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Abstract: In this work the experimental results are reported on the average mul-
tiplicities of relativistic, grey, black and heavy tracks ({n,), <{n,», {n,) and
{Ny») for proton interactions with the light and heavy nuclei of emulsion.
The dependence of {n,) and (N> on the atomic number of target nucleus
A was established and the asymmetry of the emission of relativistic and low-
-energy particles was observed.

1. Imtroduction

Nuclear emulsions as detectors of ionizing radiation offer a possibility of
investigating experimentally the interactions of high-energy particles with nuclei
of various atomic number. The general characteristics of the interaction of 200-
-GeV protons with the medium nuclei of emulsion ((A) = 69) are given in Refs.!+2).
In the present work the interaction of 200 GeV protons with the light and heavy
nuclei of emulsion is analyzed, (the light nuclei of emulsion CNO with (A) =
= 14, and the heavy ones AgBr with (A) = 94).

The particles emitted in an interaction are classified according to the ioni-
zation produced along their tracks. The usual notation ‘is used:

ng is the number of relativistic particles (I < 1.4 Iy, where I, is the ioniza-
tion of the incident protons,

n, is the number of grey tracks (/ > 1.4, or 30 < E, < 400 MeV),
n, is the number of black tracks (E, < 30 MeV), and

N, = n, 4+ n, is the number of heavy tracks.
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2. Detection and classification of events

In this work use was made of Ilford K-5 nuclear emulsions exposed to pro-
tons at Batavia in 1972 (a part of an emulsion stack belonging to the Barcelona
et al. Collaboration). By the »along the track« scanning a total of 263 events werc
found, of which 179 were measured and analyzed.

According to the criterion formulatad in Ref.®, all thz intzractions detected
may bz classified into the following three groups:

— »quasinucleonc¢ group is constituted by p-p, p-n and coherent inelastic

interactions,
— »light« group is composed of all interactions having 1 < N, < 6 with
a black track of a length of R < 80y, '

— »heavy« group comprises all interactions having 1 < N, < 6 with a
black track of a length of R > 80 u (»heavy T« group) and all interac-
tions having N, > 7 (»heavy T,« group).

TABLE 1.
E (GeV) {n) »Quasinucl.¢ " »Lightc »Tle »T2¢

{(n,) 85 4+ 0.6 10.2 + 1.1 11.7 + 1.0 19.2 + 1.1
{(ng>» 0.31 + 0.07 1.40 4 0.28 2.14 + 04 8.96 + 0.6
() 0 1.68 + 0.32 1.45 + 0.3 7.11 £ 0.5
(N> 0.31 4 0.07 3.10 £ 0.3 3.60 + 0.3 16.1 + 0.8
Nioe 46 28 29 76

200 {n) »T1s and »T2e CNO AgBr All interactions
{(ny) 17.1 £ 0.9 9.6 + 0.9 15.8 + 0.8 13.8 + 0.8
{(ny) 7.08 £+ 0.55 0.99 4+ 0.2 6.0 + 0.51 444 1+ 0.4
{mp) 5.54 4+ 045 1.05 + 0.2 4.65 1+ 0.38 3.51 + 0.32
{Ny>) 12.6 + 0.8 2.0 +0.2 10.7 + 0.8 7.9 £ 0.6
Nyt 105 45 125 179 |

The average multiplicitics of relativistic {x), grey {n,>, black {n,) and heavy
tracks {N,> were calculated for interactions classified in the above quoted way
(Table 1). In order to infer the characteristics of proton intcractions with the light
and heavy nuclei of nuclear emulsion, according to Ref.?’ the »light« and »heavy«
groups have to be supplemented by events from the »quasinucleon« group (5%,
of the interactions take place on H, 259%, on CNO, and 70% on AgBr). The cal-
culated values of {n;), <{n,>, {n,) and (N,) for proton interactions on CNO and
AgBr are given in Table 1.
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3. Dependence of <ns),4 and {Nw>»a on the atomic number of target
nucleus A

If the dependence of the average multiplicity of relativistic particles {14
on the atomic number of target nucleus A is expressed as {ns),, = {NYp, - 4°
(where {n,),, is the average multiplicity of relativistic particles produced in p-p
interactions, which, according to Ref.%, at an energy of 200, GeV amounts to
{ns)pp, = 7.65 £ 0.17), then from the data given in Table 1, it is found that acyo =
= 0.085 4+ 0.042, ag, = 0.139 4 0.018, and a,,5 = 0.159 4+ 0.016.

TABLE 2.
E (GeV) 27 60,67 200 300 3500
{Nn)ecro 24402 | 20+02 | 27+03 | 22+04
{Nw)em 7.2 £ 0,2 79 +£06 | 81405 | 65409
{NwDagsr 9.0+ 04 | 10.7+08 | 106+ 0.6 | 153+ 3.6
present
Ref. 1 3) work 9 10)

For predictions of the EFC® and CPM® models the ratio R = $1dpa is

characteristic. Using results from Table 1, it is found that Rcyo = 1.25 £+ 0.15,
Rg,, = 1.80 4+ 0.14 and R_,p5 = 2.07 4 0.15. If these results are fitted by a

unction of the form R, = ~- + 1), as predicted by the models, then
functi f the fi R ;(CAI’ 1) dicted by the CPM models, th

1
a value of R, = 7 (0.64 - A°33 + 1) is obtained, which indicates that the ave-

rage number of proton-nucleus collisions® is 7, 4%33 (Fig. 1).
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Fig. 1.
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The results on {(N,),, from Table 1 compared to those obtained at incident
particle energies of 27, 67, 300 and 3000 GeV (Table 2) indicate that {(N),, is
energy independent. If it is assumed that (N>, , is dependent on the atomic number
of target nucleus as {N,»>,, = K - A%, then by fitting the experimental results
obtained at energies of 200 and 300 GeV by a function of this form it is found that
K =0.29 and y = 0.79 (Fig. 2).
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Fig. 2.

4. Angular distribution of relativistic and low-energy particles

From the measured angle ©® between the directions of motion of the incident
proton and secondary relativistic particles the value of variable U, = log tan ©
was calculated for all the groups of interactions (Table 3). The symmetry analysis
of the secondary relativistic particle emission in the center-of-mass system was

made by means of coefficient m = log (%’3), where y. = 10.4 and y, (log ys = —

— (log tan ©;)) are the Lorcntz factors of the center-of-mass system and of the
system wherein the relativistic particle emission is symmetric. From the results
presented in Table 3 it is seen that the relativistic particle emission in the CM
system is asymmetric. The asymmetry is strongly dependent on the number of
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TABLE 3. (a)

Group of interactions {logtg ©; > o (N,
»Quasinucleon« —1.07 + 0.03 0.59 0.31 &+ 0.07
»Light« —0.88 - 0.04 0.60 3.1 +03
»Heavy Tl« —0.87 £+ 0.03 0.62 3.6 +0.3
»Heavy T2« —0.75 4+ 0.02 0.60 16.1 4 0.8
sHeavy T1 and T2« —0.77 £ 0.01 0.60 12.6 + 0.8
All interactions —0.83 4- 0.01 0.61 7.9 4+ 0.6
)
Group of interactions Vs log v, 0412, S° log 7—;’3- (N>
13.49 1.13 £+ 0.02 4.24 0.11 4+ 0.02 0
9.33 0.97 + 0.04 6.12 —0.05 + 0.04 1
»Quasinucl.« 11.74 1.07 + 0.03 4.86 0.042 + 0.03 | 0.31 + 0.07
»Light« 7.58 0.88 + 0.04 7.50 —0.137 4+ 004} 3.1 +£0.3
»T'le 7.41 0.87 + 0.03 7.68 —0.147 4+ 0.03 3.6 + 0.3
»T2¢ 5.62 0.75 £+ 0.02 10.08 —0.267 £+ 0.02 | 16.1 &+ 0.8
»T1 and T2« 5.89 0.77 £ 0.01 9.64 —0.246 £ 0.01 | 12.6 + 0.8
All interactions 6.76 0.83 £ 0.01 8.41 —0.187 £ 0.01 7.9 £ 0.6

heavy tracks N,. In all the group of interactions, except of the »quasinucleon« group,
a larger number of relativistic particles are emitted into the backward hemisphere
of the center-of-mass system. The functional dependence m = f(N,) was es-
tablished by fitting the experimental results by a function of the form m =

a (1 + lel)
- 1+dN,
b =—1.500 and d = 0.528 (Fig. 3). In the present work the function f (N,) was
used to determine (log tan ©,) for interactions on the light and heavy nuclei of
emulsion. For the values {N;>cyo = 2.0 & 0.2, (N> 495- = 10.7 - 0.8 and
log y. = 1.014 we find that {log tan ©,) cyo = —0.92 + 0.06 and <log tan O,> 4,5,

+ 1.0

o)

(Ref.”), the coefficients a, b and d being evaluated to be a = 0.102,

= — 0.78 £ 0.03, to which correspond the angles (®,,,5)cnvo = ( 6.9

and (0,,25) 4gnr = 9.4 (i g;), respectively, (the angle ©,,, s is the angle in

laboratory system into which one half of relativistic particles are emitted).
A rough estimation of symmestry of the low-energy particle emission may
be made from the ratio of their tracks in the forward and backward hemispheres
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of the laboratory system, and (where subscripts F and B denote tracks
{ng)p {np)p

in the forward and backward hemispheres of the laboratory system, respectively).
The results are given in Table 4. It may be seen that in all the groups of interactions
the particles are emitted preferentially into the forward hemisphere of the laboratory
system. The asymmetry is more pronounced in grey tracks (cascade particles)
due to the development of cascade in the direction of motion of the incident par-
ticle. The slight asymmetry in black tracks is indicative of a small momentum
transfer in the proton—nucleus interaction.

TABLE 4.
Group ny OF {ny pT) <—nb 2r n, Of <"u >
{m)n
CNO 0.58 + 0.11 | 0.47 & 0.09 | 1.23 + 0.47 | 0.66 & 0.14 [ 0.33 + 0.07
AgBr 249 £ 0.22 | 2.17 + 0.16 | 1.15 £ 0.19 | 3.64 + 0.30 | 2.36 + 0.20
All 1.88 £ 0.18 | 1.63 & 0.14 | 1.15 + 0.21 | 2.71 £ 0.23 | 1.73 + 0.17
Group 2-::—-;; {Nur {Ny)s éll}[——:-;—g
CNO 2.0 £ 0.85 | 1.24 + 0.20 | 0.79 + 0.12 | 1.57 + 0.49
" AgBr 1.54 + 0.28 | 6.13 + 0.44 | 4.53 £ 0.30 | 1.35 + 0.19
All 1.57 4 0.29 | 4.60 + 0.39 [ 3.36 + 0.27 | 1.37 & 0.23




THE MULTIPLICITY... 71

5. Conclusion

The dependence of {n:),, and (N>, on the atomic number A was estab-
lished, whereby the parameters were found to increase with increasing 4. An ana-
lysis of the obtained values of {log tan ®,> for proton interactions on CNO and
AgBr by means of the function f(N,) shows that the asymmetry of relativistic
particle emission in the center-of-mass system is more pronounced in interactions
on the heavier nuclei.
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MULTIPLICITET I UGAONA RASPODJELA NAELEKTRISANIH
CESTICA DOBIJENIH PRI INTERAKCIJI PROTONA OD 200 Gev SA
LAKIM I TESKIM JEZGRAMA NUKLEARNE EMULZIJE

S. BACKOVIC, 0. ADAMOVIC i M. JURIC

Institut za fiziku, Beograd

Sadrzaj

U ¢lanku su dani eksperimentalni podatci o srednjem multiplicitetu pro-
dukcije naelektrisanih Cestica prema njihovim brzinama pri interackiji protona od
200 GeV sa laganim i te$kim jezgrama nuklearne emulzije. Prema brzinama tra-
govi Cestica u emulziji razvrstani su kao relativisti¢ki, sivi, crni i te$ki, tj. respek-
tivni srednji multipliciteti bili bi {n:), {n,>, <n,> i (N,).

IstraZzena je zavisnost (n;» i {(N,)> od atomskog broja jezgra mete i opaZena
je asimetrija emisije kako relativisti¢kih tako i nisko-energetskih Cestica.





