scattering inside the projectile. In the case of CNO and Ag Br targets we

, first ste
may say that two, Four scatterlng proceSSes are oenerated in the _P
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We now consider one sample of four-tracks coplanarities (FSEP4)

- which each presents the following characteristics :

= there is one FSEP4 in each star
= the track emitted in each star at the smallest angle is contained in thé

FSEP4. We shall call this track the leading track (LT).

— The incident (IN) and theleading track directionsare included in the

interval made of the two other coplanary track directions (A and B tracks).

In table 4 we present the FSEP4 angular schemes where the angles

are cémputed from the leading track. We can then make the following comments :.

= all FSEP4 have the same general configuration

= the leading track is always on the same side as the second smallest
angle track (A-track). |

- it seems that according to tﬁe relative A-and B - angle values, - we
could have two classes of FSEP4, the more symetric H3 and H4 ones on

one hand, the lesssymmetric H1, H2, CNO and AgBr ones on the other

hand. _
A ... .. LT . IN . . B
a o o i b
H1 281 4] 74 _ 8769 (miqutes of arc)
H2 200 0] 80 : 6119 "
H3 | 54 0 40 115 "
* H4 85 ' 0 31 221 n
CNO 17 0 33 3624 L
AgBr 542 0 112 o 5704 o
Table 4

In the case of three tracks coplanarities we could not find any
Systematic configuration ; this may be due either to some neutral missing
particle or to casual coplanarities of tracks which do not belong to the

first step. Therefore we shall try only to interprete the FSEP4.



'V~ PHYSICAL INTERPRETATION

- We are conscious that our statistics should be increased in order
to confirm the generality of our results, nevertheless one can conclude to

the existence of geometrical correlations.

In the following we shall call cluster any interacting subnuclear

region and distinguish between projectile and target clusters.

The coplanarities can be explained in a simple classical way

by high momentum angular transfer to the first step clusters.

One can imagine two high-energy clusters colliding at a given
impact parameter. The relative angular momentum will be convertéd intO'high.' _
spins of the two clusters in the final state. If the spins in the initial state
are negligeably small the final state spins will be parallel to the relative
angular momentum vector, perpendicular to the incident kinetic momentum and
to the impact parameter vectors. Such spins will lead to the emission of
particles in a plane including the incident track and conserved in the center-

of-mass to laboratory system transformation. Figure 4 shows the symmetric

emission of two particles with same mass.

One can see that the configuration A, IN, LT, B is holding in

any case. Furthermore we can make the following comments :

- if the initial state spins are negligeably small, a and b remain small in

regards to IN.
- for given spins, if a increases, b decreases and vice versa.

- high spins may explain large momentum transfers, backward emission and

velocities in forward direction much larger than the incident one.

In a less classical way one could imagine that the incident
particle is getting same planetary configuration while being accelerated.
The collision with the target would make the satellites being ejected and
emitted in the laboratory system. The orbital planes should then include
the incident track so that the coplanarities are conserved in the center—of-
mass to laboratory system transformation. This last picture could expl#in
. why cosmic-ray people (ref. 3,4) attribute the leading fragments to the

incoming particle.



Let us now look how the FSEP inserts in the generally reported

phenomena.

[

The FSEP tracks are highly anisotropic and made of relativistic,
very fast and medium fast particles going in opposite directions. This
fact has to Be considered as a sign of diffraction scattering. The mean-—
multiplicity FSEP is only weakly depending on energy and our value of 2.4
~is in good agreement with the value of 2.5 reported (ref. 6) for 200 GeV

proton—nucleus interactions.

It appears that the leading particle, which can be either an
incident nucleon, or an incident cluster, induces the liberation of associated
particles, fastly orBiting in a central force field. In this hypothesis the
production characteristics could be described by some new parameters such as

internal impact parameters.

To draw more precise conclusions we have undertaken granulometric
and photometric measurements in order to identify the particles involved in these
elementary processes. We are also increasing the statistics in order to get

precise values for the angles between the FSEP planes

Already now it seems that the elementary processes are fundamental

ones underlying the high-energy diffraction mechanism.

‘Especially in the case of hydrogen targets the FSEP will give us

fruitful information on the cluster distribution inside the incident nuclei.
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FIGURE CAPTIONS :

- Figure 1 A : represents the frequency of the ratio physical to statistical

..

number of 3 tracks coplanarities including incident track, for
six events deformed 30 times.

B : represents the frequency of the ratio physical to statistical
total number of 3 tracks coplanarities.

C : represents the frequency of the same ratio for total number
of coplanarities which do not include the coplanarities the

incident track.

= Figure 2 A : represents the Rf physical ratio for 3 tracks coplanarities (all
the tracks).
B : represents the R® statistical ratio for 3 tracks coplanarities

(all the tracks).

- Figure 3 ! represents the Rf ratio for 3 tracks coplanarities (relativistic

tracks only).

Figure 4 : Symmetric emission of two particles with same mass in high
spin hypotheses.

Table 1 ! Measurement sheet for one event

Table 2 : Frequencies of the ‘ratio : number of four tracks coplanarities
in deformed events over the same in measured events.

Table 3 : Analyse of the coplanarities of each event.

Table 4 ¢ Angular values of the FSEP 4 tracks.



WGB (White, Grey, Black) UD (Up, Down)

|

EVENT ~ 1418 0 incident
oD BD N WU
50.5 51. |306.55  50.2 63.5(182.48  51.9 29. |133.4]
50.5 50.9|306.59  50.5 63.5[182.40  51.9 29. |133.45
50.4 50.9|307.03  50.5 63.8182.47  51.8 29. |133.4]
50.5 51. [307.01  50.5.64.1]|182.40  51.5 29. |133.38
50.0 50.4|306.54 © 50.5 64. |182.51  52.0 29.3|133.58
50.5 51. |306.54  50.3 64. |182.49  52.5 29. |133.46
50.5 51. |306.56  50.3 63.9|182.44  52.0 29.4{133.48
50.5 5. [306.57  50.4 64.1[182.56  52.0 .29.4[133.,49
50.5 50.8{306.52  50.4 63.9[182.49  52.0 29. |133.45
50.5 50.81306.51  50.5 64. l182.57 52.0 29. |133.38
50 pm " 50.5 um 46 um
GD WD WU
51.2 52. [127.25  51.2 51.6{126.10  52.2 51.7/126.10
51.2 52. [127.24  51.4 52. |126.10  52.3 51.7{126.10
51.0 51.6|127.28  51.3 51.7[126.12  52.2 51.8{126.12
50.9 51.50127.20  51.1 51.5[126.09  52.4 51.7/126.09
51.1 52. [127.19  50.9 51.2[126.10  52.4 51.7|126.10
51.2 52. |127.24  50.9 51.3]126.09  52.0 51.3}126.09
51.6 52. |127.25  50.8 51.3[126.06 . 52.2 51.6[126.06
51.3 52.1}127.22  50.9 5].3[126.08  52.0 51.3]|126.08
51.5 52.1|127.25  50.8 51.3[126.14  52.0 51.4]126.14
51.5 52.11127.22  50.8 51.2[126.11  52.1 51.2[126.11
48 um 43 ym 48.5 ym
WU BD WD
51.0 39.90111.40  49.2 24.7]106.47  49.9 66.2/100.54
51.2 39.9111.36  49.0 25.1|106.40  50.0 66. |100.50
51.2 39.9[111.43  49.3 25.4|106.40  49.9 66. |100.5!
51.0 40. [111.39  49.0 25.4|106.44 - 49.9 66. {100.52
51.1 39.9|111.45  49.1 25.5[106.48  49.9 66. |100.56
51.2 40. |I111.42  49.8 25.8[106.52  49.8 66.3[100.48 .
51.2 39.9|111.38  49.6 25.6[106.52  50.0 66.9]100.58
49.9 39.6[111.38  49.6 25.6[106.49  49.8 65.8/100.55
51.3 39.5[111.39  49.5 25.5|106.50  49.8 66. |100.53
51.0 39.61111.46  49.2 25.9]106.41  49.8 66. }100.52
45 pm 47 pm 44 um

WU

50.8
50.5

50.5

50.8

90.5.

50.5
50.2
50.5
50.3
50.4

24,
24,
24,
24.
24.
24.
24.
24.3
24.

24.

WS NN W

47 ym

- WD

100.
100.
100.3
1CO.
100.
100.
100.
[CO.
1C0.
100.

36

47.7
47.9
47.5
47.6

47.7.

47.7
47.5
47.5
47.7
47.6

74.6
74,

74, 1344,

74.2
74,2
74.2
74.2
74.3
74.5
74.

47 .um

BD

49.2
48.7
48.5
48.5
48.5
48.5
48.4
48.4
48.2
48.3

75.5
75.4
75.5
75.5
75.5
75.5
75.4
75.5

75.4
49 yum

44,
4405
44,
44,
44,
44,
44,
a4,
44,

44,
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