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SOME CHARACTERISTICS OF COMPOUND SHOWER
AND GREY TRACKS MULTIPLICITY DISTRIBUTIONS
PRODUCED IN PROTON EMULSION INTERACTIONS
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Department of Physics, Academy of Agriculture, Cracow**
( Received May 23, 1977)

Data concerning “‘compound muitiplicity” consisting of shower and grey tracks produced
in proton-emulsion interactions are presented. Independence of energy for any target nucleus
excitation is found for the normalized compound multiplicity distribution, starting from
about 6 GeV of primary energy. Data can be understood in terms of consecutive collision
models of the incident particle with target nucleons.

1. Introduction

In the paper we present some properties of the nucleon-nucleus interactions,
indepcndent of energy in a wide range (from 6 GeV to 200 GeV) which suggest that the
production process of particles in nucleon-nucleus interactions is the same throughout
the studied energy range.

We used experimental material (from our and other laboratories) in which multi-
plicity distribution of grey and black tracks in addition to the relativistic tracks were
available: Proton-emulsion interactions at 6.2 GeV and 22.5 GeV (Winzeler [{1]) and
proton-emulsion interactions at 67 GeV and 200 GeV (Babecki et al. [2]).

The division of tracks into three groups corresponds to different physical processes
in which they are produced. The relativistic tracks (§ = 0.7) include primary and secondary
particles from high energy collisions mainly n-mesons of momentum p 2 150 MeV/e
and proton recoils of p & 1.0 GeV/e. The black tracks (8 < 0.25) are attributed to evapo-
ration from highly excited nuclei in thermodynamic equilibrzium state. The evaporation
takes place much later than the production of particles. The emission of the particles is
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isotropic and their energies do not exceed 30 MeV. Slow particles of energies greater
than 30 MeV (grey tracks 0.25 < 8 < 0.7) result from a process which has not been
fully explained theoretically. It is believed that the particles are the low energy part of
a possible inter-nuclear cascade which mainly consists of nucleon recoils, slow mesons
(about 5%), and an admixture of deuterons and tritons. They leave the nucleus at the same
time as the secondaries of the interaction. Contrary to the black tracks, the grey ones are
collimated in the direction of motion of the primary particle.

In previous papers most attention was paid to the characteristics of the relativistic
tracks. Their parameters were used for the comparison with predictions of different models.
As the relativistic tracks do not involve slow mesons and recoil-nucleons, some model
dependent corrections have to be made, which are based on the data on the number of
slow mesons and recoils in the proton-proton interactions.

In this paper we analyse the properties of the minimum and grey tracks taken together,
as being produced in the same time scale. The tracks include all the mesons produced and
almost all recoil nucleons. (The occurrence of heavier nuclei among the grey tracks may
be promoted by the Fermi motion of the nucleons within the nucleus. A nucleon may
happen to move with small velocity relative to the recoil and emerge as a bound pair).
In the following we shall call the number of minimum and grey trakcs per interaction the
“compound multiplicity™.

We present the dependence of the mean value and the dispersion of the compound
multiplicity on energy and on the degree of the target nucleus exictation characterized
by the number of black tracks. We find that the normalized compound multiplicity defined
as R* = (ny+ Ng)/{n.y (ng, Ng— number of relativistic and grey tracks in nucleon-
emulsion interaction, respectively; n, — number of charged particles in pp interactions)
and the second moment of its distribution are independent of energy for any degree of
excitation of the target nucleus. We compare the experimental results with several models
of particle production.

The following notation is used throughout the paper:

Np —number of black tracks,
n., — number of charged particles in p—p interaction,
n, — number of shower (relativistic) tracks in proton-nucleus interaction,
n,+ Ng — “compound multiplicity”,
R = nj/{n,> — normalized shower tracks multiplicity ({ > — mean value),
R* = (n,+ Ng)/{n,> — normalized compound multiplicity,
D = ({n}) —<{n)?) — dispersion of the shower tracks multiplicity distribution,
D* = {{(n+Ng)*) — {(ns+ Ng)»*}''? — dispersion of compound multiplicity distri-
bution, i
Dy = Ding) = {{(n/<na)?> = (nd[<na )} = {C(R2y—(R)?}"* — normalized
dispersion of shower track multiplicity, distribution,

2 2312
D = ey = {(("e) )~ () | = -y~ normal
ch ¢ch

ized dispersion of compound multiplicity distribution.
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2. Characteristics of compound multiplicity

In Fig. 1a the mean compound multiplicity {#,+ Ng) in nucleon-nucleus interactions
is plotted against the primary momentum in logarithmic scale. The upper curve corresponds
to highly excited heavy nuclei of emulsions Ag, Br, characterized by Np > 9, the lower
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Fig. 1a). Mean compound multiplicity <ns-+Ng) in nucleon-nucleus interactions plotted as a function

of the primary momentum p, with data concerning {ncn)> for p-p collisions. The upper curve corresponds

to highly excited heavy nuclei Ag, Br, characterized by Ng > 9 (number of black tracks); the lower curve
to interactions with all emulsion nuclei. b). The same for the relativistic tracks

one represents interactions with all emulsion nuclei. For comparison the number of mean
charged particles {n.,) in proton-proton interactions as a function of primary momentum
is shown.

The dependence of compound multiplicity on primary momentum for nuclear inter-
actions is similar to that for the elementary interactions. It can be expressed by the following
equation:

<ns+ NG) = Rx(NB) : nch(P)s (1)
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where ng,(p) is a function which describes the dependence of {n,> on momentum p
for the elementary process, and R* is a parameter dependent on the number of black
tracks and independent of the primary momentum. Constancy of parameter (R*) for
interactions divided into three groups of different Ny (Vg = 0—2, 3—8, > 9) is illustrated
in Fig. 2a. Horizontal lines represent the mean value of R* taken over all energies for
a given group of Np.
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Fig. 2a). Normalized mean value of the compound multiplicity <R*> vs primary momentum for three
groups of interactions characterized by the number of Ng. b). The same for the relativistic tracks

The value of the parameter (R*) as a function of the degree of excitation of the
target nucleus revealed by the number of black tracks Ng are shown in Fig. 3a. The
dependence can be approximated by the straight line

{R™y = 1.05(£0.03)+0.20(+0.01) {Ng>, )]

up to Ng < 13 for any value of energy. Values of (R*) for Ny > 14 for all energies lie
below the line.

Similar relations for relativistic tracks n, are drawn in Figs 1b, 2b, and 3b. In the
range of energy examined normalized multiplicity {(R) = {(n,)/(n4> depends on energy
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[Fig. 2b]. The dependence is stronger for higher degrees of target excitation. It follows
that the relation of (R) vs (N> (Fig. 3b) for relativistic tracks is not the same for all
energies as it is the case for the compound multiplicity.
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Fig. 3. a). (R*> as a function of the mean number of black tracks Mg in a group of collisions. b). The same
same for the normalized shower track multiplicity (R> = <{ns>/<{ncn>

Further characteristics of the (n,+ Ng) tracks are given by the second moment of
their multiplicity distribution D™ (see Table I).

In Fig. 4 we present the dispersion D* for all interactions (independently of Ng)
as a function of (n,+ Ng) at the four energies discussed {(p—~Em, ALL). Points can be
approximated by a straight line

D = (0.7140.02) {n,+ Ng)> —(0.44+0.16), 3)



880

*SUONORINUI JUSIAYOD saprpul 7—0 = Hy dnoin ,

90 £TI ‘W eqn)
458 SN & 4 0l 80T 61 90T 8T1 €0°C [spows
1eqa1y
L1 88l STI S8 Wil Wi 0TT 6L 18pow
Oumwm ‘X9
Ng QD Ng <A Ng Ng D S[ppow
SO0+6€T  900FSOT 90°0Fot' T 00F80C 90'0F8ET 01'0FI0¢C LOOFPET  I10FUIT e
SI'OFI9T  LTOFHO¥ ST0FEST  LTOFH8'E LUOFH'T  8TOF66E IOFYT 1 vTOFSLE ¥1
OTOFPET  STOFSTE STOF9' T TTOFSTE TIOFPP'T  0TOFPEE OI'0F0¢’T 6I0FICE €16
600FECT  TIOFTET 600F€TT SI'0FS89T 600FIT'T ET0FLIT 800FSI'T SIOFOLE 8 —¢
900FE60 600FS9I 80°0F86'0 TI'0F6LI LOOF660 TI0F99'L LO'0OF06'0 TI0FI9L y —¢
POOFLLO  900FTIEL $OOFOL0 900F0TT SO'0FOL0 LOOFOTI FO0F0OL0  LOOFVTT +Z =0
Ng A Ya {ed Na A Na A N
002 L9 /4 9 (ojpen) d
YTOFHOOL  HEOFLLSE €T0F9T8 TEOFLTTI PI'0F98S  0T0+95'8 90°0FSLE 600F¢E6S fre
660FSETT 6£TFSOIE 98°0F€06 ITTFE9TT 6S0FYI'9  T8OFS69I 0TOFLY'E 8TOTFEVOI P1
29°0F0€01  L8DF6IST 89'0FC9'8 S60FTE6I 9E0FIT9 0SOFOTHI ST'OFHP9'E 1T0F66'8 €16
IS0F6v'6  ILOFSSLI SFOFSTL 19°0F6LGL STOFELY SE0FCT6 TUOFITE  LI'OFTLS 8 —¢
9C'OFIIL  IS0F69TI 8C0FSL'S  €5°0F9501 €TOFTILY TEOFSOL OI'0FEST PIOFOSH y —¢
1270F26'S  6C0FHI01 LTOFZIY STOFOL'L IF0FL6T 9T0FTIS 900F96T 800FLV'E + —0
<@ {ON-F-Su> «d {ON-+%> xa {ON-F5uy <d ON+5u> ay
(666 — N) 002 ($L9 — N) L9 (68 = N) [Sy4 (I1LLT = N) 79 (2/A2D)d

JHVL



881

similar as in the case of the relativistic tracks [12, 13, 14]. The line for the elementary
process is given by D, = 0.58(n.,—1) [3] which is marked in Fig. 4 by a dashed line.
In the same plot we present the dispersion of the compound multiplicity distribution in
interactions belonging to different groups of Ny plotted against the mean value of (n,4 Ng).
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Fig. 4. 1) Dispersion of the compound multiplicity vs average compound multiplicity for all proton-

-emulsion interactions (independent of the number of black tracks) at energies: 6.2, 22.5, 67, 200 GeV.

2) Dispersion for interactions divided according to Ng. Points for the same energy are joined by a line.
3) Dashed line: D vs n dependence for p-p interactions

Points for the same energy are joined with a line. From Fig. 4 we see that D* vs {n,+Ng)
for interactions characterized by a low state of excitation of the target nucleus (Np < 3)
shows a dependence similar to Dg vs {n.,» for the elementary process which has been
found to be a universal relation [13, 14] (independent of energy and target). For groups
with higher values of Np the same dependence is different from the universal one (it is
energy dependent).

The energy dependence of D* vs (n,+ Ng) disappears for the normalized compound
multiplicity R* and its dispersion Dy. In Fig. Sa Dy vs {(R™) is shown, calculated
separately for five groups of Ny: 0—2, 3—4, 5—8, 9—13, > 14. All points belonging
to the same Ny group lie at one curve regardless of primary energy.

Since there is an energy independent relation between (R*) and {(Ng), the relation
D% vs {(Np) can also be approximated by one curve for all energies (Fig. 6a).

It should be stressed that in the case of the shower tracks the relations between
normalized dispersion Dy and (R) or (N> depend on energy (Fig. 5b and 6b).
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3. Discussion of results

The independence from energy of the normalized compound multiplicity is a striking
feature. If we assume that the grey tracks are closely connected with the particle production
process, the energy independence of R* and Dy imposes certain restrictions on the produc-
tion models. The simple inter-nuclear cascade caused by secondary particles generated
in the interaction of the primary with nucleons of the nuclei is eliminated (R and Dy in
the cascade model grow with energy). Models with long creation times of secondaries
in independent collisions with individual nucleons of the target nucleus are favoured.
We can mention for example the long lived excitation state models [4, 5, 6]. In conglomerate
models in which the nucleons on the path of the incident particle act cumulatively or
coherently [7, 8] and the production process takes relatively long time, Dy is also in-
dependent of energy, provided R does not depend on energy. In the following we shall
examine several models in some detail.

In the subsequent collision model, in which every nucleon taking part in the inter-
action contributes independently and equally to the observed muitiplicity distribution
(excited state model), the normalised multiplicity R, in fixed v collisions is given by the
formula

R = 0.5(1+v). 5)

Assuming statistical independence of the consecutive collisions, the dispersion for a definite
v is given by [11]
D*(v) = (1+v)D3, 6)

where D, is the dispersion of the multiplicity produced by the excited state. D, can be
deduced from the proton-proton distribution using the same folding procedure

Dg = 1/2Dg,. M

In interactions characterized by a given number of black tracks Ny a spread of the v
occurs. The dispersion D(Ng) can be expressed in terms of D(v) by the formula

D*(Ng) = Y, p(v, Ng)D*(v)+ ¥ p(v, Ny) {n(») ~<{n(m>}?, (8

where p(v, Ny) are the probabilities of occurence of v inelastic collisions in the interactions
characterized by the given number of black tracks Np.

The dispersion of the normalized multiplicity distribution Dy in the excited state
model is

DZ(Ng) = 0.5¢[1+<{»(N)>]+0.25[ v (Ng)) — (w(Np)>]>. %)

Deriving equation (9) we took D, /{(n.,> = a = 0.58 omitting 0.58/{n.,> from Wréb-
lewski’s formula [3], that we believe to be approximately true for a target which is a mixture
of protons and neutrons.
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If we substitute in Eq. (9) the normalized multiplicity of interactions with a given
number of black tracks

(R[W(Ng)]> = 0.5(1+<¥(Ng)>), (10)

‘we get following expression:
Di(Ng) = a*R[W(Ng)]>+ ¥, p(v, Ng) {R[W(Np)] - (R[W(Np)]>}*. (11)

Neglecting the weak energy dependence of p(v, Ng) caused by differences in the inelastic
cross-section we see from formula (10) and (9), that the excited state model gives energy
independent (R) and Dy values for the normalized multiplicity distribution as was
experimentally found for the compound multiplicity.

A comparison of the formula (9) or (11) with the experimental data is restricted.
Neither can the distribution of v for a given number of Ny be calculated, nor is the second
term in Eq. (11) known from the experiment. We can only make a qualitative comparison
of the experimental dependence Dy and (R*) with the prediction of the model. In Fig. 5a
the first term of equation (11) is drawn (dashed line). The shape of the line follows the
shape of the experimental curve with a shift towards smaller D values, which can be
attributed to the omission of the second term. The second term, which is equivalent to
the second term in Eq. (9), can be estimated for all interactions in emulsion (without
restrictions on Np), since we can calculate the probability distribution of inelastic collisions
in the nuclei of the emulsions by means of the Glauber like formalism using the Saxon
Woods nuclear density distribution®.

The values of Dy and (R) for overall interactions calculated for the excited state
model are listed in Table I along with of the experimental data. (The values are calculated
for given energies separately, taking into account the weak energy dependence of v). They
are also plotted in Fig. 5a.

The calculated points (Dyvs {(R)) are quite close to the experimental ones (in
circles — Fig. 5a), suggesting that the number of inelastic collisions v and their probability
distribution seems to be the relevant quantity governing the (n,+ Ng) distribution. Further-
more, since the Dy, value for all interactions characterized by { Ng) =~ 4.7 is higher than the
corresponding value of DF(Ny) given by the experimental curve (Fig. 6a), we can conclude
that the second term, which describes the dispersion of the collision number distribution
is smaller in interactions selected according to N, than in the interactions without restric-
tion on Ny tracks.

Fairly good agreement of the calculated Dy and R values with experiment is
obtained in another version of the subsequent collision model. Treating the production
of particles in interactions with nuclei as a superposition of elementary interactions
caused by the primary particle only (the fast and slow particles are supposed to emerge
from the nuclei without producing additional hadrons) and taking into account the

! We are grateful to W, Czyz and M. Bleszyniski for making available the results of their calculations
concerning probability distribution of inelastic collisions.
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energy degradation of the primary, (the noninteracting fireball model is a particular
example [4]) we get
R ~ (&' =1)/(" —1), (12)*

o? 1
Di(Ng) = Ty (P — 1)+

G (=G, A
where k = 1—K and K is inelasticity coefficient.

In calculating the above formulas we approximated the ng, vs p (primary momentum)
dependence for 5 GeV/e < p < 200 GeV/c by ny, = yp® with y = 1.671 and p = 0.294
and assumed that n, in proton-neutron interactions is about the same as in proton-proton,
interactions.

The calculated values of (R} and Dy for K = 0.5and p = 200 GeV/c are in agreement
with the coresponding experimental values

(R) =211, Dy=132, (R™ =2054+0.06, Dy = 1.3940.05.

In the models in which the primary particles act simultaneously with a group of v
nucleons [7, 8] the same formula can be applied to compute Dy(Ng). Now p(v, Ny) is the
probability of an inelastic interaction of the primary particle with a group of v nucleons [9].
It is calculated in the same way as in the case of subsequent collisions®. The interaction
is assumed to be the same as that with one single nucleon, but an incident effective total CM
energy squared S, = vS,. If (n(S)> ~ §'%, R = v'/* and

Dy = v'20) (& + 1) = (v, (14)

Again we observe an independence of (R) and Dy of energy (apart from the weak
energy dependence of v) but the numerical values of (R) and Dy for the overall interactions
are substantially smaller. (R) = 1.23 and Dy = 0.76 coresponding experimental values
200 GeV/e are (R = 2.05+0.06 and D* = 1.39+0.05.

The Gottfried model [12] cannot be treated in the same way. Apart from the fact
that it is formulated only for high energies, the second moment of the multiplicity distri
bution of slow slices and its relation to D, is not known.

Comparing the characteristics of the (n,+ Ng) distribution with the predictions of
the models we assumed that the grey tracks were closely connected with the production
process and that they were mainly recoil nucleons.

The calculated mean number of inelastic collisions is, for the average nucleus in
emulsion, {v) = 2.75. This gives about 1/2{v)> = 1.4 charged recoiis. The mean number
of grey tracks in emulsion changes from (3.1340.02) to (2.554+0.03) within the studied
energy range. Correcting these values for slow mesons and taking into account the fact
that part of the recoils form relativistic tracks*, we are left with about one grey track/

2 Relation (12) is exactly true for created particles (without recoils). For charged particles the R
value is slightly energy dependent and overestimated (at 200 GeV by about 6% taking the charge
exchange into accoount).

3 See footnote 1.

* The corrections have been made on the basis of the consecutive collisions model as in [10].
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[interaction, which may be created in processes we neglected in our considerations, for
example in elastic collisions or rescattering of the recoils. That number compared with
the number of {(n,+ Ng> is not large enough to influence appreciably the characteristics
of the production process.

4. Conclusions

It is shown that the compound multiplicity (n,+ Ng) in proton-emulsion interactions
depends on the primary energy in a way similar to the elementary process starting from
low energy (about 6 GeV). The mean value and dispersion of the normalized compound
multiplicity (n,4+ Ng)/{n.,) are independent of the primary momentum. These features
suggest that the production process in nucleon-nucleon interactions is the same throughout
the studied energy range.

Furthermore, the shape of Dy vs R* or Dy vs. Ny dependence may be understood
in terms of the consecutive collision models. In particular, two of the discussed models, the
excited state model and the non-interacting fireball model, seem to be in fairly good
agreement with the experimental data.

The relatively high value of Dy for all interactions (without restrictions on Np),
compared with the curve Dg vs Ny scems to indicate that the probability distribution of
the inelastic collisions inside the nucleus is narrower for interactions characterized by
a definite number of N than for all interactions. In other words, by collecting interactions
according to Ng we have to do with a type of interactions that from the point of view
of v distribution is more uniform.

The authors wish to thank Professor W. Czyz and Dr W. Wolter for reading the
manuscript and helpful comments. We also wish to acknowledge valuable discussions
with Professor I. Otterlund and Dr L. Voyvodic.
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