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1.- INTRODUCTION
‘In-the past few years it has become possible to accelerate various

heavy ions -- from deuterons and alpha particles up to 20Ne -- to energies

of several GeV pér nucleon. Tt will soon be possible to accelerate even

“heavier ions (at least up to Fe) to relativiétic energies. In these

lectures we wiil be discussing the physics interest in experiments involving

such heavy\ionSL: One is immediately faced with a curious fact; namely,

most high-energy elementary particle physiciSts tend to consider complicéted

objects like deuterons and alpha particles, not to speak of the heavier

ions, as too complex and messy to deal with. As a colleague of mine once
told me: '"The idea of throwing mudpies at each other doesn't really interest

me." On the other hand the nuclear physicist tendsvto be rathér-appre-

- hensive about the complexity and cost of high energy eXperiments, and

generally feels more comfortable with lower energy experiments having more
or less traditional intérpretations. Thus high energy heavy ion physics
finds itself in a no-man's land somewhere between elementary particle

physics and’nucleér physics.  To make matters even worse it turns out that

the laﬁguage used by particle physicists to describe high energy prqceSses,

I4

‘ is almost incomprehensible to nucleariphysicists and visa versa. I hope

to show in these lectures that experiments with high energy heavy ions

are-likely to have an important impéct on both high energy‘elementary

A

particle physics and nuclear physics. They will also provide useful

-

new information about processes having astrophysical implications.' Although

‘these lectures will conflne themselves to questlons .of phy51cs, it must be

p01nted out that heavy ion beams will also play 1mportant roles in b10med1ca1

research and therapy, and in the productlon of superheavy elements:



A bit of ‘history might be in order. It has been'possible'for quite
‘ some time now fo accelerate heavy ions to energies of’sevérai‘MeV/nucleon,
andva very active research program has évolved with these particles, inclu-
ding Coulomb’excitation studies, produétion of heavy‘élements and neQ
~isotopes, etc. Many of the.early cyclotrons were capaﬂié o% accélerating
deuterons and alpha parficles to ehergies of tens'of MeV per nucleon. The

184”'synchrocyciotron at Berke1ey has for é long timeAhad the capability
of producing -beams of 1011'450 MeV deuterons/sec, of a similar intensity
of 915 MeV alpha particle;} These beamsvwere used both for physics and
bidmedical research. ~But it was oniy in 1970-71 that féur accelerators in
the multi_GeV cléss -- the'Princeton-Pehn Proton Synéhro£f6n, the Dubna
Synchrophasotron, the proton synchrotron\SATURNE at Saclay, ana the‘LBL

Bevatron began to accelerate ions heavier than protons.'
> . ' /
w

- In discussing experimental programs in these lectures, I will
confine myself mainly to thdserat the Bevatron, although somebrecénf
results from SATURNE will alsd be mentioned. In Table I is a summary -
of parameters.of the presently available hea?y\ion beams ~at the Bevatroﬁ.v
Duriné the next year it is planned to -couple the Supef Hilac aécelerator
to the Bevétroﬁ.as an injector of evén hgavier ions. The expected beam
paraméters are also shown in Table»I. Up to now mdst of the experiments
vhéve been of the rather simple expioratbry type, but hore refined expéri;

’ mental programs are starting to be undeftaken. .
It is important to emphasize'é kinemati;al fact which plays a |
crucial role. in many of these experiments.. The availability 6f very

energetic projectiles makes.it possible to study their fragmentation in
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ION ~  ENERGY

H - 0.1 -
2H "
He .
He

Li

4, "

16 "

20, - "

Ne

40, "

Ar

84Kr "

~Energy/ spread:

spill: 0.2 - 1

YN

"Pulse frequency:

10, .

12, g

TABLE 1I.

PROPERTIES OF HEAVY ION BEAMS AT THE BEVATRON

N S © ANTICIPATED FLUX

PER'NUCLEON "PRESENTLY AVAILABLE FLUX WITH BEVALAC (1974)
(particles per pulse) (particles per pulse)
2.5 GeV» | , : ] 5.><'1012 | _ o
2 x 1011 o --
1 x 1011 e _ : —;
2x 101 3.1t
| -- 3 x 1010
) - 3 x 1010
| 1 x 108 >6 x lO10
1 x 107 : 3 x'1010
1.5x 10" 3 x 10'°
',. 10° 1070
-- 5 x 108
- 5 x lO4

300 KeV/nucleon FWHM
.0 sec

10 - 17 pulses/minute.




the laboratory s}stem even though the frégments have little of no energy
relative to the projectile. .Thus for examplevinformation apout the ffag-
mentation of 12C can be obtainéd in a 12C Cprojectile)‘+ P (target)' |
collision which‘could nof-bé obtained in ;he,correspoﬁding P (projegti}e) +

12 latter case many of the fragments

’

C (target) interaction becaﬁse in the
‘would find it difficult or even impossible to get out df'a finite-sized
tafget. .As we will see shortly, it has become possiblé to make detailed
studies of thé;ffégmentafion of energetic,projectiles into'piecesvhaQing
very low‘velocities relative‘to thé'projéctile -- measurements which
heretofore were impossible. A related consideration is-that the fragmen-
tation\of fast pfojectilé; tends to cause the vatioﬁs pieces to go into

a rather narrow‘céne in tﬁe_forward direction, thus making\it qdife
straightforwardlto make detailed momentum analyses of the fragments with
a magnetic:spéctrometér’having a relatively ,small sdlid angle acceptance
in the laboratory system and to detect most of them With detectOrs-of
modest size. ,Thesé factors,’though of no great theoretical significance;
are very important indeed from the expérimental point of‘view.

What fhen can one hope io learn from gxperiﬁents Qith‘energetic
heavy idﬁs? As Qe will see, thé experiments bear on such topics as high’
energy ihteraction mechanisms, fragment;tion processes, particle production,
- nuclear aﬁd hYpernuclear structure, and cross sectioné fqr processes
having astrophysical implicationé.v We will examine the theoretical models.
vthat have been proposed fobdescribe high energy heaﬁyiiéh processes, and
in particular wé will try to focus on the.similarities and differences
between heavy ion interactions and the corresponding inferaction5 of
‘high energy pions, kaons, and nucleons both from the éxpcrimental and

the theoretical points of view.

N



In attempting to present a»rathef.hew subjéctklike this iﬁ soon

becomes painfully clear that there are as yet few if any:eXpérts, nor

%

‘a great deal of solid reference material. I have tried to include in
the bibliography a sampling of some typicallexperimental and theoretiQaI

papers dealing with the topics discussed in these lectures.
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ITI.  WHAT CAN WE HOPE TO LEARN FROM EXPERIMENTS
WITH ENERGETIC HEAVY IONS?

A. High Energy Interaction Mechanisms and Nuclear Structure

At fhe outset oné has to define the term "high energy'. Whatbmay
be high energy in one domainlof physics Qill dertaiﬁly not bQ'high energy
in another;  0ne has tolintroduce a scale. In atomic éhysics that sgaie'
’méy be ch;ractérized by the level spacings of atomic energy 1evels, ih
nuclear physics the spacing between nuclear lévels;band in elementary
particle physics the spacingﬂbetwegn resonances. In terms of constituent
models the characteristic energies could_also be related to the binding
- of the various pieces. Asymptotic considerationslépply when the interaction
energies are lgrge compared to such characteristic energies. Of courgé,
a giveﬁ,system can have several quite distinct characteristic energies;
thus;'for example, a nucleus may have charactefistic énergies corresponding
fo possibie coherent‘excitations of the whole Bucléus, as well as thosé
related to resonant excitations of’the individué} nucl¢ons comprising
the nucleus. It may not be unreasonable td(expect th;t asymptotic:consi-
‘derations will be-applicable to hadronic systems at various levels. In
particular, the fragmentation of several GeV/nucleon nuclei by.various
targets can be ekpected to show some of_the same kinds éf limiting distri-
butions fhat have been psstulated for and observed in ""elementary'' particle
interqctioné at NAL and ISR. It seems likely thdt the closely related
concepts of Scéling and/or factorization may also be applicable té nuclear
systems at high energy. Two important.consequences follow if these conjec-

tures are true: (1) High energy heavy ion experiments would provide an

extremely powerful means of studying nuclear correlations inside nuclei.

'



In. the limiting case the fragmentation of such nuclei should reflect

very .closely the "partqn” structure of the projectile independen; of
energy and tafgef., (2) Such expefiments (at a few GeV/nuéleon) could
.c0nceiQab1y proVidé imbortant tests of high energy intéractioh médels.
The additionél degree of freedom introduced by allowiﬁg-the baryon numbef
to vary puts additional constraints on models of high energy cbllisions,
‘ahd may provide new insights into the nature of such interactions.

- As an'example let us consider the question of factorizability of

total cross sections. . The principle of factorization implies that

‘ o 32
Ian%ps = (9ap)” -
Thus, ’
'- (0_,)?
o . = DA
AA o
Pp
SihCe
2/3
GpA A ,
one would expect -
O AA A .

‘It has been'poin§ed dut by‘GriboV(l)-that suéh»a béhaQior is not

in éonflict with theory at sufficientzy high energy if tie nucleus

becomég iaféer and at the same time mﬁré fransparent. Still it is a rather

straﬁge fgsult and it Would be very surprising>indeed to séé such an'
'A-dependence ét a few GéV.per nucleon;- Specific models, such as‘for examp1é:
Gianber—type models or even geometric models predict quité différent |
*'réiations betweenrtotél cross sections. ‘It is worth keebing in mind that -
 such tests of factorization’arevdifficﬁlt in the case of B ='0,1 §ystém$

13

because .of the very.limited number of possible gkperimentally,accessible



-

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

will greatly increase the experimentally feasible tests of factorization.

-

B. Astrophysical Considerations

Among_the most important and still unanswered questions in .
astrophysics are those pertaining\fo the=naturevof cosmic ray sources and
the lifetimes of the cosmic rayS. vPracfically all models of cosmic ray
sourceuabuﬁdances that have been pfoposed spffer from a lack of accurate
Cross sectionvdafa for the fragmentation of various Heavy ions by the
hydrogen and helium-in the interstellar mediu@. vThe,avaiiability of beams
of heavy ions with energies of a few hundred to a’ few thousand MeV/nucleon
should make poséible measurements of a numbér ofvcross‘sections of interest,‘
including those for some unstablelheaVy ions. .The quéstion of cosmic ray .
lifetimes might Ee resolved by measurement of production, interaction and
eleétron attachment crbss sections of 10Be and 53Mn. These arevtypical
.exampleg of‘K—capturing nuclear spécies,'and their abundance can be related

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

N

.C. Chew's Conjecfuré ‘ : l : PR D~
Chew‘has_conjectufed that "whenevér the available energy beéomes
large there should be manifested general stfbng interattion characteriétics
that are independent of baryon number. None of the knqﬁn hadrons, after
all, can be regarded as 'elementary', the composite nature of any hadrdn
vbecdming more and more prdminent'as the energy inéreéses.”(z) He argues

the concept of '"nuclear democracy“vis incompatible with assigning a



'

ks

preferred status to any hadronic'species.(s) Although he recognizes that

there are certain experimental distinctions, between B = 0,1 and B >2

. .
systems such as for example the density of level spacings, he maintains
that most of the experimentally measurable parameters vary rather smoothly

and monotonically with baryon number, and that common theoretical foundations

undeflie_all hadronic systems. In his view the traditional theoretical
. . ] .

distinction between "nuclear' and “particlé” physics is ¥ather/artificial,
and arises more from the failure’of theorists to properly merge non-
reiativistié and relativistic considerations than from any inherent
difference between them. (¥

Chew divides our present understanding of s;rong interactions'into
'the'following three categories: '"(1) General principles; (2) Models of
ménifestly limited cépacity_thét approximately describe restrictedu
raﬁges of phenomena; (3) Principlesvthat currently are applied only iﬁ -
an apprdximate Sensevbutvthat show promise of eventually_achieving'a
‘general status.” Examples of the first categony_are such geperal S-matrix R
prinCiples‘as Pbincare inQariance (implfing conservation of enefgy;
rmomentﬁm, and'angularAmdmentum, ;s we11=asbequiva1encé of different inertial
frames'éf reférénqe), ﬁnitarity; causality, iSoSpin symmétrf, hypercharge
conservation, and the coﬁnection between spin and- statistics. In the
sethd category he places duafk models, the ﬁotential {opfical) model and‘
.the duél resohancé (Veneziano) model. Examples of the'tﬁird categofy
vAgré SU(S) symmetry and Regge asymbtotic behavior.- He fhen observes.that
in such a classification no sharﬁ line can be drawn on the basis of baryon

numb@r;_and he asks the quéstion of whether category 2 and 3 principles

are general enough to.encompass B > 2 phenomena.” It is through experiments

~ \ . L -

N
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with energetic heavy ions that we may'hope to learn whether or not B = 0
and 1 systems constitute an aristocratic class obeying‘a distinct set
of physical laws or if we are dealing with true nuclear democracy.

A

®
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I11. TYPES OF THEORETICAL APPROACHES .
TO HIGH ENERGY HEAVY ION INTERACTIONS

~

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

v (2) Microscopic, e;g.; interaction of constituents, multiple
: ' ' : scattering, cascade processes.

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

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

also the connections between them have yet to be clearly formulated.
. : )
! ‘ s . ‘
/ ‘
A. Macroscopic Models

Thére are various types of macroscopic mo&els.' Common to all of.
\themiis the underlying basis that in the interactions of'énergetic heavy
ions the pfincipal features can be described in terms of parametérs
characterizing the macroscopic properties of the.cOlliding systems. For
exémple, Bowman,:Swiatecki'and Tséng(s)-use thé geometric picture of two
colliding spheres which‘parfialiy overlapvaccording to the impact parameter
.between them.f qu relativistic idns'these,Lorentz¥contractéd spheres then

interact with each other in the region where they overlap. They use the

term "abrasion" to describe the process of shearing off nuclear matter in

-

. the ‘overlap region. The residual target and/or projectile _nuclei may then
be grstly distorted objects Wi;h much higher than normal Shfface energy.
'Thesé ﬁighly excited objécts deexcite’by boiling off nucleons in a second .
stage process which they characterize by the term "ablafion”. They have

‘refined this simple picture by introducing a ”friction"'parameter whose

—



role it is to modify the cléan abrasion by alléwing a friction between
the target and projectiles to partly heat nuclear matter in target aﬁd
-proﬁectile and to cause it to draglchuﬂks of nuclear matter out of one system
or the‘other in the collision process. Their simﬁle model has been quite
successful in deséribing the general features of the limited fragmentation
data thatbis now available. It will be interesting to experimentally
determine how stfong is the correlation between the fragmentation of the
target and thé brojectile. With this\modelg naively one might expect

- to fiﬁd a étrong éorrelation»in the sense that a big pigce knocked oﬁt éf
the brbjectile should more oftpn than not be aécompanied-by a big piece
knocked out of the target. A.geometrically interesting cdnfiguration
would be the case if a small projectile were to drill a small hole out
of a larger target. At this 'stage this type of theoretical model is
largely pheﬁdmenological in that the parameters are determined by comparisqn

) -

to experimenf or by crude estimation. Its main virtue is the simplicity

e

of the geometrical picture used.

Anothéf type of macroscopic model is one invwﬁich the projectile
generates a shock wave inside the target (or visa versa), and éhe fragmen-
tation or particle pfoduction is the resuit of such ghockvphenomena. This

| type of model was Suggested many>Years ago by Glassgold, Heckrote;‘and
fWatson,(6) and might be applicable to high energy ngcleus;nucleus processes. .
It is worth keeping in mind that the velocity pf sound in nuclear matter ié
a significant fraction of the velocity of lighf so .that ‘relativistic

vﬁéollisions are needed tovproduce such shock phenomena. Detailed calculations -
are needed to estabiish the'uséfulness of this type of model in high energy.

N

heavy ion collisions.

1
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_StaFisficél or’thermodynémi; models in which the interaction is
descriBed in terms of temperature énd pértition of energy according to
the principles of statistical me;hanics are also likely to find appli-
cability in the fragmentation of energetic nuclei. The deﬁsity of
possible final stateSKis Sufficiently high in this cése that statistical
éonsidefations should -play an important ¥oie; Here again methods of"
caléula;ion exist‘but-detailed comparisons with éctual‘experimental situa-
‘tiOﬁslare iargely'non-existent.' \
Optical models in which the projectilé (or the targét) is considéred
as an optical-medium with complex refracfive‘index have been_widely
used to describe small angle nucleon-nucleﬁs scattering and should aslo
provide a good description of Eertain types of nucleus—ﬁucleus collisions.
The ‘basic problem here:is to properly describe the optical properties
of the sYstem; Muliensiefen(7) uses the opadueness of.the ﬁucleon and the
density distribution of the A huéleons which folléWS'ffom-the mgaéufed
nﬁclear electric'fqrm factor to déte;mine fhe nuc1¢ar opéqueness,-pA(x,y,z).
" The nuclebn opaqueﬁess is determih¢d from'e1asfic ﬁucleon—nucleon scattering.
Thus, although the theory,itself-is macroécopic, the input parametefs are
determined in paft from microscopic cohsiderations. In essence Mﬁllensiefen's

(8)

-calculations as well as those of Czyz and Maximon ~are extensions of

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

B Microscopic'Models
Hére'the'bésic premise is‘that the scattering of two complex objects

banvbé_related-in a §traightforWard way to the scatterings of the various

- constifﬁents‘oﬁt of which fhesé complicated'objects are_built. The most

frequently used models are all extensions or elaborations of the ofiginal



Glauber\model. Vimplicit in most calculatiéns of this type are: (1) The
nucleons ;inside a‘nuéleus are upco?rélated; (2) Spiﬁ effécts are
neglected; {(3) In combining the effects of multiple écattefings the
phases involved are simply added; (4) The results of suchvcalculatioﬁs
“are valid only for small angle scattering; - (5) The‘paséagé 6f the projectile.
is fast compared té the rotation frequency of a deformed targef nucleus. |
For example; Tekou has applied the Glauber mod¢1 fo both deqteron—nucleﬁs
(11) '

scattering,(lo) and nucleus-nucleus scattering at high energy.

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

S1X (), JdB

H

ik [ o
-z-ﬂ-jdébu-

> X
"where =~ b is the impact parameter
> . »
q is the momentum transfer
K

is the momentum of the wave.

The‘phase X(b) is then constructed from the phases of the individual

nucleon-nucleon scattering terms. This type of calculation is well-known

“and will not be repeatéd-here., For a plane wave through‘absystem,with a

large number of constituents,
== = -pol : ' _ (2) .

'_whéfe'l is the intensity of theiﬁave,
- d . . ‘ .. . e .
'3‘% = iky -;922 q)(ll-la) I (3)

~where the factor . _ ' ' o J

_f' Re £(0°) : o
- T | . (4),
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theh  ‘ »
XM = [z SO ()

- 00

N

. For two composite systems:

| iX(Sl-iSZ‘) = -3 (1.- iaj [ a23 Ql(g - B’;) DL,E-8) - (8
where - | )
R R N o)
by = fdzeyspn ow
and - | . | .
[ e ) = A1 - ~. o | CS‘?F)
f<_13rloz(£2) = A, L D) v

.In the limitydf'many constituents the Glauber theory goesvovér to the
-eikonal optical model discussed previously. In all case§ where such -
\-Glauber-pype calculations have been made with sufficient care the results
have agreed very well with éxperimentvdown to énergies < 500 MeV. However,
up to now most_of‘these calculations have involved primarily total and small
angle.elastié ¢r§ss sections. It would be very USefulito have this type
. of calculation extend?d toyiarger angles aﬁd to‘sucﬁ inelastic channeié

. as pion production and'fragmeﬁtation of Heavy ions intanUcleons and other.
pieces. .ffvmay be\difficult to do so because, althougﬁ Glauber theory can-
| be used to calculate nuclear excitations, it may be diffiéult to use it to

predict specific deexcitation mechanisms.



In prlnC1p1e it is possible to use Glauber theory to study the
detailed interactions of every nucleon in the target w1th every nucleon

in the projectile and even include the effects of inelastic processes

However, such calculatlons are still much too compllcated to be practical.
2 .

Instead various types of classical (non-quantum mechanical) cascade
" calculations bave been made using Monte Carlo methods. A weakness-of

such calculations is that it is difficult to take into account coherent
\

effects in which several nucleons participate in a collision. Up to now

relativistic effects have been largely ignored in such calculations,
| (12

Despite these shortcomings such cascade calculations ’;3) have agreed

-

quite well with certain experimental observations of light fragmentvemiSsion
~ resulting from proton, deuteron and 4He bombardment of silver and uranium

X

at energies of several GeV per nucleon.

C. Regge Type Models (High Energy Particle Theories)

A\

As Chew suggests 1s is temptiﬁg to apply Regge ideas to the collision
‘of'enefgetic nuclei. One of the first practical aspects of this is to
introduce the proper kinematical varlables.' As we will see shortly when

, Y

- we discuss the experimental results, the rapidity variable y = tanh 7%—

p* :
u

@ dhax

interactions of relativistic heavy ions.. This is because the rapidity

and the scaling variable x' = are Ver} well suited to describe the
variable, y, has the property of (1) continuing to grow as the particle's

~ .energy increases in contrast to the velocity which approaches its asymptotic
limit whenever the kinetic energy becomes comparable to the mass, and

(2) prov1d1ng a description of particle interactions 1n ‘which the dlfferenees

in rap1d1ty between ‘particles is independent of Lorentz frame. At 2 GeV/nucleon



‘the‘rapidity difference between target and projectile is just a 1ittlé

d3g

less than two units. Use of the invariant cross sections E apT
. | . . .

420 . d3g -
dtdm? * dyd?p

‘results. Relations between these cross sections and between the various .

, etc., are useful in displaying the experimental
types of kinematical vafiablés commonly used in relativistic particle
- collisions can be. found for example in References 14 and 15.

Chew(z) defines Regge behavior as follows: Consider a collision

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

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

groups (as shown in diagrém below).

- Two sets of "internal' variables X and Xp characterize the left and right

S : ; v ,
- groups of particles. When the rapidity difference ¢ = tanh —%3 is large
'and_all other variables -- Xps Xp and f = Q2 - are held fixed,'the amplitude
has the asymptotic form:
5 ' ‘ a.c o
' (10)

A(XL’ XR’ _t,.C) e ngi(xL"‘XR’ t) e
Sl S S

where i may contain continuous as well as discrete components.

Froissart has shown that for t = 0

Re a. < 1. -
1 \

Those»values of ai,with the largest real parts are asymptotically dominant.



In particular it has been experimentally observed that when t is near zero

and the internal quantum numbers in the direction of the momentum transfer

“vector Q .(in Diagram 1) are those of the vacuum there is an important contri-—

‘(10

bution to the'expansion ) from a; = 1. This is the so-called Pomeranchuk
contribufion.—- the "pomeroh".
Chew then goes on to define a Regge pole as being a discrete value

of a& that depends only on t (not on x and”xL) and whose coefficient'has

R

a factorizable dependence‘on.xL and xR; i.e.,

(XL,‘-XR?'t, C) C_)m i glL L!t) g R(XR’t) e V ( )

The question of how ‘the pomeron is;related to Regge poles, and if it
.factbrizes is still not experimentally séttﬁed. .However, if we assume
that for fapidity gaps ¢ 2 2 a factorizable pomeron dominates for both
large and small baryon number we can examine what éxperimental consequences
this has in -the case of -high énergy_heavy ion interactions.

We have shown earlier the experimental_imﬁlication Qf factorizability»
X ' s . S 2
in the ca;e of.total.cross sectlons,,l.e., TAATBE é (GAB),' In the case

' of diffractivé dissociation of AB ~ A*B* where there is a large rapidity

gap between AA* and ‘BB* as shown in- Dlagram 2

m il

Ao s

Diagram 2

- factorization implies that
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_ ( 2a?(t)
do ’ s .
2 * R¥* /\—/
'S (AB » A*B*) s A . (——z—z—) AL psns
o ( 2 )large AP>A My MpS _BF>B -
A .
where AAP+A* and ABP+B*are faefqrs which are related to the cross sectlons‘

| o (AP~>A*).  and o(BP+B*), and s, is the square of the total c.m. energy

For the special case when AB+A' + anythlng as in Dlagram 3,

N X

A o |

T . \ P 21 j _ , Diagram 3
Al E

Qhen only the flnal particle A' is detected we are deallng with a 51ngle

: part;clejlnC1u51ve experiment. Again, 1f there is a 1arge rapldlty gap, and

ifeno quantum‘numbers_arelexchanged,'1tr1s tempthg to assqme ”pomeron”;doml—
.ce. In this caee the right hand ve%tex is propoftioﬁa} to the.fotai

Upomeron" + B eross section.which in tufn is related to the so—ealled triple

f-pdmeron vertex'whose value and behavior as a function of t is ef great

current interest (see Diagram 4).

Diagram 4

eTP(t)

o (If ‘the aspects of Regge behaV1or descrlbed above are va11d for large baryon,
‘numbers as well as for small, there will be a vast 1ncrease in the variety
fo experiments that shed light on the trlple-pomeron vertex. Of‘course, we

don't know yet if the energies available at present for these experiments
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‘would be sufficiently high to cleanly isolate tﬁe ”pomeron” contribution.

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

In inclusive experiﬁeﬁts of the type sketched in Diagram 4 pomeron
factorization implies that what happens at the AA'P vertex depends asymptotlcally
-only on the momentum transfer but not on the PB X vertex, i.e., not on the
nature of B nor on the energy. It would also be of interest to see how
the coupling of the pomeron.to‘B depends\on the mass of Braﬁd on the
momentum transfer, and how this'coupling relates to the "pomeron'' -nucleon
coupling. As we will see in'the,next section, the experiments of Heekman,
et al , 1nd1cate that the fragmentatlon of energetlc nitrogen and oxygen
ions is approximately proportional to the (mass of the target) /4

It seems likely that in diffractive dissociation processes of heavy
‘ions with energies of several GeV per-nucleon, the rapidity distributions
_of the»fragments will be somewhat.different from_these observed in pp
experiments at higher energies. This isvbecauSe the loose bihding of
tﬁe'censtituents of the-heavy targets and projectiles may cause projec-
-tile and target fragmentation'toLbe more eopious than "pionization." In
other words the.production of particles(in the interior regions of the
ﬁultiperipherai chain can be expected to be-suppressed_relative to disso-
ciation of the external particles. _Experimentai evidence from»the inter-
action of 2.1 GeV 16O ions in emulsioa indicate the folloWing relative

(16) -

probab111t1es for each of the fragmentatlon processes ‘'sketched below.
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-Diagram (5a) : (54)
/P_ T , | /? | \T
' Projectile T _ . Projectile and . Target
Fragmentation "Nucleation" -~ .  Target . ‘Fragmentation

Fragmentation

It will be interesting to see how well these results can be reproduced

t

by Regge and other models.

-~ D.. -Rélapiohshigs'Between Macroscopic, Microscopic, and Regge Type Models

The Success of any model must ultimately be based on how well

predictions agree with experiment. If these three types of models were to

\

- all describe the experimental observations then it seems reasonable that there

must exist .a close connection between them. We have already seen an example

: B : ) , :
of this in the cas€ of the Glauber type’model which goes over to an eikonal

o type optical model when'the number of target and projectile cohstituents

gets to bervery high. The relationship between. Glauber and Regge models

is not quite so clear, Trefil(l7) has used a Glauber type approximation to

show that if nucleon-nucleon interactions scale, then nucleon-nucleus .

collisions and even nucleus-nucleéus collisions should also scale. Experi-

ments with energetic heavy ions may shed some additional light on how these

‘various models interrelate. It is certainly an important theoretical

:problem to establish the cpnnection,befween these different approaches.

\

The validity of such concepts as 1imitihg fragmentation, scaling

-and»factorization are not necessarily tied to any one particular model,

and one of the crucial and as yét unanswered questions is: Where do the -

:pfedictions of the different models reailyvdiffef enough so that experiments

. can distinguish between them.
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IV. EXPERIMENTAL RESULTS

In Table 11 is‘a summary of experimental heavy ioﬁ activities at the
B?vatron taken from Heckman's”talk(ls) at the ﬁppsala Conference on High
Energy Physics and Nuclear Structure. In this discussion of recent experi-
mental results I wili confine myself to three subjecté: (N Fragmehtation
of 16O nuclei at 2.1 GeV/nucleén (at LBL); (2) Single pérticle inclusive
~spectra resulting from the~¢oliision of felatiQistic protons, degtérons,'and
alpha particles with nucléi (at LBL); andr(S) missing mass épectré resulting

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

TABLE 11
CURRENT HEAVY ION PHYSICS RESEARCH PROGRAM.AT BEVATRON

' Heavy Ion Fragmentation: Single Particle Inclusive Spectra at
Forward Angles ‘ o

Toh

Heavy Ion Total Cross ‘Section Measurements
Range and Ionization Studies

Positive and Negative Particle Productlon Search for Coherent
Pion Production '

N

Nuclear Fragmentatlon of Heavy Target Nuclei Induced by High Energy
lmwylmw

d-p Backward Elastic Scattering.
Production and Study of a Tagged, Mono-energetic Neutron Beam
Production of High Ehergy Hypernuclei

‘Emulsion Studies of Target Fragmentation, Spallation and Heavy
Ion Cross Sectlons -

Callbratlon of Particle Detection and Ident1f1cat10n Systems for
Satellite and Balloon Flight Experlments
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ﬁeavy iOn Fragmentation of 16O_Nuclei at 2.1 GeV/nucleonﬁ

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

P. J. Lindgtrom » .
" F. S. Bieser =~ ' o

The‘expe;iment_on the ffagméntation ofr160 nuélei by Heckman, et al
continue_aﬁd gxtend earlier work on ﬁhevpoé fragmentation of 14N bean
nuélei at 2.1 GeV/nucleon.ﬁg] The first expérimental results gave
evidence that the singlé particle inclusive spectra are indépendent of"

the téfget nucleus. .Another striking feature of the fragmentation process

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

the beam projectile have mean velocities equal to the velocity of the
incideﬂt beam. It 1is .this last proﬁer;y that has proven extremely useful. .
in ﬁhe production of well defined secondary beams of isotbpes.

Figﬁré I is a scale drawing of the 0° heavy;iod magnetic spectro-
meter that has been desigﬁed and brought into operation to carry ouf>£he

Oo—fragmentation experiments.. The'specirometer focuses magnétically

- analysed beam fragments; produced within 12.5 mr of the beam direction,

+ onto charge-measuring solid-state detector telescopes placed along the

chai plaﬁe ofAthe spectrometor. .The rigidity R(GV/¢) =-§=/z'of the.
fragments-ié givén by the expressioﬁ R = K(D)/D, where D ié the deflection
distance and K(D) is a slowly varyiﬁg function of D. Salient features - -
of the isotopic idgntificatidn are:

1) Rigidity resolution (rﬁs)
~OR/R = 0.6 AD/D. (130 = D= "400cm)
\ii) Charge resolution (rms) .
‘ - b0Z =+ 0.1e : _,. N
iii) Time of flight (FWHM)
At = 100 psec ' o S , .

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

Because the beam fragmgnts have well defined velocities, the magnetic
spectrometer effeétively beéomes a Z/A (o¢D) spectrometer. How the
isotopes are spatial separated along the guide rail.is illustrated in
Figure 2 where the distance D is indicated for ali isotopes wich.A < 16.
Figure 3 presents the measured.spectrum of the carbon isotopes as a
function .-of D produced by the frégmentﬁtion of 16O beam nuclei at E =2.1
GeV/nucleén in a beryllium target,' If we now.t;keithg N(D) spectrum and
express it in terms of longitudinal @omentum, we obtain the distribution
N(p” ) shown‘inhFigure 4 ; ‘Qualitative proper?ieé of the carbon spectrum
are: . .

i) the peak intensity occurs at A = 12,°
ii) the envelope of the spectrum diminishes monotonically as |A - 12|
increases, and -

iii) the spectral shape in momentum space of the various

isotopes .are the same.
To the accuracy of the measurements, a characteristic of>all such spectra,
" helium through oxygen, is tﬁét the maximum for eachkisotope occurs ét a
momentum corresponding to the beam velocity.
The‘curyes.drawn through the individual carbon isotope spectra are
- Gautssian functiéns Qf momentum P“ , all haviﬂg equalAstandard deviations.
When theée distributions are t;ansformed'to the ' 'projectile frame
(whefe tHe beam projectile is at rest), the momentum A?stribution conduce
to a single (Gaussian) distribution ?f form N(P” )proj
This is illgstrated in Figure 5 where we havé plotted the longitudinal
moﬁentum dist?ibutions N(P“ ) versus P” for a sémple of iéotopes of fhe
gleﬁents Z =1 to 8 produced by the fragmentation of_;60 nuclei (Be taiget)
ati2fl GeV/nucleon. (The samblelﬁas selected on a criterion of minimal

statistical accuracy for the spectrum of each isotope.) Within the indicated

typical error, the distributions N(P”)' are remarkably consistent with a

o exol = 22 /2(m 002,



-Figures 6 a

for 3C(see'Figure 5) to exhibit:the similarity between the parallel.
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unidue Gaussian function with o = mc = 140 Mev/C. -

.

To complement these longitudinal momenta data, we present in

b, ¢ our first measurements of transverse momenta. These
~

“distributions were derived from the analysis of particle trajectories

"using a’pair of 3-pléne (lZOO)Zmultiwire chambers (128 wires, 1 mm wire

.épacing) placed behind the detector‘telescopés.f The data presented

for'lsN;IAC and 13C ére the projected transverse momentum distributions

'N(Fl)'as'measured. . Both x- and y- éomponénts of.Fl, normal to, and in

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

(Pll'is'aloﬁg the Z-axis). We anticipate that uncertainties in the

incident beam direction, multiple scattering in the target and spatial

resolution;of.the wire chambers will affect a 5 — 10% correction to the

standgrd deviations of the N(Fl) spectra.

As was done for the longitudinal momentum distributions given in

Figute 5, we compare the perpendicular momentum distributions for

15 14 - . 13 . » . L. L . N
N, C and C to Gaussian functions. The solid curve has a standard

deviation o = 140>MeV/C, the dashed curves —-- 100 and 180 MeV/c. . The

hash-marks in the vicinity of 500 MeV/c in each figure indicate the

maximum valué,of PL that is transmitted by the spectrdmeter system for

.the.labbratory mﬁmentum of each iéotope, - These I’l (max) corresﬁénd to a
\v12f5 mrad production angle at the target. Although.tﬁe datérafe pre-.
_vliminary, thgy ciearly indicate that no-significant differences are
bapparen£>5etyeen the }ongitudinal and transverse momentum distributiohs:v

Both can be characterized by Gaussian functions with widths ¢ = m c.

In Figure 6 c’ we have included the longitudinal momerntum distribution

1

~

. and perpendicular momentum distributions.
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At this‘stage, the experimental results strongly suggest that, in
the projectile frame, the longitudinal and transverse momentum distributions

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

the same, with a characteristic width approximately mC..

'Furthermore, these distributions appear to be independent of the
atomic mass of the fragment.
That the fragmentation of relativistic heavy ions via the nucleus-

nucleus interaction proceeds with a minimal value of momentum transfer -

‘suggests that theories pertaining to single particle inclusive spectra,

may be applieable to heavy ion fragmentations. Of immediate relevancy

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

_states that in the reaction A + B + X +;——-—; the partial cross sections

factor éccording to the rule aA; *AYi YB where the function YX(A)

depends on the beam nucleus A and its fragmentation product X and YB\
is a function of the target nucleusz only.

As previously mentioned,.thé first high energy fregmentation exberi—
ments performed at the Bevatron gave evi&ence for‘such factorization, i.e.,
the modes of fragmentatioﬁ are>ihdependentiof the target nucleus,

In a conventieqel transmission experiment,ﬂwe\haie measured the
total cross sections for the'prOQUCtion of B, C, and N from 16O ions
and B from 12C ions at E = 2;1 GeV/nutleon in targets of CHZ’ C, S, Cu
and Pb. In this'experiment, only the initialf(z = 6 or 8) and final
(effective) charge Z* of the products‘were ﬁeasure&. Figufe 7 is a |
plot of the target factor YB’ versus the mass of the target If it is

assumed that YB is of the form Yg = Mn; where M is in atomic mass units,

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

beam nucleus A in hydrogen. With'a fitted target factor exponent of (
= 0.256, the factorable cross Section becomes Opp = oi M0f256,

expression that fits the data to a confidence level of 0.6



%

3. 3

‘a series of questions present themselves:
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B. Single Particle Inclusive Spectra ReSultiﬁg from the Collisioh of

Relativistic' Protons, Deuterons, and Alpha Particles with Nuclei**

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

Lawrence.Berkeley Laboratory

We report here some preliminary results of an experiment to measure
sihgle particle.inclusive spectfa.resul;ing’from ;he col;isions éf 1.05-4.2
GeV (kinetic energy) protbﬁs, and.l.OSVand’Z.l GeV(nucleon:deuterons and
alphé.partiéleé'&ith targets of Be, C, du, and Pb. The'yields of ﬁi, p, d,

H, He; and 4He were meésdred as a functibn of.momentum at a.fixed labora-

tory angle, 6 = 2.5°. The initial motivation for this experiment was to

measure hegatiyefpion production from a §ariéty of targets bombarded by rela-

 tivistic deuterons and alpha particles to search fqr very energetic pions;

pions with energies considerably larger than those which could be produced
in 4 collision of a single nucleon with a nucleus. A second phase of the

experiment consisted of reversing the polarity of our speétrometer and

measuring positive particle yields. It was thought that the high energy

fragmentation of deuterons and alpha particles might proVidé.a heretofore

unexploited means of studying,particle momentum distributions and correlations

inside these projectiles. It seemed_quite;possible that the fragmentation

of these particles, even in the'rangé of 1-2 GeV/nucleon, would already have

reached some kind of limiting or asymptotic distribution, and that measure-

‘ments of these fragmentation spectra might thus also afford rather interesting

tests of such concepts as 'limiting fragmentation, scaling, and factorization.

~We were curious to see to what extent the various mechanisms proposed to

" describe very high enérgy elementary particle collisions could be appiied to

deuteron and alpha particle interactions at these energies. In this context,

~

**The descripfion of this experiment is taken from our paper submitted to
thevAix-en-Provence Conference on Elementary Particles (September, 1973).
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tl) What is the role of diffractive dissociation,.Regge or Pomeron ,
exchange processes, multiperipheralism, fifebélis, and other similar
concepts in the cOlliSions of high energy heayy ions with compiex
targets? ’

(2) Is there\aﬁy_reiation betWeen‘the.characteristic energies of a system
(eig;, the spacing of the énefgy'leVels) and the energy at which
asymptotic considerations Become falid? S

(3). What can be learned'abbuf the ”pafton” structure of these particles
in experiments of this type? After all we are dealing with.sysfems
whose ndc;ear structure is thought to be reaspnably'wéll understood,
and‘sd we shouid be’able to test some of.theseideas iﬁ a mofe;familiar
éontext, namely, the décompoéition of a nuclear\particle info its
constituents. ‘ ‘ |

Although we cannot answer éll of theée questidns completely with the datab

presented'here,‘we would like to indicéte'how our measurements bear'on.somev

of these concepté. ,

The experiment was performed in the:external beam of the'Bevatron;

Fluxes of p;rticies ranged from 109-1010 pér pulse for alphas, angi'lolo-lo11

per pulse for deuterons. A doub1e focusing speqtrometef was used to momentum’

analyze the secondary particles and to transmit them tq‘our defecting

system. The detection system was extrémely simple, consisting of two scin-

tillation couﬁterstto meésure the fime-of-flight of the secondéries over a

15 meter flight path, and a pair of séintillation counters. to récord their

pulse heights and in this way to distinguish between singly and doubly -

charged particles. The time-of-flight spectra were sfored in a 400 channe1
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énalyzer and then reaﬁ onto magnetic tape. Daﬁa'were typically taken at
mdméhtﬁm/charge intefvals'of 0.25 GeV/c over the range, 0;5 < k < 5.0 GeV/c.
No uattempts weré médc to make measurpments beldw 0.5 GeV/c bcpuuse/in the case
of pions the lepfon contamination and‘the decayvcorrections became too large
to bé'éasiiy maﬁageable. For protons‘andbheaviér fragments the multiple
'SCattering and‘ehergf loss cohsidérations made it impracticable to go to
lower'momentaf The upper 1limit of 5 GeV/c was set by‘limitationé on the
current in the magﬁets offfhe béam.trénsport‘system. ‘A monitor téléScope
(thfee scintillation counters in cbincidence) wasvplaced about 3 meters
from.the production'targets at about 90° to the incidenf beam. The monitor
”éounts, which weré proportional to the amount of beam striking a given target,
were used dUrihg the experimentlaé a relative normalization for our yiélds.

To Obtain an absolute normalization the monitor counts for each target
,wefe periodically Calibrated agains£ the beém'intensity as ﬁéasuréd with

both an ionizgtion chamber and a secondary emission monitor which were.iocgted
in the primary beam just hps£ream of the productioﬁ(targets. Some uﬁresolved
questions still exist,about théée calibrations, and also about the effective
solid aﬁgle accéptanée of our spectrométér,.so that the absolute normalization
of our pafticleryields are.nbt final. The‘momentum’dep;ndence of these yields.
for each targetbis not affected by these uncertainties. During the course of
running, a scintillation screen viewed by a TV caﬁera was moved into the béam: ..

to check the spot size of the beam at.ogrvproduction target and to see that
the beam had not wandered off the target. T
We turn first to the results on negative pion production. 1In Fig.8

we show the single particle inclusive m_ spectra at 2.5° (Lab) resulting

from the collisibn of 1.05, 1.73;, 2.10, 2.66, 3.50, and 4.20 GeV protons
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with a 0.64 cm lpng Be target; Similar spectra, not shown here,»wefe ébtained
with C, Cu, and Pb térgets. In these spectra as well as in alirof the other
pion yields to be reported hefe the results were corrécted for lepton
contamihdtionlin the beam (as:measured with a gds-filled Cherenkov'cqunter),
decay in fligﬁtg_énd effects dug to the fiﬁite lengths of the targets uséd.
EXcept for.fhe points at the very tails of thése-distributions thé‘statis— -
tical errors are very small, and do not constitute the majorkunceftaiﬁty B
~in bﬁf‘results. Systematic effecpé due .to focusing and Steeéing the primary
beams onto our targets constituted the main source of error outSidévof the
‘aforementioned'monitcr calibration‘problehs} AWhen these results are

o E_ %0

“replotted in terms of the Lorentz Invariant cross section 7 3K versus

the ;caling Yariablé x!' = Ti%i;& (where k; is the longitudinal momentum
of the outgoing pion as measured in the overall cgnter—of-ﬁass syStem) a
‘Tather remafkable result appeaf;\(Fig.g ).. All’of the spectra tend to fall
on top of each other. This scaling property, whére the ﬁion yiéeld becomes
alfunction on}y of the single scaling vari?ble x',lusually at a fixed kL'
and independent of the total energy, is familiar\at higher éhérgies, but
,here we see that even at.i GeV the scaling'Béhavior.is quite‘weil satisfied.
It should b¢ Rept in mind that because the experimenﬁ was done atié fixed
angie inrthe léboratory>$ystem (01, =2.S°)'the'transvérse momentum, kl,

'i; not strictly conétant (22 ;_klfﬁi220 MeV/c).. However,‘eépecially‘at the
lower'mamenté:kl Stéys small and does notAvary much in an absolufe sense.

At the higher momenta (e.g. 3-4 GeV/c) this variation of k. may_weil bg
‘resppnsiblg'for the observed differences in the various spectfa.”\

The laboratory cross section,_é%%% , 4s a fuﬁction of pionlmomentum,



k,‘forvpion_productioh by 1.05 GeV/nucleon‘ahd 2:10 GeV/nUC1ecn protons;
deuterons, and elpha\particles on Be is shown in Figs.io and 11. Two features
stand'out; | | )
' 1) Pions are produced mofe copiouSiy be.deuterons and afphas
' than by protons,-an&
2)'The pion sﬁectra induced by deuteronsrahd alphes eXtend to
.highet'momenta than.those induced by protons. )
.Preiiminary~attehpts to fit the observed’deuteroh and alpha induced picn
:hproduction spectra with a'model‘in which the nucleonsimoving inside the'
,projectile collide individualiy and independently with the target nucleus have
so far beeh unsuccessful ih reproduCiné the observed results. - Although more |
refined calculations with’better'input'data are necessary'our results seem
to suggest that the effects of multiple scattering.terms or edgivalently some

sdrt»of collective process-in which several nucleons in the projectile

‘act 301nt1y are not negllglble, ‘and should be 1nc1uded in such calculatlons.
E 3%
¥? sk

dedterons and alpha partlcleS'ls shown in Figs.lz and 13, Again the scaling

The Lorentz Invarlant CToss sectlons vs x! for pion productlon by
"'property of these dlstrlbutlons seems to be satlsfled It is also intefesting
to note that’ these distributions fall much more steeply with- x' as the mass |
of the pro;ectlle is 1ncreased. This feature is not unexpected since a compli-
cate&_looselyébeund,object likexah.élphé particlefprebably.has a much‘herder
time trénsferring a.large frecticn of its energy to a single pion than does _-

':avprotoh.
In>?ig.14 we'showvthe'pion yieid es a-function‘of laboratofy‘mementum
for 2.1 GeV/nucleon alpha partlcles on various targets. :rIt is seen'that

-'the shape of these spectra is almost 1ndependent of target materlal This

_feature is true of all the.pion spectra measured in this experiment, except
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at the.very'lowest momente where ; SiightAtarget dependenee becomes_notiee—
abIe. ‘As shown in Fig.15 the pion production cross sections for 2.1
GeV/nucleon alpha partlcles (as well as those for other pro;ectlles
and energles) are proportlonal to Alﬁswhen k > 1 GeV/c.

Next we turn to the'results on the fragmentation of pretons,
deuterons; énd”alpha pa:ticies into pdskively charged pafticles. A large
amount of data was_ameesed (incident energies: 1.05 and 2.10 GeV/nueleon?
incident particles:'protons, deuterons andealphé particles; targets: |

"3, 3 4

Be, C, CH,, Cu, Pb; fragments: n', p, d, “H, “He, "He.) As an example in

23
iFig.lG is shewntthe fragmehtation'df 1.05 GeV/ﬁucledn alpha particles by

a Be target. The "parton' structure of the alpha particle is clearly
displayed. Not only dqes 4He consist of proton.and‘negtrqn constituents,

but also deuterons;‘SH, and 3He. We thus>exﬁect that high energy diffraetive
dissociatien of,aipha pafticles.in reactions of this type should provide

~us with a reasonably clean "snapehot" ef nucleon correlationS»and‘momentum
distributions without having the interaction ‘itself seriously disturb the
pre-existing cOnditioﬁs in'the-erojectile., Care should be exercised>in
interpreting the magnltudes of the various peaks, becauseras has been

pointed out prev1ously the data were taken at fixed 81ap = 2.5°, and
censequently diffeient transverse -momenta are involved in these aistri-
butions. These effects can be 51gn1f1cant 51;ce typlcal Fermi momenta are

_ 100 to 200 MeV/c and at el ab = 2.5° a k = 2.GeV/c particle has a'transterse
momentum of ~100 MeV/c._ In any case, it is evident that the fragmentation"
of He into deuterons has>a cross sectlonvcomparable to that for fragmentatlon
into protons. It should also be noted that the p051t10n of the proton,

1

’ deuteron,-and H, 3H_e peaks occur as expected at one-fourth, one-half,

-
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andlthreé—foufths df the ﬁomentum of the incideht alpha partiéle. These
facts are hédtIY.s;ﬁmarized in_a plot pf the_Lorentz'Invariant cross
vséctidn'%%S%%%j versus,y;,'the rapidity of the outgoing fragment. Such a
plot is shown‘in'Fig.17#vA Several features stand out: |

1) The peaksiéf the £apidify di;tributioqs all coincide with the
rapidity of the incident alpha particle projecfiie.
2) The heavier the fragment the more sharply peéked (i.e., the
'hérrowér) thé distribution.
3) The diffractive diss;ciation peak is cleanly separated from _
;ofher'identifiable regions of the rapidity distribution, i.e.,
it is we11 separated frbm the rapidity of the target, and stands
out élearly from the central_("pionizatibn") region. Again, this
feature is not unexpected: On the cqntrary.it_would be surprising
to find large‘qumbers of"thése fragménts in the centrgl region,
.and the buik of the partiCIesvresulting from target fragmentation .
are too low in momentﬁm to bé défected by our aetecting,system.~
4) Because of}the 0.5 GeV/é lower limit on the momentum of particles
detected in this experihentbthe,rapidityvdistribution’of the pions
(because of their smali mass) extends to mﬁch higher values of
_rapidity,fhan do the distribﬁtions of the heavy ffaghents.
 .In Figé. 18 and 19 are shown the laboratory cross sections. and ;he
.Ldrentz Invariant raﬁidify distribuﬁiohs_resulting frbh thé fragmeﬁtatiod )
of 1.65 GeV/nucleon deuterons on Be:. The momentum disfributibﬁ‘of the
_pfoﬁons is again\centered at the same point as, in the Ease'of‘the élpﬁa
. partiCle, be here the distribution is sigﬁificantly narfowér. This i§;

not unreasonable since the deuteron is a much more loosely bound system
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than 4He. This can also be seen by comparing the rapidity distributions.
The shape of the deuteron spectrum is reminiscent of other inelastic
scattering processes, and it may well be that rather similar thebretical

'considerations1qpply to all of these procésses.

< .

Finally, in Figs. 20 and 21 are presented‘tbe 1ab6ratofy cros$
‘sections and fhe}Lorenfz(Iﬁvariant rapidipy'distributians of protons
- resulting from the’fragmentatibn of 2.1 GeV/nucleon deUferons and alpha
-particles By Be. Again thé pfotons from the alpha fragmentation ﬂave a

~

broader momentum (and;rapidify) ~distribution than -do the prptohs from
deuterbn disintegration. At first sight a comparison df Figs. ﬁ?, 19, A
and 21would seem to indicate that these pfofon distributions have not yet
attained'any kind of limiting characteristic, but he;e agéin the‘pitfall of"
measUremeﬁts at a fixed laboratory angle musf be taken into account. Although
" a definitive statement about limiting distributions in éhis case mﬁst
await further experimental inVesfigétion,fit séeﬁs likelyvthatvthe observed
distributions-are. indeed at some kind of asymptotic limit.

| ~ Lack oflépace and time prévents us ffom showiﬁg the detailé@ béhavior
'/of these distribgtions for‘different targets. In practically all'cases,
hbwevér; the shapes ofythe distributidns shownvabbve for the case of Be
aré almost identical to those of thevother targefs., Only in the case of  ‘\
very low‘momentum heayy fragments do targét dependgnf effects manifest
thémselve§. | | -

fn‘this‘papef we hayé £ried to show that single.paf;iélelinclusive

spéctra'resulting‘from the interaétions of relatively hodést#énergy protons,'

deuterons, and alpha particles with nuclear targets show many of the features
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‘such as scaling'and limiting fragmentation that are characteristic of
very high energy elementary particle interactions, and that experiments of

the type discussed'here may shed additional light not only on the nuclear

physics aspects of these reactions but also.on possible high energy
intéraction mechanisms. R R
We thank Dr. Hermann Grunder and the Bevatron Staff for their important

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

~

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

The following types of reactions have been studied:

(1) d+p-d+ (mm) " at.2.94 - 3.41 and 3.48'GeV/c(19);

(2) d +p > 3)He + nO’ d.r-'&-'p -)»,SH + n+, d + p > 3He + nQ for
2.83 < py < 3.82 Gev/c 29, ' '

(3) n + p>d+ (mm)° and the "ABC" effect(ZI);

() d +p > SHe + (mm) 0 and the parameters of the 'ABC'" and "DEF"
effects(zz); R . |

(5) d +d » “He + (mm)0 at 2.49, 3.34, and.3.82 Gev/c.(*>).

(M d+pod+ ()t

In this reaction oﬁe of the objectives was to look for T = 1/2
isobars. A single arm spectrometer was used to momentum analyze the

outgoing deuteron. Some typical results are Shown'ih Fig. 22(19).

Cz;tre'~
must Be taken iﬁ.interpretihg'the peaks because Of‘kineﬁaticél effects
associated with plo;ting 5%%5'.- . Thé'arrow on the first peak shows fhe

: lab C
position of the 7 mass in the reaction N + p>d + n for iﬁcident nucleons
havihg half the mdméntum of the deuteroh'beamf fhe peék at a mass of 1150
MeV does nét seem to mDvevwith‘angle or.energy.aithough its magﬁitude
decreases at the larger aﬁgles, ﬁo evidenceé for higher mass.T = 1/2.N*'§/
is seen. There are\Qarious'possible mechanismé-which'can.be used'tb explain

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

~butions

- - -
A e o

~m exchange possible . 7 exchange not possible

—
~—
~

***Recent results of these experiments have been préseﬁted at‘Uppséia (June,
1973), Berkeley (August, 1973), and Aix-en-Provence (September, 1973).
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are likely to be important; No claim is made that the ohserved peak is

anewT =1/2 béryon reésonance,

| (2) 'd'+vp - 3He'-+ “0;2 d +'p‘+v3H + n+, -d’+ip -> 3He + o

| ; Hére the main objeétivé_was to méasufe the.rélevant cross sections
and tHereby éo shed some light'oh ppssiﬁle meson pro&uétién mechanisms. .
The first two feactions also afford yef another test of charge independencé
"in hadronic iﬁteractibns.(zp) |

1

(3) n_+ p'+'d + (mm)° and the "ABC" effect
A monoenergetié neutron beam from deuteron'stripping was. used and
a large "ABC" effect was observed as shown in Figs. 23 and 24. Confirming evidence

comes from the deuteron spectrum resulting from the reaction d + p>d+ (mm) © + P

which can be interpreted to occur in part as
| . , A S .
R o 4.
[pspectator,+ n] +p ~ Pspectator d + (mm)

- . N . ’ . } +
and r[nspectator_+ pl-+p~ "spectator * d + (mm)

(4) The "ABC' and the "DEF" effects in thé'reaction d +- +‘3He + (mm)o
. : P

Thirteen specfra in theé ranges ofiinc&dent ﬁomenta 2.8 <px<3.8 GéV/q
‘and laboratory angles 0 < 6#_1 11°~were'obpaihed by fhe Saclay group for the
gboye reaction as well as two spectra for the conjugate reactioﬁ d + p > !
SHZ;_(mm)¥.,nAn example -of thé résults’obtéined by:tHem is.shOWn in Fig. 25. 
Theiauthors'éonciude: ' |

| (al-THeI"ABCQ éffect eﬁists and has. I = 0; o o 7 | e
‘(b) The céntfal mass of the ”ABC” varies between 300 + 12 and-. -
| 365vt 23 MeV depending on kinematical‘conditiohs;

(c) The "ABC" has an intrinsic width of 50 + 10 MeV.
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(d) The angular distribution of the production cross section in
| fhefé.m. system is strongly ééaked forward\and.backwards in
contrast to.n and n® producfion. }
(e) The:prqduction cross section of the'”ABCf at 180? varie§ rapidly -
with total eﬁergy in the c.m. system and has a maximum near
Weo= 3.38 (See Fig.>26j. | |
(f) That there is a new bump, which they call "DEF'", with a mass ;)
of 450 + 20 MeV. \
(g) That the "DEF" has I = 0. -
'(h) That.thé.produc§ion cross section for thé'“DEF" has fhensamé
;ngular and energy depeﬁdence'as the "ABC"L :
vA,nuﬁber of mechanism§ have beén,pqstulatéd to explain the observ?~
tions(zs’ZG);but up to now nohé'of thesg_afe 6ompietely-satisfactoiy{ Thus
the'exact.n%}ure'of the "ABC" effect,_and now also perhaps the "DEF", |

still remains to be elucidated.

Y

(5) d+d- e+ (mm)© at 2.49, 3.34, and 3.82 GeV/c.

The observed ;pectra éhow two broad peaks_(Fig._27)._70nevcorresponds
to "ABC"; the othér to the woﬂ :Thié reaction'is‘of intérest_fqr-several
reasons: (1) One -is dealing here with two T = 0 deuterons and a T = 0
alpha particle, soAtﬁaﬁ if.isospiﬁ symmetry is valid only_T =0 (mmj0 states
should be,produ;ed. No‘wo's have been seen. (2) The reaction dd.+ He + y
will be studied and compared with the inverse process y + He -~ d + d' o

and thus afford a test of detailed balanée;
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The foregoing serve as illustrations of results that have so far

been obtained in experiments involving B > 2 projectiles. It is clear: that
the interpretation of these experiments presents new difficulties and
challenges. But it is also clear that experiments of this general type

are likely to provide useful new information about the nature of strong

interactions. N
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V. QTHER PHYSICS EXPERIMENTS AND THEIR POTENTIAL SIGNIFICANCE

‘Let us- look briefly at a number of other types of éxperiments,

-~ NN . f

some of which are even now being undertaken.

i

A. Total and Small Angle Differential Cross Section Measurements

Among other thingé the object here is to test factorization; and
to check the validity of Glauber model predictions. A complicating factor
is introduced by the presence of rather strong Coulomb amplitudes which

(27)

inteffgre with the nuclear scattering. It may be very difficult to-

cléanly separate the Coulomb and nuclear effects.

B. Experiments with Monoenergetic Neutrons from Stripped Deuterons

‘'The  availability of energetib deuteron beams has made it po§§ib1e
to obtain high intensity, essentialiy monoenergetic neutron beams by
strippiﬁg'the deuterons. A further‘refinEment is fo tag‘fhe neutron's
energy by momentum analyzing the'étripped.protpnvin coincidence with the
‘neutron. Such monoenergetic neutron beams éan.be used in a number of exper-
iments such és n'+bp ~d+ 7, n +‘b >p+n, n+ p_+.d +,(mm)°, etc.

’

C. 'Polarized Neutrons from Stripped Polarized Deuterons

If polarized deuterons can'be_suqcessfully'accelerated to/higﬁ
enérgy the’stripped.protons or neutrons would also be polarized and could
bé used for example to study spin dependeﬁt effects in elastic and iﬁelaStic
np scattering. Use-in.conjunction with a polarized targe% would permit high

energy polarization correlation measurements which have a bearing on the

J



4] -

\-principie'of factofizationAand on the establishment of the nature of the
nucleon—ﬁucleon‘séattering/amplitudes at high.energy. It should be easier
to accelerate polarized deuteréns to high energy than‘polarized protons

_ because of their smaller magnetic moment. Polarized or.eQén aligned

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

D. Hypernuclei and'SuPerstrange Nuclei
The use of energetic heavy ion beams to produce hypernuclei offers

an interesting new probe of nuclear structure. The Arizona group( 8) has

.made.preliminary measurements of .the reaction 16O +p > 17q\+ K' in

-hppés of using this type of two body final stéte to pro&uce unique species
of hyperfragmehts whose decays could subsequentiy be studied. Unfortunately
the ¢ross sectioné are small. - A mére prolific source of energetic hyper-
fragmeﬁts would result from the fragmentation of a relativistic projectile
into a K and a'hyperfragment. The presence of the Kf could beiused to
trigger the hyperfragment detecfors; The time-dilation associated_witﬁ

the lifetime of relafivistic hyperfragments may make pOQSible detailed
measuréments_of decay parameters and lifetimes. Kerman and Wéiss(zg)

- have péinted out that it should be possible to produce supers%range nuclei
'with beams of energefic heavy ioné.v Very roughly the crossisecfiéhs‘in heavy -

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

unit of strangeness.



42 -

E. Spin Correlation Measurements in the Fragmentation of B > 2 Nuclei

An interesting test of diffractive diésociation'and a novel probe
of nuclear structure is possible through the determination of spin corre-
latiéns of fragmeﬁts produced in partiCIe interéqtioné at high enéréy. Th¢
idea can best be illustrated for the case éf deuteron fragmentation. “In
" the difffactive dissqciétiqn‘df_a deuteron the SSi nature of the neutron-
proton syStém should be left intact. Thus there should be a definite,

correlation between the spins of the neutron and the proton fragments.:

This can be measured in those cases where both the neutron and the proton

TN

~are rescattered in such a way that the scatteringsanalyze thé‘pglérizations.
Then for‘example there should be a preponderance of neUtrOnvscatters‘to the
left whenever left-scattered protons are‘detectgd._'Similarly right—right,
up-up, down-down, should be mére probablé thaﬁ'udeown,.right—ie%t,'etc.
Here we have another manifestation of the so-called Einstein-Rosen-Podalsky
Paradox. vThe'idéa can be turned.arouﬁa by assuming that.sﬁin fiip is'qnim-
portént'in the'fragmeﬁtation of high energy projectiles. ‘Then %uch measure-

ments would bear on the spin correlations of the ‘constituents of the

fragmenting nucleus.

F. Measurements of Pion Multiplicities

It would be véry interesting to determine if anomalously higﬁ pion
multiplicities result from nucleus-nucleus collisions at high energies{ |
~After all, a very large amount of energy could sometimes be deposited into
a rather small volume and this might manifest itself in fhe form of‘pions.l
From another foint of view high pion multiplicifieé could a}éo‘result frdm_
coherent effects bétween pfoduction amplitgdes of the various nucléon—nucleon

.
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scatterings. In any case such measurements should provide interesting

tests ofvhigh energy interaction models. -

N

G. Fragment Correlation Experiments (Multiparticlé Inclusive and
Exclusive Reactions

As pointed out previously fragmént correlation measuremeﬁts should
provide important tests.of,thebretica1~models. Several types of correlations
ére of.interest: (lj Correlafions between targeé_and pfojectile fragments.
This tests geometfic modeis and‘factdriiétion. (2) Corrélation between
projectile fragments. This is particularly important from‘the standpoint
- of nucleér stfuéture. For example, wheanC.ffagments.iﬁto'4He‘is the
residue most often two;more o particles or some other configuratibn?

(3) Corrélation between fragments ciﬁstering neaf the rapidity of the
.projectiie and thp§e which dome from the middle of the rapidity interval.
Afe the ”cenfrgl" fragments really indébendent_of both pfojectile and

target as might be nai&ely expectedlfroﬁ a multipefiphefélxtybe model?

Such rapidity.correlétions play an impoftant role ih high energy interaction

N

theories.

H. Coherent Excitations of Nuclei

Nuclear levels can be selectively excited iniprocesses where the
exéhange of quantum numbers can be selectively controlied. For example
a + (A,Z) » o + X’rfequires that X has to Héve‘the same isospin as (A,Z).
Althoughvsuch reactions havé‘beén extensively studied at lower energies,
the availébiiity of high energy projectiles allows such measurements to be

extended.
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VI. A FEW CONCLUDING COMMENTS AND SPECULATIONS

I have tried to show that experiments with high energy heévy ions

are likely to yield interesting new information about the nature of high -

energy processés and about nuclear structure. It is a new field with

many more questions than answers.

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

ion collisions: : -

(1)

(2)

(3)

(4)

(5)

For example, what happens when two heavy ions come together
to form a system with Zeff > 1372 Will quantum'elecfrodynamics

survive?

At very high energieé.the lifetime of virtual states (e.g.;

that of N*'s) inside nuclei increases by a factor m/E. What

is the effect'of such virtual states?

>

What would happen in heavy ion. interactions at ISR energies?

(30)

Farléy speculates about possible new typés of phenomena

when high energy densities (say ~10 GeV/nuclear volume)‘are

produced. - Would such a sYstem havé a Hagedorn limiting tempér—

ature? Could one get pion condensation? Could such a system

be a breeding ground.for new types-of complex systems?

Quantum number restrictions may be less severe.

It seems likely that central collisions of high energy heavy

ions will be more interesting than peripheral'processesf

It is not really clear what happens when two massive relativ-
istic objects hit head-on.
Can we expect any unusual phenomena to be associated with the,

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

with high energy heavy ions.
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IX. FIGURE CAPTIONS

Magnetic spectrometer for the O fragmentatlon experiment.
Fragments of heavy ion beam ( O) produced within 12.5 mr

of the beam direction are focused along guide rail according
to charge and momentum, :

Defléction distance D vs Z and A of isotopes produced at 0° and
at beam velocity. ' ' ' :

Observed count-rate vs D of the carbon isotopes. produced by the -
fragmentatlon of O nuclel at 2. 1 GeV/nucleon

Momen tum sggctrum for the carbon 1sotopes produced by the fragmen—
tation of 0 nuc1e1 at 2. 1 GeV/nucleon. : :

O Longitudinal momentum distributions in projéctile frame.

15,

i Transverse momentum distributions for a) N; b) C and

c) 1 isotopes produced by fragmentation of_160 at 2.1 GeV/nucleon
TransverSe components in, and normal to, the plane of the magnetic
s ectrometer are shown. The longltudlnal momentum spectrum for

13¢ is also shown for comparlson in c).

Target factor Y{(B) vs M(amu) of target, the Sdlid‘line denoted
y(B) = M0-256 . _

2 ._ = . .
'( e )1 bfa:w production by protons on Be as a function of
a - N

33k

’pion momentum. 6 = 2.5° (lab). The different points correspond

¢

to different proton energies. The curves have no theoretical

"+ significance and‘were drawn only to aid the eye in connecting

\

the points at each énergy.

L el ﬁfoduction by profons on Be. & = 2.5° (1ab). The data of

Fig. 8 plotted in terms of the Lorentz Invariant cross seétion,
: M

J%_;EEE vs the scaling variable x' = —Eé— :

_k 393k . ' , Ckn)max. ,

2 - -
20 for m production by 1.05 GeV/nucleon. protons, deuterons,
393k /1ab , » . -

and alphas on Be. 6 = 2.5° (lab).



' Fig. 11.

Fig. 12.

Fig. 13.
" Fig. 14.

Fig. 15.

Fig. 16.

Fig. 17.

Fig. 18.
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2 - L ' o ‘
%9 _ for m production by 2.10 GeV/nucleon protons,

deuterons, and alphaé on Be. 8 = 2.5° (lab)

The Lorentz Invariant cross section é;‘%ﬁgi' vs the scaling
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Fig. 19. The data of Fig. 18 replotted in terms of the Lorentz Invariant

2 : o
" cross section é%—%§%§4 vs the rapidity variable y..

' . . 2 : .
Fig. 20. . Fragmentation cross sections (5%3%)1ab vs momentum for protons

resulting from 2.10 GeV/nucleon deuteron and alpha particle

" interactions in Be. 8 = 2.5° (lab).

“Fig. 21. The data of Fig. 20 replotted in terms of the Lorentz Invariant -
’ v 2 A ' ' , x
cross section %%—5%3%-vs the rapidity variable yc.

Fig. 22. Missing mass spectra at various angles and incident energies

resulting from the'feaction d+p~>d+ (mm)o. Saclay Group.(lg)

Fig. 23. -Missing mass spectrum resulting from the reaction n + p>d+ (mm)o..

Saclay Group}(ZI)

Fig. 24. MisSing mass spgctrum resulting from the reaction d + p - d + (mm)o
) y (2D :
+ pspectator' Saclay-Grqup .

~ .

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

Sﬂg +'(mm)°. Saclay Group.(zz)-

I3

Fig. 26. .Backward_differential cross. section as a function of energy fér

producing the "ABC" in the reaction d +p-> 3He'+ "ABC".
(22) . _ B . ,

Saclay Group
Fig. 27. Missing mass spéctrum'resulting from the reaction d + d -

4 ' :
( He + (mm)oi Saclay Group.(zs)



-THIN WINDOW

" VACUUM

GUIDE RAIL

Scale (%--—-———T—-—T—“—~‘j

XBL 736-781



"ATOMIC NUMBER

3 2
: 4
98 7 g
2o 9

32 1
L sise
i st 12
-

] p 1 |

SOToPEfCOORDiNATEs
L
L -
’ S3 a
5 i
! e i
g
TR |
N |
5 14 13 |

L 1 1 | i | 1 ] 1 | L.l

160 200

240  '280 320 360 400

"D (cm) | BRI
o7 " XBL 736-778
Fig. 2.

g -



T T T | | T .ll B | b
- 0+Be—"C+ -
e . =21 Gay/N
13 ™ | | | |
C A -
l. l . 0‘\
! ! \ \
1073 14 l. -\$ I ot _ .\“ | -

C /1 2

C # : | v N

AU # I a

, -
S II \‘ , | " : * f \ IOC —
e i ’4 *\" | +\¥ /H*i\
S R ‘M’ M RV
ls ' v. J .1\ N
S i ;C ; 'ﬂ e |
/
g T
) 1S5, "
TR 4\* i | 1 I |
oSl ! ] ( ] ]
| |
I/OJ | | i ! 1 1 ! 1 | ' |
. L 1 L , 280
D (cm)
| < XBL 736-783

-¥S9 -



x

d0p
dfap,

-~

(ARBITRARY UNITS)

107

10—

%
T

10

'IGO+’BQ;AC+.._..

E-21 GeW/N

P GeVt

Fig. 4.’

450

XBL 736-782

-GG -



|

o,

Curves Normualized

to Same Areaq

|

O
dndF,
C_)L

d

T | T x T T I E
. . _ z A
16~ A— S ' Numbers plotted ) Tz -
O+ Be _— Z +oee indicate Z of particle 2 |9
: S ., : S o 3 | s
a |0
. .5 i
- Typical 6 | .3 =
E.rr’or ' ’ 2 3 7|
$ bog 8 1
4/;——55 .
7
3 .
. 5
® ! 1 1 | 1 ! 1 ! 1
-400 -300 -200 ~-100 0O 100 200 300 400
' R, (MeV/c)  Projectile Frame
‘ : XL 736-779

Fig. 5.

_95 - ‘.



100

~-57.

- ' /o%mo MeV/c-
Rx)=
\ Ply)=o
-
10 - .
\
\.
\
e
/ E :
L . 1 [ no
-400 -200 0O 200 400
| - P, (MeV/c) P
Fig. 6.

(a)



58-

| lOb — 14 - .
: | C R(x)= e

\'JR T =140 MeV/e

%/( ,

\

1E\ l SRS

] l, A " | _! ]r I ' 'L .I.
-400 -2000 0 200 400
R (MeV/e)

XBL 736-775



. -59- -

100 5 7]
1 C

\‘.C=I4O MeV/c'
. Ei ( X ) ze
N E(y);°'
Rlz)=0

CNP)

M | | |
3 T D D e E
=400 -200 O 200 400

, -~ P(MeV/c)

o . XBL 736-777




o

Oxs =T T

A+B —X+ANYTHING

| T T T

10 100
M TARGET (AMU)

Fig. 7.



- 61 -

T 1 T T ™
P + Be —=7 + anything
| Preliminary results
B 9_= 2.5° lab 7
. ~ '
~ Tp=1.05 173 420 GeV
®
| | 1 L 1
10 . 20 30 40 50 60
 Kygp (GeV/e) o
| XBL7310-4259

a Fig. 8.



(GeV/c ) ~3- GeV

mb-sr —

< oo

- k2 dadk

10

10

1ot

10°}

10~

|o"_

-62-

T 1 1

! | A
Preliminary results ]
8=2.5 (lab)

A : - o -
nh P+ Be— 7™+ anything |
o AN _
Y;. 5 ]
_. &v
A
A —
| N o
Al1.0S GeV AV —
01.73 - " ° <
e 2.10 "
va2e66 -
. 0350 R
A 420 v o
. \ o
| | | - | | |
- 0.2 0.4 0.6 0.8 I.0 1.2
*x -
k1l _
x/ = - >
‘ (kll )m'a-x -
| XBL7310 -4260
F'i'g. 9 ' |



-63-

] | | I
Prelimincry results
oz L o T, =1.05 GeV/N i
(B)+ Be — 77"+ anything
I/'\V |O| N =
o
- N ’ o
_| 10~ I ]
l .
(7))
L
£ 107'F 7
s
LS -
©Io 10 [ ]
—
10 ]
. _4

05 1.0 15 20 25 30
Kigp (GeV/c) |

XBL7310-4258
Fig. 10 ' |



- p4-

{

Ty= 2.1 GeW/N

Preliminary results

e = PROTONS
= = DEUTERONS
A = ALPHAS

)+» Be —‘—‘,7r’+ anything |

1 1

1.0 20 3.0 |
’ Kigp (GEV/C)

Fig.11.

4.0 50

6.0

XBL7310-4261



~65-

T T T 1

B | Preliminary results '
| 2' | oloo . D+ Be—= T~ + anything
10" F % g:25° (ab)
> i . oe | i
4 |
N A . Ogq - | -
w0t -
I , 3} ' o ' ~
> @
& 10° ”
| i ’ i
T o
v A -
10T
€ /
b|s - | e
“la 1072 . 7
Clo - | © L.O5Gev/N deuterons o 4
v o 2l Ge_'V/N. deuterons o |
10°3 - | | e N
BT e PR S SR | b1
- 0 0.2 '04 * 0.6 o8 L0 |2
- oy K1 , |
, X’ = - * - .
kY )  XBL7310-4262



-66-

7 I B T T

L ° Preliminary results 7
o B=2.5°(1lab) ,
- 102 | o >\ \“ ]
2 9 g4Be- T sanything |
(|D 0 o Q+Be —» T + any’rh}mg
T, : 1 °o |
SR Ko I = Vg ° J_.OS/N alpthS{ -
L - o 2.40/N alphas ml
> : o : o
= 10°F j
1
E; ®
10~ - R =
Nb © . °e 1
© S ' :
1o
~ 1072 - 7]
wlx 7 | |
10-3}- B
T 0-4l L | - L1
| . ‘ - ,
/ Kl
(k¥)
I ‘'mox
XBL 7310-4263



-67-

T

I T — T T — <

T,= 2. GeV/N
Preliminary results
'~ e=Pb TARGET '_
m=C TARGET
" A = Be TARGET

a+ ('E’_;Cz ) —T7" +anything 4

1.0 20 30 40 50 60

‘---vk“lb (GQV/C) _ o |
. XBL7310-4264
Fig. 14,



mb /sr7" - (Gev/c)™ '

o

O

-68-

Y

—

| T — | _—
2.1 GeV alphas

Preliminary results

BeC "Cu  Pb

XBL738-3755




dza
dQdk

mb/sr™' - ( Gev/c) '

-69-

Preliminary results

Fragmentation of .05 GeV/N alphas}
on Be target

1 L i 1 1 !

2 3 "4 5 6 7 _ 8
| kigb (Gev/c) |
L XBL7310-4265

Fig. 16.



-70--

(mb)— (GeVv/c) 3-Gev-sr='
o o
wo S

dQdk

o

d20'

6.

| T 1 T
‘Preliminary results _

Frog-mentoﬁor’i of 1.05 GeV/N
alphas on Be target 9=2.5°_

Vg ]

=

|

1r;- | i
\\ :
A ]
\ o4
X
-
| | L |
05 10 1.5 20 25 3.0
-
yO ‘ -
XBL7310~-4266
Fig. 17. : o



d20'

_(mb/sr_"')  ( GeV /eyt o

dQdk

-71-
| R A T
B Preliminary results
Fragmentation of 1.05 GeV/N deuterons. .
P o
|O4_Df8e++(D)+onyth|ng b - 254 o
- P S - B
| D
103 _
'IQ'-I » .
10°© _
10 L IR B R
0 1 2 3 4 5 6

' XBL 7310-4267



Fig. 19.

l ! I R ! _
~ Preliminary results
_ Fragmentation of 1.05 GeV/N deuterons
';3 104 "D‘+ Be —»—(g )+ qny_thing g = ?.50 ]
J R | Y, | -
>
(-QD) .
0% - -
mn - ,
1 =
o
~ _ .
> 102 —
o —
B |
oy ]
e 10 IF
b'x
v | S
®ls 1009 -~
w}‘:“ B b
o~ 1 | | L |
.0 0.5 .O 415 2.0 2.5 3.0
| 1 Y
Yp | Yq | |
| XBL7310-4268



|.04
e
< 103
>
(1 }] .
- 10%
}
o |
-
-3 ' .I
E |0
blo
°lS
100°
|,o'."

-73-

L Preliminary result i
T\=2.| GeV/nucleon
= (3)+Be— P+anything
- g =2.5° .
= -
~ o Alpha’s in
e Deuterons in I
R DR L
O N 2 3 4 5
'k_lob {GeV/c) / |
| . XBL7310-4269
. Fig. 20.




(mb) - (GeV/c) ™3 -Gev'-sr

e d°c
ke dfidk

- -74-

‘Fig. 21.

T 1 T
Preliminary results : ~
- Ty = 2.1 GeV/nucleon -
(%)+»Be/-—>P+.qnythmg' | —_—
g.=2.5° -
| o Ya |
. o Alpha -~ j
o Deuteron
! 1 | 1 L |
005 A |~O I 5 2.0 2.5 : 300
yC
Ya
. XBL7310-4270



2

..Iv. vvw
VR
~ O
9 =} =3 o < F
N O W ~ ™ o~ ‘0 oo
+ v - + v v T -
| /A0 s /qw . W
“ .
o
. P o
W T I T .._ 3
P 8O NP e s T SRR il it 0 s
k ‘PC -
- irooon R R IR
2 @ O.\ o~
ow o, -0
s = , .
o \
O3 - - u. U
Vo . o
- __. ol 2 B
bl KL} .wo o~ .u.w
o e O
d— ] o\oo
ho . -
d_n nnnnnnnn gmmmm="" o= - e
L hd o mam e g wemeaOensammm==" 1o
e < o0
I )
323D 18/qu ) ) ) \ZHU
) - 0 o o L
o~ v - » ,w
e
+
2. 2 3 3 é {8
. - ) Xy < ~ <
3/heD dv/Qw . i v ) * _r
- . N - R ™
2 , R e, ris
o~ SoSSSIIAIIii@ g
OQ:o:v:vw- nMw.I.o N .
. e em@mem T r =
ﬁ i {13
v RNy ~t 3
- ) - ;O.P A
o, L ™
© o o 2
& ' b
: 2 © % [}
| P S
) a2 32 —I/- ] ~
. ~
o™ T oin. g le
i y O T i .
o .N M o] e emmen ——e =" ¢ R
) —_—  eClIT T Jol=
. —— »
S .
3/A3 0 a1/qw , ..., L 3
- (=) ~ o i~
~ ~ m 2 - w v o>
Sz
.
g 2
L) .t - ~ P .\\/
2 Q = o - NoE
4 : o o ] ) < E .
S3/A+YD 48/Qw T N T Y T Y A_
L Y e e e e e e e e — e — i ———— b [} o
Q —— T T L L T T T T LT T LT T Lo F o
o~ QP UOIIINPI— T === O s o e — 4.1
- O - o —-— - - —— - — —— W e = e 3 R
AV r memaae N
L llfllln:l----o.«-:.»--l, it °
lk. o= o "
> o . +
- . -
r_.M e o‘.o‘ o .
[ o L N °., L? - 7
o ~ B 0. o - -
(-3 H n \v
S 2 .m .......... -0 )
wie & —_ ] -
[~ . S -
o ) g e
e, $
3/p30 it/qu R ) X , . o
. o o o o > o
b4 o V@ ~ o g 4 8 ~ 2
-
X
A
* »
t P

0z g
- < DO st |
o e meeameeesmmeenn
H — LY :
.“. J o oo
o n = x '
s o J
3/A3D us/qw . : :
> "
g = . ) :
3
S
S ! L
g .
. N N
~ T e e L
P ll.b.:nlln.nlvt...al ! ]
Ly T .
.\,u . . L
P«w L. .u
R .a\‘.-.
- o o -
> @© —_— T
% . ) . . .I\III"
™ m/... - : ;@..vo\..o.
o . -
_ \Ply. ‘b Yo .
J¥ £ F _
[~ ¢ @ | ,
v' ¢
i
LAY nus/qwm : : ;
< - 2 ?
~ - T
-
N
. ¥

(mm) ww‘z

152 45

;

152

30

t
14

et

Aws 5. -

. 3




- 76 -

l n.p»‘d,(ﬁvm)’ .
[ R\~ 188 Gevrc i
» 81c5-4.5deg:’ ) [ l
[Fa7] [I[I*il{l“ bl
L . .
Sis | - [l[[ ;o
by . - [ [
$ o l
Rt '
gjz, [h,,k( . i I[
9l ¢l
S -
<§ i 2 [[
% r? ll
[yl ]
it R ‘
{ . mz dJd Gewe
.8 0 12 174 16 18 29
M ER P « 5.21°
123 4 ) Gewe? 452
N
Fig. 23
. L3
N p-.d.{mm):
2,191 Gewc
14 %5 de_g R
. ' . (. S
.U R ...' N
& . ¢
N S | )
Q [
U, B
¢ ! ' :
N
s [ -
[}
> l‘
§ .
e vz d Geve
-] N ].O‘ ) 12 .
S EIR TN 5
{mm) Gewc?



300

200

( rb/ sr.CeV/c )

dpsdaa

~
b 100

—r——r—r

T ™"

4 3 2 1
» ]

¢
® o | _J¢¢
e o '¢¢

) ,

|

.

|

|

|

!
N S B 1

1.5 1.6 i 17

- LL



<

_7_8_

T T
N | |
(do-/dn )1800 ’ . (1]
. pbssr | | ABC

W—.
"
L ’
-]
_ 8 ’
N
B 1

32 33 3.4 . 3.5 I
‘ ' : \W* (Gev)

Fig. 26.



T T —
| | nonobarn/sr.Gewe? " ded—>Heds (mm)°
%0 1dSam P = 33¢Gevc -
| | , =03 99
‘ ISOT
. “aBc”
100k [
_ r {‘mr
N {I{ d
o S
{ | ot
sot “ e ¥ 1
S
' )
’ .
.
0 —_i v T T M T T
RS 2 .3 4 5 6 7 & .9 10
i (mm) masse manguarite Gew/c2
~
Fig.



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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