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The interaction of " relativistic "Argon nuclei with

-

emulsion nuclei has been investigated. General properties of

the interactions have been determined, as well as
correlations between = thea. Compari;ons with sgyeral
theoretical models has yiélded insight into the collective
behavior gk nucleéns in this type of interaction as well as
the geometrical behavior -of the nuclei as a whole.

Over 300 interactions ueré studied in‘ great detail,
from whith the inelastic mean free ﬁath~)\u¥ 9.60 + 0.52 cm.
was obtained. The average numbers of tracks were determined
for both the interacfions as a whole and the interactions
with projectile tracks removed. Qaiues obtained for the

]
former are <NS> = 9.18 + 0.44 f%r the shower particles, <Ng>

= 7.12 + 0.40 for the grey tracks, {N-> = 6.20 + 0.25 for the

b

black tracks giving <Nh> = 13.31 + 0.59 for the heavy tracks,
\ ‘

while for the latter the corrected values obtained are <N5>c
= 3.72 + 0.26 representing the pions, <Ng>c = 4.90¢ + 0.356 and

<Nb>c

5.38 + 0.37 giving <N, >_ = 10.28 * 0.56 for target
related black, grey and heavy fracks respectively. Th?s
separation of tracks allowed compariséns to pe.made between
this nucleus—-nucleus experimené and- 'nucleon—nuciéus
experiments, while at the same time ﬁraviding information on

S~
the Argon projectile breakup.
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Secondary events were also studied to a lesser extent,
such that comparisons-betuien primary and secondafy events
could be made.

Angular distributions have been measured for over 1000
shower tracks, and compared to exclusive counter experiments. .

From this overall view of the interactions, it has been

possible to provide validation to certain aspects of both the

thermodynamic models and the collective tube model.
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INTRODUCTION

o

A new field of physics wds opened with the constructiaon

™. -
of the Berkeley Bevatron. It has permitted physicists to

cbtain previously unavailable information on the dynamics of
hadrons +interacting in a collective system called the

nucleus, at energies large encugh for meson production. The

experimental investigation of relativistic heavy ionr
interaétions is no longer limited to balloon flight exposures

of nuclear emulsion to the cosmic flux.

-

Beams of fully ionized heavy ions are®’now available for
experimentation over almost the entire periodic table in an

energy range of a few MeV per nucleon, and ions as heavy as
'SbFe are routinely- available at an energy of 2 GeV per

nucleon. Heavier relativistic nuclei are becoming available

from existing ¥acilitiés, and propcsais for new Ffacilities

will provide nuclei as heavy as 238U at energies upwards of

-

10 GeV per nucleon, possibly  in  a colliding beam
configuration. Since the natural spectrum of the cosmic flux
&\ . 56 . . .
essentially wvanishes above Fe, it will be possible to

produce nuclear densities never before possible, over larger

and larger volumes. )

-

Assuming- that quarks and gluons exist, one must accept
that it is practically impossible to.isolate them. Thig has

given rise to a new picture for the vacuum state, different

..
o~ R
o s 4 . -



from the familiar perturbative vacuum. in GED with its
.occasional electron—positron pair creation in an otherwise
empty space. This perturbation type of picture is replaced in
QCD by a state where certain fields are totally .excluded,
such as the coluu; field, in order that the colour carriers,
quarks and gluons, be totally confined in the interior of

! that the physical

hadrons. However, .4t has been predicted
vacuum may become unstable under the influence of high ene;gy
or matter density. In the large body of data available from
p—p and p-nucleus collisions, oﬁe can see that when a hadron
traverses a nucleus at high speed,. only a small purﬁinn of
its energy can be deposited in the nuclear volume. Indeed,
the hadron passes through, making several collisions, with
the forward products not fragmenting until they have left the
nucleus 2, while the less forward products do fragment inside
the nucleus, creating pions and the like. But the volume in-

which they are fragmenting is cold nuclear matter, where the

creéiion of a few pion producing cascades is counterbalanced

by pion'absorption. Multiplicities are therefore only about 2 .

-
!

or 3 times that of p—-p collisions, and it is not possible to
heat up a volume sufficiently to perturb the vacuum.
Nucleus—nucleus collisions on the other hand offer the

interesting possibility of two large relativistic nuclei

stopping each other in a head—on collision, with a growth in

b
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muitiplicity which may be linear in A,- the atomic number.
Since a very large number of pions could be created in such
an interaction, and assuminé the two nuclei interpenetratg
each other without an increase in volume, there will be no
room in this.yg}ume for the normal volume assigned to each of
the pions in Fhe bag model 3. (Normally, much of the space
inside the nucleus is empty, since the hadrons only occupy a
fraction of the available volume.) This might cause the space
inside the nucleus which 1% usually a wvacuum to become
unstable 1, leading to conditions whereby the vacuum becomes

perturbative and is filled uitﬁ quarks and gluons. This large

bag of quarks and gluons would come about from a

-

deconfinement, with fhe normal liquid—like.;uclear matter
undergoing a phase trangition to a state referred to as a
quark—gluon plasma. A good guess 4 for the energy at which
this might occur is at a temperature of 200 MeV spread out

over a volume based on a scale of several fermi, with an

- energy density of 2 GeV/+m3, or about 4 times that of the

proton. Only relativistic nucleus—nucleus collisions seem to
have the possibility of producing such conditions, and such a
possibility may lead to exciting new physics.

\“.Alternately, there may be the possibility of forming
L - \ .
very heavy nuclei, lacated on an island of stability +far

removed +from that of normal nuclei 5. In fact if the right

- :conditions may be achieved, producing a mminimum in the

-
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potential curve of nuclei when certain fields become large

enough, nuclei with mass numbers upwards of 400 may become

metastable, or even stable. This might have +far reaching
b

implications in the fields of astro and nuclear physics.
Scme authors have also predicted the formation of pion
condensates 6, or more specifically states in- which the

nucleons arrange themselves in layers of ppposite spin

alignment, under coéditions of high density or pressure but

of low temperature. This is a ‘minimum’ type of
configuration, and has been thought to be a probable state of
nuclear matter in the tenter ofqngutron stars. While at the
moment it may bé) difficult to produce the necessary
.conditions in the lab for the type of stability of pion

—

binding in dense nuclear matter which 1leads to pion

condensation, one should be on the lookout for any
signatures, such as anomalies in the transverse momentum
spectra of collisipn fragments.

While these speculations warrant the study of both the
high densi%y state and the vacuum state of nuclear matter,
some of the desired conditions are just short of Ehbgé' which
can be produced with current accelerator facilities. In the
meantime, there remains a wealth of data to be collected and

analyzed, along with several competing theoretical models to

be accepted, rejected, refined or best of all developed.



Early experiments on the interactions of heavy iqns

with target nuclei were originally concerned with intecactibn ;
A

mean free paths and the production.of nuclear fragments, as

such data are most pertinent to the physics of cosmic rays.

More recently, inclusive and exclusive type measurements have
-

-

been carried out to obtain.crossrsections and reactiéﬁ tes.
Often the gecmetry of the collicion motivated the fype‘ of
*expefghent, for in nucleus—nucleus collis%aqsﬁ nné‘{can‘ o
c{éssify the interactions into threé broad classificafionsph

-

' central, peripheral and hvybrid collisionst In central s

- N

collisions, the two nuclei hit each oiherfhgad-on,. with _an

impact parameter less than 1 fermi. The aggld%erate .formed

Lrd

then disintegrates, with most of thée projectile fraaments
thrown forward and the producéd particles gi#en large

transverse momenta, whereby both the target ‘and projectile
N . - ‘
are annihilated. Peripheral collisions are ‘grazing’ type of

" -

. .
callisions where the participating nuclei barely cverlap,hand

interact only slightly, and possibly only through Coulombic

-

ihteraction. These types of collisions tend to leave the
participants relatively intgct. Hybrid collisions are 1in
between, with the cullidingﬁauclei at partial overlap, such
that certain common regions undergo large excitation, while
others remain relatively 1intact. This leads to - the

participant—-spectator . type of description for relativistic

l

heavy ion interactions. ) -

“u
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. !
Such considerations recall certain importaﬁt facts
N

about the kinematics of these interactions. The use 6f such
energétic projectile nuclei makes possible the study of
fragmentation processes in two distinct regions: since the

incident projectile has a very ‘high velocity in the

laboratcry frame, and its fragments have low momenta relative
to it, the. projectile fragments and the projectile-spectator

ill be highly collimated in the forward dire:tion;‘ the
1]

target related +fragments will be slow and isotropically

emitted in’' the: laboratory +rame. Thus the target and

projectile fr.agments will be quite distinct, with products of

-

thé participant regions left to £ill ihe“gap.

Such large numbers of interacting nucleons iwm a sihgle
collision aliou the use of very elegant statistical models

r o~
_for the description of thdse encounters. Much fine tuning of

¥

these models has occurred with the advent cof new data, and
~ g

- the ‘present investigation provides some insight into the

~

applicabili;y of these and other more dynamical models? Alsc
o+f great.interest are- the hydrodynamical type of models, some
of : which provide for the existence of .shock waves when the
speed of sound in nuclear matter 1is exceeded during a
collisioﬁ. Certain measurements done in this experiment tend
to exclude this phenomenon, but perhaps the proper conditions

‘have not been achieved.



The possibility of engendering new phases of nuclear
matter was one of the primary motiv;tions for the present
investigation. Although energy and particle densitiés ueré{
nat high enough for true phase transitions; it was felt that
a thorough investigation of interactions close to the
‘threshold’ might provide some clues of what could be
expected in the future, and that certain};or;elations of data
might provide guidance for future research. It is felt that
while requiring meticulous data acquisition, an emulsion
experiment with the then highest available mass nucleus as a
projectile was able to provide an overall view of the
collisions not easily obtainable.with other detectors, albeit
with low statistical accuracy. The investigation was doné
with the thought in mind of being able to compare data with
other, different type of inclusive and exclusive experiments,
and thus_Five a good starting peint for the comparison with

Bl

theoretical predictions.



1. CHAPTER 1. MEASUREMENTS IN EMULSION

[
1.1. Emulsion Techniques
1.1.1. Emulsion: The Detector
\

Nuclear emulsion has two basic constituents. It is
composed of silver bromide crystals suspended in gelatine
which is called the matrix or medium. It igs the medium which
localizes the AgBr crystals and prevents their movement. The

i

gelatine is of animal..origin and, with glycerin\)added is

hygroscopic, with £ﬁe- ;Cfual quaﬁtity of water contained
being a function of the environéental humidity. The humid;ty
has a major influence on the thickness of an emulsion layer,
by causing variable ,swelling. Thus the use of nuclear
emulsion as a particle‘detectur Eequires carefully controlled
climactic conditions. The major elements contained in
emulsion are divided into two groups: the light elements 1H,

1231 18y % %0 and the heavy elements 108

Ag & 8oBr. There are
also trace quantities of other substances which come - from
impurities in the gelatine or are added as sensitizing agents.

In an abbreviated fashion, one can describe how nuclear

emulsion functions as a detector: a charged particle or

photon upon passing through the emulsion, uill,,py Coulombic

11



interaction, eject electrons from their sites in the: ' face
centered silver bromide :ryséél; Mmany zrystals along the path
of the traversing radiation are thus affected, and in each of
thesé atfected crystals, or gFains, holes and electron% are
formed when the valence electron of Br is removed; these
free 'electrnns now diffuse to the surface of the crystal,
where silver nuclei are surrounded by fewer bromine nuclei
and £he electrons are captured by silver 1065, which are
transformed into silver atoms. These neutral atoms are
initially dispersed on the surface, and they later %orm‘Tan
aggreqgate at é\Erystal imperfection. This process is knowﬁ as
the formaiicn of the latent imﬁge. At this peoint, the
emulsion, which may be as thick as ;;ﬁ, is completely opaque
and bhas a white or yellowish. appearance due to-the presence
of the 'silver salt. The recording procegs completed, the

J

emulsion is now placed in a reducing solution, otherwise
known as developqr, which transforms the grains with a-latent
image into metallic silver. Their size is of the order of one
wavelength of light. These islands of metallic silver are not
yvyet wvisible aue to the overwhelming presence of undeveloped
silver bromide crystals. All of the remaining silvef salts
are then removed by dissolving them in a fixing solution.
When fixation is complete, the emulsion has ‘become
transparent, with m;riads of silver granules forming the

C o

final and permanent image.

12



1.1.2.. Ionization and Track Formation

There are two main mechanisms for the energy loss of
radiation. paésing through matter which are of importance in

emulsion uork:'/élastic nuclear scattering (i.e. Rutherford

scattering) anélloss due to ionization. The ionization, or

specifically the collisions with atomic eleqtrnns, accounts

-

for the greatest energy loss by far. The- Bethe—Bloch fofmula_

for the total rate of ionizatioﬁ energy loss peg gcm

-

traversed is given by )

2#2 o -
dE > 72 - ZmgC - ~
- = —4K?F mc — In ( - ) (1.1) ~ _
’ Y- a2
o . B 1(1-8% .
T
where ‘-'\ - - . -
Q = # of electrons/cm3 .
’ re'= classical electron radius B .
' Z = charge of -the radiation o .
I = ionization potential of the medium . : -

- - -

¢ P

For composite media such as emulsion, two factors must

-~

be' modified: 7 and I. Here 7 may be alternately written as =

o oy
- - "



o=, 4 .
7= T Ma ;"?i , (-2
i

n

where NA Avogadro’s ndmber

density of element i in the medium

-3
n

Zi % Ai refer to the ith element

and I must be replaced by'Ii , as each summation term is

added. . B

It can be seen that the rate of energy lpss may be

simply written as

de 2

z , >
—_— = - == §( = =7 ( 1.3
dx Ffz .Fb g tb '

-~

which_ is independent of tﬁg—;%ss of the incident radiation.

When plotted as a function ofiegergy,, the function has the

form shown in fig 1.1. i\

v e

In an emulsion of normal -cemposition, the minioum

.

ionization rate for a singly charged particle is

approkiﬁately 3.5 MeV/cm. The minimum ionizing particle has a

Po-F .95. .

As a partiéle passes through the emulsion, it loses

energy to soffe of the silver bromide crystals.
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FIé. 1-1: lLogarithmic Variation of dE/dx vs log E.
)

The curwe has the same shape fcr.all particles.
The minimum of ionizatkon occurs when the k;netic
~energv  1s  roughly ﬁwice the rest mass, and the
levelling off when the kinetic energy 1is roughly

2ight times‘ the rest mass. As  the

-

charage

. < ! . .
INCrRases., i.e. tor an & particle. the ionization
aoes up as the sguare of the charge.

S

-

This eventuallv resylts in a series of arsins. the number

.
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being a function of the ionization. As the particle slows

;T;oun, it?ﬁ;cames more ionizing, and this increases the linear
grain densgiy q¥ the track. Due to the finite size of the
graihs; the tfack will aﬁpear solid once the particle has
_g;nwed down sufficiently. A particle of high enough charge

will also cause this effect, even if it is relativistic. Thus

- -

the measure of ionization in emulsion, that is the number of
grains per unit distance, gives an indication of the- charge
and 'velncitf)c{ the particle, and hence the energy if the

mass is known or vice versa.

1.1.3. Classification of Tracks
The classification is made in terms of the ‘blYackness-®
of the track. The grain density g depends not only on the

ionization, but also on the emulsion sensitivity and the

degree of deve%gpment. Thesé factors therefore determine a
value =P which {s the minimum linear grain densiﬁ; due to the
passage of a singly charged minimum ion?zing particle. All
other grain densities are measured relative to this minimué
value. This minimum may vary in any one emulsion, and oﬁé_
must account for this by measuring 9% ig the vicinity of the
"tracks of interest. This variation is caused by non uniform

development.

2. Three categories are usually defined in emulsion

N -

16



N

measurements according- to_grain density. These are Ns' Ng and

-

Nb' A Ffourth category is often used and this is Nh which is

the sum of Nb and Ng;

’

N_ symbolizes the # of shower (or ainimum) tracks

S
Ng symbolizes the # of grey tracks
Nb symbolizes the # of black tracks

=

symbolizes the # of heavy (or dark) tracks

The categufies are usually taken tb mean-the following:

In &s will be included ény track whose g wvalue lies
between 1.0 to 1.4 - 2.0 do- Similﬁrlyt Ng-is the number of
tracks with g between 1.4 — 2.0 94 to 4.0 - 8.0 - Nb
Fepresents ;11 remainind tracks. .7 ‘

The subscripts shower, grey and black refer to the
appearance‘ of the tracks under a microscope. The specific
limits on each category are determined by " the particular
requirements of specific experiments, as far as energy

. r
cutoffs etec. are concerned.

: Traqg‘classi¥icatinns used in the present investigation
are listed in the following table, along with equiwvalent

energy cutof#%_fcr various particles.

’
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TABLE 1-1: Track Classi#ications, Eﬁerg{gs and Velocities

.
TYPE ' IONIZATION CUTOFFS °
‘v’-
Ns_ 1-8190 > g
Ng o 1.8 90 < g«< 8 = .
Nb : ' g > 8B 90 *
TYPE /PART. PION ) PROTON ALPHA
. ) | , .
Ek Vel. Ek Vel. Ek Vel.,
) (MeV) - (MeV) (MeV)
' NS E->40 p>.e.2 E>250 9>.62 - -
N Z05E>S .62>F$'.25- 250>E>30 .62>g>.25 - E>B&0 p>.6
g v .
Ny _E<5S - BK-25 E<30 -+ BK.25 E<84&0 B<-6

The cut—off for NS at 1.8 99 is a fairly standard one
in Emulgion experiments, but the choice of 8 9o 2as the
dividing 1line between Ng and N_ was selected because of the
parti;ular charactef of relétivisfic heavy ion iqteractions.
When a charggd particle traverses the emulsion, it causes a
track to appear by ionizing the media, and in addition to
this, a charged particle sometimes enters intoc a collision

with a nucleus in the emulsion with a sufficiently small’

distance between the nuclear centers (impact parameter b) to



cause either one. or both the target {(stationary) aﬁd the
projectile to‘ be transformed. Thisrgiyes :ise to what 1is
called a star in the emulsion, as the cellision appears as a
number of tracké emerging from a common center. If the
projectile is itself a Z>2 nucleus, the track it produces
will be a non minimum track due to the 22 variation of
ionization, regardless of beta. When this nucleus breaks up
into paréicles with Z=1,2,3 or more after a collision, %these
particles ﬁf lower charge will eaéh produce a track. If the
betd of the incident nucleus uas'ﬁighly relativistic (>.9),
its original constituent parts will not be slowed down £o any
great’ extent by the interaction due to relativistic
kinematics. It -is also possible for only part of the incident
nucleus to be involved in the collision, when the impact
parameter is large. This means that fragments may emerge as:
protons which are Ns tracksy alpha particles which will be N

tracks (g min = Zzgo); particles with Z = 3 or more having g -
min > 9 9y- -For this reason the categorization chosen will
incluqe all relativistic singly charged particles in NS, all
doubly charged relativistic particles and slower singly

charged particles in Ng, and all relativistic particles with

Z > 2 and slow singly and doubly charged particles in Nb'
N



1.2. Other Measurements Related to Ionization

S, - The measurement of grain density is a technical

-

) g resourse of the greatest importance for values of beta
\\ .
between .4 and .9, for singly charged particles. However,
when beta lies below these values, or when one is dealing
with highly ionizinguparticles of multiple charge, grain

counéing runs into difficulties. This happens because the

grain density becomes too large to resolve individual grains.

.
-

The maximum discernable grain count is a function of two

"% .

° factors: the specific ionization governing the number of

- ¥

grains and the particular emulsioﬁ characte;istics- which
determine thé grain size as well as the grain density. Of
course whether or not +two grains are determined to be
contiguous or Bot depends on the . optica} conditions of
observation, such as m;gni¥ying power , resolution,
diffraction around neighbcuring impurities, etc. Another very
important factor is the angle between the track and the plane
of the emulsio;, known as the dip éngle. A large dip angle
has- a very marked effect on the grain counting since there-
will be ovefshadoying of one grain by its neighbour.

. As'"a typical example, Ilford G-5 emulsion -~has an
undeveloped - grain size of approximately 0.3 um and a
developed grain size of about 0.7 um. @& grain is therefore

about the size of one wavelength of visible light. A minimum

20



ionizing particle causes 18B grains per 100 um to develop,.and
the maximum number is about 150 grains per 100 um: a range of
B'to 1, whichj}s a fairly limited ‘dynamic’ range. When the
ionization is high, individual grains‘*ﬁrm int& groupé or
blobs. These blobs then form a dark track interspaced Qith
gaps of varying length. One may thus count the blob or gap
densify of a given track. The gaps vary in length, and the -

length distribution is exponential and is given by

NOL)Y = NTe'L’<L>‘ (1.4)
where N(>L) is the number of gaps of length greater than
L
NT is the total number of gaps

<L> is the mean length

Thus, for a specific charge, the measurement of the
ratio of the mean gap length of a minimun ionizing particle

to the mean 'gap length of a specific track, that 1is,

-

. S Llnin ?

<L >

praovides a satisfactory measureément of the ionization. This

relatibnship is illustrated in Fig. 1.2.
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FIG. 1-2: Ratio of Gap Lengths vs Proton Range in Emulsion.
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Althouah no sctual gap countinag was done in the present -
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: . e : - 2
enmeriment ., 1t was alwavs uséd in a mon qualitative fashicn
- LI . :
when observing tracks of slow orotons and aloha sarticles.
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AL

.

. R _
scanner attempts to classify tracks by eye, and verifies that
* P
", e -

thisf claééificatinn'agreesiuith the classification obtained
by direct measurement . This ig conFinued‘fteratively until it
is ‘hn blonger neceésar% to perform grain counts to properly
separate the various types of frackg, unless a very high

-,

accuracy is required. The simple observation method is véry

N . .
,reliaPle for conscientious scanners, and typically shows

better than 95% consistency for a single scanner, and better

than 901-‘consistency for two separate observers. This is

- - v

periodically verified';by recalibration of the ‘observers’,
- ) ™.
along with double or triple measurement of specific single,

1
events. Large stars are always measured more than once to
L
] B

insure a sufficient degnge'of accuracy. The great advantage

-

of classifiration by eye’is that the time required per event
[ . . K]

| o -
is reduced by at least a factor of ten. However, this assumes

- ~
’

that the consistency of development has been checked within a.

single emulsion plate as uell_as from biate to plate in any

1 ’

given batch, since development and emulsion \characteristics'

» -

ri
-~

may wvarvy.

1.3. SLrays | :

- . ‘

5Lrags are formed when a Coulombic interaction ejects a-

single electron from an atom in emulsion  with sufficient -

energy for i1t to form a track. These may be very short, .2 or

-
o

as . . “23 -
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3 grains, or may be up to 100 um in length.

Rutherford’'s

electrons

classical

formula for the scattering

by nuclei may be transposed,

and one obtains

of

tqe

number of delta rays with kinetic enerqgy between E and E +’dE'

produced

per unit

particle. g

where

.t

<

NJ(E)dE =

range

2__1Tne4

7<% 4

o

: 2
: m_cC
e

e

n is:the number of free electrors peL¢un1t volume

¥

&

»

along the track

of

w

an

T

.Z is the charge of the 1nc1dent part1cie

Upon integration,

. per unit range.

Ns =k —
&

-

k is a co

{( ———

YE .
[ mldn

[

nstant

Al

s

/

-

L
-

-

-

-

L]
ionizing
L

(1.5

‘

-

one obtains—the number of delta rays
v Y . -

-

i i5 the index referring to the incident particle

<
1
E is
max

-

given

.-

by the maximum

ampunt of energy

K transferable to an electron by the incident

part

icle.
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A 2
E = mc" - (.7
(1—P2)

For an- incident particle with a beta of 0.7, this
corresponds to an energy of the electrén appraoximately equal
to 1 MeV, and represents a highly rglatiyistic electron (B =
0.93), which will have a minimum g?ain density track. Because
of the difficulty of separating this type of track from the
background grains inherent in émulsidn, a cutfo{f is
introduced at Emin equal to 75 keV, corresponding‘;o a p.o¥
0.5 Ffor the knocked out electron. The value of Emin is
determined by the requirement for the delta ray td have
enough energy to escape the grain from which it was produced,
and then to form an observable track, i.e. having three or
more qrains. Such an electron needs a minimum energy of 135
keV' with a corresponding P of 0.25.

It- follows from equation 1.6 thaf the form of the delta
ray energy spectrum ié ths same for all incident particles
with P > 0.7. Variation of Emax of the delta ray as a
function of the Pi of the incident particle will only lead to
a: few delta rays of high energy as Pi incréases above‘0.7. A
relativistic particle of unit charge will have a value of N
= N;(min) which is a mechanism similar to that which yields a

certain minimum number of grains for a fast particle. The

value of—Ns(min) in GS emulsion is very low, rendering the

25
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measurement impractical for most situations. It is however

practical to measure the ché?ge of relativistic parsticles

- . -

with Z > 2, since Ng = 22N (min), where Ngeimin) need ot.Le '
é ] ) o

*

determined from a singly charged particle. Rather, one uses a,

-~

relativistic heavy ion of known charge, which for the present

- .

investigation is an argon nucleus with Z = 18. Using the same -
-~ /

~

convention of measurement for all tracks, one needs only ta

find the ratio of NJ' of a givqp track to that of a

N .
calibration track (argon)™ to determine the'cb;rge of the said

. q‘\? . s -

track. This method is insensitive td\background grains when

the charge 1is high, as the number of delta rays .for: a .

relativistic Z =-:14 nucleus is roughly 25 per 100 ‘um, well "

above the background level of 0.1 to 0.5 per 100 um. ‘Aﬁbther\

impartant aspect brought about by the increase in the delta ‘

*
- * -

ray density for heavy nuclei is the thickening of the core of -

the track. Delta rays give. a track a rough, grainy 1like -

appearance. “When enough low energy delta ;ays are present,

e

¥’

which are not countable.individually; the core of the track
is thickenéd. Being sensitive to wvariations in 22, the

thickness as well as the density of the track make a very

: T L ) A
good indicator for defecting any change in the charge of a , .

1 [ ’
heavy ioq{due to a nuclear interaction. As an example, it is

-

- possib}e to easily detect changes of one charge for a heavy

ipn of Z = 10, i€ there is a single proton (or Z=1) lost in a
* .

- -

peripheral collision. This.allows emulsion exposures to heavy -

- 26
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- ion beams to be scanned by the ‘alocng the track’ lgethud, a

method which is far more b expedient.. than scanning given

*

volumes of emulsion.

-

! - .
L] -

N 1.4. Range Considerations Particular to Emulsion

-

- » v
- . ) -
- .
N

As a direct resulf, of the energy losé of charged
]

A
. * " - -
particles traversing emulsion, particles will be stopped™*
- - .
whithin a certain _range. Recell,ing the basic range equation
- - - - ‘ ,
¥ - for a particle of initial kinetic energy E, . X
v 3 - -
[
: E . -
k .
~dE | .
~ R = \— (1.8
- ) 4 (dE/dx}
0 .
- . - - -
This has the _form shown.in Fig. 1.3. N
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FIG. 1-3: Range vs Energy in Emulsion.

L.

The ranae enerqv relation may also be represented by an

empirical formula, valid for the straiaoht line portion of

g =
. - L — R . - . .
Fia.- .= vile. B oold umy . tar sinalv charged particles .

‘ n .
orven bv E = kR, where ¥ 15 the kinetie enercy. and b and n

-

are constants obtained from measuwrement. the relaticonship.for

4
.

other particles mav be derived ac follows. - N
- — t
’,
M ~
’ Empirical formula Theoretical formula .
~ . N I * ) -
' dE — ’ )
. ~ N . 4 — . . -
£ o= kR , -— = ITaip!
< - 1}
dE
N X .
e ) - B -
. . . From . the bkinematics | . # R o )
R . - P - . - ~ ' . . ) - R *
* ’ - * ) »
) - E= ¥Y-t1)m=m+< \ﬁ) .
. ' L L
. ’ : N - [ - -
- ~ - ’ -~
\ . ‘ \ - .
‘ = . ’ N .
~ . 7 . . A - . ~
.- . . N ' [l -~
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Therefore,
= ~
dE = d ' P/
— =—-mﬂp> =m £ (@ — =12 g(F) (1.9
N dR dR ' dR -
Gathering terms in P—and integrating .
- . T2 2
f——(-mdp= L ar=Fp = &R
g(p) : m
| .
* Or, for a given F, ~ R is a constant.
m
e
. 2'12R1 222R2
1.e- — w
"1 T2
1
A
z m z m
b 2 1 - 2 1 )
R, = ( — )12 —RZ—>RT"=(— 1> (=" g™
1 z m 1 z m 2
) 1. 2 1 2
_ S
Since = - E-= le ~
Z m
- ) 2 1
.- then E=k ( — 2" ¢ — " g (1.10)
' 74 m 2
1 2 3
:‘uhere 21 = proton c_t_narge and H1 = proton mass
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We now have the general relationship far any ﬁarticle.

- >

2n _1-n _n

E = kZ m R with Z in .proton charges

and m in proton masses

For standard.emulsion (see section 2.1, k = 0.251 and n =

0.581 such that

S8

E(MeV) = .251 Z R™7% (um) o111y

%

1.16 0.42
m .

\

. AY -
E .

When a particle stops in emulsion, its range 'may be
- oo

measured giving information about the energy of the particle,

if both its mass and charge are known. A 20 MeV proton has a <

range of 2 mm in emulsion. Unless tracks have dip angles near -

-
? et - 4

S

" Zero, oneiisfli%iied to range measurements 647the orgerﬂgf;l
cm. When many emulsion pellicYes éréieqused aé a stack,fgit'
is ‘eossible to follow-tracks from p}ate"to plate if ﬁ%e.fdip’ - f
angle is not near zero. N ‘/I S l

- . - - . .t ¢

1.5. Scattering - i : ' o -

One of the very serioustlimitatibns of ionization
measurements i the need to know: one or two of the, faollowihg

three qﬁantixies: mass, velocity dF'charge. As no measurement

rélated, stribtlyﬂ to ionization determines any one of these

-'\r‘
L
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quantities independantly, it is necessary to have recourse to
other methods. ’ ’ ' -
Due to the small ' dimension of an emulsion detector,

magnetic fields are very impractical as a means of obtaining

™

momentum information, since extremely large magnetic fields
are required to cause sufficient bending for it to be visible
in a microscopié observation. There is however a force‘strcng
énough to cause adeguate deviation of a track in émulsion and
this is simply the electéon{c repulsiénAbetuggn charges. This

in effect continuously changes the direction of a-particle as

it passes through the emulsion, in an amount determined by

the mass, velocity and charge of.the‘ particle. Scattering

decreases with increasing wvelocity and increases with

increasing charge and decreasing mass.

—~ Pions, uhicﬁ make*up the greatest proportion of created
. . - . o
particles in nuclear interactions, can thus be easily

s

-

distinjuished from protons if their beta is low, \by the
ness of their tracks. Electrons are so .. light that

crooke
-

their tracks may be crqgked._even if they .are minimum

~

ionizing. - )

-

The average "angular deviation <$> of a particle of
charge Z gives a measure of the quantity pP, with a relation

3
of the form



<$>

I
N
i
|
.

-~ PP ﬂ .
- B » -
- where C is the cell ‘length over which <6> is measured and is

typically betueenl25 and 10,000 um.

k is a constant and a function of C

v

o
-

N - PN )

Therefore for tud'particles with the same grain density

and hence velocity, tbe ratio of the. scattering angles-gives
- the ratio of the masses of two particles if their charges are
) . . * e v -

identical. Scattering measurements are laborious and require

-
- =

extremely accurate microscope stagés due to mechanical noise
etc. When the P.af‘particles approaches 1, . the scattering

angle becomes too small for it to be measured reliably on a

| -

normal microscope, and thus it is-impractical to separate
I

between a relativistic pion and proton in normal emulsion

’ L}

experiments.

b

. ' 1.6. Beam .Exposure

i

- o

< We are indebted to Dr. Heckman from Lawrence Berkeley:
-, . . .

Laboratory for the loan of 3 plates from a stack of Ilford 65

emulsion‘exposed to the Bevatron-Bevelac beam of 40Ar ions at
- ' 3
a rigidity of 5.7 GeV corresponding to a kinetic energy of

-—

1.8 GeV/A. 'This emulsion is electron sensitive and vields a



I4
grain density of- 18 grains per 100 um. Consequently, all

fragmentation products, irrespective of charge and velocity
- ¢ - *

are detectable. All péllicles of these stacks were processed-

at the accelerator facility, and had very uniform

+

development. The direction of the beam was along the length

of the pellicle <(referred to as horizontal exposure).

Dimensions of the pellicles are as follows: 12 cm long X 7.3

cm wide X 600 um thick (before processing). .-

1'.7. Scanning and Measurement

i

-

All scanning was done by the along ‘the track method in

k-
order to avoid the biases inherent in volume scanning,
especially when the large stars &(pm heavy ions are

encountered. in the method sélected, all scanning commenced

at the edge of the pléfe where the beam 'entered. Tracks from.

the argon beam are selected at random, and then fallowed cne

g
3

at a time up to a predetermined pafh length or until an

interaction occurs. These %tracks will be subsequently :

referred to as primary tracks, and any interactions'caused by

the incident beam will be referred to as primary events or

stars. Interactions caused by c*ragmentétion products of

primary events will be labelled as secondary stars and solon.'

A Leitz microscope was used and the tracks were

observed with a 25X air objective and a pair of 10X oculars.

-

A N .
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Under these abservation conditions, ‘white” stars
. (interactions with no produced grey or black tracks) :could
easily be detected.

> A\
. P oL ]

" 1.8. Track Counting ‘ ' .

Once events had been located, they were each cbserved

under a 33X or 1dox oif im@ersion objective and 10X oculars.
The total number of tracks was counted, starting uitﬁ tge
black tracks, by chserving at a short distance from the event
center in order to ensure that only one track was being
counted “at a time. #gr the grey and shower traéké,; it was
often found ‘necessary to do the counting at .points quite
removed from the center, due to the kinemat?éé of.the break—

up of the incident ion,- or projectilé. Protons and. alpha

particles fragment off the projectile with low transverse’

4

momenta, often accompanied by heavier fragments from the

argon nucleus, and all of these form a cluster of tracks

emanating from the interaction region. Because of this,

projectile related tracks were often counted at distancgs of

up to 1000 um away from the stars, corresponding to about ten

fields of view. Since very high multiplicity events were
t

encountered (in fact a certain group of 25 events Hhad an

average multiplicity of 55), the counting often had ta be

34,
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repeated several ‘times and .was checked by different
observers. Counting was repeated until consistent results

~

were obtained.

1.9. Separation of Tracks

As the intEfactions invglvé two qomplex“ nuclei,. the
target and projectile, there is a\dual process occuring when
a sta; is produced. The struck nucléus-is broken up partiélly
in- the Eollis@on, and subsequéntly breaks up more or less
completely in a prué;5§ referred to as nuclear evaporation.
Nuclear evaporat%onhi; an isotropic process, and praoduces
mostly black tracks,._i.e. slqu prétcns and alphas, and some
grey tracks which are medium energy pébtcns. nge the terms
proton and alpha are used somewhat loosely to designate Zr=n1
and Z = 2 particles (for-deuterons, tritons etc.). Since the
target israt rest in the‘labcratory frame, the evaporation
tracks ére cbserved as having no preferred direction aﬁout
the .center of the ;tar. This release of energy by emission

(evaporation) of particles occurs in less than 10—18 sec.

7 A similar process occurs within the projectile nucleus.
At the moment of impact, protons and alpha particles are
.sheared off, leaving a nucleus‘of lesser charge travelling in

the beam direction (often referred to as abrasion). Abrasion-

occurs in the time for the two interacting nuclei to traverse
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each other, which is of the order of 1(:1-'22 sec. In certain

collisions, the projectile breaks up into more than one heavy
fragment with Z > 2. All these constituent paftshhave most. of
their momentum in a direction parallel

s

thus confined to a forward pointing cone subtending an angle

to the’beam: and are
- .

) -
less than 15 deg. for protons and less than S5 deg. for
’

alphas, when observed in the laboratary. " These tracks will

all be at their respective minimum of ionization,. with

3

protons as shower tracks, alphﬁs as grey trécké and Z > 2

Ay

secondaries as black tracks.

-

="

The  predominant particle produced in relativistic
ﬁgg}eon—nucleon or nu:leus—nucleuségollisions is the pion,
with approximately equal'gumbers of positive, negative' and
neutral p!ons. Neutral pions are of :our%q .Lnnbservable.‘
Ereated pions may or may not be minimum ionizing, and will
travel in directions which depend upon the type of
interaction. The problem which arises is the near-

impossibility of separating the created pions from the
-projecfile related Z = 1 secondaries. S;nce the particiles may
only be separated by scattering measurements, and only those
with low transverse momenta, there remains .a definite

’ .
ambiguity as to the identity of the shower tracks. It was

thus- decided to use a separation technique to remove a part

of this ambiguity.
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, In <this experimenf, the total multiplicity of each
event Qas determined; then the charge of aﬁ?‘ﬁ@hvy fragment
was cbtdined from delta ray measurements, and this charge was
sabsequeptly subtracted from the original 18 charges of the
_p}ojectglef' Grey tracks with very low scattering found along
the beam direction were subtracted from the remaining charge
as Z = 2 particles; at larger angles, grey tracks were

follaowed to identify those which originated from the argon

nucleus Ffrom their low scattering,. and the charge of the

i

appropriate (Z 2) grey tracks was also removed +from the
. .

} .
original 18. Along the beam shower tracks were then
subtracted as Z = 1 particles. Here along the beam is defined
as a 0.5 deg. cone. Any remaining charge was assumed to be

due to wide angle protons, and a number equal to the
remaining charge was subtracted from the total number of
shower traéks, without any specific geometfic assignment due
to the pion-proten ambiguity. By this process, one removes

all the projectile related tracks from the total multiplicity

.
e

of each event.

Une thus obtaiﬁs three different multiplicities +for
each event: the total mﬁltipli;ity, the target and' created
partfﬁle multiplicity.as well as the projgftile multipli;ity.
When all tracks are inciud;d for the total.multiplicity, the

count was labelled AR. The trrack count reguired to recover

the incident particle’s 1initial charges, or projectile

37
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mugtiplicity, was labelled AR-AC. By taking the difference
hetween these two counts, one is left with the count' of
target related tracks- as well as the number of created

secondaries. This count or multiplicity was labelled AC, as

+

‘it represents the ‘corrected’ track count, where the

projectile’s charges have been accounted for and removed. An

example of this is as follows.

r

COUNT TYPE PLATE # STAR # N N N N
s g b h

AR 2 45 42 24 11 35
AR-AC 2 a5 16 1 o) 1
AC 2 45 26 23 11 34

This example shows an argon nucleus breaking up into 16
protons and 1 alpha particle with no heavy fragments
remaining. There was a total charge multiplicity Nch equal to
77, of which 2& were charged meséhs, 15 were projectile
protons, 1 a projectile alpha particle and 34 slow tracks
mostly emitted from the struck target nucleus. It was the
‘\

. A

~

highest multiplicity event observed.

! r

1.10, Measurement of the Angular Distributions

-

When multipligity measurements were completed, the



o

-

angular distributions of the shower tracks were obtained
using a 53X 0il immersion objectivg. Each oculgr was replaced
with a micrometer gyepiece to determine the azfmuthal angle
of each shower track. Measurements were performed at an
average distance of 100 um from the center of the event; Jand
included a measurement of depth and local emulsion thickness
to determine the dip angle. The direction of ‘the beam tracks
was alsoc determined, in relation to the motion of the
eyepiece micrometers, which allowed the true space angle of
the shower tracks to be obtained. An added benefit of the

angul ar measurements was that it allowed a further

verification of the shower track multiplicity.
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2. CHAPTER 2. EXPERIMENTAL RESULTS -~

2.1. Inelastic Mean Free Path

A total of 330 primary events were found by scapningl,a.

I

0.53 cm. Here the error is simply taken aSJn—ll?
. ) i N

.

qheqe’q is the -number of events. A simple expression known 95‘

- .

the Bradt—Peters 8 formula existsj#or‘the gé&mefriqal ccross:

.
' - . - ‘ -

sectioh and is given by _ . ;

+ - -
Ll . * ~ Co.

- - - . il [

'G;T = Tﬁ(Rg + Ry — UR)z_.ﬁhqré’B.fegérsitc"thELBeam.and
) o | \ T‘r?fefs'té-the target -
with S ' S
R, T r-c:‘ila,fru3 o o ’
and - . / )
) dR.=-r6b . -“'i‘ o wh;}e dR is the overlap of Rg
- o % RT for which no interaction

occurs. It is of the order of
the range of the" nuclear
force.

thus ocne abtains

VBT =Tr_ " tAg + AL - ) (2.1)

‘W

track 1length of 3168 cm, giving a mean free path of b:bclnt

x. 100%,

LK |

s
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. The mean free path A may'now be found as |

P

. ’ i - - ¢
T (ntT)q;T) i . ‘where- n(T) is,the number of

. . . 3
< . nuclel T per cm
3 v - ’ "<

P . ~ ‘ ‘

Intrgduqtién of thé term b into one of the previous

-

- .
-

expressiuﬁs is a crude way to account for the diffuseness of

- -

~

thé’npérea? surface. ¢More sophiégicated expressions may be

- - .

used in-certain models for particle prodyction, but these are

* . .
not ; required to account for observed "inelastic cross

-
-~

sections.) For a composite media such as an emulsion, there

are a variety of ‘targets T,, .each with their own

- - . P
ELEN

concentrations and nuclear radii. ) ~

r I.

For composite targets, A now becomes

s a1 § ' !
A =, M T (2.2)

witﬁ the sum being taken over all the elements contained in

—

emulsion. Table 2.1 shows calcﬁlated cross sections for the

-, .
\

various elements. Silver salts form 82% of emulsion by
weight, CNO accounts for 164, hydrogen for 1.54 and sulphur
and iodine for 0.5¥. The number of interactions occurring in-

- w
one type: or another of the constituent nuclei of emulsion is

of course a function of their atomic number and
concentration. However , the geometric cross section
41
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-

increases’ only as a function of (ABII3 + AT

-

01’3, ti.e. 40)13y,  the

-
cross section changes relatively little as AT increases,

ghe presence of the constant A4

; compared with the increase in AT itself. This means that the
. _
cross section for hydrogen is only S times smaller than that

far silver (A = 108). Although hydrogeh_accnunfs for only

1.5% of the weight of the emulsion, it accounts for A40% of

~

the number of atoms per :ms.' When summing the hean free path
due to the different target nuclei, one finds that hydrogen

accodnts for 184 of the interactions, CND for 31% and silver

salts for. 514, One, must take this fact into account when

- - .
-

searcﬁing for fhe interactions as,-~proportionately, there are

more small (low Nhf events occurring than when the atomic

number of the beam—is*louw' due to the increasing preéence of

hydrogen and Iight nuclei events.
’ .

From the observed mean free hath, and taking rg as 1.41

fermi, b is found to be equal to 1.40. The parameter ;o and b

-

cannot be determined independently , using data from

unidentified targets. Unpublished data by Lindstrom et al 7

have found ro-= 1.29, and b to be a function of the lawést

mass number involved, that is b =1 - 0.28 A . (A ,AT).
min B

42
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-- TABLE 2-1: Emulsion Composition (Ilford 6-5) ?

lEleménf ‘ Zi Ai Ni(xiozolcmS? q:r—T {barns)
Ag 37 108 101 2.87
Br 35 80 101 . 2.50
H .1 1 320 0.57
‘C & 12 139 . 1.16
0 8 16 94 1.29
N .7 14 32 1.23
) S 16 32 1 1.68
1 S5 127 . 0.5 - 3,10
é later report by Westfall et al 10 for collisions of SbFe
with various targets showed ry = 1.47, b = 1.12, somewhat in

conflict with the wvariability of the impact parameter b as
indicated in 7. In fact, according to the first paper, b
wo@}d be equal to zero for A .. = 36. However, the raw data
f;om both papers was used té'reFalculate the parameters b and
L and the new least square fits gave res&lts diffgring from
the ptblished ones. (The authors used séme cuts on the data,

such as on the hydrogen cross section, which is significant

in an emulsion experiment.) It is difficult to justify that

o should varyﬁin the linear type of equation used for the

Cross sectiun,‘ and it is felt that this parameter should not

—

-



be +fitted arbitrarily by chi—-squared minimization, as is
. - Lol

usually done. If one assigns a value to g of the order of

equal to 1.41 fermis,

the compton wavelength of the pion, mC

then b can then be determined from the measured cross section

or -mean free path. ‘Tﬁis in essence” fixes the .slope in

A

cw

equation 2.1, while letting the intercept varvy. r - .

For the composition of Ilford G-5 emulsion, and a mean

. .’
s - -

free path of 9.60 cm, 'a parametric relationship between’ L

o

and b can be found

r (A= 9.60) = 1.08 + 0.21 b'°17 fermis .. (2.3)

-

The mean free path equation was transposed.to findr the

average value of AT for emulsion, when Argon is used as a

projectile. One then obtains -

_ 2 -1/2° _, _ . 1/3_3
<AT>-E<7rron<T))\> +b - AT (2.4)

which then becomes

1.19)—1

A1/3 3

<AL> = (T ntHAI 21 08 + 216 +b - 3

0 ' (2.5

Y

For A = 9.60, AB

<A;> varies rather smoothly. from 17 to 1B. This may be

y. V.3

= 40 and b varying from 0.9 to 1.5,

S e U e mma e maml e emt S ok RS ek e ekt B s meimer s = e e Yt Rp S W et srs aram i =4 ———-
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be seen in fiogwe 2.1. ° g .. J -3
) -t

jhis is in contrast with tng maghemétical mean oOF QT for

emulsion which is found to be egual to 29. The reason this

weighted <RA_» 1is lower is a direct result of the increased‘__

T

Y

oossibilitv of interactions with lith'nuclei when using a

heavy+.ion as opposed to a single nucleon as projectile. The

>

H
conceot of an average nuclear target is a useful concept to

introduce in order to compare fixed target data (measured
r
. . v
with elegtronic detectors to high accuracies) to emulsion

4

déta and its_reiatively poor statistic;.

- N
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FIG. 2-1: Equivalent Target Nucle'(s vs b
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- 2.2. Multiplicity Measurements . ' .

» "
.

2.2.1. Slow Particles

-

The distributions’'of slow particles. that is black and

Grev \tracks are shown in figqure 2.2 and 2.3 .

s

.
e,
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The average number of black tracks, <Nb> is &.21 + C.26,

- -

while the average .number of grey tracks <N _> is 7.14 + 0.30.

The distribution of the sum of Nb + Ng = Nh is shown in

figure 2.4, with the average number of slow particles <N

he

equal to 13.35 + 0.59. Errors-given for all multiplicities

are the standard errors. The general summary of all mean

multiplicities is éhown in table 2.2, for quh the primary
and secondary events, and includes data to be described in

this and in following sections.

-
-

Grey and black tracks have been  labelled as slaw
particles only in accordance with :Fegular emulsion
terminology, which wusually deals with fast Z = 1 pérticles,

all others being less than minimum ionizing.

As explained in the previous chapter, included in these
multiplicity histograms b; so called slow particles are fast,
higher théh.nne charged partifles.-THiﬁjdives rise to certain
comp}icationé “whien one wishes to éomparg ‘a heavy ion
experiment: éo expgriments .inQolving colli;ions of single .

hadrons and emulsion.

47
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FIG. 2-4: Distribution of Heavy Tracks -

in order to alleviate some of the difficulties. these
tracks have been removed from the total count presented in

all the arR-&C histoarams, shown in figures 2.5 and 2.6, for

N and Nn, and in figure 2.7 for MN_. Here the averaage values

o) " (p!

are lowered to <N - = S.39 + Q.27 . AN _» = 4,97 + 0.T6. and
bc o c

INLE_ = L0032+ 0.7, it.is these values which arg normallw

ceat

. . . 7
measured 1n emnulsion, and are taroet related, tracks.

S
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FIG. 2-6: Distribution of ‘Corrected’ Grey Tracks
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As 15 usual in emulsion’ interactions. all the distributions
are heavilyv skewed righ£, and are qederallvrmore peaked than
& normal distribution, with the exception of the Nb
distributions. |

The multiplicities are of course lowered in all cases,

but less.so for the black tracks. since the correction onlv

removes large projectile rellated fragments, of which there

= . -
are necessarily tew. due to the limited size of the argon

nucleus.

19
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FIG. 2-7: Distribution of ‘corrected’ Heavy Tracks
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2.2.2. Showe} Particles

The shower particle distribution is présented in figure
2.8 For primary events. with <NS> = 9,20 + 0.44. With
projéétfle related protons removed, the distribution of
shower particles for events relabelled to AR-AC is shown -in
fiqure 2.°9. wité.<N5>c = 3.7Q + 0.25. This histogram thus

shows the number of charged pions produced 1in all 330

primary events.

e

r-—l
o —/ mBw!
1 ] L t
0 3 36 42 - 48

- FIG. 2-8: Distribution of Shower Tracks

Py



60
L

4o

NUMBER OF EVENTS

\ N
‘FIGB. 2-9: Distribution of ‘corrected’ Shower Tracks

-

2.2.3. Projectile Related Fragments

P | -
5

Histograms for the tracks removed +from the initiat
v
¥
primary events. as being assoclated with the projectile,-are
shown in Ffraure 2010, 2.11., and 2.12 Ffor Nb’ NG- N:

r
respectivel v. dne thus has the average bdreak up &f thegargbn;
. .

projeckile into orontons (NS).‘ alpha particles ENG) and heave

]

aments ot AR (Nb). These araphs arme also labelled as

+
i
31

u 3
ar-—-aC. There 15 & marked tendency for the emission o+ =72
hd H

. - - ‘ -
particles, showing some of the nuclear siructuwwes of the

s’
orojectile  as well as a strong tendenesy for tHNe @amission o+

- -
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- ¢ .. . . t

“

composite particles from the interaction zone.

-~

In terms of the labelling, -we refer to Z=1 Ed&posites

-

such as deuterons and tritons as 'protoné‘, siﬁ&e the 1large

majority of the particles included in the NS distribution for

the projectile are protons. The same is true for the label
- - i

“alpha’, where this includes any Z=2 composite nucleus. '

'If should be noted that in order‘ to Dbtain. these

‘carrected’ multiplicities, and subsequent projectile

breakup, we have assumed no charge exchange reactions occur

which would give a‘Z. = 18 and a Z = 19. The cross
,, in v out

section for these events has been shown to be of the order

- -

of 0.01 QidﬁgT, the total reaction cross section.

The  mean multiﬁlicities for these histogramst,are

referred to as <Sp>ér' <Nh?nr for N5 and Ng respectively in

ﬁtable 2.2.

'



N ) ; { . -
TABLE 2-2: Average Multiplicities in 4OAr &% Emulsion Interactions

3

~ - ! ,
DATA . PRIMARY EVENTS(330) SECONDARY EVENTS(S3)
. _ . - )
’ <N_> .20 + 0.44 > 9.66°+ 1.40
' <Né> T V7,18 + 0.40 5.72 + 1.02
N> 6.21 + 0.26 Y 6,08 +70.76" , | 2 v
! 3- \
<N, > 13.35 + 0.59 11.75 + 1.58 ' .
<N_>_ 3.70 + 0.25 4,77 + 0.83 ' -
<N > 4,93 + 0.36 " 4.47 + o.87
: - 1 ,
NS S.39 + 0.27 & S5.62 % 0.80 o
N> 10.32 + 0.57 - 10.09 + 1.50
= e :‘ v - <
<N > . 5.50 + 0.24 4.89 + 0.70
s p < Ar-: A - - .
<N > 2.21 + 0.69 1.25 + 0.22
a Ar -/
. ‘
<N_> »” 0.82 + 0.03 . 0.42 + 0.07 - -
~ - F.Ar . r
. - . M - “~ > h -~
- SNLHNC> 3.03-+ 0:28 . 1.66 + 0.20
r T - -
. Z. = [ <N_ >, + 2%N_>, 1
- <z > = -8C p_fér 3_&r B (2.6
Ne>ar
18 - 9.92
= = 9.85
0.82 R
_ -
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FIG. 2-10: Distribution of Projectile Z3>2 Fragments

7

The histocram- for +the heavv <fragments shows that

slightly less than one particle with Z32 remains intact in

the average collision. This value is shown as <N i the

LY

£
table. ane#corresponds to the .relativistic blaézxtqsfks. The

equation used to obtain the average charge of the heavy

fraament 1s also gilven. (We have of course besen neglecting the

neutrons when we talk of Z = 1 particles., as thev are

unchservable. but 1% i1s understood that thev are Ffraomented
0¥+ the projectile just as are protons, in the proportion (A-

Zy/7Z.



FIG. 2§11: Distribution of Projectile ‘alpha‘ Particles

60

€0

1

40
1

NUMBER OF EVENTS
20

0

FIG. 2-12: Distribution oé Projectile ‘protons’

e

Tl



I “we ﬁonsider the reverse hrocess, that is the target
break up, we find that acctording to measurements ‘which have
been made 16 for proton bombardment of an emulsion target the
rat?o of proton to alpha particle emission resulting from the
breakup'o{ the target is roughly equal to.2 to 1. .Déta about
the ratio of TNp to’ Ny for exclusive fype of counter
experiments involving heavy ions was difficult +to obtain.
However i+ we equate the break up.o¥ the projectile of this
experimeng to fixed target evaporation (plus the initial
Cascade), we see that the emission ratio is also found to be

k]

equal to 2 to 1 for a heavy ipn callision. Thus the spectator
part from the fast projectile beﬁgzgs as the spectator part
from fhe target nucleus involved in an interaction Qith a
hadron. Observation of the spectator breakup is far easier
when it occurs in a reference frame such as that of the Argon
projectile, since protons are minimum ionizing while alphas.
have- exactly four times minimum ianization. That the ratios
are similar is encouraging from the standpoint of the eoriect
identifig?ticn of the projectile breakup Hdone in this
experiment, for there should not be much difference in
between the physical processes which occur in the épectatur

regions of - an interaction, whether the interaction be

initiated by a hadron or a heavy ion.
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2.3. Compariscn with n-N Interactions

4

-

Nucleon—nucleus interactions at high energy have been
studied in great detail at a variety of energies up to 3500

GeV. Emulsion studies ¥1’?2’13

have shown that <Nb> reaches a
plateau at roughly 35 or &6 for incident nucleons having
energies ranging from 6.2 to 400 GeV. The number of shower

tracks produced varies from 2.8 to 16.8 respectively,
aifhough this number will be reduced By ;gughly 1.2 14 due to
the. fact that the incident hadron plus an average of 0.2 fast
recailing prptons per interaction are included in N;:
Therefore, a 6.2 GeV p otaon produces 1.6 #ast'charged pions
* per interaction in emulsion, while a 22.5 GeV prufon produces

4.4. In this experiment we have a total kinetic energy of 72

GeV - when consjdering all the incident nucleons of the

" projectile |, and 3.7 fast charged pions are created on the

average. We thus have an indication that a good deal of the

nucleons - are involved in the praoduction process since it
”»

“+

would take a proton of about 18 GeV to produce 3.7 faét
‘bicns, if the N=N react?bq mechénism were similar to that of
n-N collisions. As a confirmation of this, it is very,
interesting: to ?bmpar.e the value of <Ng> for n-N an_é N-N
interactions. ‘a° value of <Ng$ equal to 2.61 is cbtained 1°

for n-N interactions at 200 and 300 GeV, when ionization cut-

offs similar to ours aré used for.Ng. This has often 15‘been

-, S8 :
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*

associated with the number of collisions v 6ccurring inside
11

the nucleus. Babecki gives a parameter fit to the _

\relatiohship between v and Ng for proton-emulsion

interactions as ‘ ' ™~

v=a+bN_ +cN?Z . (2.7
‘ g g

H

iLas + 0.58 N_ - 0.015 Ng2 1Y

N
-
Y

This corresponds to;a value of v equal to 2;86 for an
. - oy

Ng &% 2.61. Now v increases to 3.94 for <N92E = 4.93 which is

-

the value  obtained in this experiment. fhis of course
assumes one nucleon making sevéral cdllisions inside the
nucleus, whereas in our case, many nucleons could each be
making several collisions ingide the nucleus. ;%

It shoﬁid be noted that the distribution:o+ Ng and the

value of <Ng> are relative19 indegenaent of energy 11 {at

least for 6.2 to 400 <GeV p—Em interactions).' However, they

h\ £y

are dependent on the atomic numberﬁof the target, and thus

P

the numbdr of collisions inside-the nucleus is a function of
the geometry of the interaction rather than the energy
invelved. I1f one extends ﬁhi;_ to  , nucleus-nucleus

interactions, one expects to find a much greater number of

grey tracks since 2 nuclei interpenatrating each other could

=~

9



be considered equivalent to many single nucleons traversing

ane nucleus. We may note that from the cross sections

involved for the various constituents of emulsion, there are-

proportionately many more collisions with hydrogen in N-Em
interactions than in p-Em interactions, which results in a
larger number of interactiocns with Ngmin = 1 (the recoiling

hydrogen nucleus) in N-Em than in p—Em. I¥ there were the

same proporfion 'nf interaciions with lighf (H),. medium

(C,N,D) and heavy (Ag, Br) nuclei using heavy' ieg?“\

(theoretically one coufd achieve this by 'shifting the
relat%ve proportions of the ~warious target nuclei to
coupterbaiap;e fhe difference in cross sections occurring for
Ag—Em and p-Em) it would be found that the number of grey

tracks in Argon interactions would be even higher. This

would seem to.imply an increase in the number of collisions
inside the nucleus during an interaction.

The only dat found in the literature for p—Em

—r—

interactions at a comparable energy per nucleon to the qgne in

this experiment is that of Bogdanski et al. 17 with protons

- e

of an incident energy of 2.2 GeV. Again, this data showed
similarities in the number of heavy tracks, to higher energy
p-Em experiments. They found <N_> = 4.45 * 0.22 and (Ng) =

1.42° + 0.12. Thus it seems that even at this lower energy the
\

target has received a maximum disturbance, and that the

.
\1

&0

1
i
J

4



initial cascade, with its associated number of nucleon-—

nucleon collisions inside the-ﬁﬁcleus as indicated by the
value of <Ng> is the same as at higher energies. A value of
<N5> = 0.95 + 0.05 was found for these interactions, compared

- —_ v - - ‘ = + -= - - J\
with <Ns> < 2? giving <Ns>c = <NH“> J3.70 for this

experiment, with a similar individual nucleon energy. Again

one must remove a contribution to the <Ns> found by Bogdanski

et al. by the incident proton, which then leaves a very

. -

feeble production of charged pions. Fully BOX of their
. .
events had N.;i = 0 or 1, and Ns = 5 was the maximum. Due to
- : -

the large number of pions producéa, it seems quite’ obvious

. - g e L : .
that many nucleons are interacting in a nucleus—nucleus

collision, and are probably interacting {n' a collective

A

fashion. B v -
! -
A 1 one considers the energy available in the center of

A .. - . ° 2, . . -
mass for pion production in a nucleon—nucleon collision, one

r

obtains

61



W1/2

E- . =3%_ 24 (2.8
prod _ : -
= { 2C E E + m(E +-E )] + 4m2
ki k2 ki k2 -
2 2 1/2 1/2
+ 2 C (Ekl + 2mEk1) ( Ek2 + 2mEk2) ] > 2@
. i
where R Ekl = kinetic energy of the projectile
Ek2'=kinetic enerby of the target nucleon due’
. ‘_LKF\ermi motion
Y -
for m= 0.94 GeV, and Eyy = 2.2 GeV, one obtains
E =~.91 + .20 GeV ~ ‘
. prod . ~

-,
Therefore if all the available energy is used to create

pions, of mass = .14 GeV and roughly =04 GeV is taken up as
kiﬂetic' energy for each pion, it is possible 4o produce at
maximum 6.2 .pions, which correlates well with the maximum
observed in the data of Bogdanski et al. particularly when
one considers that 1/3 of the produced pions are neutral.

- For this experiment, a eingle nucledh—nucleon encounter
could produce 4.8 pionefat max imum, wﬁ?h 4.2 pions being’ the
average maximum value (i.e. when the Fermi motion ie averaged
out) assuming the pions only take away .04 GeV of kinetic
energy. In order to prqduce tee maximum number of pians £=28)
observed in any single event in {his sxperiment would £hus

&2



require’ an absolute minimum of 7 individual nucleoﬁ#nucleun

collisions, each using up all of the available energy in the

C.Mm. Even more individual. collisions would be required i¥f
- the pion energy is above the very conservative estimate of

.04 BGeV. This would be extremely unlikely, and one then

assumes that many more collisions are involved, or else there
is a ¢€¢ollective type of interaction where collisions are
occurring between groups of nucleons, with proportionately

more enerqy being available-in the center of mass.

_/

2.4. Cnrrelations between NS, Ng’ Nb' Nh.

L

v It is customary in emulsion experiments to reproduce

«

. graphs showing the correlation between <N>x,

Aumber - of track type X evaluated for a particular

the average

~
-

multiplicity _NY .of another type of track Y and the

multiplicity NY

Figure 2.13 shows this relatiqnship Fon‘(Nb> varsus Ng.

&This graph demanstrateé an. —initial lineaf relationship

between the average number of evaporation tracks and the

»

-
& ’ N -
intranuclear cascade tracks Ng. .1t may be simply represented

by’ the r&lationship

. - <N > = 1.98 + 0.98 Ng. : {for Né {h1oi

"
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" When NQ has risen sufficientlyv indicating a large number of
nuclear collisions, the'averaas value of Nb begins to taoer

aoft at & constant value o+ appraozimatelv 11.5.

1 1 + 1
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FIG. é—lS: Correlation between <Nb
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> and N ¢
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e thus have an indicaticon that at that point the

taraget nucleous has recelved enauah encrqvy toc be brohen LD

‘\\ . .
campletel v, and that further energy 15 mot reaul red tao

; L ‘ : ) : 15
evanorate the target. A almost 1dentical relationship 1%

cbtained 10 p=fEm interactions. over an aneragv rande of 6.7 o

400 BeV.  with the same irmitizl linear rise o+ Fh G Wi ‘Nn
arg then taperinc o7+ at ﬁNHW 1205 when Ng reaches 10. The
. ‘4 B ~ . - . . -

TaCclL thaet  such close agreement is obtainec from two verwy

-



different types of interactions should not seem fortuitous,
since there are only so many nucleons in any target, and only
so much energy 1is required to completely evaporate the
target, which ther. produces a maximum number of blgck tracks.

It also does.not matter how many pions are produced,
from 6.2 to 400 GeV p-Em, as the <Nb> vs. Ng correlations are
the same. This says that even though the number of pions
increases significantly, Ehe pions do ‘not transfer any
significant amount of their energy to the target while
traversing 1it, since the cofrelation _edhatiun does not
change. - .

«

However, there is one significant difference between the
p—Em and 4OAr—Em correlations, and this is the extension of
the graph to wvalues of Ng > 30. Whereas the p-ém graph
essentially stops at Ng = 14. 1+ the numbqr of grey tracks is
a gaod indication of the number ﬁf nucleocn—nucleon
collisions, we "obtain Ffurther evidence of a ~gré%t many
possible  collisions 10 nucleus—nucleus interactions. With
such high values.of Ng’ one might expect the graph. to go .
downwards as Ng/increases, since-there are very few nﬁcleéns
left inside the target to produce black tracks. It may be
noted that in no case does the sum u#JNg + N, = N exceed 45,

with 47 being the number of protons in a silver nucleus.
-]
Fiqure 2.14nand 2.15 show correlations between Ns‘ and

the average number of Ng and Nh tracks respectively.

&5
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- Here again one obtains a remarkably linear relationship in
both graphs for the initial part of the graphs. The.<Ng> vS.

Ns graph may be represented by
<N > =1.25 + 1.05 N (for N_ < 15)
g s s =

while for the <N > vs. N_ graph one obtains

<N_> = 4,10 + 1.87 N . - {for N_ £ 135
. h s s =

In the first graph, one qpéerves that the number of pions
produced increases linearly and very regularly -uith the
average number of grey tracks produced. Here again one sees
that the number of created particles. is directly related to
the number of nucleons involved in the initial cascade.
Although thé statistics are poor for events with NS > 16,
there seems to be a trend for <Ng> to reach a limiting wvalue
between 17 and 18. However to support this hypothesis one
would need more high multiplicity events.

In figure 2.15, it amay bf seen that the addition of Nb-
to Ng to get <Nh> does not change the form of the relation of
the number of piond to target tracks from that. of figure
T 2.14. There 1is a threshold (average trend only) for pion
production‘at <Nh> = 4, and then a regular rise in <Nh> as a

function of Ns' This continues up to the point N5 = 13,

&7



a .
uheré <Nh> seems to reach a limiting value of about 29, agéin
with the same statistical problem for h;gh multiplicity
‘events, ’

The limiting " occurs at the same NS point in both

-

figures 2.14‘andA2.15,, which indicates that when the maximum
average number of collisicns has occured, there has also been
a sufficient amount o{.energy deposited in the target to
fully évapu&ate it. Frgm this point on; fhe number of pions
increases as more energy is transferred from the projectile

nucleons to the  interaction region, 1in each individual

collision, without actually increasing - the number of
interactions.
v 2.35. Hultipiicities for Light and Heavy Targets E§p

Since the number of black tracks in an event represents
evéporation af the target, it is pﬁssible to separate
interactions with ey targetsl from those with light
targets. To make the separation completely unambiguous, one

h
This is so because in the light target group (HCNO) "oxygen

has to select events with a corrected track count of N c > &.
could give a maximum of eight black tracks. It is, however,
very unlikely that at'least some- of the protons in oxygen

would not be involved in the initial cascade, appearing as

68 .



arey tracks. One might also expect the struck oxyvaen nucleons
-~

to have an alpha particle in its evaporation products. Thus,

the maximum number of black tracks emerging from an encounter
with oxvgen 1is not likelvy to be above 5. By selecting events
with th # b, we are selectino encounters with AgBr.

\
Figures 2Z.16, 2.17 and 2.18 show the multiplicity

b

distributions for N_c, ch and N_c. respectively. for N c o

&. The number of events involVed i1g 161. This corresponds
to 49% of the total numbér of events. As we expect S0% of all
events to be with AgBr. and not all of the events with AQBr

have N c » &.
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FIG. 2-16: Distribution of N c for heavy targets

S

v

H,



30
| IR

20
1

10
1

HUMBER OF EVENTS

0

~ .

’

- . . -

‘&



>

Thus the multiplicity distributions for th >:6 involve
only the most central collisions with N and 0, a;d any AgBr
events not included were peripheral collisions. The latter
collisions have large impact parameters, and only a small
amount of energy is transferred to the target, which then
remains more or Ieséh}ntact; this gives rise to only a small
number of heavy track;. .

For the events in figures 2.16, 2.17 and 2.18, one finds
a new set of multiplicities +nr'tﬁg intééactions_uith heavy
targets, as well as those for the-events with light targets

(HCND) that have th £ 7.

TABLE 2-3: Multiplicities for Light and Heavy Broups

DATA ’ Nc < 7 Nc > 6

: (169 events) {161 'events)
<N_> 5.36 + 0.37 13.22 + 0.68
<Ng> 2.83 + 0.17 11.63+ 0.63
<N 2.57 + 0.13 X 10.01 + 0.31
<N > 5.40 +.0.20 21.64 + 0.77
<Ns>\’é 1.68 + 0.14 5.80 + V.44
NP 1.09 + 0.09 ' B.93 + 0.58
<N > 1.65 + 9.13 9.32 + 0.32

c ' .
71. . - -
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Theseﬂ\Vé;ue§jgive the corresponding multiplicity ratios as

shown in thé next. table, For various values of fhe-suBScript

i “;

) TABLE.2—4: Multiplicity Ratios for Various Groups

UCNL Y
1

. e Nh(c) > & . Ni%Nheor > 6

< - NiZay N %Nhee) < 7
s — 1.44 2.46
g 1.63 ‘ . 4.10
b 1.61 3.89
h 1.62 : 4.01

/- -
s .- 1.57 - ' : 3.45
c . . , .

g, 1.81 8.19

’ b_ - 1.73 5.6;\~\_

L . . - - . .' * N . - c~

From  thesé ratios one may observe that .pion production

with light targets is very low,,especially when one considers-
7 » . - y .
‘that some of the -events with Nyc < 7 are’due to AgBr. The

fact  that the pion production ratio does not scale the same

]

. . - . f
way as the grey track production ratio for the heavy to léght
-~

. group ;omparisonagg;gQ 3.4% vs. 8.19) indicates that” pion
_ . B v, _‘.}i":@‘:"_f) | - . - L
. N . . -



production does not increase directly with the number of

nucleon—nucleocn coliisions, ' assuming the grey " track

multiplicity is -a valid indicator for jthe number  of

collisions. Alternately, it is possible'that for some of the

events with the heavier fargets, a number of the grey tracks
e

could be Z = 1 particles emitted in the backward direction
from the interaction region, since the interaction region is
much larger, and these backward (in the c. of m. of the

emitting region) tracks would become more numerocus.

rd

2.6. Comparison uith(N—N Data

_Total pioh multiplicities are very prely measured for

‘heavy ion interactions. Instead, dquble differential cross..

sections are measured at various lab angles, due to the
‘ N

nature - of the detectors normally used. -There is, .however,

one detector besides emulsion where total pion mgltiplicity

may be‘measuréd, and that is the streamer chamber. S.- Y.

Fung et al. 18,19 have measured total pion multipli;}ty in

a tr1ggered streamer’' chamber for carbon . and argon/‘yons'

-
1nc1dent‘upnn various targets 'at variouys energles, as well as
for. central ,collisions of argon'bn a 20 Pb target- ey

found <NTr > for onr at 1.8 GeV/n to be 0.97 for integractions
* .
with LiH, 191 for NaF, 3.27 for Bal, apd 3.27 ¥or

one makes the assutption that XNp=>/<Npt> = (ASZY/Z = 1.22,,

L}
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then the tptal pion multiplicity <Nf> {5'1.77 for LiH, 3.48

for NaF, and 5.93 for Ba12 and Pb304.

in this experiment are essenfially identical. The pion

The results obtained

multiplicity is 1.468 for the light (HCNO) graup,-3.70 for all
the events, and 5.80 for the heavy group (AgBr). The weighted

<A> for emulsion was found to be equal to 18-19 in section

f
i

2.1, and there fé an.assnﬁiated mean pion production just

slightly. more than what Fung et al. found for a NaF target

. . ) /_\-
with <A> equal to 21.

20,21,22,23

Emulsion studies have been done ¥qr C, N

and 0 projectiles at corresponding projectile energies. More

24,25

recently, emulsion studies have been performed for

. . 36 " . . .
interactions of Fe in emulsion, and comprehensive reviews -

“ o . . . LT 264,27 . ‘ .
of  inclusive , interactions ? for_heavy ion’ interactions

give data .for a mul;itude of targeﬁ—energy combinations.
‘Similar results to ours have been obtainéd in the emulsion
exjggiments; although some of the data présented' in this
exéerimenf to describe the overall picture af the

r

Anteractions is’  not presént in the. publications (track

-

separations, light and heavy_target multiplicities etc.)

2.7. Angular Distributions of Shower Particles

The angular distmibution for the minimum ionizing

/ .74 b e
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particles is gshown 1n Fia. 2.1%. It is hiahlv peaked towards

»

the central recqron (0= 0) and this fs mostly due to' the
Dresance d+ projectile related orotons. The sample studied

was the first 100 events. with a total of 888 shower tracks.

giving an nNr} = 8.7 as ocopbosed to <NS} = 9.2 for the whole
sample. |, -
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FIG. 2-19: Angqular Distribution of Shower Tracks
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-The values tor Nb and NG for this sample were also verv close

to that ot all the events. I+ a tarqget proton was given as
much as 1 GeV/C of tramsverse momentum F, . and retained 1ts
tnitial parallel mgomentum 7y = 2.057 Bev/C, this woyld form a
d will
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space angle ‘in the lab frame of 21°. - In a mére reaiistic

calculation using evaporation thépry and assuming a nuclear

8

temperature of 6 - 8 MeV + One ocbtains a maximum emission

energy for protons of the c%rder of 250 MeV. In: 'Ehe rest

et .

frame of an: excited projectile nucleus,\. the evaporatioﬁ will

f

. g
I

be isotropic, lthat‘is a spherical distr ion centered on

-

-~

sthe origin igépdomentum ‘space. When transforming this
1

distribution into the lqporatdryg one obtains an ellipsoid
. -~

which does not enclose the origin, as long as the velocity vr

-

o
of particle in the rest frame does not exceed the P of the

o

'.gmitting system in the .1ab frame of reference. - This gives

rise to a maximum angle of emission emax, in the ‘lab system
»

" for protons évaboratEd from the projectile. One then has
-

-

;1-$?)v;2 - L

" tan emax = - ; (2.9
@°>-v5 - \
- r N

0,4, takes”Sn the value 4.3° for a 20 MeV proton emitted

backwards in the projectile frame, uheﬁ‘P = 0.94, 6.9° for a

~

S50 MeV pFofon and 9.9° for a 100 MeV ﬁroton. Therefore almost

all protans should be contained within a 10° cone in the lab,

3 -

7 5 ,
if they are emitted in an evaporation process. Projectile
related protons emitted from the hotter interaction region

may be' emitted at substantially ihrger angles, but uil}

generally be contained with a 30° cone due to the kinematics

-
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. ) &
involved.' Figure 2.19 shows that roughly &70 tracks have &<

30°. As 520 tracks are expected to be projectile related

’

protons, the pion angular, distribution must be quite broad.
e _
We show in Fig 2.20 the angular distribution for the

light group and that for the heavy group is shown - in Fig

2.21. The average angle of emission <8> of the shower tracks

for these distributions are summarized in the tabvlé.

-— 4
TABLE 2-5: Average Emission Angles o{ﬁhoﬁer Tracks

All stars Light targets ’\lavy targets a

3 - ] . - .

21.95 + 0.77 14.62 + 1.12 26.02 + 0.97

One may better observe the anisotropy in a distribution .o-F

-~

cos® shown in Fig. 2.22.From Fig. 2.22 one sees that 707 of
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the shower tracks are in the region L.0 - cos & » 0.9, The

oroportion o Drotons 1n the whole distribubtion accounts tor

. . . . . . - . . 1E&
S0 ot the fracks., as <N = AL s = QLe0.5. Y. Fung et al.
0o Ar S - i

have measuwred the anoular distribution of neaative ploné
. . N ¢ D . . ) oA
emitted +rom 1.8 GeV/in fAr Ancident on Pb,u4 and found <8 =
. -

. O . . i ‘ . Do : -
& . Since their pion multiplicities agreed verv well with

those._+mund in this experiment. it was Cdecided to fit their

AN 2
-

di;kribution to that found for our events with NHC 6. and
By \. - . '-‘ ! -
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- bthus extract the -Drotbﬁ'imultiplicity by -performing a

subtractlanl

? - ~ 200(]
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FIG. 2-23: Pion and Proton Dist. for Heavy Targets
Fo e ENEWS, a4 cos G distribhution <o Lhe oo
fCarozt "group along witnh the wlonsdistribution cauloiod isd be
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1 + Z/(A-I))for Ar)incident on Pb304, renormalized such that

baoth distributions contain the saﬁe number of tracks above

~

459, which are only pions. The difference between the two

-histograms accounts for 283 tracks. The togal number of

pions is 204, giving a ratio of protons to pions equal +to
‘R -

SN _> = 1.29
r s c .

1.39, compared to the expected ratios of <Np>A

for the heavy group. The resulting proton ,angular'

N ‘

distribution is also shown in figure'2.23, and it may be seen

that 86% of the protons are contained within a 30° cone.

. »

2.8. Pseudofrapidity Disgtributions

Angular distribution of shower particles are_vefy‘ﬂo¥ten
presented in terms of the variableE?{ = 1n cot /2, known as
the pseudo—-rapidity. . It is reléted to the .Iung;tudinsl
rapidity Y = 1/2 lnttE.f p”)léE.— p”)]. AA esseﬁtial feature
of (ﬁpidity is that it transforms the relativisti;‘

.

‘transformation of velocifies into a simple addition of
rapidities. Rapidity relates 2 longitddinallyi;oviné frames
by a simple translation along the rapidity axis. Theretore
distributions in YL have Lorentz invariant shapes.

The 4, distributions for all events and those for /the

light and heavy groups are shown in Ffb. '2;24; 2.25 and

-~

2.26
respectively. The right end of the diagrams correspond to. fhe

rapidity of the incident ion,‘while the left end corresponds

81 .
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We have included & further diagram, Fig. 2.2% which
compares thea rapidity of ouwr hichest n;ultiplicitv event to
that of the whole samole. Thus a highly centr“al and wverv
inelastic collisicn has‘an emittinq.system whiich moves quite_

slowly compared to the original velocity of the projectile.
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3. CHAPTER 3. THEORETICAL MODELS

3.1. Model types

%, The theoretical description of - heavy ion reactions

e

should suggeét what possible novel e*fectsfmight'occur in hot
dense nucledr matter while at the same £ime provide insight

into the géneral patterns in which the reactions evolve, as
] ] .

well as proyide broad and systematic descriptinn of various

experimental .data. It would seem that the best possible

} 1Y
saluﬁ@oq might be arrived at with a relativistic quantum

field theory of nuclear interactions- However any interaction
with as many degrees of freedom as. a . nucleus—nucleus
collision generates rather formidabl obstacles té the
solution of such a model. One generally has to settle fo}
much less, and confine the number>o+ degrees o+_fﬁeeéom to
those requireq to determine'nbservaﬁles 6% concern. ’

With this in mind? several théoreticians have deveioped
groups of variods\ssluﬁions dealing‘with the  prediciion af
abservables aAd the suégestion of\geu phenomena. 4Ekere dre
thus a multitude of dif?erent models #ar . descéibing
relativistic heavy ion collisioné, but masf of these may be

.-

° .—‘/)
regrouped into three broad classifications. There ‘“is ¢he

macroscopic type of approach, characterized by the undériying"

assumption that the fundamental features of heavy ion
. ?

in{eractiqns can be described in terms of parametérs which

-~ A

- : as . o

—



define  the ha;rnscopic properties - of general colliding

systems. Members of this class are essentially geometric in

28,29

nature, and are exemplified by the hydrodynamic and

statistical or thermodynamic S0 types of models, such as the

31,32 33,34

fireball and firestreak models. Secondly, there

is the type of model which exploits the migroscopic nature of

s

the constituents jinvolved in the interactions. Here the
underlvying. assump;ion is that the elastic or inelastic
scattering o%Itwo fast ions can be related to the scattériﬁg
of the various constituents ocut of which .these complex
objects are made. This t?pe of model is exemplified by the
cascade model 35’36; and to some extent by nuclear QCD 37.
Other - models belonging to this eclass are the multiple
scatiering models such as ‘rows on_rows’ 38gnd ‘collective
tube’ models 39, which are essentially dynamical in nature.
‘The last general category is the direct interaction type of

model, such ds the knock—out 041

82

and hard scattering models
. Although similar to‘%he last class, this group considers
the individual. nucleonrnucleoﬁ' collisions, and assumes
single—scattering. These models really consider the results

of ‘heavy ton cellisions as being due to the effects of

-

individual nucleon collisions. Some success has also been
hY

obtained with classical type models, where the classical

equation of motion approach is taken 43’44’45. These general



types of categories will he further discussed later in this
chapter. .

While actual experimental data‘¥rom accelerators of BEV
range heavy ion beams have only been available for about a
decade, it can be seen thap a large number of models has
come out to deal with the new physics. One can undersiand the
diversity of thé models that have been. used and developed
because of both the complexity of the interactions, due *to
the large num;er of participants, and ggcause of the transfer
of several models from particle//physics, and their
hybridization with nuclear physics models.

The néw physics we are dealing with requires the
amalgamation of a group of highly complex and compound idéas
from other, often seemingly unrelated areas of physics.
Relafivistic heavy ian beams have allowed us to probe inte
areas of phase space not previously available. The most

~prominent theoretical approaches to heavy ion interactions
are in general extensions or modifications of models meant to
deal with simpler hadrén—hadron interactions. A fundamental
difference with particle physics® is the possibility of
depositing large quantities of energy into 1large volumes,
rather than into ever wvanishingly small volumes. Heavy ion
interacfinns introduce an extra degree of freedom by allowing

the baryon number of both the target and the projectile to

vary. This should put additional constraints on the models

87 ™
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and allow oq@ to obtain more information on the nature of
. hadron—-hadron collisions. There is also the possibility that.
heavy 1ion interactions will demonstrate nuclear democracy.

This has been conjectured by G.F.Chew °° who sdid that

"whenever Fhe available énergy bé&omes iarge there should be
manifested general strong interaé%ion characteristics that
are indepepdent of  baryon ﬁumber B. None of the known
hadroﬁ%, after all, can be regarded as elementary, the
composife nature of any hadron becoming more .and mare
prominent as the energy increases."” There are certain
experimental distinctions between B= 0 or 1 and B>1 systems
such as energy spacings, but Chew maiﬁtains that most of the
experimentally measured paremeters vary rather smoothly with
baryon number. .

A fundamental difference with nuclear physics is the
p055ibilityw'of comp;essing nuclear éatter to - densities
comparable to that of neutron stars, or even _greater. Because
of this, one requires a broad range of ﬁndels to deal with
various aspects of the information obtained from the
collisions, each model tuned to a particular aspectg being
investigated N

However, out of all the available models, a few-have

distinguished themselves by the clear nature of their

original hypotheses, their simnplicity and their broad range

88



of coverage of the experimental data. Others, of a more

speculativg nature, have provided guidance for the type o;.

éxpe;iments to be performed, as well as for the new and
. P

exciting results which coul& bé obtained. It is in fact one

of the speculative models which prﬁlided the original impetus

for +the presenat experimental in;estigation- The @odel in

«question is that of T. D. Lee and 6. C. Wick 5‘47. \

3.2. The speculative models

3.2.1. Abnormal nuclear states. (ANS)

Several theoreticians have been involved in the .ANS.
models; but foremost it was T.D. Lee‘'s original ideas which
gave the initial guidance. A simple quasi—-classical modél of
£he nucleus which assumes only the existence of a 0+ iso~
“scalar field, sigma, yields a stability zone at a mass number
equal to 400 or more. fhié meson fiéld ¢ has an associated
particle wmass m¢, and an expectation value <¢> = 0 outside
the nucleﬁs, where the nucleon mass appears as My But inside

the nucleus, the effective nuélear mass is determined Ry

- Ve a

2 _ 2 '
moee = [my + g<¢>3 ) (3. 1)

S

where <¢> is the expectation value of ¢

inside the nucleus
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and  gZs4n ¥ 1S

Thus for certain values of <§>, the n%fcciive mass of
the nucleon goes to zero inside the nucleus, and ih-'nucleus
becomes abnormal.

Using the more specific sigma model for the aeson field
which is cnmp&sed of the iso—vector pion field and the iso—

scalar sigma field, we have

§= v-(mN/gb : _ (3.2)

The nucleus is assumed to be a degenerate Fermi gas,
with top Fermi momentum kF. We thus have a kinetic energy

density UN given by

-2 2 2 2.1/2
u, = 27 Kk + m_ 5 dk , . (3.3)

-

In the simple case where the number of protons and

neutrons is equal, we also have kF relateh to the nucleon

density n by’

ke = Sy‘n/2 1/ (3.4)
.

If nuclear matter may be considered an incoapressible

e
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fluid (because of a strong repulsive force) then the nucleon
density may be fixed, giving the total energy density D of

the system as

4 D= UN + UT - nm, - I.5
where Uv-is the potential snergy density

of the sigma field

For very large nuclei the surface energy can be
neglected. When the energy density is plotted at various
fixed densities, starting at n =0, the function has a
minimum at m_ . =.mN. See Fig. 3.1. Increasing the density to

’ .
n = n9 =- [(41/3) (1.2 Fm)slrl, corresponding to a unit energy

density of 5.2 GeV/nucleon, a local minimum of D appears at

Mecs = 0O, and the main minimum decreases Fn Mg = 0.8 M- I+
the nuclear density can be further increased to exceed a

critical wvalue nes then the abnormal state becomes the
oo
absolute minimum state.

e

The conditions for the production of such abnormal

1/3

nuclear states are N >> 1 such that surface enernymay be

neglected and n > n_- It is not exa&tly knouﬁ'nhat the value
of n_ should be, but it is a function o{;mq;ﬁnd g, neither of

which are definitely known. Using a meson mass of 1.15 GeV ;

and the value given previously fnt g, aone expects high energy

~
~

1



neavv ion collisions between larae nuclel such as lead won
lead . at 172 BeV/nucleon 1in the center of mags | to

approyimately double the nucleon density. and possibly

2 2.}

=)

3

s

FIG. 3—1: Energy density in the U"model'

o As N 1s increased above no. the local minimum at

m_ . = ¢ becomes the absolute minimum.
et

-

proguoe apnormal nuclear states, at least for a brief per:i:od

0f time. 14 thev are not completely stable. This 1s oroviaoing

tivab tHe meton mass is not much larger than | GeWV. ¢
-
P
N



An immediate experimental signature for, su:h\ an
. occurrence iﬁ emulsion would be a track exiting a collisjion
with more ionization <than the track that produced the
collision. While it may be_fartuitaus to expect guch a simple
and obvious signature for the possible fusion of two very
heavy nuclei, one should  be on the Ioogouﬁ for certain
"respnance effects in particle production associated with
these éypes of collisions, which could signal a metastable
coupling of tuo‘heavy nuclei. The actual conditions for the
formation of ANS aré certainly far more difficult to achieve
than uould.§ppgar frqm the siéile pict - presented above,
but it is a good starting point.

Another very interesting possibility is thé collision
of an ANS with another normal nucleus. Depending upsn the
tybe of potential U(}), there may be two local minima for
this potential, rather than just'cne for the standard sigma
maﬁel. éssuming this second locii/minimum'occurs_at + = 4

vex "

It is possible that in the collision, a state may be produced

T,

with <¢> = évex inside a volume V, and its mass Wwould be’
given by
M _ 2=trwv uE() ) + surface energyl® ' (3.6)
vex vex

The baryon number of this vacuum excitation is zera,



and this whole state may be viswed as a gigantic meson blob,
with a linear dimension V!’>, much larger than any of the
usual microscopic lengths o+.nuc1¢ar physics. Since a large
contribution to the mass would come from the sur#ac., these
vacuum excitations could decay by contracting their surfaces
through meson emission.

Although these are highly speculative proposals, it is
possible that if these states can be formed, some of the
symmetry properties ggx_be changed inside these ANS, as well

as some of the basic forces, notwithstanding changes in the

properties of the vacuum itself.

3.2.2. Buark—-Gluon Plasma

An alternative but somewhat s{milar'idea comes v%ron
quantum Achromodynamics iQCD). As was mentioned in the
intnguétion, it is more likely that nucleus-nucleus
collisions will allow the deconfinement of quarks and gluons
rather than had;;n—hadron or hadron—nucleus collisions. If
one looks back to the discovery of the nucleus, it was the
particles scattered at large angles which gave the most new
infurmatién about the interaction, in this case Ruther¥eord
scattering. These high Py particles gave information about

the 'hard“‘component in the atom, and defined the structure

of the atom. Much more recent experiments at " SLAC in the
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early 1970°s showed an excess component of widely scattered
electrons impinging on protons, and this gave rise to the
parton model. Objects inside the proton were about a fiftieth
of the size of the proton, and this graininess inside the
proton could be assumed to cause the cbserved scattering.
While nucleus—nucleus collisions do not look at the structure
of ihdividual hadrons, and the graiéiness aof the nucleus is
well understood from nuclear physics, similar effects might
be expected if the graininess of éhe nucleus changes - from
that due to nucleons to that due to quarks.

This phase transition could occur if the nucleons are
brought closer together in the nucleus. Such an increase in
density might 1likely occur in a relativistic heavy ion
caollision.I¥ this density exceeds a certain_critical density
ne.s where the nusleons are brought so close together that the
normal boundaries of the ‘bags® which confine the colour
¥orée begin to ove:i;p, then the bouﬁdaries may disappear,
thus liberating the quarks and gluons inside the nuclear
volume, forming a quark—gluon plasma 48. Scattering from such
an object would likely have an excess of high Pt components
due to the direct interaction with the quarks. .Although
physicists have had to become comfortable with the idea that
quarks are never liberated, we have the possibility o@ T at

least deconfining the quarks in a volume much larger - than



that of a hadron. The cxa&t conditiong under which this

happens seem to be at least partly defined:r 1. As the

>
projectile nucleus traverses the target nucleus, sequential

encounters between the nucleons conﬁress the target by giving
its nucleons a velocity v, and in the target’s rest <{rame,
the compression C = §(1 I.v); 2. If one assumes that each of
the A nucleons géner&tes pians, then the =mnergy density per
nucleon in the rest frame of the target nucleus will be E/N =

3—-4 BeV/nucleon, for very heavy nuclei colliding at ISR

energies 1,49 . This gives rise to a longitudinal momentum

for the target nucleons such that 3’= 2. With a normal
| " .

nuclear density LN = _1% SeV/fms, one can estimate the energy

density e obtained in such a collision

~

3

e=n, CE/N=2 GeV/fm (3.7)

0

Such an energy density is expected to produce the phase

transition'4’37’50

« S. It will Pe possibléfto aobtain this
large energy density if the wmultiplicity of pions is
proportional to A, and this is fundamental, for it is the
effect of a wvery large number of pions in a éomp?essed
nuclear ";pace" which can allgu enough heating of the
nucleus. The required temperature would be in the range of
150-200 MeV, and this would not be achieved if the pion

multiplicity only increases as A 2/3.- In this case, there

=)
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uould;not be sufficient pions to cause a ‘fresze-out’, which
occurs when there ié not enough free space in the nucleus to
accommodate the volume of 511 the individual hadrons.

The heating associated with pion production can be

easily visualized in rapidity space.

y = = 1n (tan 8/2) o : 3.8
When viewed in the rest frame of the central region, one may
compare the vy distribution expected for very high -enefgy_

nucleus—nucléus calliéinns “to that of nucleon—nucleus and

nucleon-nucleon collisions, as in the next figure'
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fb\:,t-trno ;au ce u.‘ller-

FIG. 3-2: Rapidity distributions of various collisions

The too diagram is for a nucleon-nucleon system, which

vields a flat v-distribution with 2.4 created partidles

per unit v. The middle fiqure shows enhancement for the

praduction in  the target regionﬁ in nucleon-nucleus

collisions, with evidence of nuclear traﬁgparency. This

1s a consequence of the fast secondaries Being produced

outside the tarcet. In the last diagram. we have a.

similar projectile and target distribution in .the solid. .
line. FPion production in the central region is expecfed
to be proportional to A, and wogld be represented by,
the dashed ling.' causing substantial heating of the

central regicn. ISK énerqies are assumed.
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Aside from the observation of such rapidity
Histributions for very high energy nucleus—nucleu )
ot

collisions, ‘one may expect some heavy +1avn§§ quark

production if - asquark-gluon plasma is formed 51. A signal
would be kinks or V°s in an emulsiqq, with a production rate
much Iarggr than that normally expected for charmed particle
production.‘Compressed quark matter might also have increased
-interaction. length .due to its smaller geometrical cross-—
section, if it is stable and can travel away from the
.Ebllision site. There seems to be some experimental evidence
for quark matter formation in the cosmic ray experiments of
the JACEE collaboration, and possible signalé might be
abserved at the energies involved in our experiment, buf this
is somewhat unlikely. However, the mﬁltiélicity and rapidity
distribution;, as well as the most inelastic events may yield
some insight into the formation of %his exotic material.

-

. 5. Macroscopic models

¢l

-

S.3.1. Hyd(denamic model

Most of the internal degrees of freedom insid& dense
nuclear matter are difficult to determine from  first
principles, and hence it becomes attractive to describe

. nuclear matter as a fluid, and to employ fluid dynamicé to
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describe the evolution of nuclear matter in collision. One
of the first such descriptions was proposed by Landau 52 and
has‘ been used uit@/great success in descfibing hadron—hadron
as well as hadron—nucleus collisions 53. ' In treating
collidin§ nuclei, two major appfoachas are used.

A.The first is done using relativistic ;;n-viscous
fluid dynamics. Here the cullidiqg_ndclei are_considered to
form an equilibratew single fluid, with the inclusion of some
phenomenoloéical parameters. An equation of state is written

and experimental data may be related to this equation.

Typically, a reaction may be written as

A + B => Win,t) + X | (3.9
where n is the density and t

is the temperature.

-~ From _ hydrodynamics one gets the pressure P =

nde(n,t)ldn with the derivative evaluated at constant

entfopy. Since the form is not known for W(in,t), a comparison
is made to experimental data to yield certain " constraints,
and the Euler equations for various models of " W(n,t) are

solved. W(n,t) is assumed to be of the furm‘wo + Nf(n,t)

el

where fhe first term is the compression energy per baryon at
t = 0 MeV, and the second term represents -the thermal energy.

This second term is assumed to be for an ideal Fermi gas,

-
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while the compression term is given various forms to study
the effects of different compressibiiities. Thus the pressure
is a sum of a compression and a thermal part. Comparison with
experimental data shows very little sensitivity to the forms
tried for wo for double dif*erential cross sections.
Additionally, there remain dicrepansies of the order of 2 to
3 with the data, a problem ugich is difficult to overcoame
because of the numerical complications encountered in sniving
the hydrodynamic equations.
: >

Since at high velocities the constifuents- cannot
instantly éhare the momentum and energy (between target and
projectilé),‘ it is unlikely that the one fiuid formulation
described above will yield valid results for relativistic
cellisions.

B.Thué a secon? hydrodynamic approach is used where the
two nuclei are tngated 4as two separate fluids coupled
together by a frictional drag 54. The requirement Ffor
equilibration is somewhat reduced, but only large nuclei
interacting at small impact parameters are likely to share
energy 1in such a way that the non interacting parts in the
collision reach equilibrium- In addition to this a third
fluid must be added td deal with the mesons. In any case,
large technical numérical‘difficulties remain and there has_
not been to date very good agreement between this type. of

- ¥
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model and the data. It is probable that larger colliding
systems such as U + U will provide a closer ;pprnxination to
equilibration and increase the applicability of lthe
hydrodynamic approach.

3.3.2. Fireball model

Again a geometrical picture of the nuclear collision is
invoked, and to this piéture one adds statistical
thermodynamics. This has been one of the most successful
modelé for predicting the results of processes occurring in
the interaction region 30. Nuclear collisions are treated by
dividing the prnéess into the partic"ant and spectator
regions, whereby the nun-interactiﬁg r‘ ions of both the
target and projectile nuclei are considere spectators to the
collision, and are not treated further. Ta obtain the
contribution of these spectator regions to the observed
multiplicities, one assumes an increase in the surface energy
of the resulting cut spheres, with subsequent evaporation of
singly. and doubly charged nuclei, at laboratory éngles
characteristic aof the f;fefgnce frame in which they are
emitted. ( A narrow cone for the leading projectile and
isotropic emission for the stationary target. In effect, at
Ek = 1.8 GeV, and for an average internal Fermi momentum PF =

230 MeV, the projectile like fragments should be limited to

less then S degrees in the forward direction, and the target
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like fragments should have momenta below 230 MeV/c) 55’56.

Participating nucleons from. the" interaction region are
assumed to form one or more fireballs, travelling at
velocities infemmediate to tha£ of the two spectator_regions.
In the simplest one fireball model, one estimates the number
of participating nucleons from the im;act parameter b and the-
atomic nuqbers of the two colliding nuclei. This is
equivalent to the intersection 64 a sphere and a cylinder,
each with constant density and well defined radius. Typically

one gets the number of participant protdhs or neutrons from

the target or projectile by evaluating an equation like

o~

N (b) = Sum(Z_/A_IN_ (b)), i = t,p (3.10)
prot i1 1 .

which must be soclved by numerical intergration for each

combination of target and projectile (t,p) atomic numbers 57.

The initial energy of the system is

Elab = Et + Ep = (mo + Ek)Np + mONt (3.11)

And the momentum

L 172 v
Plab = Np(EkEEk + 2mo]) (3712)



from which one can calculate the velocity of the center of

ha

mass of the participant nucleons as measured in the lab,

”

B o = Pran’Erap | 8 (3.13)

This gives us the total energy in the center of mass of

the fireball

2 2.1/2
= E Pﬁfg?) (3.14)

=Y,

c

m
U

(E )
=M.

1ab ~ Bc.m.P1ab

2 2 2
[(Np + Nt) mo + 2EkmoNpNt]

I

For a collision of argon on argon at O impact parameter

and Ek = 1.80 GeV, one obtains the following quantities
. Elab = 144.35 GeV, Plab = 102.7. GeV/cC f -
P = .70 and E = 104.5 GeV
c.m. C.m.

It is assumed in the model that all of the projectile’s
participant nucleons transfer all of their momentum +tco the

effective center of mass system of.the participants. As at

. 10
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U
Bevelac energies the average internal energy is much 'pighcc
than the average binding energy, all o+5£he nucleons are

liberated. Here we .haye taken @y to be 939 MeV - 8B

Y,

MeV(binding) = 931 Mev. :

When the two regions completely fuse, ali of thqfcenter
of mass energy becomes avaiiablé for thermalization; This
fusion region is known as the fireball, and is'freated IS“aﬁ
equilibrated non-rotating ideal gas with a characteristic
temperature T, which then expands isotfopically_ with a
Haxuellian distribution of energy. 'For a relativistic ideal

gas of nucleons, the temperature T can be.evaluatgd as 31_

Ec.m.I(Np + Nt)T =3 + mKl(m/T)/TKz(m,T)—d E;.IS)

where K is a Macdonald function.
The energy per nucleon e available in the center .of
mass when considering baryon tonservqtion is given by

v

e = Ec.m./(Np + Nt) -m (3.186)

and the non relativistic relation between e and T is

e =3/2 7T (3.17)
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with valyes 6f e = 370 MeV and T = 247 MeV for the last

collision exanpfe. This is an overestimate, but gives the
order of magnitude. However, in the fireball model, one can
conput@f the temperature directly by emsploying certain
;conservation laws. From the geometry and kinematics, one
knows “‘that J
- £ =E + E + E + ceue (3.18)
C.m. prot neut pion i
;, ; F-\':
and the charge Q igﬁ
“a= +N., + ~-N L (3.19)
. 9 =Norot pion” T~ Tpion Teee S
with .... reprgsenting any other particles included in the
calculation. -
o
: Baryon conservation is simply
Nb = Nprot + Nneut (3-.20)
" Assuming thermalization, we have the number of
particles of.any type )
' gVv 1 -
dN = 3 EwT : p dpdJlL (3.21)

“ 2m

an ensemble of fermf&ns, with g being'a spin degeneracy

s
-
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factor, é the total energy available in tﬁe fireball, and u
the chemical potential (Sibbs potential) of the particular
type of particle. V is the volume of the fireball and its
equivalegf size is estimated to be siightly larger than a
normal nucleus, since ;n the fireball modelibne assumes an
initial compression of the nuclear matter, follouéd’by an

expansion to a larger volume, ; at which point the matter

disintegrates. A typical density of 0.12 nuc:llavt::m;./-!;m:s is used

in the calculations. Since e(E-U),T >> 1, we can use the
approximation that
gV _ - ‘
an = e%/7 —z e B/T 52gpa.n. © : (3.22)
“zm '

Thus for protons and neutrons, we get

v
Norot = eUp/T e BT s24pa.nn (3.23)
(2T 2
gV _ .
N = oun/T e E/T (2400
N>

L

The - "energy of the particles in the center of mass is

given by an expression like

gv —
Eprcj{ _ Eupz"(‘ e E/T p2dp A0

(2mW 3
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A similar expression for En then gives the total

eut

center of mass energy

Ec.m. = Eprot + Eneut (3.25
and since the left hand side of these equations is known, it
is possible to solve these equations for the three unknowns,
u, , u, and T. When this is done, the -distribution
degenerates to a Maxwell-Boltzmann distfibution, whereby the

resulting numbér of particle i can be simply represented by

-

N, = E(UEIT)

z (3.26)
i

where Z is the partition function for one particle.

7Chemical kinetic equations are used to include particle
production in the fireball. At Bevelac energies, the only
particles of significant importance to include are the pions
and the deltas. Using reactions like
n+p n+n+nt (3.27)

—
S
n+ng=n+p+T

~and if one assumes that thermal as well as chemical

equilibrium are reached, then the law of chemical equilibrium
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defines a set of rules for chemical potentials. (Reif, F.
Fundamentals of Statistical and Thermal Physics, p.312) Now
at chemical equilibrium, we will- have
f

u, + up =u, + u + uu# (3.28)

un + t‘ll'l = un--l- up + u,n_—

From which

uTF = up - ul and u“r =u - up (3.29)

uﬁp =0

*

The production of pions from the decay af the four
delta baryon resonances are included with equations like

++ + _ _

a = p+ T giving u£:+ = 2up u (Z3.30)

Decay of deltas accounts for about one third of the

total

pion production,

and is thus quite significant.

order to obtain the total average multiplicity,

é}ven type
g
measurement

must be  found

of ‘particle

obtained

to

in emulsien,

at each impact parameter b

compare

In
<M>, of any
with an exclusive

the particle production

and

summed over all impact parameters, such that
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_ {N(b) 21 bdb
<M> =

(3.31)
Sz Tbdb @

Composite particle production may also be included from

reaction equations like
p+n+NSd+ N giving u, =u *+u (3.3

for deuterons, with similar expresgions for tritons and Z=2
composites. Fundamentally, only ua and u ﬁeed to be known,
as well as T, and these can be obtained from the charge Q,
the baryon number B and the total energy Ec.m.'

For counter experiments, which tend to make inclusive
type measureménts, the model can alternately give inclusive
cross—sections, at various angles and ﬁomenta.. In fact the
great versatility of this statistical type of model is that
it can_simultaneously predict almost any experimental result,
and Bas done so ;ith very good success %ﬁr certain types of
results, notably for compasite particle '.production.
Unfé?tunatly, the model is not Yefy good at predicting picn
Qroduction, as this model routinely overestimates pion
Aultiplicdties by arfactor of 2 to 3.

In an attempt to overcome this.seriaus flaw, and some

others, a different geometry has been introduced. This is
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called the two fireball ﬁ-l, and it assumes that in any
nucleus—nucleus Eollision, two fireballs are formed, each
with a different velocity. The first firlpalllis projectile
related, and travels uith'a high veiocity, while the second
is target related, and travels with a considerably lower
velocity.: This new geometry is introdue;d by recognizing the
fact that neither the overlapping part of the target or the
projectile loses all of its momentum after a collision, thus
forming two fireballs. A new parameter must be introduced,
and thié is the fraction x of the initial momentum that
remains after the colliéiun. Us;ally; an ad hoc choice is
made for x as a #unction of impact parameter, oé data from p-
p or p—nucleus collisions are used.

However, not all d}{ficulties are resolved by this’

maodification, since ‘better agreement is obtained for the

[

proton-speétra =0 but no improvement is obtained in the pion
multipiic%ty prediction. T:is overestim;tion of pion
producficn\ seems to be # universal feature of . statistical
thermodynaﬁic models. Certain suggestions have been made such
as the fact that thermal equilibrium is likely achieved, but
chemical equilibrium is not for the pions. Possibly the pions
are gﬁﬁerated-nnly at the surface of the +Ffireballs, rather

than throughout the entire volume, with subsequently lower

multiplicities due to the reduced -amount of energy available

111



4

(=g

for production. A more plausible explpnation might be “that
the stumption of - constant energy expansion used in the
fireball model might be incorrect. It could very well be that
the expansion of the fireball is a constant entropy process,
whereby the internal energy of the fireball decreases during
the expansion. The internal energy lost during the expansion
would appear as some form of collective energy in a
hydrodynamic type of model 2°. A similar idea was the factor
which allowed the great success of Landau‘s hydrodynamical
model for nucleon—nucleon and nqcleon—nqcleus ;Lllisinns. In.
that model, hydrodynamic consigerations give thé\energy and
‘angular distributions of the particles, while tﬁ;rmodynamic
considerations give the number of particles since 1local
equilibrium is assumed; and the number of partiéles decreases

N

as the volume expands isentropically.

LY

3.3.3. Fir'e's;tr'eak model

A model simi}ar to the fireball moqgl in that it is- a
statistical thermodynamic model, ‘but with a dif{ereﬁt
collision éeometry was originally proposed by Myers 34.
Nuclei are considered +to interact in a  manner such that
thermalization occurs, but thé regions which are thermalized

are a .series,of streaks'af hot nuclear matter. Instead of

considering the interaction region as a whole, homogeneous
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) &
region, the firestreak model considers the material in the

overlap region to be moving with velocities uniformly spread

-

. between thaose of the target and projectile. The material is

]

thus ;draun into a streak by the velocity shear across the
ﬁverlap region. This is equivalent to treating the
in;;raction region as a series of tubes, each with different
velocity and number of nucieons &ontained within it. Diffuse

nuclear.surface functions can be utilized in this wmodel, as

PO

opposed . to hard sphere type geometry in the fireball mddel.

Thermodynamic properties and the velocity of the streak

depend ohly on the ratic 7,
’7= nA/(nA + nB) (3.34)

where 2PN and né are the numbers of nucleons in the projectile

and target respectively involved in the collision to produce
the tube. The 1lab momentum space densities are calculated
with the aid of a “yield’ function which essentially contains

the geometry of the collisions, and with the Lorentz

invariant .momentum space 'density for eaéh Barticle type

produced. This latter function assumes a thermodynamic

equilibrium for a Fermi or Bose distribution, with a

temperature T and chemical potentials u, as in the fireball

r

model .
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Using a substantially different geometry, the model
predicts the nucleon, " pion and 1light nucleus inclusive

. '
spectra for a wide variety of projectile—target combinations,

58

over a wide energy range - To overcome certain errors in

the predictions of proton spectra, different yield functions
have been‘ used 3; which incorpérate both direct knockout
processes and multiple collisions, .relating to whether the
diffuse surface is involved in the collision (leading to
single knock out), -or the central core of the- nucleus is
involved (leading to multiple collisions). Houever,.in common
with . the fireball model’, the firestreak model also
errestimates the pion cross sections by a factor 6¥ 2.

3.4. Dynamical models

Ay

Z.4.1. Rows on rows

In an attemﬁt to treat heavy ion collisions in a microscopic
way, Hufner and Knoll =8 developed the roué on rows model. It
is a- model i? which the dynamics of the collision lare
Follqued microscopically, in a type of one—qimensional'
cascaae.- They consider both the projectile and target nuclei
to be decomposed into ro#s of nucleons, with the rows
orienfed in the beam direction. Nucleons within any given

-romw do not interact with each other. However, where one

projectilé row comes into contact with a tatget row, each
e
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nucleon in the corresponding projectile row scatters by each

L

of the nucleons in the colinear target row, thus interacting

.

with each one of the nucleons in its path. Thus a sequential
type of interaction is assumed, and this is equivalent to a
cascade type of interaction, with the limitation that the
cascade is unidimensional. The length of a row (;nd the

number of nucleons within it) depends on the A of the nucleus

and on its position within the nucleus.

It is of _coursé a formidable task to ¥oilou the
erlution of a nuclear collision by this method, especially
for larg; nuclei. But as a nucleon does not really heat up a

large nucleus in a n-A collision, and its interaction can be

reasonably well described by Glauber 59 theory, it is only
natural to extend this multiple scattering formalism to A-A

collisiﬁns. The rows are therefore int?oduced, and they are

r

spaced a mean free path‘A==F'Q;n apart, where U;n is the

section area of each row, aobtained from n—n experiments. Each

nucleon is then followed through its transformations into

variou$ states, with the state of a nucleon at each stage of
) .

the reaction described by a momentum distribution function,

' s
Npmn(p,i). Here p is the momentum, and n and m refer to the m
th projectile nucleon after it has scattered with the first n

nucleons in the‘farget row. A corresponding distribution is

associated with the target nucleons, i.e. men(p,i). The



label 1i refers to thé inelastic excitations which occur such
as the fparyonic resonances. The calculation proceeds by
taking the previous probability distribution as an input for

the next stage of the collision, with the result that the
Y,

final momentum distribution is obtained at the end of the

collision. Thus ¢the cross sections for proton and ?ion

prnductiun can be calculated, vyielding a typical integrated

cross section of

T 2 2
- Q= wg ¢ A, TR + AL WRS, ) | (3.35)

It is assumed in this model that all pion production

comes from the decay of delta resonances. The model also does
.

not account for the production of composites, which is a

serious limitation. The general result of this model is in

reasonable .- agreement with the data for. relativistic

collisions, and alsoc the momentum distributions approach

Maxwell distributions, equivalent to thermalizatioh, a
sunprising result from a dynamical calculation.

——

3.4.2. Collective tube model (CTM)

In a similar fashion to the rows on rows model, the CTM

model assumes independent collisions of several tubes of

nucleons. Each nucleus is thus decomposed into a series of
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-tubes,- each of radius equal to‘fﬁat of one nucleon and of

o

:}engtﬁudepending on its position in the nucleus. The navelty

- of this wmodel is that it essentially treats the tubes as

¥ .

fndividual -particles, rather than as being composed of

i;diy?ddéi particles. The authors 7 consider that fo;
relatiyistic callisions, when observing each of the nuclei in
the ;enter of mass fra@g, they will both appear as Lorentz
coﬁ;racied disks, and that the collisidns of colinear disks

are_requiygient to elementary particle collisions, with each
cofiision independent from the others.

; In a collision involvinq two elementary particles, one
‘could calculate the pion muitiplicity from the energy
availablé for production. {i.e. the hydrodynamic model gives
the pion multiplicity as k51,4) 60 Thus an evaluation of s,
the total center -of mass energy, should give‘us the pion
multiplici;y in a heavy ion collision. Due to the low energy

of present A-A collisions compared to n—n or n—-A collisions,

one must include the effect of the rest masses, especially

-

-

since we are grouping several hadrons into one “‘elementary”’ -

.particle. For an n-n collision, the available energy @ is

Q@ =s - {m, + m.) (3.38)

o where my and m., are the masses of the interacting hadrons.

Equivalently, in the CTM model, there are 11 and 12 nucleons
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in each tube, giving R as

2 2 2 V2 _ati, +i0

Q= (C(m ( 11 + 12 Yy + 2milizEk )_

S
(3.37)

where £ is the kinetic energy per nucleon. The multiplicify
e t -

of pions is now obtained from n—n collisions at this value of

Q. Taking an average of the probabilility .P(n_,b) of

producing n_ pions in a collision with impact parameter b,

over all i;pact'paﬂapeters, we get Pn , the probability of

PR

gqub)P(n_,b)

Pn _ .
ﬁ,_ngTb) -

A For A-A collisions, we have

Sde)=Ub2 N

v;T for b<bma

0 otherwise

“r

: ‘ v
Here P and T.refer to the projectile and

obtain

,
j;UYb)P(n_,b)
Pn_ = 4-
B

PT .
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producing n_ pions in a nucleus—nucleus collision.

(3.38)

(3.3%)

target. We now

(3.40)

R



.

Aar

and using Poisson distributions for Pn_, the average pion

multiplicity'is found

—

//‘—‘.‘. —\/ - »
T.e T o
<n >o = nPn = —PRP BF <n @> P (3.41)
-"PT - - . T .- PP
pp “PT

Using the Bradt-Peters formdia for the cross—sections

1/3 . 1/3
= {x + - d) e get v
Vey = Bop we a
02/3 _2/3 ‘
n_do. = <n_@> (3.42)
P73 L L1735 _ 2
e - *

where @° = Q(P1/3,T1’3,Ekf

Typically, a parametric eﬁuation is used for the p—-p

pion ﬁultiplicity, such as

-

<n_> . = 0.25 + 0.17 1n'@ + 0.25 inZa ¥ (3.43)

Unfortunately, this model is limite&'to'predicting only

particles produced ih p-p collié&ons, but fﬁis does not

detract from its remarkéblg agreement uitE experiment in the
_prediction of pion multiplicities >’ . It should be

S

remembered that there are no free parameters in this model.

e

-



3.5. Summary

While we have described some of the models for heavy

‘ -inn collisions, we haverhy no means covered the exhaustive
list available. Little m?ntion has been made of knock-out
nucleons, cascade or claﬁSical types of models, nor of the
attempts ai quantum mechanical description.
| The models we chosé to describe are considered to be
;representative of the most: intense activify in the
_theoretical community. Grqat‘similarities exist betwe?p somé
_Df- the models, at least in some of their basic ﬁ;emises
(thermodynamics, geometr?} ‘etc.) 'But there are also many
differences in detail, which add up to create _significant
pverall differences betﬁeeﬁ:ghe models. The fact that many of
the§e give similar predictiﬁns;leaveg one wanting for a more
precise modgl, but this is just a reflection 6f the éreat
many degrees of freedom in a nucleus—nucleus :cllisioﬁfA
?rom the standpoint of simplicit&, the thermodynamic
type of mogéls are the mo;t likely cand@datés to describe the
éverall picture, but the;r assumgtinn Ehat 'ﬁherméli;atinn

occurs, : whereby the energy is randnm@ied, for systems:

. consisting of only a few nucleons is far frod ideal. They do

however provide the apbbrtunity of at least ca;culéfing.

almost any observable desired, and this is the main' reason

-

for their popularity and extended development.

—
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The Jargest part of the interest should be reserved for
the speculative models, as it is these_modeis which' will
provide predictions about the phenomena from uhifh we are

likely to learn the most.



4.

CHAPTER 4. COMPARISON BETWEEN THEORY AND EXPERIMENT

4.1. Introduction

In the previous chapter many of the more common
theoretical models for relativistic heavy ion collisions were
described, without however presenting many 6f the theoretical

predictions. It is the purpose of the ent chapter to

present several af the theoretical pred ops, in as much as
they are related to the present experi al investigatinn.
This will allow us to draw some conclusions related to fhe
validity and applicability of these models, théir fortes and
weaknesses, while at the same time presenting an analysis of
our data. As most of the models‘ have been applied to
predicting® data for inclusive experiments, especially double
differential angular cross sections, much of the literature
providing comﬁbrisons between data and theory cannot be
easily applied to the present case. Where comparisons are
lhade to other types of interactions such as n—-A collisions,
every effort is made to compare quantities which closely
coérespond to one another.

Due to the composite nature of the spectra presented in
the chapter on experimental results, it is often difficult to
relate predictions on specific particle production from well

defined projectile—target combinations. Many averages must be

performed, since emulsion is composed of several target
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nuclei, and we have no concrete momentum information.

" Different parf&cles are included in most of our multiplicity

distributions, necessitating that averages be taken over the
production rates of many individual particles. We will rather
be“- concerned with average multiplicifies, ‘:orrelatigrs
between these and general angular emission patterns. It fis
pnssibié to perform some target separation, allowing
compaéisons with the mare common type of theoretical

predictions, done invariably for specific target nuclei.

4

4.2. The €™M Model

Predictions obtained in this model are for the charged
pion .multiplicity only, as formulated in ref. 39, and the
nucleon spectra are not considered; neither for the target,
spectator or_i£he inﬁeraction region. Here.thé distinction
between the var}ous Eéggcns ié very clear cut due ta the tube
geometfy iﬁvolved, and the ﬁodel is this sense similar to the
fir&éball model, where clean cylindrical cuts are assumed.

-

With its <fundamental dependence on the proton-proton cross

‘section, the model gives a very simple framework in which to

" evaluate the pion multiplicities for any projectile—target

combination, at a.variety of energies. We present the results

of calculations of the various pion multiplicities expected

12=



for our experiment, as a whole for emulsion and for the

various groups, in table 4.1. Emulsion may be considered as a

composite material with the'fnllouing * chemical ° formula’

L J

using data from table 2.1

Em

I
T

.41 Cl1a Nooa Ol12 A9 33 B 43

.

By using_weiéhting appropriate to the interaction cross
sections of each element contained in emulsion, we can
predict the bion pfoduction for any group of elements. We
have used Eg. (10} from 9 since the inclusion’ of nuclear
density functions obtained in electron scattering changes the
results obtainedf by only 3%, and the error on the _proton—

proton pion multiplicities used vyields an error of the order

of 20%. Using the observed multiplicities from tables 2.2 and -

2.3, and assuming our separation according to th gives us
. the multiplicities for HCNO as that for the'light group ﬁnd
for AgBr as that for the heavy group, we find remarkable

agreement between the model predictions for the tgtél charged

pion multiplicity and our results %qr}<~s>c,




TABLE 4-1: CTM Model Predictions and Experimental Results

*®aAr projectile with Ee /nucTton = 2.74 GeV)

t
Element <Ny—> CNy+> Exp.<Ns>C
4 0.29 + 0.06  0.S3 + 0.11
12 _
c 1.23 + 0.25  2.24 + 0.45
14y 1.31 + 0.26  2.38 + 0.48
164 1.38 + 0.28  2.51 + 0.50 ‘
80 o
Br 2.57 + 0.51  4.468 + 0.94
108,4 2.92 + 0.58  S.31 + 1.06
Em 1.95 + 0.39 3.55 + 0.71 3.70 + 0.25
HCNG  0.96 + 0.19  1.75 + 0.35  1.68 + 0.14

_AgBr 2.76 + 0.55 5.02

I+
[y
o
o
u
]
w
<
+

+ 0.44

In fact the multiplicities are reproduced to within
13% for AgBr and within 4% for both emulsion as a ;hcle and ;
the HCND group, well within fhe expér;mental and éheoreti&al <
errors. Similar excellent.predictinns havé been obtained {or“
counter experiments 18. The usefulness of this wmodel . for
calculating bicn multiplicities and spectra for a very ‘wide“
Eange of possible collisions i; evident from the success of
itslﬁredictipns- It 1s possiblé to examine the variation ° of
- the multiplicity in terms of the enérgy in the collisjion, the
atomic number AT of the targe£ ,and its sensitivity to the

expression used for the Ay Ag cross séction (namely  the value
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LN )
- A . .
. J%{ d 1in  equation 3.42). A plot of the energy and (-‘4_1_
' ' 40 . . . .
dependances for an Ar projectile is shown in figure 4.1.
~ -
20 Ex/m
. Pt
/f
10.- : . _ _ -~ - -] .
] ‘r - - -
F - - - - Y.
_— ‘ — - -
— P — -
- . ~ _ - // >
] 4 - -7 _ - 18
-~ -~ P
< - -
-
\ <”n"> // -~ // -~
2 -~ ~ -
~ ~ -~ -~
-~ -~ -~ e
- - -~ /
J - ~ P
1 - -~ -~ ~ -~
- -~ - -~
R d
;-" '_{ / - // d:o
. / T
. ‘/_‘d
04 - Ll - _
e -7 -
-~ el - P
0.2 ] <
\1, 1 /;-: .
¥ 1 ] T ¥ T T
{ y lo 20 Yo 80 (08 238 -
- 'A'r
- - .\4‘:- - i N
FiB. 4$}='p%ﬁ'Predft‘éioﬁs for ‘various AL and E /n
- = -“ ':': '." .. - - i-' ’ P - .
all the curves for different ernergist are _approximatelwv
. parallel. showina an almost ‘Togarithmic increase in the pion
= s -:
-~ X production as the kinetic energy is increased. and a similar
LY
- N ) oQwer law variation is obtained for QT . For the particular
T - — .
- projectile used. we Bet an approvimate relationship of <N -3
- tp A]’ for AT s 10 as
¢
b 125 .

“y



" expression is used, such as that used in table 4.1

el e

2 0.38

_ 1/ . _ ] .
<Np=> = 0.42 E, ."“ AL using A_ = 40 (4.1)

P

~r

e

provides results  “generally agreeing with the CTM model = to
R o -

bhetter than 104 in most instances. One of the sensitivities

-

of this model remains and that is the sensitivity to the

value of d, the parameter compensating for the lack of

interaction in a grazing collision. While the curves shown in~

fig 4.1 are for d = 0, similar curves are obtained fnr~o§h§r

values of d, depending on whether a qpnstant value or an

o
-

-

d = 1.0 =-0.028 A_. (A AL

(4.2)
=0 for & . > 30 to 40~ v -
“ N min . -

»
Py
N sl

BT - - -

This relationship h;s begp plotted in figggg 4.2 for aa'éFgoQ

[ A .

ﬁkojectile of 1.8 BeV/n at various A. for different values of

T
. A : P - .
d. This shows the sensitivity to the A-A cross section used
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This simple relationship holds valid for E_ above 1.8 Bev and
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~  FiB. 4-2: Effect of d on the CTM Predictions

1t can be seen that ﬁhe effect ot d 1s to increase the
nredicted multiplicity as -d in&reases,_particularly tor large
taraoet nucle;. The 1ncrease is of the order of 20% as ¢
varies from ¢ to l. One can thus cons:i:der that the choice for
the parameter used for the A-A cross section is on}v of minor
imocritance. and  +hat the results of the model-aﬁe valid 1in
anv caée. The model assumes that Foisson distributions can be
nesed to deéc?&be the p-p multiplicity cistributions., and this
15 valid up to 7o GeW 62.

Due fto the structure of the model. 1t is not oossiole
to obtain tne ancular.distribufﬁuns for 64-& collisions. but
we aée conftident that our charge aad.targeﬁ separaticns are

-
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consistent, and that +further emulsion studies could be

-

carried out using similar techniques.
- ) -
4.3. Predictions of the Fireball Model

-

-

While the previous model obtains ité results from a

»

dynamical caldulationt using a ;geometrical factor to

differentiate A—-A collisions from p—-p collisions,  the

o

fireball model uses geometry to obtain the available energy,
tharge and barvyon nu&ber to'yield a statiétical déscriﬁéioh?
of the interacéion process. By this means, the model is far
more complete since it treats all ;articles, no; just the
mesons.

A calculation of the number of particles géner#ted by
the~?interaction region of the collision has beeﬁ performed‘
for the present experiment accoraing to the model in ref. 50
for unequal mass ions. The detailed results are presented in

table 4.2 for the collisions of 409r with 12C and IOBAg, and

the general results for the pion multiplicities in table 4.3

are cémpared to our experimental data. Tahée 4.3 1s presented

in a similar fashion to table 4.1, and both sets of results
’ "‘- - v \ h

may be compared. The ﬁodel assumes that the ratio of negative

pions to positive pions 1s the same as the neutron to proton

ratio for the interacting system.



TABLE 4-2: Fireball Calculations for 12

€ and 10899 targets
-40 i

fan Ar projectile with 1.80

GeV/nucleon is used)

Temperature and velocity

of the fireball ~ 1
L
one fireball. two fireball e
/
A <T> B> <T.> <B.> <T.> <@_>
T (MeV) P Med) Pr Mel) Fe
12
» 106 .77 87 .55 -105 .87
1084 107 .73 92 .59 107 .84
Multiplicities from the interaction regqion
one fireball
A KNg=>  <Np+> CN> N> N> <Ny _>
12 a
» 2.04 1.85 3.21-  0.70 0.05 0.05
108,54 6.52 ' S5.35 9.39 2.10  .0.15 0.14
” . @ . :
two firédall
A <Np=>  <Npr> N> KNGS <N, > <N,_>
12
C 1.75 1.59 3.24 0.78 0.05 0.05
10844 6.14  S.01 9.41 2.20  0.16 0.16
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Pion production from deltas is included. These resonances
subsequently decay to nuc}eons an? pions, accounting. for
about 45% of the total pion multipIicity. The production éf
composites (d,t,He) accounts for 204 of the produced hadroné
and +this agrees well with experimental data. This is oné of
the strengths the fireball model has over the firestreak

model, since the latter does not accoun§'¥or the pfnduction

of composites.

TABLE 4-3: Fireball Model and Experimental Results

ELEMENT <Ng= N> Exp. <N_>_

H 0.50 0.95 .

g ‘ 1.75 3.34

N & 1.94 .3.70

0 - 2,10 4.01

Br 4.96 9.00 :

Ag 6.14 11.15

Em 6.73 '3.70 + 0.25

HCNQ - 2,73 1.68 + 0.14

AgBr l: 10.14 S.80 + 0.44
£



From table 4.2, we observe that the velocity of the emittind
system is relatively constant for a one fireball system and
equal to 0.75 ¢, while in the two fireball formulation, the
target <fireball has a velocity of 0.57 c and the projectile
fireball a velocity of .87 c. The mean nuclear temperatures
achieved in the interaction zone range'from 70 tec 110 MeV, a

value lower by more than a factor of two than that obtained

s
-

using fthe somewhat naive classical apprckimation of equation
3.17. Nonetheless; these temperatures are close to those
required to form a quark—-gluon plasma, and if .the' energy
density could be increased, ' the proper conditions shou;d be
-achieved in the near future (when heavier ions are
avéilable). )

Nucleon spectra are often well reproduced by the
fireball model, but pion speétra are not 30. It can be seen
in table 4.3 that our pion multiplicities in all cases are
1owgr than those predicted by the two fireball model by 3
factor of two. (We have used %the two Fireball model
calculation, since-it is expected fo be more accurate for the
nucleon spectra, and vyields lower multiplicities for the
pions.) Qur results are thus ﬁnnsistent with those of
inclusive experiments 27, since the fireball model regularly
overestimates the pion production. This dilemma has not vyet

been resolved 63, as there seems-.to be no logical scheme for

incorporating a feature into the model which would make it
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agree with the observed multiplicities. From a slight

asymmetry in the angular distribution of the target relateﬂ
61 ‘

black tracks, we know - that the target is moving with a.
.= ‘ ’ Ad '_ .
velocity of+30.015 Cy, a fact relatively insengjtive toc  the

w
atomic number or energy of the projectile. The resulting

kinema¥ic picture is a projectile spéEtator with a wvelocity
equal to that of the beam, 0.94 c, decaying'by evgboraticn,
with a participant region consisting of two fireballs
travelling at approximately 0.6 and 6.85 c,“;geng%ating pions
and nucleons, and a spectator ta?get region alsﬁ decaying by
evaporation, with a mean temperéture ‘of 6—? MeV and
travélling at 0.015 c; The last regioqﬁis solély responsible
for the Nb spectfa, and all that will be said abodi these

black tracks 1is that they represent no new information in’

that the shape of the distribution‘ and , the average
multiplicity obtained 1in this experiment is the samé as in
other emulsion.experiments, whether one uses a hadron or a
ngcleus as a projectile. These tracks simply represent the
fact that maximum target excitation for thé spectator is
achieved, and the target forgets the nature of the
disturbance. Since no preferential emission direction has.
been obser;ed for these tracks, the formation of 5.$hock wave

is unlikely. The two most forward regions in the interaction-

provide contributions to both the NS and Ng spectra:’ pions
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from the +iﬁepall, nucleons and composites from the fireball

and protons and deuterons from the projectile spectator

contribute’ ta the NS distribution, while nucleons and

deuterons from the fireballs and some low energy pions' form

most. of the'ﬁgc distributions. The fireball model gives us

the: number of Z=1 nucleons for the varipus targets in

emulsion, with an equivalent N of 7.34 for emulsion, 3.12

Z=1
for -the HCNO grdﬁp and 10.94 for the AgBr group. A comparison
of thes& numbers can be made to the total number of medium
and fast- velocity secondaries which are not pions. This

Y

number can be estimated for our experiment as the sum of the

target associated protons, <N_>_ , and the corrected grey’

p Ar

tracks, <N_>_. We obtain 10.43 for gmuisiod in general, 4.77
for the HCNO group and 16.35 far the AgBr group. This resul t
.éives us the mean number of non participating Z=1 barvons by
éakiné éhe difference betﬁeen the Fwo values, whereby we
acbtain 3.09, 1.65 and 5.41 projectile evaporated protons (and
deuterons) for Em, VHéNO'gnd AgBr respectively. This appears
to be in agreement with ﬁ;ojectiie fragmentation experiments,
and we see that the projectile evapérates. in thé same fashion

as the target.
"4.4. Beneral Trends of the Pion Production

There vis some experimental evidencéz7 that pions are

134 . T -
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not . produced throughodg‘the entire inferaction volume, as
assumed inr the fireball model, but that they are rather
preferentially produced at the surface rather than in the
core of the interaéfiqn volume. A parametrization which fits

the data well is

N> = ¢ pe/> (4.3)

where c is a cohlstant and P is the average number of

participant nucleons. P is obtained from Glauber theory &4
and is given by
A A 2/3 +a. A 2/3
T P T P
F 1753 1733 4.43
(AP + AT ) ) s -y' )

-

We can compare the number of pions produced to the average

-

number of charges involved in the participant region. As

reported in ref. 65, the ratio of the negative pion

multiplicity <m1r—> to the multiplicity of charged nuclear
fragments <mz> depends only on the ipcident kine%ic energy
per nucleon, and not on the geometry of the collision, for
equal mass nuclei. The ratio found is equal to 0220 for E =

k

1.8 . GeV. Similacly, Durl)data can be compared and an

equivalent ratio can be calculated. Our estimate of the pion



multiplicity <N5>; can be divided by 1.82 +to give the
negative pion multihli:ity_of 2.03, while %he!&verage number
of charged nuclear fragments is abtained by summing the
number of projectile protons <Np>Ar
of grey tracks <Ng>c which gives us a value of <mz> = l10.43.

and the corrected number

The ratio of the two quantities is 0.19, a value very close
to that of the inclusive and streamer chamber exaériments. It
is also possible to evaluate this ratio for the light and
heavy group of targets, and the ratios found using, the data
from tables 2.3 are .equal to 0.19 and 0.35. While emulsion as
a whdle and the light group'of targets behave as the data in
65 ., there is an increase in the pion production for heavy-
targets, indicating a collective behavior in the production

of charged mesons.

We may also compare our multiplicity correlations 1in

figqures 2.13 to 2.15 with data from Ar + KC1 cellisions 65 v
which give a completely linear relationship between m and
M Since our data also shows this type of relationship, we

»>

would suggest a P1 dependence for the pion production.
Additional Eon&irmation of this is obtained if we plot the
values obtained for P and <NS>C for emulsion as a whole and
for the 1light and heavy groups. In order to 6btain
meaningful values for P, a weighted sum of .the P calculated
for each target nucleus in emulsion.was performed, - and this
gave P = 8.53 for the light groﬁp, 20.58 for emulsion as a

“
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whole and I0.I8 for the AgBr arcun. The results are shown in

figure 4.3
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cold specfator ﬁattgr in an_averége coilision; -which rémains
to absorb pions. The lgrger the gs&mmetry, the greater the
amount of pionS'which éan be ab%orbed. Thus the pions may be
produced by the sur%a;e o% the participant region, as in
equation-:4;4; 'vaiiq for equal 9 collisions, but in maost
genéfal systems the pion absorption masks this effect.
Certainly, any theoretical model should consider pion
absorption, and this might be one of the reasons for the
overestimate DétaﬁQES,iEﬁEE? statistical thermodynamic models
such as the fireball and firestreak degcniptions.

4.5. Angular Distributions

Aé presented in figqures 2.19 to 2.?2, the shower track
ahgular distribu;icns contain two ccmgizsgﬂ;; the +Forward
proton component and a bréader pion component. We were able
to obtain an approximate'separation‘é+'these two components
(as in-ffigures 2.23.aﬁd 2-24)_by comparing our data to an
experimgnt for pion production only, from approximately
equivaiénF targets. 'Pseudorrapidity distributions for the
heavy téfgets and +for emulsion as a whole display peaks
located bélow the mean value, and show preferential emission
at the targét répi@ity. Thé distribution +for ihe light target

group shown. in figl 2.25 is more symmetric in shape, and

——



shows a rapidity characteristic of the‘projectile.
A gquantum mechanical model was developed &8 by Lepore
and Riddell, which uses sudden approximation with shell model

wave, functions to obtain the width of the projectile

.

Spectaior praoten and alpha particle distributions. A BGaussian

distribution has been found from.this model,. and +its the

projectile fragmentation data quite well. An expreséicn-for

the anqular distribution is

-lezvfz - -

N(B8) = Ce (4.3)

e

Strict pféjectile fragméntétion events provide the type of

events frcm%which to obtain the apprnpriafe angular width for

: . . .
the emissyrn of Z = 1 particles not participating in the

-

interactiap. QOur closest approximation to this is in the

light target angular'distribution of ¥iaure 2.20. By using a

-
-t

two companent fit, with one curve for the proton and one +for

C ot

the pion spectra we can fit our data. This results in a'value

of V'=!GD for the proton component, and a best value of 30?

for the pion spectra. This fit is shown in fig 4.4. The fit:

"is not very good for the pion spectra, since the wide angle

. -

tail is not .well reproduced, and this would become woﬁse when
- .

attempting to it the angular distributions for the

interactions with the heavy targets. Thus our angular spectra

for the pions daoes not seem consistent with a Gaussian

1739 -

y

o

.
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- im distribution, due to the wide angle tail, and Poisson

distributions for the pions seem more approﬁ?iate;
pr

L
X 3 .
- f 1 )
* 120 150 150
FIG. 4-4: BGaussian fits to the Light TargefLAnguIar Dist.
\ N o )
- A.6. Effect of the Atomic Number of the Projectile
Other emulsion experiments have found the particle
. . 17,22 ‘ .
product;gn for 1lighter beams s while data has been
56 e &9
reported for Fe in ref . In table 4.3 we present a
b coﬁparison of all these data, where it may be seen that our
~ = emulsion data for 4Qﬁr‘fits in with the others. ,
- S ) )
. - - - +
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TABLE 4-4: Multiplicities for various Projectiles

2 -,
Ion: I ¥ N .
<N_> - 0.95 .8.85 -~ 9.20 14.07
<N, > 7.82 19.69 22.55 27.19
<N > 4.45 4.57 5.39 4_s0,
N> 2.42 5.29 4.93 .. 9.10
<N > 6.87 - 9.86 . 10.32 13.50 < .

AT - 7

Although nat all the data is .directiy comparable since

different ionization cut-offs are used, the increase in total

multiplicity (which is comparable for different exﬁ: as long

as all events are found) is rather smooth with increasing A

[N
e . -
.-

ot the projectile.

~

An expression for the average total multiplicity is

. . &9
given in as

_ 0.357 , ' .
- <N_ > = 2 (ALAD) N (4.6)

-

where the results for SbFe on AgBr targets gives 32.9 and

42.46 for the values of <Nch> frcmngxp- and the above equation

LI

respectively. Similarly, for our exp., we have a value ; of S

<Nch> = 34.86 for the AgBr group, and the equation gives
<

~
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.

o *, v
37.69,° in remarkable agreement. Since_the value of the black

'

tracks does not go up, the main contribution to the increase

-~

in N- comes‘from the sﬁower‘and'grey tracks. The increase in -

ch

these multiplicities thus appears to be & smoothly wvarying

function of the projectile ‘s mass number. 7x;/

.- 14.7. Exotic Production

A

None of our events has provided a direct signature for

the production of exotic nuclei. We do not see any evidence

for copious

-

pion production, and the spectra are rather

smooth for both the grey and shower tracks. This indicates

- :that +the processes going on in the collisions are not giQing
- . ™ - . .

rise to new matter states, c; at least they are hidden in the

general obsefﬁed trends. As we mentioned earlies, many of the

features of
mdltiplicity
valqés mQCh
interactions

is occurring

production has been observed at E

e

our interactions such as the :high grey track
and extension of the multiplicity diagrams ‘to.
larger than.ithose observed in similar n-A

indicate that some form of collective behavior

Tk

in a few of the Events; Sub threshold pion

i = 80 MeV/n, requiring that

eight mucleons share their energy to produce a pion. While

our expérimentvis at an energy well above thexthréshold" for

«

meson production,5 many of the events leading ‘to catastraophic

142, -



—“

destruction of both the projectile and target must be

creating nuclear densities and/or temperatures. approaching

that <for the production of exotic nuclei. In a careful

L3

analysis, we selected 10 of the events with the highest

total chargE_hultiplicities N in order that any peculiar

ch’
phenomena might be oegerved- Two of these evgnts possess a
track with a subsequéné\decé? occurring within a few 10 ‘s of
micrcn; from the Interactinn ceqter. Only one of these'decays
can be studied~ig some detail dué to the loss of tracks at
the surface of the emulsion. Francois Lamarche from our
laborgtory has. éerformed a preliminary analysis of a two
prong decay in event_AR 2 85, and found éQidence far the

production of a kaon; this could represent a’charmed decay,

and m1ght be a 51gna1 that in the most 1ne1ast1ﬁ\colllslons »

fthe conlitions for the productlon of a quark—gluon plasma are

51

Being approached .
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CONCLUSION

The ihpcrtant features that emerge from these studies

~ -
on relativistic heavy ion collisions are: 1) Particle

proﬁuctinn in A-A interactions varies smoothly with the
atdmic number of the target and projectile. 2) while therﬁa}'
equilibrium is‘reaqhed in these collisions, the pion spectra
héve components which are not strictlylthermal. 3} There are
no obvious nuclear phase transitions‘ occcurring at a

projectile energy of 72 GeV and total mass of projectile and

térget equal to 148. 4) Nuclear géometry plgys a fhndamental

role in these events and is essential in explaining any of
the several features of the reactions. r

. %
-Considgring the first conclusion, we can say that it

doeétnot matter whether a light or heavy projectilte is used,

there is no step or bump in the production cross sections of
any particle in emulsion, for beams up to 56Fe. Both the
shape of the multiplicity distributions and the mean of'these

distributions can be directly related to the product of the

.

o -
atomic mass numbers of the nuclei involved, at any given

enefﬁ&. Rather simple criteria can be used to separate
inteféctiéns with varigus targets in emulsion, as exemplified
. .

by the agreement of our data with that obtained for several

other beams, and it is unlikely that much more complicated

selection schemes would yield different results. While we

a,
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havé not investigated the interactions of heavy ions at other
energies, - it is probable tha£ as energy goes up ‘when new
machines come on line, the initial characteristics of the
interactions will wvary smoofhl? with energy, as they do with
the mass number .

We have investigated'the pion production in detail for
the Argon interéctions, an& found that the mean multiplicity
is a +function of Pl,‘ where P is the avefége number of

nucleons involved in the collision, and not P2/3, as has been

e

EET Iy - .

cbserved 6% for some equal mass col{}sions at an equivalent
energy. While the pions are only produced in the p;rticipant
regiap, it would seem that the spectat&r region is impcgpant
in terms of the pion absorption. We note here that theipean
free path of nucleons in normal matter is 2 fm, while \¥Qr
pions it is only .5-1 4m, and this may contribute™
significantly to the absorption in the spectatér region.

A dyr.lamical model fits our pion data very well, while a
thermal model does not. The dynamical model assumeswsome form
of collective behavior for the nucleons by grcuping them inta
contracted tubes of nucleons, but assumes only séraight line
trajectories, and pJedicts the observed spectra using“only»
data ¥rdm p—p collisions. Thermodynamic descriptionrsﬁ the
other hand 'assumes randomization of the energy,- and

reproduces the trend +for our baryon data, but is in

difficulty when it comes toc the pion spectra. This confirms

-
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the observations ‘of others, and the’result is that the
specific physics or dynamics in heavy  ion collisions is
‘confined to a factor of 2 modification.of the overall spectra
predicted by the statistical models.

. in all the fits to our data, gegmetrical factors play a
crucial role. The intgractiﬁn ;Fdés .seciions cannot be

factored nor can the praoduction " cross sections. The

interacting system must be treated as a whole and cannot be

separated into contributions from different parts. We "found
total charge multiplicitie; to be consistent with the farm

C(ATAP)x, and pion woultiplicities and interaction cross

sections with the form (ATY + Apy)z. It is also obvious that

Y -

more sophisticated models are required to treat the data as a.

whole, and a good possibility lies in the detailed cascade
calculations which include both the geometry, phase space and
quantum mechanics or the reaction. h

Until . now, there has been no ' cobservation Df_ the
production of exctic.nuclei; except for some signals p:esent
"in very high energy cosmic ray events. The high multiplicity,
central collisicns studied in this experiment may alsa be a
good plgéé_to look for a phase transition of nuclear matter.
Events with no heavy ¥ragment§, wide angle shower tracks

accompanied by high multiplicity warrant further

investigation. Even if the phase transitions are ﬁetastable,

146
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several signals for their formation are available, and they
will 1likely be found in these types of cﬁtastrophic events.
The search for strénge barticle production, some from decays
of interacticn_produ&ts, is really only possible in a® high

resolution detectar such as emulsion.

Pl
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APPENDIX: -SECONDARY INfERACTIUNS

X In aﬁditi&n to the measurement of the primary
interactiﬁns caﬁsed by the relatavistic'argnn beam, ue‘ have
p;rformed a study of the secondary interactions cadsed by the
high charge fragments left over from the primary collisions.
These data are presented as an appendix since our statistical
basis is not solid enough to draw any real conclusions. We
therefore presen£ these data as a point of information.

The table 2.2 which listed the average multiplicities
for our entire sample of events also lists the multiplicities .
obtained from a group of 53 secondary interactiﬁns. These
intergctions were found by along the track scan;ing of the
fragments with charge Z > 3. Such fragments are the largest
surviviqg part of tﬁe projectile spectator, and can be
considered as the remnaﬁts of the collision. Motivation to
find these events came from the fact that the interactions of
these fragments seemed to occur quite frequently, often at
distances very close to the interaction. ( One\ striking
example was a first and. second generation event separated by
only 5 um, with both events éhowing copious pion production.)
Such an observation autométically leads one to assume that
éome very unusual phenomenon is gccurring. ';h general, . the
dgsa which has emerged +Eom relativistic heavy ion collisions

has been devoid of any speétaculaf new phenomena, and it 1is
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just these phenomena one hopes to find, whether predicted by

e

theory or not. .

Several 1investigations were performed to lock at the

seemingly anomalously short mean free path, two éxamples of

which may- be found in references 70,71 - These emulsion

experiments are very difficult, since to obtain a sufficient
amountw of statistics on the interaction mean free, path of

fragments of each possible charge, a great maﬁy primary

events must be found and their <fragments +followed and

identified. To obtain sufficient statistical accuracy
requires that several thousand wprimary interactions he
investigated. Failing this, the results from several

different species of secondaries can be binned, with the hope
B P

that the result be equivalent to that which would be obtained

from analysis of a very large number of events. The need for

this large number of events can bé_seen with the ¥011dﬁing
argument: assuming that each,chargé Z is-equa}ly probable %or
the secondary fragments from an argon collision (not £rue but
a reasonable apprcximatéon ¥pr thg- purpose of Athe
deﬁoqstraticn), then there{are 16 possible values 0*-2.2‘ 3;.
to determine the mean free patﬁ DF‘each charge to an accuréﬁy
of 5% requ;res ‘the analysis of mare than 4000 se:ondar;
{nteractidne, Qﬁich would ar;se ¥rqm nearly 8000 primary

events. The Jaipur—-Jamma-Lund collaboration has performed an

analysis of this magnitude in emulsion, and their results
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show no anomalous mean: free pqﬁh for the secoﬁdary
fragments. ]
A method which had been used‘for grouping the results

from several charges was to paraﬁetrize the mean free path

using the following formula |
) =AZ " , : (A. 1)

At Z = 1, this should give tﬂz value of the mgén free path of

singly charged particlgs*in emulsion. Unfortunately, several

14

researchers have found that different values of were

required ts fit fheir data, since not evé}yone defines an
interaction in the same - manner,- and this 1leads to 10%
variations evéﬁ when 1500 events are grouped using A.1., The
paraﬁeter b was also different in the various studies.

What has lead +to such a controversy about the

interaction mean free patﬁs of the secondaries is that the

parameterJ\_° seemed to vary with distance. When the data was

-

separated according to distance from the primary vertex, the

value D%.fLowas lower than the value at large distances (> 5

cm) by a factor of 25% . This anomalous mean free path could

be explained by the addition of a &7 component :with
: 3

interaction cross sections of ten times the normal value, or

a 207 component with a cross section of four times the normal

value. A variation with distance also implied a lifetime of

150
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1of1° S,  and no decays via'a7charged channel was observed in

our or any one else’s data. In our opinion, there has been no

satisfactory theoretical model capable of explaining and
even less predicting' such anomalous cross sections or
lifetimes; a few examples from the many models proposed are

toroidal or spinning longitudinal nuclei and pibn—nucleon

composites.
s

‘Our data for'ghe mean free path of about 100 secondary
- :

interactions emanating ' from all our primary interactions

gives the following results, when the daté points are grouped

two charges to a bin

Z of, fragment mean free path
3-4 - 34 + 19
5-6 4 + 3
7-8 ' | ‘. 21 + 1S
. 9-10 ' 10 + 7 i
11-12 | 8.6 + &
13-14 : 3.9 + 1
15-16 - 6.1 + 2
17-18 7.5 + 3

Since we have data from such a limited number of events, the
errors are extremely large, but we definite}y see a trend for
the mean free path to he lower in all cases than that which

would |, be cbserved if one were scanning for primary’



-

interactions. An explanation ?&r this result comes from a
statistical argument 72 which says that a bias is introduced
by the use of equation A.1-when the parameter is evaluétéd
at different distances from the primary interaction when the
number ofaevents is low ( typically less than 1000). This
gvaluation using a Monte Carlo tgchniqué represents the trend
of our data,'éspecially when one considers the limited—léngth

of our emulsion plates which only allowed us to scan at short.
‘ o

.

distances from the primary interactions.

While we-;ertainly cannot draw any,conclusigns from our
very limited data, (it was decided not to pﬁrsue this
direction in our investigation, ;ihce we could not possibly
hope to get good enough statistics) there have been some
recent experiments which rulé\out the anomalous effect with a

997 confidence limit 73 te less than 1 cm from the primary

interaction for at most a 2% anomalon component. We believe

that if there is any effect, it must be contained within the

)

first few mm from the primafy interactions.
Returning to the data. for the secondary events
presented in table 2.2, we éee that the black track
multiplicity 1is the same as fér'the'primary interactions  at
about 5.4, and the grey track muitiplicity is also the same
and equal to 4.5. The latter is somewhat surprising, since

‘ there are less nucleons available in fhe secéndary

interactions due to the reduted atomic number of the
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projectile. As one would expect, this highﬂ\grey track
multiplicity is accompanied with a laﬁge pioﬁ; pru&uction

equal .to 4.8, larger in fact than that observed in the entire

~sample of the primary interactions. We Thave no other

explanation for this large pion multiplicity except that our

sample of events selected for multiplicity counts was biased

towards the more spectacular events, since the event

select¥on was not completely random due to the_.order in which
»\\

'fhey were found. The lower multiplicity events were found

later when the secondary fragments were followed. more

carefully to estimate the mean free path, but these events

-

were only located and not measured.
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