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For many years the multiplicity of the so-called g-pa r­

t i cles [1] was s tudied in experiments with emulsions. These 

par t i cl e s , with the velocity in the range O.J~ J3'f 0.7, are 

i n the main protons ejecting from nuclei. 

La tely new experimental data on the mean multiplicities 

of protons with the energy Tp= JO+JOO MeV (which approximately 

corresponds to the g-particle energy range) obtained in elect- . 

ronic experiments on various nuclei and under the influence of 

hadrons of different nature [2,J] have appeared. 

The study of the g-particle mean multiplicity n9 is of 

certain interest since it gives information on the average 

number o.f hadron collisions in the nucleus ~ • The simple.st 

relation between these values is obtained in the leading had­

ron eikonal model, with the secondary particle cascading being 

neglected. 

Indeed if g-particles are assumed to be recoil vrotons 

produced due to successive collisions of the incident ha dron 

h in the nucleL<s with the atomic weight A, then 

ii~= vw; ( 1 ) 
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where (d
1 

i s the probabili t y of 13-purticle product i on in the 

elementary hadr on- nucleon collisi on ( averaged over pr oton s 

and neut rons) . The va lue V is model - dependent and varies 

in different model s : 

a) In the leadi ng hadron cascade model [4] 

Jl6 
v= ~, 

( 2) 

where 6, 6.ll ar e the cro s s sections of the incident hadron in­

tera c t ion wi t h nucleon and nucl eus , respec t i vely. In invest i -

gat i ng the processes of pion mult iple production one may not 

consider the elas tic rescatterings of incident hadron i n the 

nucl eus, theref or e, tLe hadron- nucleus interaction inel~stic 

cross sec t ion 6'" is taken a s G'=~~and the cro ss sec­

tion of the production (of a t l eas t one pion) on the nucleus, 

,;! PW d 
OR , is commonly u sed as 6.A ( in accord wiLh th xpo-

riment condi tions ). 

In invo uL1gnL1ng Lho e-1mrLJolo producUon process, one 

nhou ld Lu.ko Jn Lo ncoou1 1L Lho co11 LrlbuU on of the incident ha d-

ro11 ~lnu L l o lllulonu wl Lh nuclear protons with the moment um 

LrnrlO.f' xcoodlng the knock-on thre sh old of g- par ticl es f rom 

Lho nucleus . For example, for t he experi ment condit i ons [2,J] 
this thre shold corresponds t o ltmin\ z 0.075 ( GeV/c )

2 
(allow­

ing for the prot on coupling energy i n t he nuclouo ). Thus, in 

the expressi on ( 2 ) one sh ould t ake 6= 6tot _ AEl ci us t he 

cross secti on 6 , where 66ee i s tho oro1111 111i o LI on of the 

elastic i nterac t ion wi t h t he momentum Lrn11 11 l'111 ·11 J< I t mi.n I 
Then, for the mean number of tl10 I 1111! 1111111. li udl'on colli-

sions we have : 

,, 

A Jl 
~=..[nPn=L:n · 61 n!S[6T(8)Ji-1>T(g)d 2 b= : 6 

(J) 
nsi ns1 A JI 

where T(g)= 5p(g,r:)d~ is the projection of one-particle 

nuclear density p(z) on the impact parameter plane; Pn is 

the probability of the n-fold collision. The hadron-nucleus 

cross section 6.R is determined by the expression 

6.R= r(1- e-€lT(f?.»d 2 8, (4) 

which practically corresponds to the normalization cross sec­

tion in the experiment [2,J], being approximately equal to 

the total inelastic cross section of hadron-nucleus interac-
c i.n 

tion, u.A • 

Further we shall consider the values \), 6, b.ll in the 

above sense. 

b) In the leading hadron cascade model with the change 

of the leader type [5] the mean number of collisions is gi­

ven by the following expression: (see Appendix II) 

-, .R6z. 61-bl' N(O · 60) v =~ + ,., ) 
(5) 

01, 6a are the interaction cross sections, respectively, of 

(•he projectile and hadron, to which. the lee.ding property is 

transferred, with a nucleon; 

N(0;6)"fdzg 1-e-6HGJ 
0 

is the effective nucleon number; 60 = b1 ( 1- 'l) 
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where 'l is 



t he probability of preserving the leading property in the 

elementary act of incident hadron-nucleon interaction [5]. 
c) Using in the additive quark model the probabilities 

for the quark collisions in the nucleus [6] , we obtain the 
• 

foll owing_ expression for the mean number of collisions of a 

hadron composed· of constituent quarks: 

v~= n~ 
N ( o; 6q,) _ nq. 6q,Jl 

N (O; 6) - 611 
(7) 

G'.'." is the cross section of the constituent quark-nucleon in-
'Y 

teraction. It follows from (1), that the g-particle mean 

multiplicity in all the three models should possess the scal­

ing property, i.e . depend on the type of the incident parti­

cle and the target-nucleus atomic number only through the cor-

responding V 
The probability UY1 of g-particle production in the 

hadron-nucleon interaction a ·i; sufficiently high energies is 

practically independent of the incident hadron type [7] 
This value was extracted from the available data [7] on the 

proton inclusive spectra in the reactions pp_,... px, p(!IT"Jn-P:if• 

For the comparison with the experimental data on nuclei [2 , 3 J 
where protons with energies Tmin= JO MeV to Tmax• JOO MeV 

were registered , the portion of protono wao determined in 

reaci;ions on a f ree nucleon in the tronoforrod momentum range 

It lrni.n =-2mp(Trnin +e) to It lrnax "' 2mp (Tmax + c) where 

C <:: 10 MeV is the nucleon coupling onGJ'gy in the nucleus. 

This portion proved to be equal to CAr1 • 0.15±_0. 02 (allowing 

for the elastic scattering) und pruo Lioally independent of Eh 

6 

c 

in the incident hadron eneri;y region Eh about 100 GeV and 

higher. l!'urther on we neglect also the possible dependence of 

UJ
1 

on Eh in the hadron energy region from tens to 100 GeV. 

The table presents the values for V depending on the t ar-

get at omic number, e.g. f or the case of pA-interaction. In 

calculations the Fermi nuclear density with the 

parameters from ref.[B] was used. The comparison of experi­

mental data on n9 ~] with the predictions of the expres­

sions (1), (4), (5), (7) shows that experimental data are 

much higher than theoretical predictions. It is a direct in-

dication of the significant contribution of the secondary 

particle cascading in the nucleus to the g-particle produc-

tion process. 

Below an a t t empt is made to calculate analytically the 

'contribution of cascade processes, namely, of secondary in-

teractions of pions produced in the nucleus, to the g-parti­

cle mean multiplicity. We shall then assur.1e that the pions 

generated in the target fragmentation region make the main 

contribution in the cascading. In the l.s. t hey have ener­

gies not exceeding·) GeV (at the primary energy of the order 

100 GeV); the production lengths e~ Pgr/t'2 ( ,. . ..z~o.J-0. 7 GeV~ 
the characteristic mass [9] ) of these pions are of the order 

of internuclear distances in the.nucleus, therefore, pions 

can undergo secondary int.eractions. The contribution of 

more energetic secondary pions cascading is suppressed: 

in this paper we neglect it. The role of other possible pro­

cesses that can affect the g-particle production, will be ciis-

cussed 1 ilow. 
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The g-particle mean multiplicity in the leading hadron 

cascade model with regard to secondary interactions of pions 

from the target fragmentation region is given by the follow­

ing expression (see Appendix I): 

n = 0 ur. + .A 6fn rnuJ [1 - N (O; 63)] (8) 
~ 1 6Jl 2 .A ' 

where rn is the mean multiplicity of pions in the t arget 

fragmentation region, that is generated, on the average, in 

each collision of the leading hadron; 63 is the averaged 

cross section of these pions interaction with nuclear nuc­

leons, and CL7'2 is the averaged prcbability of g-particles 

generation in these interactions (the values 63 and UJ'2 are 

averaged over the pion energy spectra). 

As is seen from this expression, the account of secon­

dary interactions leads to the violation of V -scaling, 

i.e. there occurs an additional A-dependence for n~ . 

In the above approximation one may also obtain the exp­

ression for n~ with regard to the secondary pion cascading 

in the model with the change of the leader type (see Appen­

dix II): 

rl9=cu;[ ~~e - 66:6eN(0;6o)]+ur2m[ ~~:n + 
(9) 

63 (6:"-6~") N(o;6o) + . -
63-60 6Jl 

o;n63 -60 6;n. N( O; 03)], 
63 - 60 6Jl 

where 60 has the above sense: 60 = 61 ( 1- r1)::: 6/·" ( 1- rz!n); 
~·n is the probability of preserving the leading property in 

the elementary act of . the incident hadron-nucleon inelastic 

8 

"' 

interaction. One may make sure that at 60 - 0 the expres-

sion (9) goes over to (8). The probability of the leading 

property transfer from nucleon (antinucleon) to pion is es-

timated in ref. [5]: ( 1-'l.in)N-+5f"z0.35, for kaons from 

the data of [10] one may in much the same way estimate 

(i-r()K+-...'if ~ 0.37 and (1-r1,"")1<-~gr"'o.42. In the case 

of incident pion the probability of the leading property 

transfer to a particle of another type is negligible [5,10]. 

Other parameters in the expressions (8) and ( 9) vrere also 

estimated with the application of experimental ciata on nuc-

leons. It should be emphasized that the analysis of the pos­

sible dependence of theoretical expressions for n9 on the 

incident hadron energy was not the task of the present paper 

(note that the available experimental data on emulsions point 

to the practical absence of such dependence in the wide range. 

of initial energies 20-400 GeV). Therefore, apart from expe­

rimental errors, we attribute an additional error, connected 

with these data averaging, to the parameters extracted from 

thP- data on hadron-nucleon interactions. To estimate rn , the 

parametrization [5J of the pion inclusive spectra in the tar­

get fragmentation regi0n was used; to estimate 63 and Cl.Yz 

the partial and differential cross sections of the exclusive 

channel of the low energy pion-n~cleon interactions [11] were 

used. As a result, we obtain the following estimates: 

m = 3.0.±.0.5, 63 = 27.±.4 mb, ltYz = 0.5.±.0.05. The estimate of 

ur, was given above: co;= 0.15.±.0.02. For the elementary act 

cross sections the following values were used: 6pN = J3.5, 
6 en 6- = 36, 6'" 6;!1",...= 21, ~; = 20, pN = 31•5, eN p~~ J4, 

a 



6+= 17.5, 
KN 

6'" = 16. 5, 
11'N 

OK.N= 19' ~in = 18 mb. Ot<_N 

The results of the g-particle average mult iplicity cal­

cul ation by the formulae (8) (for primary pions) and (9) (for 

primary (anti)protons and kaons) are shovm in figs . 1-3. The 

area corresponding to uncert aint ies in the paramet ers from 

the expressions (8), (9) a re shown by a dotted l ine. The ex­

perimental data fo r various nuclear t arge ts at the primary 

energies 37.5 - 150 GeV [2,3] are presented ibidem . These da­

ta are obtained under the conditions somewhat different from 

those of photoemulsion experiments. Particularly, in refs{2,3] 

the proton energy upper limit was 300 MeV, while in the emul­

sions this limit for g-particles is 400 MeV . Therefore, to 

compare the electronic and emulsion experiment data, the 

portion of g-particles with the energies 300-400 lvleV, some 

10 % [12] of their mean multiplicity, wus subtracted from the. 

emulsion data [1]. The photoemulsion data in the energy range 

50-400 GeV, corrected in this way, are also given in fi gs .1-3. 

As is seen from figs . 1-3, the proposed theoretical 

scheme represents sat i sfactorily both absolute values and the 

A- dependence of g-particles mean mul tiplici ti·es. Note that 

A-dependences are different for various primary hadrons; in 
- d, 

parametrization of n~ ~ Jl in the range of medium and heavy 

nuclei ol = 0.42 for primary protons (antiprotons), ol =0.41 

for pions and ol = 0.4 for kaons. 

It should be emphasized, that according to the expres­

sions (8) and (9), the cascading of secondary pions from the 

target fragmentation region (the second term in the formulae 

(8) end (9)) makes the main contribution (78-87~) to the g-

,,J 

particle mean multiplicity. 

The g-particle rnul tiple product i on was investigated in a se· 

ries of theoretical works [13, 14]. In these calculations the 

free parameters (defined from the very hadron-nucleus interac­

tion data) and, as a rule, the Monte Carlo methods are applieci. 

In [14] an analyti cal expression is ootained by solving equa­

tions describing the stochastic process of g-particle "raulti­

plication and death". The secondary low energy pion cascading 

that makes the main contribution to g-particle multiplicity, 

according to esti mates of this paper, was not considered. 

I n describing the r ecoil nucleon s e condary interactions in 

ref. [14] the length of their free path in the nuclear matter 

.itpwas taken to be about 2 f , while the experiment s .. estimate 

for Ap for protons with energies from tens to hundretis UeV 

is noticeably higher: Ap-(5+10) f [15], i.e. one can, in fact,. 

practically neglect their secondary interactions. As to recoil 

nucleons of higher energies, their secondary interactions can 

make some contribution to the g-particle production. However, 

their number is noticeably less (4-5 times), than that of pions 

from the fragmentation region, and their contribution to n~ 

does not practically exceed the uncertainty in the calculated 

values of n~ , presented in figs •. 1-3. 

Thus, in the approach stated in this paper one succeeds to 

~btain a satisfactory description of available experimental da­

ta on n~ at high energies by simple analytical expressions, 

without using free parame~ers. For the quantita tive estimation 

of the degree of the model adequacy more precise experimental 

data both on nuclear targets and nucleons are required. 
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APPENDIX I 

Calculation of Secondary Pion Contribution 

to g-Particle Production 

Consider the case when the incident (leading) hadron, at . 
an impact parameter b, undergoes in the nucleus K inelastic 

t:' <n 
collisions with the cross section o 1 in the points with the 

longitudinal coordinates r.1, ... C.K • In each interaction point 

on the average rn low energy pions are produced (in the tar­

get fragmentation region), whose formation time does not ex-

ceed mean internucleon distances in nucleus. Each pion in­

teracts with nuclear nucleons with the mean cross section 63 • 

Since pion energies are low, we shall assume that each pion 

can produce a g-particle in one interaction only, with the 

g-particle production probability being c.tJ'2 • The pion produc­

ed in the point with the coordinate ~~ undergoes a secondary 

interaction with a probability (in the eikonal approximation) 

00 

1 - exp [ - 6 3 ~ p ( i!) c:L~ J 
~. 

The expression for the mean multiplicity of g-particles,nk 

considering the contribution of pions from all points 21 , ... ~K 

in the framework of multiple scattering theory {MST) is defin-

ed by the expression 

~n ~o~nT(g) ·n K ( 

~ (g)'nK(g)=mw2e ·(6:) .Jd:Z1p(g,i!1)' 

12 

S fo0 { K -6,j;(B,i!~di!'J 
• p(g,~z)d.l:z··· p(6,;:.K)d:c1<· fu(t-e ~t } , (I.1)• 

l:1 lK-f 

where .£ ( b, i!) is the one-particle nuclear density; 
~ 

T(g)= JP(B,~)di! (for the sake of briefness we shall later on 
-~ in [? Ln T J K / 1 omit the argument in T(b) ); PK (b) '° 0 1 / K. 

defines the probability of K-fold inelastic collision of the 

incident hadron in nucleus. 

Carrying out the integration and summation in the right­

hand side of (I.1), we obtain 

PKin(B)nK(g)=mW-z (6/".T)t<e -6,•nr K e-6·~1+r5aT 
(I.2) 

Summing (I.2) in K, 

.A 

fA (IJ)"' L PKln ( g )'nK (b) =mW2 6~n (T-
K=1 

-63 T 
1-_e -) 

(I.J)· 

Integrating (I.J) over the impact parameter b and norma-

lizing to the total inelastic cross section of hadron-nucleus 

interaction, 6A , we obtain the mean number of g-particles 

produced in interactions of secondary.pions in nucleus: 

-~ec .R6~n [f- N(0;63) J 
n~ = mUY2 611 .A ' (I.4) 

1 r -or: . 
where N ( o; 6) = 5j(1- e ) d 2 g is the effective nucleon 

numher. 

The mean number of g-particles produced immediately in 

collisions of the incident hadron in nucleus is 

13 



n~•nc = \5cu1 (I. 5) 

vrhere 
- .A€51 
v=6A (I. 6) 

is the mean number of collisions of the incident hadron in 

nucleu s, ~ i s the e-particle production probability in the 

element ar y hadr on-nucleon interaction. 

Thus the mean rnulitplicity of g-particles in the hadron-

nucleus inter.action is 

n~= n~inc+ n~sec= J01 + ~::n mlliz [1- N(;;6'3) J (I. 7) 

1 '1 

APPENDIX II 

Consideration of the Change 

of the Leading Particle Type 

Consider now the case, when the transfer of the leading 

property from an incident particle to a particle of another 

type is possible. Let us denote the probability of pre-

serving the leading property in the elementary act by ~ ; the 

probability of the leading property transfer >'!ill be ( 1 - ri). 
The expression for the mean number of collisions of the lead-

ing particle in nucleus for this case, obtained in the frrune­

work of multiple scattering theory, is given in ref. [5] • 

where 

I .A6z + 
\J = 6.ll 

61-62 N(o;6o) 
6.fl, 

60=(1-11)61 
Here is the derivation of (II.1). 

(II.1) 

. 
The probability that at the given impact parameter b 

the incident particle, before reaching the point ~j , has in­

teracted (with the cross s"ection 6, ) e. times preservi;g its 

leading property, and in the point lj , due to the interac­

tion with a nucleon, has transferred the leading property to 

a particle of another type, v1hich has then interacted (VTith 

the cross section 62 ) 'Z = ( K- C -1) times, is 

-61 p(o,i! dz 1 , , °"' s= P ') ' 1 [ Zj (; 

Pe~(!;)= Se -~ ·TI ri61}P(g,i!)d~ ].6op\e,lj)di!J· 
-oo 
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1 [ .ZJ . "iT 6:1p(g, ~') d~ ' J ~ e -1\,f (e, r:'Jd2' 
(II. 2 

jFrom ( II. 2) we obtain the probability of the K-fold collision 

of the leading par t icl e ( K = e + C: + 1) : 

t T K-1 -62 T ( - (oz-61) !i 1 r J 
i{ (g)=(6aT)e Jd~e · ( K - tJ!L'l6J~+62 T(t-:1)_j<Ir.3) 

. . 0 

From (II .}) fol lows tha t the probability of the change of the 

particl e l eadi ng property is 

..A 

L P,« g) = 1 - e -60 T' 
K=1 

(II.4) 

i and t h e mean number of collis ions K ( g) is defi ned by the 

' expre ssion 

(1-e-6·} K(g)=(6,TJ (1- ~~1 e-ooT) + ry_6~:62 . (1-e-60 ){t-e -Go T) 
(II . 5) 

The probability that the leading particle colliding at 

the given impac t par ameter b K times, preserves its leading 

proper ty is 

r:(g)= (IJ.~,,T)K e-51T 
(II.6) 

From (II.6) follows tha t the probabili t y of preserving 

the leading property is 
.fl 
~ 1. -6oT -61 T 
L PK ( g) = e - e , 
K=I (II.7) 

. 1 Q 

and the mean number of collisions is then defined by the exp-

ression 

( e-60 r_ e-6',T)- K ( g) = qtS, Te - 60 r 
(II. 8 ) 

Integrat i ng the sum of the expressions (II. 5 ) and (II. 8 ) 

over b and normalizing to t he total in~lastic cross section of 

the interact i on of the incident particle with nucleus, 6A 
we ob t ain the final expression (II. 1 ) . 

Maki ng u se of the expe-rimental fact tha t the g-particle 

pr oduc tion pr obabili ty Ct)1 in the elementary hadron-nucleon 

i nteracti on i s prac tically i ndependent of the i ncident hadron 

type, we f ind t hat the contribut ion fr om t he leading particle 

interacti ons in nucleus (without cons iderati on of secondary 

pion i n t eractions ) to the g-particle mult i plici t y i s 

-J.. - , [Jl6z 
n~ = ca;v = ur1 6;- + 61 - 62 N ( o; 60)] 6.q 

(II. 9) 

Note that at q-1(6a=(1-rz)61 - 0) or a t 62 -61 
the formula (II.9) ·transforms into (I.5 ) , where the possibili­

ty of the change of t he leading particle type is not envisaged. 

Let's pass t o the cal cul ation ·of the contribution of se­

condary pi ons in recoil proton production. Consider f i r s t the 

case when the incident particle is the leading particl e i n all 

inelastic colli s ions . I n that case calcul ations are simi l ar to 

those carried out in Appendix I wi th the diffe rence tha t the 

fac t or ( 6
1

) K i n (I. 1) is replaced by ( '1tn 01 i.n) K • The formu­

l a ( I.}) then talces the form 
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f-1 (f,) = mur2 [( rt61i.nT) e60 r_ rto/11 

h-h 

e-5oT _ e-(6o+fi.3)T 
6a ] (II.1 0) 

where q£n is the proba bi lity of preserving the leading pro­

perty in the elementary ac t of inelastic interac tion on a 

nucleon . lfote that 6 i.n(1-r/0
) = b ( 1- ri.) = 60 It is obvious that 

at 6'0-0 the formul a (II.10) turns into (I. J ). 

Cons ider now the case when the incident hadron in t he 

j-th collision ( in the point 2j ) transfers the lea ding pro­

perty to a particle of ano t her type , which then undergoes in 

the nucleus (k - j) col lisions. One should here con-

s i de r separ a tely three caSES: a) j > i 

For exampl e, for the case a) the i- th 

b) j < i ; c ) j = i. 

term of the exp-

ression, similar to the expression (I.1), has the form 

• ~ oO 

. (L,j,K ) -6/nT(f,)( en cnt 16 in t<-j ( ( 
f-l = mu.r2 e · ?_ 6 1 I 0 (6z) j dr.,p(r.1) ... jclzi:,_

1
p(z.,_

1
)1o 

i. <j -oo 2i-2 

? -6~njpr6,i!~cli!.)' s""' r . 
· Jd2i.p(.i!;.)(t - e 2

' . • clei.+iP(i.+i). .. jdt:.J_ 1 p(~J-1) • 
r l-1 zt 'lj-Z 

r . -(6a-01'n)fP(6,~')d~' r ( 
0 

j c/r_Jp(r.j)e lj • J di!j+1f (i!j+1)•• • J cl. i!Kp (i! t<) 
i!j-1 i!j i! K-f 

( II.11) 

JJl. 

.'l.fter some simple but somewhat awkward. calculat ions, one 

succeeds in inte i;r11 ting the expression (II.11) over l ongitudi­

nal coordinates and swnmine; in L = 1-:-- (j-1) j = 2 -7- K , 

K=27-.A ; a f ter that the right-hand side of the express i ol'.\ 

reads 

(
P) . . [ e-63T -60T ti ( b f<o=mw:ri•n6•n_ -e e-.T_e- .+03JT -6.T 

i.< j 2 , 
60

_6 + ~ + _t-_e=---
3 o3 60 

re-6· TJ 

(II. 12) 

Simila rly for the cases of j < i and j i v1e obtain 

L -i)3T -0.T) 6 T 
· n [ Oo ( e -e ( 60 ) ( 1 - e - 0 

) r] 
~(b)=m°'262L 6,(60-6.ol 63 f- 1 0

• 60 + 
L>j 

(II.13, 

. t-'. (b) = fTl(J)'. 6 [ 1- e-6oT 
~=J z 0 60 

-63T -6oT 
e -e J 

60- G3 
(II.14) 

Summing the expressions (II.10),(II.12),(II.1J),(II.14), 

.integrating them over the impact parBllleter 

to the total inelastic cress section OA 
b and normalizing . 

we obtain the mean 

multiplicity of g-particles, produced due to interactions of 

secondary pions in nucleus: 

-sec_ · [ .116]" 
n9 -mW'z 6A 

6/" 03 - 60 62'<.ll 

03 - 60 

03 C61""- o:"> + --'<--=-: _ _::c 

03 -60 

N (0; 63) ] 

0,R 

. 19 

N(0;6o) 

6A (II.15) 



I I 

I 

The total mean multiplicity of' g-particles is I 

- - 1 - sec (II. 16) n3 = v cu; + n~ 
'fabl e 

It is easy to check that the expression (II.1 6) a t 6a-O, I 

i.e. when the probability of the leading property transfer Mean Number of' Proton Collisions 

approximates zero, 80es into the expression (I.7). in IJucleus in Various l'.lodels 

I c Cu l:'b 

Leading hadron 
cascade model 1.77 2.72 4,00 

I 
Leading hadron cas-
cade model with t.he 

leader type change 1. 64 2.38 3,31 

! Additive quark mo-

I If 
del 1.30 1. 66 1.98 
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