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ABSTRACT 

, 
Interactions of 200 GeV Protons with Emulsion Nuclei 

Gerd F. Hartner 
Department of Physics 

M.Sc. Thesis 
McGill University 

The measurement and analy~is of inelastic collisions between 

200 GeV protons and emulsi6n nuclei are presented. The\inelastic 

i 

me~ free path obtained is 33.9 ± 2.3, cm. Average charged multipli-

cities of shower particles and nuclear fragments are < N >=13.1 ± 0.3 
s 

,and < Nh >=7.8 ± 0.2, respectively. Angular and rapidity distributions 

of events wi~h less than two charged nuclear fragments are obtained. 

These ev.ents include a small sample of possible coherent stars which 

o 
have been separated by angularo coherence criteria. A comparison of 

ahover multiplicity and rapidity distribution results with modela of 

coherent and incoherent intranuclear production ls given. 

J 
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RESUME 

" Interactions protons-noyaux a " dans les 

1\ 
Thèse de Maitrise 

ii 

Gerd F. Hartner 
Département de Physique Université McGill 

, 
Nous presentons la mesure et l'analyse des collisions 1n-

, , ., 
elastiques de protons de 200 GeV sur les noyaux de l' emulsion. Le 

,. 
libre parcours moyen pour ces collisions inelastiques est de 33.9 

± 2.3 c~. La multiplicité Chargée des particules produites est: 

< N > = 13.1 ± 0.3 et celles des fragments nuclE(aires est: < N > 
S h , 

= 7.8 ± 0.2. Nous donnons la distribution angulaire et la rapid~te 

,pour les événements ayant moins de déux fragments charg~s. Cet échan­

tillon comprend des candidats ~ la production coh;rente que nous avons 
, , \ ,,~ 

separes par des criteres ~aires de coherence. Les resultats ob-

tenus pour la multiplicité ,des particules cha~gées et la rapidité sont 
" ~ ~ compares aux modeles de production intranucleaire coherente et inco-

h~rente. 
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PREFACE 

, 
This~thesls contains work that has been do ne sinee August 1972 on 

the study of inelastic interactions of 200 GeV protons with compleA nuclei. 

l would like to express my gratl,.tude to professor P. M. Patel for providing 
1 

a great amount of constant gUi1ance and sound advice1 as w~ll as the oppor-
. 

tunity ta explore this field. My understanding ?f physical processes involved 

has also benefitted from discussions with Professor B. MargoUs and Dr. W. J .. 
1 

(. . 
Meggs of the McGill Physies Department, and Mr. H. Ar.eti of the University of 

ottawa. , 
l wish to thapk Dr. Suzanne Vallet of the University of Quebec at 

\ 

Montreal for kindly translating, the abstract, Miss Katheleen Gardiner and Mf. 

Paul Brockman for carrying out some of the data reduction~ and Miss Beverly 

Abbey who, despite my ruany revisions, patiently typed the manuscript •. 

It is a special pleasure to acknowledge the help of Professors Jac-

ques and Joan HÇbert who sk\lfully developed the emulsions and allowed me ac~ 

cess to the r'acilities of their Nucl,ear Emulsion Laborat?ry at the University 

of Ottawa. Their guidance and training in the initial stages vas i~valuable. 
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L I!'lTRODUCTION 

. 
We describe the measurement and analysis of inelastic collisions 

between 200 GeV protons and emulsion nuclei. The technique of nuclear em­

f ulsions is one of the oldest tools of high energy physics [see reference (1) 

"-
for further references relevant to this --discussion]. Nuclear emulsions allow 

excellent "spatial correlation", but no "time correlation", of the event. 

They provide many ways of detecting nuclear excitation or nuclear break-up, 

such as emission of evaporation prongs or of electrons due to internal con-

version. Unfortunately, the nature of the target nucleus is usually unknown 

and tremendous scanning effort is required to obtain reasonable statistics. 

However, emulsions are extremely useful for pioneering work at large acceler-

ators or wi th cosmic rays, due to their limited size and weight, low cast and 
, 

simplicity of installation. In fact, at most accelerators they provided the v 

first glimpse of the behavior in complex nuclei of the highest energy particles 

available. 

Work was do ne at McGill University as part of an international coll- 1 

aboration whose members are listed in reference 2. Results include inelastic 

mean free path, charged nucl.ear fragment multiplicity distribution, charged 

" shower particle multipliei ty distribution, and a comparison ta models of co-
h 

herent and lncoherent intranuclear production. Our results also include charged ... 
shower particle angular distributions for various categories of évents con-

taining no more than one heavy track due to nuclear fragments. We were not 

able to measure angular distributions for stars of al! sizes :for tvo reasons. 

First, the emulsion plate, whic.h vas vertieally exposed to the proton beam, 

was too thin to all.m.... observation of some shower particles in regions where 

vision was not optically distorted by the presence of many heavily io.nizing 

o 
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nuclear fragments produced in the collision. Secondly, the thinness of the 

plate, together with development distortiops and visual résolution limitat­

ions, did not permit an accurate measurement of small angles « 0.20
) • Thus, 

it vas necess~~ to supplement our resuits with distributions for large events 

obtained by other members of the group who used longitudinally exposed pl~tes 

in vhich the difficulties mentioned ab ove are not present. These distributions 

appear in Section 5.5 with other preliminary results of our cOllaboratio~(2,3) 
1 _ 

for the purposes of comparison to and extension of our own data. Apart t'rom 

this, all the york here vas done at McGill. 

) 

, 
< 

\) 

• 
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2~ EXPERIMENTAL DETÀILS 

2.1 Exposure to Bearn 

Three ?tacks of trford K5,fmulsion were exposed to ~he ,NAL 200 GeV 

proton beam in September, 1972. The exposure took place in the NAL Meson Target 

Area"displayed in Figure 1. The beam used had a final cross-sectional area of 

4 3cm x 8em and a flux of ~ 10 protons/pulse. Defocusing of the beam (f~om its ~ lmm 

di~eter spot) was done in the proton,beam transport system ~o that at the entrance 

to the Meson Target Hall it had the aperture mentionect aboya. This was do ne to 

avoid any excessive scraping by the pole pieces in the last bending Magnet situated 

at the beginning of the target area. From here to the target box, which was the 
) .. . 

approximate location of the emulsions, the beam travelled through ~elium gas 

bag. The total path length in the helium gas bag was ~ 100' ft. Bearn spot align-

ment ,was done with ~olaroid film and checked with an emuls~on test plate. Relative 

beam monitoring was provided by a scintillation counter telescope situated Just 

behind the emulsion, and vas calibrated using the emulsion test plate. For reliable 

calibration during actual exposure an amount of material ( ~ 2gm/cm2 ) equivalent 

to the emulsion stack was inserted in the beam path. ~r contaminatio~ from sec-
1 

ondary particles produced by the primary proton beam in He or other ma~erial en-

countered by the beam before hitting the emulsion stack vas reduced to a minimum 

by a) only scanning in the middle of the beam cross-sectional area, and b) enforcin~ 

rigid criteria on beam particle parallelism (~3 milliradians). 

2.2 Emulsion Stack Development 

Two stackff of emulsion (40 pellicles each), having approximate dimensions 

20cm x 5cm x 600\.1, vere exposed horizontally (beam parallel "bo the emulsion surface) 

, 4 2 
to a flux of 2 x 10 protons/cm. The third stack (20 pell'icles), having dimensions 

( 
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5em x )em x 600\.1 was exposed vertic:ùly' (beam perpepdicular to the emulsion surface) 

• to a flux of about 10
6 

protons! cm
2

. The densi ty of the ern.ùsion at the time of 

3 exposure was 3.75 gm/em. Processing of the two horizontal stacks was carried out 

• 

in Strasbourg while the smaller vertlcal stack was processed in Ottawa., In each 

case a two-temperature development technique, using a dry ~ot-stage was employed. 

2.3 Composition and Description of Emulsion Plate 

. The plate consists of a pellicle labelled v8 :from the vertically ·exposed 

C) 
stack mounted on a glass backing~ At the Ume of exposure to the beam the pel.î.icle 

was 646 \.1 thick and had a density of 3.75 gm/cm3• Using as reference(4) the kno~ , 

composition of Ilford K5 emulsion at 58% relative humidity and deftsity 3.828 gm/cm3 , 

the water content was calculated. Atomic densi ties and quanti ties such as mean 

atomic number and charge appear in Table 1. 

During processing at Ottawa a grid of coordll,"ates: was printed ~on the surface 

of the pellicle adjacent to the glass backing. The grid consists of' squares of side 

.5mm. in vhich are inscribed two sets of numbers identi~inc an XY-plane. 

ment processes caused the emulsion ta shrink to a thïckness of' 274-282 }J. 

Develop-

Thick-

ness variations depend primarily on humidity changes which cause emulsion gelatin_ 

5 6 2 to shrink.or swell. Flux vas found ta vary betveen 7.3 x 10 and l.l,--x 10 protons:!cm 
ij 

in the regions scanned, however the variations vere negligible in square areas of 

1 

side lnun. 
, . 

Under the microscope beam protons appear as a lattice of dots, each of 

" vhich .n- '" 0.5 \.l diameter. As one traverses the depth of emulsion, from the top 

• 'l 

vhere the beam enters down ta the grid where i t leaves, the 1atti:Ce 15 disp1aced in 
1 

the XY-plane by 5 to 15~. This shift is due to deve10pment distortions and imperfect 

alignment of emulsion st~ck vith respect to beam. • 
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3. METROI> OF SCANNING 

3.1 Equipment 
1.' 

The indispensible instrument for emulsion measurements is the micro-

sc6pe, in our case an old Leitz Wetzlar used by'Dr~ John Foster which we sub-

sequently overhauled. The microscope ls eq~pped with adjustable binocular tube, 

revolving turret mount capable of holding four objectives, object stage wi~h Bcm. 

and 5 cm. scales in the X and Y directions respectively, and built-in Kohler i1l-

uminating system. Light is 

power supply specifications 

generated by a lvariable power supp~y. 

are gi ven in. 'lible 2. 
1 

Microscope and 

Table 3 describes the optics used for various purposes in terms of work-

'~ ing distance, numerical aperture (N.A.), resolution, and depth of focus (6)(4~ Work-

ing distance refers to displacement between tip of objective and point of focus. Re­

solution, determined by the numerital aperture and the wave length in air ~r light 

used, 15 approximately given by .5~/N.A .• Numerical aperture i5 n sin a where n is the 

index of refraction and a the extreme ray to the axis. Depth of focus is the inter-
1 

val along the axis of the objective over which the sharpness of the visual image does 

not noticeably change, and determines the accuracy w1Jh which the depth of an event 

may be measured. 6 is given by ~/(4n sin2 a/2), where a is determined from th~def-

inition of N.A •• Air objectives give crisp pictures but have small numerical apertures 

and cause grave geometrica1 distortions at high power since index of refraction changes 

occur at air-1ens and air-emu1sion boundaries. Immersion oil objectives greatly re-, 

duce this problem because lens glass, immersion oil~ and emulsion ge1atin all have 

n"'1.5. 

Of course other microscope accessories were necessary. Immersion oi1, 

in addition to its obvious purpose, also serves ~ô disperse heat absorbed in the 
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emulsion from the illuminating light. This helps to prevent the emulsion which 

is composed mainly of organic constituents from being damaged at the focal point. 

We used green filters to make the image pleasant and reduce the width of the light 

frequency spectrum used. Reticles placed in the oculars served to superimpose 

scales, reference ~es, or coordinate grids on the image plane. Reticle patterns 

were calibrated using a stage micrometer consisting of a 1 mm. rule ~th 100 ten 

~ divisions. We designed the-emulsion room and equipped it with a hygrometer-

thermometer, humidifier, dehumidifier, and air conditioner. Temperature is main-

tained at ~ 120 ± 3 and relative humidity at ~ 55 ±5%. Prolonged exposure to 

overly damp air makes emulsion swell, soften and fog, while dry air makes it shrink., 

causing stresses capable of peeling the emulsion from the ,glass plate. 

From this description it is clear that all information was obtained from 

manual scanning. Deve~opment of automatic scanning techniques for emulsion physics 

is very slow due to the serious problems mentioned above, and because of the com-

plicated appearance of many interactions in nuclei. This is unfortunate since finding 

and analyzing an event usually requires several hours of eye-straining tedious labor. 

3.2 Technique 

3.2.1 Assessment of Vertical Bearn Exposure Method ........................................... 
~:Vertical ( or transverse ) beam exposure results in several advantages 

over longitudinal ( or parallel ) exposure. The beam flux. JDB.y be chosen two orders 

of magnitude greater because paths appear as an almost contlnuous sequence of dots, 

eash of which 18 reinforced by the shadows of !ts nearest neighbors above and below • 

. 
Using the Z-motion microscope control such paths are much easier and more rapidly : 

/) 

t
~f~lJ.OWed, than the side view as seen in parallel plates, 

/ / II 
/ , 

where ooly about twenty grains 
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are developed and statistically scattered along one hundred microns of track lengtn. 

Another advantage is the shrinkage of emulsion during development by more than a 
~ 
factor of two. Tbis means more track is scanned than indicated by the Z-motion micro-

meter, and results also in larger and therefore more easily measured shower particle 

angles. With the optics we used sorne 105~ o~ beam track vere followed in each field 

viev. With the same optics only about 200~ of path length could be folloved on a 

parallel plate before a change of field became necessary in the along-the-track 

scanning technique. 

However, vertical area scanning has a serious disadvantage.compared to 

parallel track scannin&. The problem is that event5 vith small showers and few or 

no nucléar fragments are 50 much harder to sIe than events with nuclear disintegrations. 

Since 75% of aIl events are these easily seen incoherent events the scanner is likely 

to scan too quickly ta see the 8maller event8 with reasonable efficiencies. The 

problem is not encountered by along-the-track scanners who recognize any interaction 

when th1ttrack they follow becomes a set of tracks, or at least chan~es direction. 

3.2.2 Procedure for Event Scanning ............................ 
An area of l mm2 18 chosen, defined by four neighbouring .5 mm square co-

ordinate grid8. Flux i5 counted near the center of this area and i8 used to represent 

the whole reg1on. ~tlis flux counting i8 done by means of a reticle inscribed with a 

10 square by 10 square grid whose image dimensions are obtained using the stage micro-

meter. To be counted as a beam proton a track ,is tollowed trom the surface for about 

100 ~ of Z-motion to ensure that it ls parallel to the lattice formed by other beam 

tracks • 
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The same reticle is used for event scanning. A group of several protons 

is observed during one or more traverses between top and bottom of the plate. If 

a beam track is seen to develop into a shower the sc~~er records the depth of the 

event, the projected position on the emulsion coordinate grid, and makes a rough 

count of the number of heavily ionizing and minimum'ionizing tracks. This infor-

mation defines the appearan~~ and position of the event so that it may be later re-

visited for further analysis. The scanner then proceeds to observe a new group of 

protons and eventually covers the area seen within the reticle grid. Using the X 

and Y motion controls, an adjacent field of view is chosen and the process repeated, 

t OI th t 0 2 0 d un 1 e en 1re mm 1S scanne . An example of how we recorded scanning data for 

2 1 
a typical mm is shown in Figure 2. 

3.2.3 Procedure for Track Classification .................................. 
Tracks are classified according to grain density g. If the bewn protons 

have a grain density g (~17 grains developed /lOO~) then the classifications are: 
o 

black h > 4 g 
0 

grey 4g > gg > 1.4g 
0 0 / 

minimum 1.4g > ~ 0 

Minimum tracks are formed,by sing~· charged relativistic particles, and are attri-

buted to beam tracks and ahower parti cIe tracks. Black and grey tracks are formed 

by non-relativistic singly or multiply charged particles, and are attributed to 
, 

nuclear fragments although there is a small contamination by slow pions (discussed 

in Section 5.5). These, fragments are produèed when the nucleus rearranges itself 

after the incident proton punched a hole through it. Black tracks less than 5~ 
1 
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in le~gth are caused by nuclear recoils. In emulsion one can observe fairly 

Slow(S) recoils ( ~ 0.2 MeV protons and ~ l MeV carbon nuclei). 

Tracks are classified for each event by counting the number of black 

tracks Nb' the number of grey tracks N
g

, the number of minimum tracks N
s

' and 

by noting if a recoil is visible. The total number of charged fragments i6 

called ~ = Nb + Ng. Occasionally a track can not be followed for distances 

long enough to establish its category. If a choice betveen black or grey must 

be made then there is no problem because in any case the particle will be con-

sidered,to be a nuclear fragment. If a choice between grey or minimum could 

not be resolved, the scanner made a best estimate based on the limited infor-

mation availnble. Fortunately, a determination by grain counting cao usually 

\ be made before this stage is reached. 

Figure 3 shows hov track classification data vas recorded. If the 

event vas too lov in the emulsion to allow a definite shower count then it was 

passed over for ,:Y1e next event. 

axis reticle, an~each octant is 

Events are centered on a Cartesian coordinate 

searched using the microscope Z-motion. "Forvard 

Shower" refers to those ~inimum tracks at angles ~ 10
0 

with respect to the beam 

direction. At these small angles minimum tracks are ef!~ to see because they 

diverge slowly from the incident beam direction. Shower tracks at larger angles 

are more difficult to see because there are considerable gaps in the XY-plane (as 
l' 

weIl as the Z-direction) betveen developed grains. These "'transverse Shower" 

tracks may be seen by following imaginary lines outward trom the interaction vertex 

while varying the Z-motion control at different rates. The track appears as a se-

quence of developed grains along one of these imaginary Hnes. eare must be taken 

J 

0-
• 
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to ensure that the sequence is not from a random background of developed ~rains. 

+ - , 
The tracks of electrons and positrons (e.g. from e e pairs or knock-on electrons) 

must also be discarded. These may be recognized by twisting tracks'characteristic 
,J 

t 
of large angle multiple Coulomb scattering of light mass particles. 

3'.2.4 Procedure for Angle Mea~urements ................................ 
Let e be the angle of a shower particle with respect to the beam direction. 

Let B be a vect~r defining the beam direction, and S a vector defining the direction 

of the shower particle. Then cos e = B's/(IÊI . ISI). Thus the angle is determined 

by a measurement of the vectors B, S. 

Choice of a Z-value for these vectors 15 the result of a compromise between 

large values to better define a direction and small values to reduce the effect~ of 

development strains which are sometimes very serious near the emulsion bottom. Since 

these strains 1 can never be completely avoided ZB and Zs are chosen between tl:.e srune 

emulsion'depths whenever possible 50 that both B and S may be distorted in the same 

way. Zs is measured directly from the interaction vertex toward {he emulsion bottom. 

However ~ must be measured using a nearby beam partiele, sinee the original is usually 

detlected during the collision. The values of Z obtained using the Z-motion micro-

meter must be multiplied by the shrinkage factor 

s = thickness of einulsion during exposure to beam 

thiekness during measurement of Z 

to oQJ,ain the actuaJ. displa.cement desired. Accuraey of Z measurement8 i8 determined 

by the a~ility to locate the exact position of the vertex and by the depth of focus 

h. The X and Y values are obtained by using a reticle Besle calibrated vith the 

stage micrometer • The pa.rtlele 18 centered on the scale at the vertex depth, and its 

i 
,1 

.; -
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X or Y value measured at a de~th Z~ below. Accuracy of the X or Y measurements 

i3 determined by the scale calipration, by the optical resolution, and by the de-

veloped grain diameter. These quantities as well as optics are specified in Table 4. 

Figure 4 shows a sample set of angle measurements. For each event the 

+ 
shower prongs are sketched and labelled ta avoid confusion. Then components of B 

and each of the vectors Sare obtained as described above. bZ, the uncertainty v 

in vertex position, is estimated from noting the limiting depths at which the beam 

is definitely still above the collision, and at which the shower is dèfinitely 

in existence. The angle e and its deviation be are calculated. Sin e values for 

each shower particle are necessary for the application of a coherence criteria (see 

Section 4.5). The quantity loglO tan e is related ta the rapidity, and its expect­

ation value can be used to determine the effective center o~ mass velocity (see Sec-

,tion 5.4). It is clear that errors are large for small e, however, the ar~ of a 

nature which 15 not expected to seriously affect the rebUlts obtained 

measurements. Section 5.4 contains a further discussion of these error • 

r' 
• 

om these angle 
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4. ANALYSIS OF DATA 

4.1 Efficiency 

We wish ta demanstrate why efficiency corrections(6) were not very im-

portant for our work. Suppose a s~ple of emulsion containing N events is scanned 

by two observers A and B wi th effici~ncy fa.ctors 1~.,11p, respecti vely. Let nI be 

the number of events which both observe, n
2 

the number which A observes but not 

B, and n3 the number which B observes but not A. 

so that 

and 

Then by definition: 11.::: 

~z.== 

11. p :: 

N ~ .()ll+t11-)('l1,~ 11~) 
1\ , 

YA >Le. N 

'IA(I-J(PJ)N 

'1[6 ( 1- J( A ') N 

The method. assumes events missed are purely random. However biases exist 

because both scanners will tend to miss difficult events. For instance, events (or 

stars) with Nh ~ 1 are mueh harder to see than stars vith Nh > 1. Therefore, separate 

ef~iciencies must be defined for these categories. Furthermore, events vith N
h 
~ l 

and low Ns are much harder to see,than :ther Nh ~ l events; more efricieney factors 

must be calculated. 

Consider Table 5 which shows the results of a rescan of Il mm.2 (out of 23 

• 
total seanned) at larger magnification and perhaps half the rate of the initial scan. 

Both seans, though performed by the author, were independent. '!'wo details immediately 

evident are that all events seen ln the first scan A vere also seen in scan B, and . 

that 10 % of the N
h 

= 0, N ~ 7 events seen in sem B were missed in sean A. s Clearly 
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a rescan of the region under the s~e circumstances as scan A would not be ex-

pected to.be g reliable means of determining the true number of events in a given 

N
h 
~ 0, low N

s 
category. 

Furthermore, it became clear that we would not be able to amass good stat-

istics at either scanning rate with our scanning power. This was based on the ob-

servation that finding an event, classifying its tracks, and doing angular shower 

measurements each required periods of the order of one hour at the microscope. We 

therefore concluded that a statistically small but accurate collection of events 

which could be combined with data from the line-scanning members of our collaboration 

was the only solution. This course dictated a method as in scan B. Since our re-

sults agree(to within statistics) with those uf the parallel plate line scanners, we 

,feel our method has been justified. 

4.2 Estimate of I-Prong White Stars 

While scanning for inelastic interactions we did not unambiguously identify 

any clean (i.e. Nh = 0, no recoil) I-prong events. It is easy to imagine that such 

events, characterized by an incoming relativistic beam track and a single outgoing 

relativistic shower track, did not present sUfficiently violent appearance to attract 

our attention. However, the Serpukhov data at(7) 67 GeV indicates an interaction 

length of 45 m for such events. The Russian group feels that this number i8 an over-

estimate because of possible coherent interactions vith deflectian angles less than 

0.60 which have been excluded as elastic scatters in their analysis of I-prong events. 

It is clear that the cross-section for l-prong white stars in emulsion i8 tao large 

ta be ignored. We cannot obtain this number from other members of our collaboration 

who used the line scanning technique b~cause they too have difficulty in seeing these 

events. 
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Therefore we carry out a model dependent estimate for these events which 

is based upon existing data(8) for the two-body process 

(1) 

and which uses a theory of particle production in nuclei due ta MargOlis(9). The 

theory is an application and extension of the Glauber multiscattering theory to 

the coherent production of particles in medium and heavy nuclei at multi-GeV energies. 

We are interested in the process l + A ~ 2 + A (II) 

in the high energy limit where the )longitudinal momentum transfer 
:a. 2-9- 1:;: ;~1z. - m, >- 0 _ 

{, .-{. l'. + pz. 
In this reaction l i9 the incident particle, 2 ls the outgoing particle (i.e. Ni/2) 

and A i9 the target nucleus in its ground state. Assumptions made are that the inter-

action does not depend on target quantum numbêrs, that the two-body process (1) is 

only a small part of the tot~ pp or Ni/2 total cross-section cr] or u2 respectively, 

and that the scattering amplitudes are predominantly imaginary. 

~ the coherent differential cross-section is(lO) 

Then the result for 

(i) 

Here J i8 the cylindrical Bessel function of the fi~st kind of order zero, 
o 

l. ~-"~ t ~-% where 1- = fi - f2.r, and T(b) l, a profile function. 

T(b) = A~~,Z)d~ 
-+ -Olt' 

p Cr) la the single particle density function of the nucleus vith normalization 

To carry out the calculation we assumed the N!/2-nucleon cross-.section is 

essentially the same as th~ nucleon-nucleon cross-section, i.e. 

0;- ~ Oï. ~ 3Cf 'Hl b • 
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Thus the expression (i) becomes 

( i;) 

We assumed Gaussian density functions 

where R is the root-mean-square nuclear radius. Values of R used for the emulsion 

nuclei vere taken rrom electron scattering data(ll) and are given in Table 6. 

We obtain 

T(b)=!.oA e..-~ b"/R,2 
Z 1T RZ, 

., 
and for purposes of carrying out the integration in (ii) we transform variables to 

-3/2 b 2/R2 
Y = e . The right hand side of (ii) becomes 

which ~as evaluated nume~ically. 

The curves of for two emulsion nuclei are shown 

~n Figure (5). Values at t = 0 are interpreted as the squares of the "effective 

nucleon number", i.e. as Neff
2• Neff ;èpresents the average number of nucleons of 

the target nucleus which act together to coherently produce 2 in the forwar~ dir-
~ 

ection. Values obtained for Neff are given, in Table 6. 

For purpases of calculating the, total cross-section for coherent production 

of 2 it .yas necessary to integrate the curves discussed above and multiply by ex-

• 
perimental values of ~ (1 ) 1 . From the data of reference (8) t.he 'dOminant. contri-

dt t = 0 

\ . 



• 
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bution is from the N'(11nO)+ which has 

,{cr[N'(f47C')+J[ '" 1('., (at beam momenta 4.55, 6.06, and 7.88 GeV/c) 

â t_ f.=L-' 

The calculated cross sections uN'(1470)+ are shO~ in Table 6 together vith the cross 

section for p + p -+ N' (1470) + p , measured (12) at 30 GeV. 

Of course we are interested only in the decay modes of N'(1470) which ex-

hibit h e d t k· 0 + 0 0 d + 0 S· one c arge rac, ~.e. pn , nn , pn n an nn n. ~nce the Nn: Nrrn branching 

ratio is(13) ~ 60:40 it is reasonable to expect.that ~ 80% of the cross-section 

contributes to the processes of interest. Thus ve cau obtain the interaction l~th 

from À = (.8 x tniui)-l where the ni (number of atoms of type i p~r cm3) are obtained 

from Table l and the u. are given above. 
1. 

Therefore we crudely estimate the l-prong white star interaction length 

to be 32 m, which essentially agrees vith the assessment of the Serpukhov data 

at the beginning of this section. 

In Section 5.2, we include this estimate as an entry in the relevant shower 

partiele multiplicity~istributions. 

4.3 Correction for 2-Prong White Stars 

Events vith Ns = 2, Nh = 0 and no recoil are caused by proton-nucleus in­

elastic interactions, by knock-on electron interactions, and by elastic pp collisions. 

The number of inelastic events may be eXtracted from a collection of events fram aIl 

three categories because cross-sections for knock-on electrons and elastic pp collisions 

are known. These calculations are done belov and applied to our data. 
1 

The elastic pp cross-section at 200 GeV is(14) 6.8 ± O.3mb. From Table l 

the hydrogen content at beam exposure time vas .055 f!JD../cm3 _ Thus the mean free path 
CO , 

for elastic'pp collisions ls 44.7 ± 2,Om. 
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The collisi~n probability for protons (mass m, momentum p, kinetic energy E) 

incident upon electrons from atoms of charge Z and atomic number A is(15) given by 

1?ca~tb=)E-/).if/:= ~~ N-r:.\e2
"7Jlf -~~ I[ f - __ b"7/~ ~ + ~ /_E,: '- ~J 

A -B;;!.(~') ~ E:. /J.( (J l E -+ 'n"\.. . 

, 
Here E is the recoil electron kinetic energy, N is Avogradro 1 s number, m the 

e 
2 '" 

electron mass~~ the incident proton ~peed, and re = e !me the classical electron radius 

The recoil electron makes an angle e with respect to the beam direction related to E' 

by 

E'=- ~7H~ f2~.2G 
{ life. t (r'J.,+1,\2)f/~~2.._ ~l-cLMl..2e 

1 1 
The maximum energy E transferable to the electron is given by E at e = O. 

m 

In or der to apply this collision probability expression it is necessary to 
'" 

choose a ran~e of E' over which to form ~ =.~ (..1. • (E) t=,/))(' .. We chose as upper 
':t' J ~L ,"·l 

, 1 0 
limit E = E. The lower limit was chosen to correspond to e = 7 , thus excluding 

m 
o all knock-on phenomena at 6 > 7. Due to, shrinkage of emulsion during development 

this angle is actually measured as ~16°, and is consequently associated with minimum 

tracks fIat enough to be easily missed, so that such events might not be seen while 

scanning. Perhaps a more important reason for the choice of thlS eut-off angle is 
o 

related to the fact that recoil electrons at 7° have E ~ 68 MeV. Electrons at this 

and lower kinetic energies are usually reco~izable by their twisted tracks caused by 

multiple Coulomb scattering. 

The calculated mean free path for knock-on collisions in the angular range 

described above is shown in Table 7 for each emulsion element. The total mean !ree 

path is obtained fr~m À = [Eil/Ài]-~ ThUB the knock-on mean free path' used for corr­

ections is2.6 m. 
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With the intention of testing these knock-on and elastic pp corrections 

we kept record of aIl 2-prong clean events while rescanning the Il mm2 mentioned in , ~ 

Section 4.1. We fOUQd 18 events for an upcorrected mean free path of 2.0 ± .5 m. 

This is not much different from the correction to be applied. 

The correction described above is not very satisfactory. for two reasons. " 

First ~f all, it appears to throw out almost as many events as are measured, 50 that 

the result is not accurate unless statistics are very high. Secondly, we wish to 

present the shower particle angular distribution for Nh = 0 events, so that it i5 

important to throw out only events which are supposed t~ be thrown out. 

2 L,"'~~' Therefore in our total sample of 23 mm of emulsion scannetÎ))': h 
~~ 

event was 

carefully restudied to see if the scattered angles were consistent vith elastic pp 
Q 

scattering, or if a track could be seen to wobble like a knock-on electron. Such 
~ 

events were thrown out. The remaining knock-on events were ~cted on the basis that 

~he proton deflected much less than woul~ be expected in collisions involving heavier 
( 

1 

~rticles such as pions. Surviving events were acc~pted as genuine proton-nucleus 
, , 
, 1 

ipelastic 2-prong clean interactions. 
\ 

4.4 Correction for 3-Prong White stars. 

,Events with Ns = 3, N
h 

:: 0 and no recoil are caused by proton-nucleus in­

+ -elastic intèractions, by photon produced e e' pairs which are coincident with beam 

+ -tracks, and by direct e e pairs produced by beam protons in the electromagnetlc field 
\ 

of emulslon nuclei. We shall discuss how the latter two categories were eliminated. 

~ 0 
Many high energy photons were created by the decay 1f -+ 2y. A fraction of 

these photons materialize to pairs at points on the tracks lett by beam protons. It 18 
.... -o hard to estimate the number of such_ talse tridents i}lecause the 1f spectrum ~s unkno'WI\ • 

\'> 
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However direct identification is possible since the beam track is not deflected 
~\ 

and both mêmbers of the pair tr~vel in nearly the srume direction. In fact the 

rms angle between the traJectory of the e+ or e and that of the primary Photon[(~5),p.83] 

is '" r.Â~~~, where E is the photon energy. For E 'ù l GeV this angle i5 'ù 0.20
• 

Events witb these characteristic5 were thrown out. 

~ calculation[(15),p.86] for direct ~air production by beam protons is 

shown in the Appendix. Interaction lengths for each of the emulsion elements are 

given in Table 8. We estimate the mean free path for this process to be 3.9 m. 
. 2 

While rescanning the Il mm mentioned in Section 4.1, we kept record of aIl 3-prong 

clean events which might be inelastic interactions or caused by direct pair pro-

duction. ~ We found 10 ev~ts corresponding to a mean free path of 3.6 ±~l.l m. 

Thus as in the 2-prong case the correction i5 almost as big as the quantity to be 

corrected. 

Once again we decided our statistics did not warrant such a technique, and 
, 

considered the possibility of recognizing~direct pairs by their strongly scattered 

tracks. Our biggest problem would come from events in the high energy regions (lIN and 

Ils in the Appendix) ,of the calculation. In these regions the energy shared by the pair 

is greater than '2 '!!! times the beam energy, that is greater than 0.21 GeV. Table 8 
~r 

gives the fraction of such events for èach element. The total fraction, being 'ù 10%, 

is not very smalf. We nevertheless decided that direc~tion of the pair pro-

duction events vas the lesser evil. 

" 

4.5 Identification of Coherent EvEnts 

A coherent reaction between(5) a beam proton and stationary target nucleus . 
must leave the target in astate vhich cannot in principle be ob~erved to find out wbich 

nucleon has, been struck. Therefore coherent events in emulsion have no nuclear irag-· 

mente or visible reeoils. Furthermore slow Pio~oduction i8 . . 

Il / 

-' 
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not expected because an angular coherence criterion (given below) forbids large 

production angles. Since the target contribute3. no particle to the shower the visible 

number of shower particles N is odd. The difference in phase shift between the 
s 

incident proton and outgoing shower states must satisf:)'r th.e condition .ifRA~" Here 

9" is'the longitudinal momentum transfer, and RA.is the radius of an emulsion 

nucleus. ~ simple kinematics(l6) this,condition may be written: 

The sum is over all shower particles produced in the reaction, however 

we shall apply this condition summing over only those particles which we can see. 

This i5 justified by the fact that there are usually less neutral (i.e. uno~erved) 

~hower particles than charged shower particles, and because of the approximate nature 

of the inequality. 

As pointed out in the 67 GeV/c results(7) not aIl clean events of a given 

N with L sin 9. < 0.3 are coherent. A background subtraction may be performed by 
s ]. - \ 

consider~ng the small " dirty " (those ri th Nh = l, or a recoil, or both) stars of 

the same N • 
a 

We expect the ratio of these (incoherent) dirty stara vith '" sin 9.<0.3 L1 l.-

ta dirty stars vith L sin e. > 0.3 to be approximately the same as the ratio of in­
]. 

coherent clean stars with E sin 9. ~ 0.3 to clean stars vith E Bin 9. > 0.3. With 
]. 1 

a total sample of only 10 star~ satisrying coherence criteria (at Na = 3,5,7) ve lacked 

sufficient statistics to apply this type of correction, and simply kept all the clean 

events satisfying the angular coherence criterion. However, vhen our data is combined 

wi th the results of other members of the collaboration 1"or a future publication on 

coherent events, we shall be able to apply t~e cdrrection described above. 

As a final remark ve mention that the angular distribution results in 

Section 5.4 are a by-product 01" this L sin e. analyais. 
1 
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4.6 Limi tations ~arget Nucleus Identification 

A drawback in emulsion experiments is the inability to identify the 

nuclear targets in moot reactions. Sorne inf'ormation may be obtained by range and 

track thickness measurements of' visible fragment or recoil tracks, but this infor-

mation is too incomplete and too 1aborious to obtain to justify the effort. We 
'. 

theref'ore pre fer to accept this limitation and leave the study of interactions with 

specifie nuclei to other experimental techniques [such as bubble chambers filled 

with He,Ne(17) or organic materials, or counter experiments with nuclear targets 

surrounded by Cerenkov counters (18)]. 

Despi te this drawback, we compare (in Chapter 6) our results to some 

models whose predictions cao be obtained by averaging over the known emulsion com-

osition. Since these models are only weakly dependent on atomic number it proves 

useful to divide the emulsion elements into three groups as follows: 

H (heavy) Ag, Br, l 

M (medium) : C, N, 0 / 
L (light) : H . 

) 
From the emulsion composition, and assuming an A 2/3 cross-section dep-

endence, the H:M:L interaction ratios shouJ.d be '" 70%:25%:5%. , From the Nb and recoil 
" 

spectrum in Section 5.3 we can identif'y moilt of the interactions from tbe heavy group • 

\ 

-t \ • 
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5. RESULTS 

5.1 Inelastic Mean Free Path 

Before calculating the interaction length it was necessary to make top 

and bottom depth cutoffs. To allow the scanner to determine whrther o~ not a beam 

proton entered ·an event a top depth cutoff of. 22 ± 1. 2 II was f6und sufficient. The 
\ 

error bar is based on the depth of focus given in Table 3. Event 10ss of small stars 

(those with N
h 
~ 1) near the emulsion bottom was obtained from Figure 6 which shows 

the number of events scanned versus depth in emulsion. This loss appears connec~ed to 

the deterioration of object image quality by light scattering through large thick-

nesses of emulsion. We chose a bottom cutoff of 202 ± 1.2 II to eliminate this bias. 

Since the emulsion was 276 ± 2 II thick on the day this was done, the thickness of un-

deye10ped emulsion used for inelastic mean free path calculation vas 421. ± 5 II of 

~he origipal, 646 ~. 

233 out of 279 stars scanned in 23 mm2 survived these cutoffs. Using an 

average flux measured for each mm2 , we determined that the stars vere round vhile 

scanning 7890 ± lOOcm of track. Thus the inelastic me an free path is 7890 ± 100cm/233 

stars = 33.9 ± 2.3 cm, assuming a statistical standard deviation for the number of 
a 

stars. Note that this number excludes any events in the category Nh = 0, N
s 

= l, which 

vere not measur.ed. If we use the analysis cif Section 4.2 to correct for these events, the 

mean free path decreases to 33.6 CIn. 

5.2 Multiplicity" Distribution of Shower Particles 

Some events inc1uded in the ine1astic mean free path calculation proved 

too dlfficult to classif'y because of image distortion extending from the interaction 

vertex down to the emulsion bottom. The distortion vas due to large numbers of heavy 

tracks. B,y increasing the lover deptb cutoff to 100 ll, we vere able to exclude the8e 

events. The shower distribution of the remaining events 18 shown in Figure 7. The 
j , 
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entry for N = l is based on the discussion in Section 4.2. The average charged 
s 

particle multiplicity is 13.1 t .25. 

In Figure 8 ve present the shower particle distribution for small stars 

(Le. those ..rith N
h 
~ 1) which vas obtained by reinstalling the 202jJ cutoff to 

;ti 
slightly increase our st~tistics. The hatched distribution corresponds to events 

vith even multiplicity. The average small star charged shower multi~icity is 

7.4 ±.4. For the even prong ("hydrogen-like") events it is 7.8 ±O.6, which 

is in excellent agreement ri th the hydrogen bubble chamber (14) pp resul t of 7.65 ± 0.17. 

We must recall however that only about 10 of the 25 events used in calculating the 

average are expected to be pp interactions, based on the emulsion composition. For 

odd-prong events the average multiplicity is 7.0 ± 0.5. This number i8 somewhat 
. 

lov because of coherent events at N = 3,5 and 7 which tend to lower the average s 

mul tiplic i ty. 

We found 10 clean (Nh = 0, no recoil) odd-prong events'(see Section. 5.~ 

for details) satisfying L sin e. ~ 0.3 among the 56 small stars. These interactions, 
). 

which cnn be coherent, are composed of 7 three-prong, l fi ve-prong and 2 seven-prong 
\ .. 

1 
stars. If we remove these possible coherent events as weIl as the 2 one-prong co-

herent events (estimated frOm the model in Section 4.2) :from the 33 odd-prong 

events in Figure 8 we obtain an average charged shower multiplicity of 8.4 ± .6. 

The change in multiplicity caused by the removal of these interactions demonstrates 

the important role !",hich they play in hadron-nucleW3 collisions at ~h energy. rTe 

remark that the 'overabundance of tbree-prong coherent events is in agreement vith 

the 67 Gev(7) results. Our statistics are not sufficient to ~lo~ us to determine 

if, there ia an overabundance of 5 and 7 prong coherent events. 

Fie,\lre 9 (a) contains aJ.I the events in Figure 7 which are unambiguously 

caused by beam interactions (Le. event8 vith N
h 

> 8, or a recoU, or bothJ __ ~~th 



.' 

.' 

24 

\ 

heavy (Ag, Br, 1) nuclei. The3e constitute 120 of 202 events, representing 

60% of our semple. This is in reasonable agreement wlth the 70% estimate based 

on the emulsion composition(see Section 4.6), and indicates that onlyappro-

ximately 15% of the heavy nucleus interactions cannot be unambiguously identified. 

The average charged shower multiplicity for these events is 15.1 ± 0.4, which is 

larger than the value obtained for all the events including the light and medium 

interactions. 

For purposes of comparison consider Figure 9(b) which contains the 

clean events of Figure 8. These include the coherent event~. the collisions vith 

hydrogen nuclei, and any remaining peripheral collisions in which the target nucleus 

vas not visibly disturbed. Here the average shower distribution is only 6.2 ± 0.5 

vhich is less than half as large as the corresponding number for large nucleus in-

teractions. Further aspects of the correlation between star appearance and shower 

multiplicity will be given in Section 5.3. 

Multiplicity distributions pl~ an important role in pp collisions by 

testing models which predièt their energy dependence. Interesting quantities are(19) 

< N (N -1)\> and < N >/D where D = < N
2 > - < N >2 is the variance (i.e. D = ~ = < N > s s s s s s 

tor Poisson distributions). The first expression < N~Ns-l» grows like lns or (1ns)2 

\ in multiperipheraJ. models, and like ra in fragmentation models. Rere s i6 square 

of the total C. M. energy. 

mul tiperipheraJ. mooels, and 

The second expression < N > ID grows as s 

like (tns~1/4 in fragmentation models. 

( -1 
tns) in 

The distribution 
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width may be compared to the Poisson using width 2 
parameter f = <N (N -1» - <N > 2 s s s , 

1 since for the Poisson case f
2 

= D - ~ = O. We~lso mention the empirical relation-

of Wroblewski ~20) na.mely D c: 0.585 «N >- 1), which is weIl satisfied in the pp 20-200 
s 

GeV range. Naturally the energy dependences of the distribution parameters used for 

pp collisions will probably be altered when a9plied to p-nucleus collisions. Therefore 

we present these quantities for comparison to the 200 GeV pp(14) values in Table 9. 

Predictions on the behavior of < N > in p-nucleus collisions will be discussed in .. s 

Chapter 6. 

5.3 Multiplicity Distribution of Nuclear Fragments 

The events of Figure 7 are replotted as number of events vs. Nh(number 
'(;> 

of black and grel tracks), shown in Figure 10. The hatched events are those in which 

a recoil has been observed. We obtain the average value <N
h 

> = 7.8 ± 0.2. Table 10 

gi ves the percentage of stars in various N
h 

groups and compares this to data at 22.5 

and 6.2 GeV(21). There is an increase of about 16% in the number of events which 

have N
h 

5. lover the 22.5 GeV data, which can be explained by the overabundance of 

coherent event5. 

An increase in shower number ri th atomic number ls evident from a plot of 

N
h 

vs. <N
s

> as ,in Figure Il. We fitted thls data with a str~ght 11ne <H
s

> = A+BN
h

• 

The parameter values ~e A = 7.85 ± .30, B = .60 ± .035, and the reduced chi-square 

15 2.90. The intercept A agrees very vell wi ~h the hydrogen resu1 t (14) of <N > = 7.65 
s 

± .17. However this should not be taken too seriously because there is no justification 

in assuming the data should be fitted by a line since events at Nb = 0 are biased 
! • 

toward coherent and pp interactions wbile events at values of N
h 

> 8 are biased ta-

ward p-heavy nucleus interactions. Bote the low experimental point at 1\ = 0 or 6.6 

± 0.5. We must rece.ll. that the hydrogen mul.t1plicity mq be pul1ed dowh by the 
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coherent events as weIl as peripheral' quasi-"p-neutron" coll~sions with neutrons 

of the target nuclei. 

5.4 Angular Distribution of Small Stars 

In our sample of 233 stars measured in 78.9m of beam track we f'ound 56 

small stars, that is stars which have no more than one heavy track. Using the 

method of angular measurements described in Section 3.2, the polar angles were 

measured for aIl the shower particles, at;l average of 7 per ~vent. The E sin a 
i i 

analysi s of Section 4.5 was applied to each clean (i. e. Nh = 10 and no recoll) odd N~ 

event, resulting in dN/(dE sin a.) distribution for events seen in Figure 12. 
1. 

We chose the events with E sin a. s 0.3 as coherent, as was discussed in Section 
l 

4.5. We find 7 3-prong, l 5-prong and 2 7-prong possible coherent stars. 

Before proceeding we shall introduce the parameters (22) which will 

be useful in describing the properties of the angular distributions. The basic 

variable used is UL = 10glO tan aL ' where aL ls the angle in the lab made by 

a shower particle with respect to the incident beam direction. Let us call this 

shower particle n and assume that it moves with speed an and at an angle 8
C 

in ref­

erence frame C. The reference frame C moves at speed Sc in the same direction as 

the beam, wi th a Lorentz factor y • Then the transformation of angles is given by c 

If we assume B la ~ l then we obtain c '1\' 

or 

Therefore we obtain the remarkable resul.t that tBt! lo~O tan 8
C

/
2 

distribution looks 
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the same as the U
L 

distribution in any frame where ~"" 1 is satisfied. This is 

e~ted to be applicable in collisions of sufficiently high energy that the center-

of-mass (CM-) frame moves wi th BCM '\.0 l wi th respect to _the lab frame, and a shower 

particle w moves witb B ~ l with respect to the eM frame. Consider a choice of 
1T 

, , 

the 10glO tan e
C/2 

axis such that < 10glO tan Belz>= o. This def'ines a frame e whicb 

i5 most nearly symmetric vi th respect to e C = 90
0

• Such a frame is expected to app­

roximate the CM- frame. This foms the basis of _the 'Castagnoli formula (23), -~(O DC/\\ 

<: J!"j'O+.j,>1 ft>, fiont vhich the Lorentz factor Y
eM 

of' the ~M- frame may be deduced. 
'f 

An effective number N
eff 

of target nucleons whicb participate kinematically in an 

" 

average collision may be obtained from the expression 

{ ,- N )/J iJ 2J 
Cf+ "n'PIN -1'1' 

where Ep and Pp are the lab energy and momentum of the beam partie le, and ~ i5 the 

nucleon masse Solving for N
etf 

Ne n = (rr/'Be "-1- S ,Y.rii N • 
, 

Anotber interesting feature of the variable DL . ia its approximate equiv­

alence to the lab rapidity(24) Y
lab

• The relation is 

, l "'-'.J' ~ .) ~ L:t ....J. 
~L - -'-JIO(.~ -.2J i...:.JJ ,~7""0. 

From the Castagnoli formula one deduces the average lab rapidi ty for an event 1s 

• 

The dispersion (or isotropy) a lB def1ned by: 

,-..- = ~ 1 <)' ·(U - < u '/\Z' 
L_ N'. LJ L· L) 

- 1 i. 1 

la a parameter wh1ch 18 use:ful 1n determin1ng the character of t.he an8uJ.ar distri-
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bution. For example, a distributl.on which is isotropie in the CM-frame 15 nearly 

Gaussian in the U
L 

variable, vith cr = .39. A distribution which is flat (24) in the 

" " , 
r!?-"pidi ty variabl~ y lab over a length L (such as the central plateau of the scalin~ 

hypothesis) has 
L 

" ci ct C' L \~ ~ - L .- 1 J ) -
... c 

, --\ ':::- L 121 ,'" 

The final parameter which we are interested in i8 D = n -Nt where N. 
l 

Ne+N~ 

is the number of particles lying in the central region IICj,ot<lM~I<a.~ d and Ne 

is the number outside this region. Then we expect D to be zero for Gaussian dis-

tributions, posi ti ve for di stri butions more populated in the wings, and negati ve 

for those with more particles in the central region. 

Let us now consider the construction of the U
L 

distributions about to 

be presented. The. data was collected in U
L 

- bins of width 0.2. Naturally, errors 

in the determination of U
L 

cannot be directly exhi bi te.d. on the distribution, so we 

have shown a"erage values for the error bars of some bins in Table 11. These values 

were computed on the basis of length measurement errors shown in Table 4 and dis­

cussed in Section 3,.2. For values of U
L 

smaller than 2..c? 3, the errars became 
c 

larger than the bin width, re flecting the inaccuracy wi th which anglefS smaller ,than 0.30 

, . 
are me as ur able in vertlcally exposed emulsion plates. Most of the U

L 
values are 

between -2.2 and,O.O so we expect reasonably accurate distributions with errors det-

ermined primarily by the statistics. 

In Flgu.res 13 and 14, we show the U
L 

distribution for the following 
/ 

categories of events: 
.i 

Figure 13: a) ail the small 
, . 

stars 

h) "c1ean" stars which may be coherent (Le. L sin e i ~ 0.3) 
( 

i 
Figure 14: a) small stars with Nh .= 0 

~ 

b) sma1l. stars vith N
h 

= 1 
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. 0 
The dotted line passing through the U

L 
::: -l. 015 represents 90 in the nucleon-

nucleon center of mass system. Table 12 summari zes the number of particles appearing 

in each distribution, < UL :> CM' Neff , cr, D and the fraction fforward of particles 

which travel forward in the CM-system. Except possibly t'or the coherent events, 

the results do not appear to favor an isotropie distribution in the CM- frame. We 

mostly find that more particles travel backward than forward in this frame, and 

• 
the angular regio!l. defined by 1 loglO tan 6 CM/ 2 1 <.64 cr is less populated than would 

be expected in an isotropie distribution. 1 Obvious reasons for these asymmetries 

are the coherently-produced particles and the surviving incident protons. The presence 

of asymmetries due to the limiting nature of transverse momentum distributions (fos-

tering & festering ideas such as limiting fragmentation and fireballs) has long been 

known. The effective nucleon numbers for these distributions are only fractions of 
, 

one, a fact which can perhaps be relajed to the peripheral nature of many of' the collis-

ions occurring in small ,events. Further asymmetry is due to the absence of tracks made 

by neutral particles, particularly target nucleons which consti tute over balf' the targets 

In any case, interpretation of the results must be taken cautiously because the CM-

system of a nucleon-nucleus collision is quite a complicated af'fair due to the size 

and structure of the nuclei involved. Factorswhich are not accounted f'or in the simple 

kinematics we use,sucb as Fermi motion, are certainly of' consiè.erable importance. 

Before f'urther discussing angular shower distributions, we shall consider 

sôme preliminary results of our collaboration, which include more statistics in the 

Nh = 0 and Nh = 1 a.ngul.ar distributions, ~s well as distributions for Nh > 1. 

5.5 Comparison of' Sorne Preliminar;,y Results of' the Collaboration 

The group ( 2 , 3 )1; presented preliminary results (including our data) at confer-
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enees in Uppsala and Vanderbilt. We present, diseuss and exp and upon sorne of 

a 
these results whieh have better statistics tha.n our results al one or which 'le 

did not measure at aIl. The reader is invited ta com~are results obtained in 

earlier sections to results given here. 

1 
Figure 15 contains N

h 
vs.'number of events distribution. The average 

value of heavy tracks is <N
h 

> = 7.8 ± 0.2. The hatched distribution consists 

of stars with Nh ~ 9 and recoi~~sumed ta b~g to the AgBr group of' heavy 

stars. From this figure'" 2/3 of th~llin this group,which is con­

sistent wi th the prediction of' 70% based on the emulsion composition and an A~/3 

nuclear radius dependence. 

Figure 16 contains Ns v~. number of events for small stars (Nh~ 1) in the 

horizonta1ly exposed stacks. The average multiplicity for aIl events (solid 1ines) 

is <N
s

> = 8.1. For events with N
h 

= 0 (dashed l~nes) <Ns > = 7.6~ which is per­

f'ectly eon!istent wi th hydrogen data even though peaks at N = 3 or 5 exist in this 
s 

data corresponding ta coherent production. We must point out that sinee this graph 

was published, much remeasurement has taken place ta increase statistics and eval-

uate efficiencies. 

Althoqgh no figure ls available yet, the average-charge multiplicity f'or 

all events has been calculated ta be< N > = 12.9 ±0.4. The average value f'or heavy 
s 

stars (Ag or Br) is <N >= 14 .l±' 0.6. Only the first of these numbers agrees very 
s 

weU with our own results, 13.1 ± 0.3 and 15.1 ± 0.4' respectively. 

Table 13 shows a camparison of the 200 GeV results witll previaus data for 

incident proton energies of 6.2 and 22.5 GeV(21). There seems little difference 

between events at 6 GeV and 22.5 GeV, except f'or an increase in the average number 

of charged shower particles. Between 22 and 200 GeV there is an increase in star 

• size as well as in shoyer multiplicity. The average number of grey tracks h8.fJ 
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~ however decreased at the higher energy. This might be partially due to a sma1ler 

~ 

fraction of pions which are produced vith sufficiently lov energy to exhibi t grey 

At 22 GeV i r was estimated that the average number of grey tracks due 

ta pions in an eve~ with N shower partic1es was given by < N > • . z 0.034 
/ S, g p~onlC 

tracks. 

1 

vhich amounLs ta ~ 0.2 pîonic grey tracks in an average collision. At 200 GeV 

we might expect fewer of these low energy pions, which supports our assumption 

that the number of charged shower particles is approximately gi ven by the number 

of minimum-ionizing tracks. 

N , s 

In Figure 17, we present the mean number of shover partic1e~< N > vs. 
• S / 

the number of heavy prongs Nh. An aLmost 1inear relationship is observed. The 

mean multiplicity in interactions with Nh = a is 7.72 ± 0.54 which i5 a good agree­

ment wi th the value 7.65 ± 0.17 obtained wi th a '1iydrogen bubble chamber (14). The 

figure also shows the ratio between proton-nucleus and proton-proton interactio~s 

versus the number of heavy prongs. The same ratio is shown at 22.5 GeV(21), dem-

onstrating a slight increase in intranuclear production due to multiple collisions M 

at the higher energy. 

Table 14 shows the percentage of stars in various Nh groups at HAL and 

CERN energies. AlI data are obtained by the along-the track method. It is inter-

esting ta note the shift of 6% of the events to the gr?up Nh ~ l at t~ higher energy. 

Since the inelastic mean free path at 6-22 GeV is 37.7 ±.3cm, i.e. greater by about 

2.5 cm than the corresponding value at 200 GeV, the shift noted above seems due , ) 

solely ta an increase of events vith N
h 
~ l at 200 GeV. This increase cao b~ att-

ril;1uted ta the coherent production procetW!JetI vhich are not as pronounced at the . 

lover energies. Furthe""1l1ore, VI! may ded.uce that the amount of energy transferred 

ta the nucleus i8 independent of the beam energy in high energy colllsions. 
,j.. 

Figure 18 shovs the ~ar di~tr~butions for stars ~ different sizes as 
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a function of U
L 

= 10glO tan aL' In smaH stars the majorlty of particles D.re 

emitted in the forward direction. Coherent production and surviving incident protons 

contribute to this asymmetry. Stars of medium size have roughly symmetric shovèr 

particle distributions in the CM- system. In these interactions only a smaH number 

\ 

of nucleon-nucleon collisions occur. Large stars have an excess of particles emi tted 

backwards in the CM- system. The change in mean value <UL > rith N
h 

is sho-wn in 
t 

Figure 19 as weil a.s the change in isotropy cr. The kinematic effective value N
eff 

of' nucleons participating in the collision is shovn in Figure 20 as a funCti\n of 

N
h

. From this figure i t becomes clear that large nuclei may have qui te a few -intta­

nuclear collisions when struck by high energy particles. However, it is also clear 
J 

that sorne of the predominantly peripheral events, which are apparently responsi ble 

for the low Neff values at the N
h 

= 0 and Nh = l entries, must also be due to IB:I'ge 

nuclei. - This is obvious because the number of small events greatly exceeds the 

ntnnber expected (based on the emulsion composition) !rom the hyiirogen\ nuclei. 

We conclude 

may occur as members 

this section by mentioning ,hat slight changes in t~ results 

of the collaboration continu~ w:na.ss statistics and check / 

their work, but the quali tati ve features ri]'l not change. Unfortunately, we have 

not been able in this section to display quantitative results on coherent events 

to compare with our own measurements because members of the coll.aboration have not 

yet pooled their data together. 

-/ 



• 

• 

33 

, 
6. COMPARISON TO 1-10DELS OF INTRA1WCLEAR PRODUCTION 

6.1 Model of Dar and Vary 

This model contradicts a fanatic belief held by some elementary particle 
-111; 

physi~ists that collisions in large nuclei cannot be effectively used to study 

elementary processes. The purpose of this method is to provide a sensitive test to 

distinguish between ~urrent multiparticle production mechanisms (these are discussed 

in a rcview paper by Fra~er(25) which are too flexible to allow Most experiments to 

verify or refute them. These production mechanisms fall into two categories. In 

the first category are models which predict that final multiparticle states aré 

produced in a single step from the colliding particles. These "one-step mechanisms" 

include multiperipheral, particle-fragmentation and Bremsstrah~g models. The 

second category contains models in which final multiparticle states are produced 

~ng after the collisions by the decay of one or two compound systems ,created during 

the initial collision. Sucho..."compound system mechanisms" include diffraction excit-

ation models, the one-, two- and many- fireball thermodynamic models and statistical 

bootstrap models. Using simplifying assumptions and elementary nuclear optics Dar 

and vary(26) have derived analytic expressions for shower multiplicity of hadron-

nucleus interactions for each category. 

For the one-step mechanism, assumptions are: 

i) ~ultiPlicities of pp collisions have logarithmic energy dependence 

ii} ,~roduced multiparticle final states are conf1ned to a narrow :forward 

cone &long the beam axis in the lab system 

Hi) in any cascading stage the produced particles share equal portions 

(on the average) of the initial energy, and have the same cross-sections 

:for collisions vi th target nucleons • 

Althougn. em.pir;ical constants connected vith. assumption (i) have recently 
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changed since the'200 GeV(14) and 300 GeV(27) bubble chamber re~ults have been 

released, important features concerning the energy dependence of p-nucleus multi-

plicities will not have changed. The result of their calculations based on the 

intranucleus cascading model, is shown in Figure 2l(a). The ratio of p-nucleus 

to pp multiplicity is displayed as a f~tion of atomic weight A for different 

energies. Using the appro~ima~e ratios described in Section 4.6 based on ~he emulsion 

composition it ia possible to obtain average multiplicities for p-emulsion collisions 

from this figure. 

Consider next compound system mechanisms, specifically diffraction excit-

ation models. Here one of both of the colliding particles are first exc~ted into 

resonant states having the same quantum numbers, except for spin and parity, and 

about the same momenta as the original particles. These resonant statès are expected 

to have inverse lifetimes averaging NIOO MeV, 50 that, at high en~rgies they 

usually have time to escape the nucleus due to time dilation. Consequently, the 

result has the same energy dependence in p-nucleus collisions as in pp collisions. 

Figure 21 (b) shows the p-nucleus to pp multiplicity ratio as a function of A. The 

"th AO. 33 curve w.J. 

cross-sections. 

dep~ndence is obtained by assuming an A2/ 3 dependence of p-nucleus 

o 26 ,,-
However the A' curve better fits data for heavy nuclei, and 

ia used to obtain predictions for our emulsion multiplicity results. 

It ia now clear to see why the model of Dar and Vary mp.y distinguish between 
"\ -

one step and compound s1stem prpduction mechanisms. The curvea for one-step processes 

have an almost linear energy dependence for large A compared to the logaritbmic 

dependence of the pp input, whereas the compound system curve has- the same '-energy 

dependence for all A as for pp interactions. In Figure 21 {c} we again show these 

curves, now as a fUnction of energy, for p-nuclear emulsion interactions. Also 1n-

' .. 
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cluded are experimental points at 6.2, 22.5(21) and 200 GeV (from Section 5.2). 

The experimental points distinctly favor the compound system. However ,we must remark 

that the curve for one-step processes using the intranucleus cascading model is 

suspect because of the simplifying assumptions earlier stated. In the next section' 

we shall encounter a more detailed treatment of this method which yields results 

in much better agreement with the measurements. / 
6.2 Model of Trefil 

(28) 
An intranuclear cascading model has been developed to test scaling 

# 

at cosmic-ray energàe3 where high-density nuclear targets (such as emulsion) must 

be used to compensate for lo~ flux of high e~ergy particles. This model uses 
( 

rapidity dis~r~butions for inclusive particle-nucleon reactlons as input and calcu-

lates the corresponding incoherent distributions and multiplicities for particle-

nucleus reactions. The calculàtions include a cascading scheme to count the number 

of particles produced in sequences of inelastic collisions at each rapidity value, 

and the nuclear physics is handled py Glauber' theory. Approximations are: (i) aIl 

elastic scat1eri~gS of produced particles start at the midpoint of the nucleùs: (ii) 

all particles in a ~iven generation of inelastic collisions have the same average 

energy and (iii) energy conservation in the production of particles is ignored. 

This last assumption i8 justified if energy is high enough that rest masses can be 

ignored, while the first two assumptions are expected to cause errors,of a type 

which either cancel or go away at sufficiently high energy. Details of the theory 

are given in reference 29 using as an example inclusive t-nucleus interactions with 

multlperipheral model (i.e. fIat rapidity distribution) wp input. The normalizatlon 
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procèdures are not clear to us but the results are reasonable. We remark that 

closure over final nuc~ear states vas used in carrying out the calculation, 50 

that the theory should be compared to a representati ve samp1e of a11 types of 
\ 

incoherent events, i.e. not just sma1l events or not Just big ones. 

Th d 1 h b 1 · d t 1· t t· (30) .' e me e as een app ~e 0 p-nuc eus ~n erac ~ons us~ng a more 

realistic multiperipheral model rapidity (i.e. not fIat in projectile and target 

fragmentation regions) distribution pp input. The rapidity distribution dN/dy 

predicted by the model at 200 GeV for p-nucleus collisions (A ~ 10) is shown in 

Figure 22. We obtained an experimental distrilution from the UL dis~ributions of 

Figure 18 in the fo11oving vay. Since the fivL figures are not based on a single 

sample, the relative area under each êurve vas calculated by examining our class-

ification data. We obtained~the approximate percentage r~tios 10:5:25:20:40 for 

the N
h 

categqries Nh = 0, Nh = l, 2 ~ Nh ~ 5, 5< Nh~ 10, and 10< Nh respectively. 

After combining all the distri~tions it was necessary to convert the U
L 

= loglO 

tan aL sc ale to the ~"i llt t ~ ~'~:} rapidi ty variable by using the equation 

'~;;:;)1110 {j~-lo2, -UL 2 • ' The resulting experimental distribution,after rough· 
(J () :.s 
normalization for height, is $een ih Figure 22. The calculated curve clearly 

reproduces the essential features of the data, namely 'build-up 'of particles at 

small rapidities, a rapid rise to a peak, and a I!lQre gradual descent a.t larger 

rap1dities. The curve underestimates the data at small y and'overestimates it 

at large y. This cau be und'erstood in terms of energy lim,itatlons which allow 

partic1es to be produced at angles larger than consistent vith the Glauber app~ox-

imation, and whlch do not permit all the initial total energy ta be invested in 

a single ahover particle. Furtber possible explanations tor minor discrepancies 
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between data and curve are: (i) inclusion of deflected beam and target nucleons 

in the distribution,' (ii) breakdown in the equivalence between UL and y at small 

angles and (iii) inaccurate input pp rapidity distributions. Except possibly for 

(iii), these errors should dïminish as the model is applied at higher energies. 

Finally consider Figure 23, which contains predicted average multiplicities 

fot A~ 10 as a fUnction of energy. At present only an experimental point at 200 

GeV may be included in this figure, for lack of unbiased data at higher energies. 

Since there is good agreem~nt we conclude that one-step pp production processes 

(treated by an intranucleus cascading model) have much better status than indicateŒ 

in the ~ast section using the calculations of Dar and Vary. 

6.3 Comments on the Model of Margolis 

This model calculates particle-nucleus cross sections using particle-

nucleon data for specifie two-body processes. The theory treats coherent and inco-

herent particle production using coupled equations of optical model form for the wave 

functions of the particles. For example we used this theory in Section 4.2 to cal-
. 

culate the mean free path for coherent l-prong white stars produced by a single in-

tranuclear scatter. The model cao also haodle cascade (31) processes, although the 

calculations grow 'Successlvely more formidable as the generality of the application 

increases. The applica·tion of the model BO far employs compound system production 

processes, which usually allow the produced exci ted compound states to escape from 

the nucleus before decaying to the final multiparticle states. 
) 

The formalism is presently being extended to predict multiplicities of 

particle-nuc1eus reactions using fireballs as the compound states. Quantities re-

quired for this task are fireball maBS and multiplicity distributions which may be 
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approximated by various models. For instance, see reference (32) for expressions 

of these differential cross sections obtained by using reggeon contributions in 

a two-fireball model. When this work is done it will b~,possible to apply the 

test of multiparticle production processes suggested by Dar and Vary; this time,. 

ho~ever"applying the more refined modela of Trefil (for one-step production pro­

cesses hand1ed by intranuclear cascading method) and Margolis (for compound system 

production using the optical mOdela) • 
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7. CONCLUSIONS 

In the foregoing text we have studied interactions of 20U GeV protons 

with complex nuclei, establishing reliable numbers for mean free path and aver~ 

age charged particle shower multiplicities, À. 1-=33.9 ± 2.3 cm, Ns =13.1 ± 0.3 
1ne 

and N
h 

=7.8 ± 0.2, respectively. By comparing these results to values obtained 

at 6.2, 22.5 and 67 GeV(7,21) it is 'found that the interaction cross section 

eitbér remains constant or increases slowly with energy. Although the charged 

shower multiplicity continues to increase, the energy transferred to the nuclear 

targets appear~ to be independent of primary energy. The percentage of events 

exhibiting little n~clear break-up(i.e. stars with no more than one nuclear 

fragment) has increased from 18% at 67 GeV to 25% at 200 GeV, and indications 

(based on angular distribution analysis) are that this might be due to an in-

crease in coherently produced interactions. However, definite conclusions on 

this subject are still not possible for reasons which we shall discuss later. 

The comparison of shower multiplicity and interaction length with predic-

tions of intranuclear production models hàs also not been decisive in esta-

blishing which broad category of production mechanisms (one-step such as MPM 

modela vs. compound system such as diffractive excitation models) lies closer 

to the truth. 

Although we have measured many other quan~ities which are displayed 

in the various tables and figures we urgently stress that resul ts of an exp lor-

atory experiment of this nature (i.e. no target nucleus identification or mom-

entum measurements) cao ooly provide very broad and qualitative indications ot 

\ features exhibited in the processes observed. Therefore ~~ have tried not to 

abuse the technique by makipg specifie, decisive, but unjustified physical 

interpretations of these quantities. Betore such knowledge cao be claimed 1t 
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will be necessary to obtain: (i) unambiguous dependence of <N > on atomic num­
s 

ber, (ii) a more reliable calculation of typical models belonging to the two 

broad categories of production processes mentioned above, and (iii)' the spaci-

( E Econst.) of". fic energy variation e.g. ln v.s. J... and <N> ~ a difficult lnel s 

project Bince this variation seems to be slow. 

As far as angular distribution analysis, and the separation of co-

herent from incoherent events is concerned, the biggest limitation of the 

technique of nuclear emulsions is statistics. It will be necessary in order 

to get a clearer picture to resort to other experimental methods (streamer 

chambers, bubble chambers, or counter experiments) in which not Just the an-

gles, but also the momenta of the out-going particles are measured so that 

energy-momentum conditions can be used to delineate events and allow one to 

make appropriate 4-momentum transfer(t) cuts. 

To conclude, the main objective of this experiment was to provide 

a first glimpse of the interesting physics to be learned from the interactions 

of 200 GeV protons with comple~[rucle~. 
~ () 

to pursue various domains unéovered here • 

Other e~timents must be devised 
':{j) 
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APPENDIX 

Direct Pair Production by Charged Particles(15) 
f 

l , 2 
Let X(E,E ) dE dx represent the probability for the production in dx(gm/cm } 

of matter of a pair vi th energy between E' and E' + dE· by a singly charged part-

icle of mass m and kinetic energy E, irrespective of the energy division between 

+ -the e e pair. 

Let U be the energy of the incident particle, U' the total energy of 
, 

the pair, and set v = U /U. Then define 

x (i~, E') = 9 ~;:; N ~ 7- f{. ~ L ( U) l-) 
7r A 

Here a % 1/137, N is Avogadro's number, and r ~ e2/m. Z and A are e e 

the atomic number and charge of the matter being traversed by the incident particle. 

Approximate expressions for L(U,) are known in the low and high energy 

limits for the ca es of no electron screening and complete electron screening. In 

the second 

decreasing factor. 

which may be chose 

between the differ 

Coulomb potential of the nucleus is damped by an exponentially 

Each of these four expressions contains undetermined constants 

by matching the various expressions for L at the boundaries .. 
The regions which are of interest to us have the 

following energy intervals (expressed in terms of v): 

15 ~ ~Lr< ?- ,nt:. (pair of low energy, complete sbi.eld.ing) 
HL 

Ils ~ Z ")}1" <. Lr < (2. ~~\c( è; 1/3 (:1-) (pair of high energy, no shielding) 
~J( ~~ ) 1K 

(pair of high energy, complete shielding) 

t 

There i8 also a fourth region corre~ponding to pairs of J.ov energy, no 

shielditLg, the energy ia (e.14 GeV)/U 
~i/~ • 

f t 
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• Pairs in this energy range do not have sufficient energy to display 

the straight tracks characteristic of shower particles. Therefore we give only 

expressions for the other three regions. For the reader's benefit, we have in-

tegrated them over the appropriate ranges in v. 

lIN: S l ( ù ) 15 ')J E' ::; -1 (~1~ ~ \ ~ .l1{ ( ~ h. 4 U \ 1 u 1 ~ U 
o 11t 0' J" 'l1L ) 21~ .J 7 'I!> LI 2./ 

. '"?1l A c. / "L 

The various constants k and k' are of the order of 1 and may be chosen 

R~= 3, R~=') k;:, ~ 1z4 -: 1 . Due to the logarithmic nature of the functions where 
l, ~' 

they appear, the calculation is reasonably insensitive to the choice made. 
1 

If the material traversed by the particle has a density p(gm/cm3) of the 

element under consideration, then the interaction length, is given by 

, 
The results for each emulsion element are given in Table 8 . 

• / 
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TABLE 1 

~ion com~osition 

" Element '- A Z 

Ag 107.87 47 

Br 79.90 35 

l 126.90 53 

c 12.01 6 

H 1.008 1 

0 16.00 8 

N 14.01 7 

s 32.06 16 

Total density =-3.75 gm/cc 

20 -
Total N = 793.3 x-IO atoms/cc 

Average Z 

Average A 

.~. 

= 12.95 

= 28.49 

46 

~ 
N(atoms/cc} Densi ty(grn/ cc) 

{x 102O } 

98.65 ,~ 
98.06 1.301 

\ 
0.555 0.012 

134.89 0.269 , 
328.59 0.055 

100.31 0.267 

30.96 0.072 

1.28 0.007 

. ... 
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Instrument 

:.ucroscope 

lPower Supply 

o 

, ;-~ 
~ 

:::-Ç;;.-< , " 

TABLE 2 
c/ 

Mîcroscope and power supply specifications I~ 
1 
'" ~ 

. 
Manufacturer Type SpecificaUons 

-

E. Leitz-Wetzlar Ortholux Seriai No. 388889 

E. Leitz Wetzlar 310-210.001 Serial No. 4284 DO, 501/60 H~ 

Prim. V 110/120/130/220/230/240, , 

Sec. V 2 ..•.. 10/8 , "' . . .. 
Sec. A 6/1.2 

0 

• . 

~ 

TABLE 3 

" Optics and opt~cal paramters 

,-' 

• .. 
.J 

.~ 

, . 

Objective Wor~ing distan'e N. A. Maximum Resolution (~) 6 (Il) Ocular Purpose 
(À ~ 5200 Â, green light) .., . 

Leitz 24x (air) 0.65 .4 
r 

1.1 15x Event scanning "v 750~ 
, 

Leitz KS FI 53x (oi1) 1000).1 0.95 
~ 

.3 .81l 8x Event scanning 

10x Track classification 
, , 

o j - l5x Track Classification 

and angle me~urements 

--- ------ ._- -- .-

1 

" -

~ 

+=" 
~ 
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• TABLE 4 

Errors encûuntered in angle, measurement procedure using 53 x objective 

in green light. 

~uantity measured Sources of error Error 

X, y Scale calibration 0.5 (%) 
'. 

1 Optical resolution 0.3 (J.l) 

Grain diameter '" 0·5 (J.l) 

Z Location of vertex '" 1. 5 x s (ld 
, 

Depth of fOCUB 0.8 (J.l) 

... 

• ) 
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\ 
• TABLE 5 

2 Resean of Il mm at half the initial speed for effieieney purposes. 

1 

\ , 
Star categories NI N2 N

3 Total 
-

(scan A and B) (scan A ooly) (scan B ooly) 

N = 0, N = 2 a 0 2 2 h s 

N = 0, N = 3 2 ... 0 2 4 
h s v 

Nh = p, 3 < N 
s < 7 3 0 8 11 

N = 0, 7 < N 5 0 1 6 h s 

fh = 1, anyN la 
5 

0 3 13 

l < Nh , any N 93 0 0 93 s 

Totals 113 0 16 :1.29 

\ 

.. 

" 

• 1 
.) 
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• 

TABLE 6 

Cross sections for N'(1470)+ production, Neff and rms radi~ _ 

• used for Gaussian nuc1ear densi~y function. 

Element R (fin) Nerf' oN' (1470)+ mb rms 

H' - 1. 0.74 ± .4 * 
c12 2.37 5.2 3.9 
~4 2.4 

,~ 

5.5 4.1 

016 
2·5 6.1 4.5 

Br80 4.1 17.8 12. 
AgI 08 4.5 2l.6 14. 

* The value of oN' for H 18 from reference ,12. 

TABLE 1 

o 
~ock-on e1ectron mean f'ree paths for a < 7 • 

Element .\ (m) 

Ag 5.85 

Br 7.20 

C 33.3 

N 125. 

0 33.6 

H 81.5 

Emulsion 2.6 

50 
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TABLE 8 

• Estimate of direct pair production interactions 1engths 

Element À (m) Fraction of pairs in high energy 
regions (E . > 0.2 GeV) pal.r 

Ag 6.1 9 % 

Br 11.8 10 % 
, 

475. % c ,17 
1,.) 

N 1450. 16 % 

0 355. 15 % 

H 15000. 41 % 
-

Emulsion 3.9 9.5% -

/ 

1 

r l. . 

• , 
./ 



• 
TABLE 9 

Parameters for shower multiplicity distributions 

Interaction 

p-emulsion 

p-emulsion 

p-emulsion(Ag,Br,I) 

p-emulsion(clean stars) 

p-p (200 GeV) 

Criteria 

all events 

NhS1 

N?8 or 
recoi1 
Nh= 0 and 
no recoil 

Source 
of data 

Fig. 7 

Fig. 8 

Fig. 9a 

Fig. 9b 

Ref. 14 

<N :> 
s 

13.1 s 0.25 

7.4 ± 0.4 

15.1 ! 0.4 

6.2 ± 0.5 

7.65 ± 0.17 

<N (N -1» s s D= 2 
<N ~-<N> 

s s 

214.9 :J:: 18. 57.4 ± 6.8 
c 

65.5 ± 11.2 18.5 ± 4'.5 

274. ± 26.9 61.5 ± 9.2 

52.6 ± 11.5 20.4 ± 9.2 

65.96 * 15.09 ± 0.74 

• Since this quantity was not published in Reference 14 we did nct insert error bars. 

'" 

t 

• 

f = 
<~ (N -1 P-<N >2 

s s s 

44.3 ± 6.6 

11.1 ± 4.3 

46.4 ± 8.9 

14.2 ± 8.6 

7.44 : 0.72 

" 

.1 

Vl 
1\) 
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, 

TABLE 10 

Canparison of heavy track distributions at 6.2, 22.5(.21)and 200 GeV. 

Primary Energy (GeV) <N
h

> Percentages in various Nh groups 

>' Nhsl 2!Nh~5 5<Nh 
, 

6.2 9.25 ± 0.18. 16.1 ± 1.0 28.3 ± 1.4 55.7 ± 2.2 
" ~ 

22.5 8.60 ± 0.25 21.3 ± 1.7 29.3 ± 2.1 49.4 ± 2.9 

200. 7.8 ± 0.2 24.8 ± 3.5 29.2 ± 3.8 46.0 ± 4.8 
---~ ----------- -- - --'-----

0-

-, i' 

\ 

) 

1 

1 

! 
1 

1 

1 

1 

1 

1 

1 

• 

V1 
W 



• TABLE Il 

Approximate errors of UL in various bins of width 0.2 

Uçbin ~L= log10tanQL t1 UL 

-1.0,-1.2 -1.1 0.01 

-1.2,-1.4 -1.3 0.02 

-1.4,-1.6 -1.5 0.03 1 

-1.6,-1.8 -1.7 0.05 

-1.8,-2.0 -1.9 0.07 

-2.0,-2.2 -2.1 0.12 

-2.2,-2.4 -2.3 0.18 

-2.4,-2.6 -2.5 0.30 

-2.6,-2.8 -2.7 0.45 

-2.8,-3.0 -2.9 0.72 

. -3.0,-3.2 -3.1 1.2 

-3.2,-3.4 -3.3 1.8 

. -3.4,-3.6 -3.5 2.8 

/ 

• 
.. 
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TABLE 12 

Anguler distribution perameters for Figures 13 and 14 

Par amete r 

Number of shower 
tracks 
<U

L
> 

0-

r CM 

* Neff 

D 

f'forward 

Nh~ 1 Possible coherent Nh= 0 Nh= 1 

(Fig. l3a) ___~vents (Fig. 13b) (Fig. 14a) (Fig. 14b) 

413 40 227. - 186 

-1. 37 ± 0.06 -1.97 ± 0.22 -1.42 ± 0.08 -1. 32 + 0.08 

0.64 0.47 0.68 0.58 

23.6 ± 3.3 93.3 ± 47.3 26.3 ± 4.8 20.7 ± 3.8 

.19 ± 0.05 .01 ± 0.01 .15 ± 0.06 .2j ± 0.09 

-0.03 0.10 0.07 0.01 

0.49 ± 0.02 0.48 ± 0.08 0.51 ± 0.03 0.48 ± 0.04 

• 

* - 4 This ie not the same Nerf as the quantity defined in Section .2, but ia the kine~tieally effective ~ber 

of target nucleons(defined in Section 5.4) characteristic of each distribution. The small values of these numbers 

might be interpreted as being characteristic of collisions with virtual pion~ at the periphery of the nucleus. In 

the case o~ coherent evente the I:sine~0.3 criterien biases angles (and tberefere Neff ) te small values. A more 

peasimistic explanation 1a the pOssible admixture of electromagnetic interactions amang the 2 and 3 prong events, 

despite the precautions described in Sections 4.3 and 4.4, However this argument cannet be applied te the case 

~=l which also has small Neff , 
VI 
VI 
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( • TABLE 13 

Comparison of events at 6.2,22.5 and 200 GeV 

E (GeV) <N "> <N> <N> 
b g s 

6.2 5.68 + 0.21 3.58 ± 0.11 3.3 ± 0.1 
1-

22.5 5.22 ± 0.29 -3.38 ± 0.14 6.5 ± 0.3 

200 5.0 ± 0.1 2.79 ± 0.15 12.9 ± 0.15 

",r 

TABLE 14 

Percentage of stars in various Nh groups 

E (GeV) N
h
51 2 ~Nh.s 5 5<Nh , 

6.2 16.1:!: La 28.3 ± 1.4 55.7 ± 2.2 

22.5 21. 3 :t 1.7 -29· 3 ± 2.1 49.4 ± 2.9 

200 27.3 ± 1.6 27.6 ! 1.6 45.1 :t 2.2 
0 

• 
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Figure l 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

e 
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FIGURE CAPTIONS 

Experimental area for 200 GeV proton-emulsion experiment. .. 

Example of an event scanning sheet. 

Exemple of a track classification sheet •. 

Exemple of an angle measurement sheet. The event sho'WIl had 23 shower 

tracks. Angles were calculated by forming the dot product betveen 

beam and shower directions. Values of Z on this sheet had to be cor-

rected for the shrinkage factor, while values of X and Y had to be 

correeted by a conversion factor of 1.717 ~/scale division (±O.5%). 

Errors propograted in the calculations are based on Table 4. 

Differential cross section for coherent production of N*1/2 resonan­

ces in units of the forward pp production differential cross section. 

The curves are for tvo typical ~lIlulsion eIeme~ts C12 and AgI08. The 

calculation i8 contained in Section 4.2, wi th parameters gi ven in 

Tkble 6. 

Histogram shoving the correlation between events scanned and the 

depth in developed emulsion (tram the top) at which they we~e round. 

The upper distribution contains 279 stars scanned. 59 of these were 

small. stars ( Nh .s 1), shown in the hatched distribution. Loss of' 



• 

Figure 7 

Figure 8 

. Figure 9 

Figure 10 

• 

58, 

small stars at great depthB is evident. The dotted li ne through 

202 ~ represents the bottom depth eut-off chosen for the interaction 

length ealeulation. One small star at 202 ± 2~ vas kept, sa that 

233 events (including 56 of the small stars) survived the cut-off. 

Shower multiplieity distribution of 202 events which survived the 

track classïfication lover eut-off of 100 J.I (from the bottom). The 

entry at N = l is an estimate based on the model-dependent calculation 
s 

of Section 4.2. It is not used in obtaining the average charged 

shower number. 

Shower multiplieity.distribution of the 56 small stars (N
h 

~ 1) 

vhich survived the eut-off of Figure 6. 

is as described above .. in Figure 7. 

The entry at N = l 
s 

a) Shower multiplicity distribution of 120 events involving heavy 

nuclear targets (i.e. Nh > 8 or a recoil observed). These were 

found among a total sample of 202 events. 

b) Shower multipl.icity distribution of 31 clean stars (N
h 

= 0, no 

recoil) found among & ~ .. {.semple of 233 events. 
~u 

Charged nuclear fragment distribution of 202 stars. The hatched 

distribution corresponds to events in vhich a recoil has been clearly 

observed. There are 120 stars which ei ther have recoils, or are to 

the right of the dotted line. These are assumed to be caused by inter-

actions vith heavy (Ag, Br, 1) nuclei. 



• Figure 11 

Figure 12 

Figure 13 

Figure 14 

Figure 15 

• 

59 

Linear correlation between < N
g 

> and Nh . The fit i5 given by 

< N
s 

> = (7.85 ± 0.30) + '(0.60 ± 0.04) Nh ; with a reduced chi-

squared o.f 2.90. 

7.65 ± 0.17(14). 

The<N) intercept agrees vith the pp point of 
s 

However this,agreement is probably not signifi-

cant in view of the bias towards heavy stars in the region N
h 

> 8. 

The lov value at N
h 

= 0 is due to the dominance of three-prong 

coherent events. 

Selection of' possible coherent events based on the 1: sin B ~ 0.3 

test. Of 13 clean 3, 5, and 7-prong events 10 survived. These 

include seven 3-prong events which all had E sin e < 0.1 • 

a) UL = loglO tan 

In this figure and 

in the pp CMS. 

, " 
8

L 
distribution for 56 small (N

h 
~ l)stars. 

Figure 14, the dotted 1ine corresponds to 900 

b) U
L 

distribution for the 10 possible coherent events shown in 

Figure 12. 

a} U
L 

distribution of 35 stars vith N
h 

= O. 

b) U
L 

distribution of 21 stars with Nh = 1. 

N
h 

multiplicity distribution from Reference 3. The dotted 1ine is 

a correction for lost events, while the shaded distribution corres-

ponds to stars vi th. Nh < 10 h~ving a' recoil • 



• Figure 16 

Figure 17 

• 

Figure 18 

Figure 19 

Figure 20 

• 
Figure 21 

• 

60 
'i 

N
s 

multiplicity distribution for stars with Nh ~ 1. Dashed lines: 

Nh = 0; Solid 1ines: Nh ~ 0 or 1. This figure is from Reference 3. 

Mean munbcr of shower particles < N > versus the number of heavy 
s 

prongs Nh , taken from Reference 2. The figure als~ shows the ratio 

between the multiplicities in p-emulsion and pp interactions versus 

, the number of heavy prongs. Points et 22.5 GeV are trom Reference 21. 

UL distributions for 5 different Nh groups taken from Reference 2. 

The dotted Une through U
L 

=-1.016 corresponds ta 900 in the nuclei 

nuc1eon CMS. 

Variation in < UL> and the isotropya with Nh • The 1ine trœough 

cr = 0.39 corresponds to an isotropie distribution in the nucleon-

nuc1eon CMS. The figure i5 from Reference 2. 

Variation of Neff with Nh based on information from Figure 18. This 

Neff is a parameter describing angÙlar distributions vhich is de­

fined in Section 5.4. It is not the quantity of the same symbol.used 
~ 

in Section 4.2 . 

a) Ratio of average particle multiplicy in proton-nucleus eollis~ons, 

based on t~e intranuc1eus cascading model of Reference 26, to the 

measured average multiplicity in pp co1lisions,as a tunction of lri-

cident energy and atonic number of the nucleus. 
", 

, 

\ 

1 
1 

1 -
1 

1 
1 

i 
1 

'", 

1 
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• ~ 

Figure 22 

.. 

• 

b) Ratio of the average particle multiplicity in protan-

nucleus collisions, based on the diffractive excitation model of 

Reference '26, to the measured average multiplicity in pp collisions 

as a function of atomic number of the nucleus. 
,-

c} The ratio of a) and b) is again exhi bi ted, now for proton-

emulsion collisionsf as a function of incident energy. The line 
~ 

corresponds to the prediction of diffractive excitation models (DEM) 
, 

while the other curve corresponds to intranuclear c8$cading models 
~ 

(lCM). The experimental points are from Reference 21 and Section 5.2. 

Altho~ the DEM calculation is favored, -a more careful lCM calculation 

by Tr~:t~(30) yields gaad ~eement vitb experiment (see iigure 23). 

Rapidity distribution dN/dy: here y is the usual rapidity defined 

in Section 6.2. The smooth curve is the predicted shape' from Ref-

erence 30, which we compare to data obtained by the ~ocedur~ des­

cribed in Section 6.2. 

taken from Reference 30. 
,!) ,-

0/ 

while the iover curve i s for pp collisions'. The experimental. point, 

fram S~ction 5.2, is the multiplicity in p-~ulsion collisions ,at~ 

200 GeV incfdent energy • 

, 
-- ,-, .. 

" 
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