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1. INTRODUCTION 

Pion production in collisi.ons of relativistic nuclei with nuc

lear targets has been extensively studied in the last years, and 

developments in this field could be traced in numerous reviews/1- 12( 

This report will be devoted to a· more detailed discussion of multi

plicities of secondary pions ·produced in relativistic nucleus-nuc

leus collisions and the distribution of the number of interacting 

nucleons of the incident nudleue. I will mainly discuss the data 

tram Dubna, where nuclear beams wi.th the highest energies (up to 

4.5 GeV/c momentuM or 3.7 GeV kinetic energy per nucleon) are 

available. Three types of track detectors are being used in Dubna 

for these studies: a 2m propane bubble chamber wi.th thin tantalum 

target plates inei.de the chamber volume, a 2m neon-filled streamer 

chamber "8104-200" with various internal foil targets (Li, C, Al, Cu, 

Zr, Pb), and nuclear emulsions. Tbe propane bubble chamber and the 

emulsions were exposed to the beams of protons, deuterons, helium-4 

and carbon-12 nuclei, while the streamer chamber used helium, carbon, 

oxygen and neon beams. 

2. PION MULTIPLICITY DISTRIBUTION IN THE INCLUSIVE SAMPLE 

The track detectors with 4:rr geometry permit one to obtain data 

on secondary particle multipliciti'es with relative ease. In the 

bubble and streamer chambers the external magnetic field allows for 

the distinction between negatively and positively charged particles 

and, as it has already become usual, negative secondaries are chosen 

as best representing pion production processes; the contamination 

with non-identified electrons and strange particles is expected to 

be very low here. 
As is shown in the studies of high-energy hadron-hadron colli

sions, already the lowest moments of the pion multiplicitY distribu

tion, the average value <n_> and the dispersion n_.\j<n~>-<n_>2 , 
contain in-teresting information which, when compared to the 



predictions of various theoretical models, may shed some light on 
the pion production mechanism. 

Table 1. Average multiplicities <n_> and disperai.ons D_ of the 
multiplicity distribution of negati.ve secondaries for 
interactions of p, d, He and C nuclei wi.th carbon and 
tantalum targets at p/A • 4.2 GeV/c 

p 

d 

He 

c 

c 
Ta 

c 
Ta 

c 
Ta 

c 
Ta 

0.33z.0.015 
0.45;t.0.02 

o.6oz.0.03 
0.86.:!:,0.03 

1.02.:!:,0.03 
1.42.±,0.06 

1.50z.0.05 
3.2 ±.0.1 

D_ 

0.28.:!:,0.01 
0.39;t.0.02 

0.4B;t,0.04 
0.77;t.0.04 

0.96z.0.04 
1.50z.0.10 

1.65z.0.08 
8.4 z.0.4 

D_ 

0.53;t.0.01 
o.62;t,0.01 

o.69;t.O.o3 
0.88.:!:,0.02 

0.98;t.0.02 
1.23;t.0.04 

1.2B;t,0.04 
2.90±,0.08 

1620 
1132 

699 
1441 

1333 
1244 

1195 
1445 

Table 1 shows average multiplicities <n_> and dispersions D_ 
of the~ multiplicity distributions for interactions of protons, 
deuterons, helium-4 and carbon-12 nuclei incident upon carbon and 
tantalum targets at p/A = 4.2 GeV/c (bubble chamber data). These 
data di.ffer sligntly from those published by us previoualyllJ-16/ 
and are baaed on the statistics increased to 8037 events in propane 
and 5262 events in tantalum. The characteristics of interactions 
with carbon nuclei were obtained from the data on propane by the sub
traction procedure described earli.er/14-16/. 

The dependence of the average multiplicity <n_> on the mass 
number Ai. of the projectile nucleus for carbon and tantalum targets 
is shown in ~· This dependence can be described by the power 
function 

C( < n_> = k Ai ( 1 ) 

where both k and ~ depend on the mass number At of the target 
nucleus. For carbon target k = 0.42±.0.03, ~= 0.55+0.04, whereas
for tantalum target k = 0.54±.0.0}, O::co 0.70±,0.03/14-161. 

Fig. 2 shows D plotted versus < n >for the data of Table 1 
together with the st;eamer chamber data/17/. The trend of the p-p 
data, D_ = a <n_> + b 118/, is designated as a straight line in 
this figure. It is seen that the multiplicity distri.butions for 
nucleus-nucleus collisions for heavier projectiles, such as carbon, 
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become wider as compared to 
nucleon-nucleon colli&io~ with 
the same average multiplicity. 
As noted by us earl1ezl151161, 
the ex~lanat1on of this effect 
can be obtained on the 
basis of the independent colli
sion model. Assuming that the 

nucleons of the incident nucleus 
i.nteract independently in the 
target, one ob~aine the follo
wing expressions for the average 
multiplicity <n >A A and the 

- i t 
dispersion D • • in nucleus-- AiAt 
nucleus (A1+At) collisions in 
terms of the corresponding quan
tities cbaracteriz~ nucleon
nucleus (N+At) co111s1one, 

<n_;>I!At 8lld D_HAt ' 

<n_>AiAt • <'lli><n_> lliAt (2) 

3 

2 2 2 
D_._ A <v >rl +<n_> HAD, • 

1 t • i -NA t 
t (3} 

Here <v
1
> is the average number. 

of nucleons of the projectile nuc
leus which -interacted in the tar
get and Dy is the dispers~on of 
the l) i distribution, Pv (y = 1,. 
2, ••• A~). (For simplicitT we omit 
index a1w in expressions in which 
)1, 1 itself is an index). 

The data of the Dubna 2Jt Pro

pane Bubble Ch&aber Collaboration, 

in which the non-interacting char
ged tragaents of the projectile 

Pig. 2. DiapersiOD D _ of tile 

mult1pl1cit7 dietribution o~ ne-. 
gative secondaries in uucleus
nucleus collisions plotted versus 
average mult1pl1_c1ty <n_>. 



nucleus were identified among the secondary particles, make poeei.ble 
a numerical check of the above formulae, a.a both<vi> and D.v can be 
obtained :from the fragmentation data in a model-independent wa/16 •19{ 
The tracks of the non-inte~acting fragments of the projectile were 
i.dentified on photographs as those emitted at small angl.es ( < 4° 
for exposures at p/A • 4.2 GeV/c) and baving high momenta ( :>3 GeV/clt 
and their charge was determined using ionization, 8-ray density, 
and analysis of secondary interactione/13 , 201. The number of inte
racting protons of the projectile nucleus is np • z

1 
- Q

8
, where Q

8 is the total charge of non-inte~acting fragments. As the inelastic 
cross sections of protons and neutrons are the same within experi
mental errors, and for projectiles with equal numbers of protons and 
neutrons, the average number of interacting nucleons is 

(4) 

The values of<~> thus obtai.:ned for Ta target ar-e listed in Table 2. 
It i.e interesting to note/ 19/ that the values of <'11. > obtai.Ded from 
the projectile fragmentation data are in good agreement with those 
obtained from the formula derived in 1211 under the assumption of 
independent nucleon-nucleon collision mecbani~ ("incoherent compo
sition of collisions of indi.vidual nucleons") 

0 ' 
AiAt 

( 5) 

whe-re 6" NAt and 0 AiAt are the nucleon-nucleus and tb.e nucleus
nucleus inelastic cross ~ectio~a/ 1 3- 1 61. 

I-t can be shown that the dispersion of the number of interac
ting nucleons, Dv , can be also obtained from the ]rojectile fragmen
tation data. The relevant formulae can be found iD 16• 191. Our expe
Timental values of D~ for Ta target are also listed in Table 2. 

Table 2. Average numbers <V1> and dispersions Dv of the number of 
interacting nucleons of .:1, He and C nuclei incident upon 
tantalum target at p/A • 4.2 GeV/c. 

A At <vi> Dv 

d Ta 1 .. 6Qz,0.04 0.24;t0o02 
He Ta 2 .86:_0 .10 1.64;t0.09 
c Ta 6.6~0.)0 16.8 :_1.0 
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The results of checking the formulae (2) and (3) are given in 

Table J. They have been calculated assuming the following .values of 

the average pion multiplicity and dispersion for N-Ta interactions 
1191, 

Table 3. Average multiplicities <n_> and dispersions D_ of the 

multi.plicity distributions of negative secondaries for 

interactions of d, He and C nuclei incident upon tantalum 

target at p/A • 4.2 GeV/c calculated from formulae (2) 
2 

and ()) using numerical values for <v1> and D')) given 

in Table 2. 

Ai "'t <n_> D -
d Ta o.88 z. o.o5 0.81 ± 0.07 

He Ta 1. 57 ~ o.oa 1.81 .±. 0.15 

c Ta ).6) t. 0.17 8.1 t. o. 7 

• o.55 ±. o.oJ 
• 0.46 ± o.oJ {6) 

The agreement with the experimental values of Table 1 is good. A 

relative broadening of the pion mu.l,tiplicity distribution observed 

for heavier projectiles is accounted for by the second term in the 

formula (3). This term is small for light projectiles, such as d or 

He, and for C it becomes comparable to the first term. 

). PION MULTIPLICITY DISTRIBUTIONS FOR EVENTS WITH FIXED 

NUMBER OF INTERACTING PROTONS 

For events with a fixed number of interacting protons of the 

incident nucleus, np' one mi.ght expect that the pion multiplicity 

distribution is narrower than for the inclusive sample. ~he reason 

is that, fixing the number of interacting protons, one allows only 

the number of interacting neutrons to fluctuate between 0 and N1, 

and one can expect also these fluctuations to _be damped because o~ 

similar space density distributions of prot9ns and neutrons, parti

cularly in light nuclei. This decreases D~ and thus the overall 

dispersi.on D2A A • The relevant He + emulsion data/22/ ~d C + Ta 
I I - i t 

data 9 seem to follow this prediction. The values of D~<n_> for 
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C + Ta collisions at p/A • 4.2 GeV/c with the ~ixe~ number of inte
racti.ng protons are given in~ ahowi.ng a significant narrowing 
of the pi.on multiplidty distribut~.on as compared to that for the 
inclusive sample. 

3 C • TG 
ol! o,t p/A = 4.2 GeiJ/c 

·.~~--~,~~,---,~~.~-7,--~,·_j 
<n .. > 

~o Values o~ the ratio 
D_/<n_> plotted versus < n_> 
for C + Ta collisions at p/lva 
• 4.2 GeV/c with the fixed 
number of interacting protons. 
Q

8 
denotes the total charge 

of non-interacting fragments 
of the projectile nucleus. 

A similar picture was observed in the recant paper o~ tb~ Ber
keley-Darmstadt grou/23/ where the sample of' inels.e·tic Ar + KC1 
collisi.olll'!l at E/A =- 1.8 Ge1T was subdivided into groups accordi.ng to 
the total charge of participating nucleons, and these subgroups were 
shown to have D~/<n_>-.;: 1. 

Collision events which exhibit tbe absence of charged projec
tile :fragments (Q8 • 0 or np • z1 ) ~re usually considered as "cent
ral"~ Pion multiplicity dist::ributiona for such events were shown to 
be compatible wjth the Poi~eon s~pe/24,23/. 

For a subgroup of nucleua-nucleu.g colliai.ons in which the fl.uc
tuationa of the number of interecting nucleons were fully eliminated, 
the independent collision ma4el predicts (see formulae (2) and (J))s 

n2 n2 
-AiAt -NAt 

(7) 

or, uai.ng the values ( 6), 
D'!:!< n_> = 0.84 ;t 0.08 (8) 

for C + Ta i.nteractions at p/A • 4.2 GeV/c. This value ie marked in 
Fig. ). as a shaded band. The recent results from the Dubna streamer 
chamber, obtained at a similar momentum of p/A • 4.5 GeV/c and with 
an additional "veto" counter of neutral fragment!! of the projectile, 
indeed show that in the case of such a strong selection the 
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pion multipli.city distributions exhibit further narrowing, the value 
of the ratio D~/<n_> falling below unit/25/ in accordance with 
the above prediction. This would mean that the Poisson shape of the 
pion multiplicity dietributi.ons for "central" collisions, observed 
in refa./23• 24/ and interpreted in favour of the hypothesis of 
GYulaesy and Kauffmaxm 1261, might have bee:h:·accide-ntal and due to 
particular selectiC'n criteria. 

4. DISTRIIDTION OF THE NUJ4l!ER OF INTERACTING JIUCLEONS 

OF THE IICIDENr NUCLEUS 

It would be interesting to find the shape of the Py distri.
bution in nucleus-nucleus collisions. In refa./9, 16/ it has been 
noticed that the experimental values of the dispersion Dv are 
significantly greater than it would have been expected for the flat 
Py di.etribution (Py • canst) which, together wi.th almost the same 
average value <VJ.>, suggests that small and large values of Vi 

would be enhanced. 
It can be shown that higher moments of the Pv distribution 

could be obtained from the projectile fragm~ntation data in the 
model-independent wa,J191. In the case of an incident nucleus with 
cbarge Z, the moments of the Pv distribution up to the Z-tb order 
can be calculated. Thie would give more detailed information on the 
shape of the P~ distribution, but, providing only Z constraints, 
does not allow one to obtain .Pt.J for Y • 1, 2, ••• A .. 

The Pv distribution ( Y • 1, 2, ••• A ) can be obtained if the 
projectile fragmentation data are supplemented with data on pion 
multiplicities in groupe of events with a given number of interac
ting protona/271. The relatione between unknown probabilities P~ 
(V • 1, 2, ••• A) and measured probabilities of the interaction of 
various numbers of protons of the projectile nucleus, Wn (n•0,1, •• Z), 
provide us with Z+1 linear equations : 

" L ~I ~ 
Wo • >l•1 p"' CN CA 

N•n 

and w L P en c~-n/c" (9) 
n Y•n )1 Z N A ' 

where C are the binomial coefficients/16 • 19/. Further Z+1 equations 
of similar structure can be obtai.ned using the experimental values 
of average pion multiplicities i.n subsamples of events with various 
numbers of interacting protons and assuming that pion production 
occurs in independent interactions of the nucleons of the projec
tile nucleus. Thus we have altogether 2(Z+1) equations with A un
knowns, which constitute an overdetermined system for light projec
tile nuclei with A=2Z. 
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In the case of the deuteron incident upon tantalum, one 

obtains P1= 0.44, P2= 0.56. In the case of the 4He nucleus incident 

upon tantalum, the system of 2(Z+1) = 6 equations car. be solved 

using standard minimization procedure. One obtains: p.1= 0.21, 

P2= 0.20, P3= 0.13, P4= 0.41. However, the quality of the fit is 

poor, and a better solution is obtained droppirig one of the six 

equations, namely that for average multiplicity in the case of two 

interacting protons of the 4He nucleus. Then we obtain: P1= 0.19, 

P2= 0.17, P3= 0.14, P4= 0.49 with X 2/NDF = 0.79/1. This distribu

tion is shown in fig. 4a. 

a. a!He+Ta 
0.2ll 

P, 
P, 

0.4 

0.2 

0.15 
0.0. , 2 ' 4 

• 

010 

0.05 

om~1~2 ~3-4~5~6~,~.~.~.~,~,~2 
" 

Fig. 4. Probabili.ty distributions of 

the number of nucleons of the pro
jectile nucleus interacting with the 

target for a) He+Ta and b) C+Ta coi

lisions at p/A = 4.2.GeV/c. Results 
of the mul ti.ple scattering model 

calculations are denoted by small 
circles. 

In the case of incident carbon 

nuclei the standard method of solu

tion fails, the solutions being 
highly unstable often yielding 

negative values of P~ • Therefore 
we tried to obtain a physically 

sensible solution usi.ng the method of regularization described i.n 

refs/28 , 291. The basis of this method i.s the requirement of regu

larity of the Py d:istri.bution (minimizing the integral /Cdz/ds) 2ds, 

where z(s) is the unknown aoluti.on), which seems to be justified 

i.n our case. The result of this procedure is shown in Fig. 4b. This 

Pv distribution reproduces well the experimental distribut~on of 

Wn and the average pion multiplicities i.n subsamples of events with 

the given number of interacting protons .. Details will be given in a 

separate paper by M.Kowalski and J.Bartke. 



The P)ol distributions thus obtained are also in fair agreement 
with the results of theoretical calculation by Shabelsky and Chepla
kov using the multiple scattering (Glauber-type) mod.el. In this 
calculation the Gaussian density distribution was used for helium 
nuclei, and the Saxon-Woods densi.ty distribution for carbon and 
heavier nuclei*). 

5. CONCLUSIONS 

Concluding, one can say that the presented data on multiplici
ties of secondary pions do not contradict the assumption that the 
nucleons of the projectile nucleus interact independently in the 
target, or, at least, that this mechanism of interaction is the 
dominant one i.n relativistic nucleus-nucleus collisions. This 
suggests that in looking for any new eft'ecta in these collisions 
one should study other characteristics such as momentum di.stribu
tions or correlati.ons, particularly in interactions in which many 
nucleons are involved (i .• e.,central collisions). 

The author would like to thank Professor V.G.Griahi.n and 

Drs. R.Dymarz, A.P.Gaspar1an, E.O.Okonov and G.L.Vardenga for helpful 
discussions as well- as Professor Yu.M.Shabelsky and Dr. A .. P.Cbepla
kov for having made available to me the results of their calcula
tions. 
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