
Co*mic R*y Physics Report

LUIP-CR-74-14

October 1974

PION AND PROTON EMISSION IN
INTERACTIONS INDUCED BY RE-
LATIVISTIC HEAVY NUCLEI

WITH Z > 12

B. , t. Kol »ad I, Qtt«rlu*d



PION AND PROTON EMISSION IN
INTERACTIONS INDUCED BY RE-
LATIVISTIC HEAVY NUCLEI

WITH Z > 12
B. Jakobsson, R. Kullberg and I. Otterlund



Contents

Page

Abstract 1

1. Introduction 1

2. Experimental Details 2

3. Emission of Protons in the Energy

Interval 9-400 MeV 3

3.1. Angular Distributions 3

3.2. Energy Distributions 5

4. Angular Distributions of Pions and
Fast Protons 6
4.1. Emission of Pions and Protons in

p-p Interactions 6

4.2. Comparisons between the Emission of
Pions and Fast Protons in p-p and
N-N Interactions 8

4.3. Angular Distributioni of Pions and
Fast Protons in p-p, p-N and N-N
Interactions 9

5. Characteristics of the Disintegration of
the Interacting Nuclei 10

5.1. Interactions with Nh > 28 10

5.2. Multiplicities of Secondary
Particles in Interactions with
Different Degree of Disintegration 12

5.3. Multiplicities of Secondary Particles
in p-N and N-N Interactions 14

5.4. Production of Secondary Particles in
p-N and N-N Interactions 15

References 17

Figure Captions 21

Figures 23



Pion and Proton Emission in Interactions Induced

by Relativistic Heavy Nuclei with Z > 12

B. Jakobsson, R. Kullberg and I. Otterlund

Department of Physics, University of Lund, Lund, Sweden.

Abstract

The emission of pions and protons in interactions between

heavy nuclei from the cosmic radiation (12 < Z < 26) and photo-

emulsion nuclei has been studied. The angular and energy dist-

ributions of target protons are similar to corresponding dist-

ributions in proton-nucleus interactions for emission angles

- 30 . In heavy ion interactions a forward peak of high energy

target protons (E I 200 MeV) is observed. The energy spectrum

of target protons for angles < 30 is remarkably flat for heavy

ion interactions.

For increasing disintegration of the target nucleus the

number of produced pions per emitted recoil target proton is

almost constant in heavy ion interactions, while it decreases

rapidly in proton-nucleus interactions. The logtg0 distribu-

tions of pions have small standard deviations even in interac-

tions with a large target disintegration.

1. Introduction

Nucleon-nucleus (n-N) interactions at high energy have

been described with models assuming a first stage of free

nucleon-nucleon (n-n) and pion-nucleon (ir-n) collisions fol-
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lowed by the emission of particles frcm an excited residual

nucleus in equilibrium. This simple model has been modified

by introducing preequilibrium emission (1,2). In a first

approximation, heavy ion interactions (N-N) have been treated

as a superposition of independent n-N collisions (3). Recent

papers have however pointed to large differences from this

simple view, especially for interactions with a complete tar-

get nucleus breakup (4). Non-statistical models, for instance

the breakup model (5) and the hydrodynamical model (6) seem to

give a more adequate description of these collisions. Fesh-

bach and Huang (7) have suggested a model where the target nuc-

leus only acts as an injector of energy for the incident nuc-

leus.

Ln this report we have studied the emission of protons and

charged pions in relativistic interactions between heavy

incident nuclei from the cosmic radiation and emulsion nuclei.

The emission of multiply-charged particles has been studied in

an earlier investigation (8).

2. Experimental Details

In this investigation two Ilford G5 emulsion stacks were

used. The criteria for selection of interactions with primaries

having a charge of 12 < Z < 26 (<Z> s 19) and a kinetic

energy > 1 GeV/nucleon are given in Ref. 8. Separation between

different types of secondary particles was performed by measu-

ring range, restricted energy loss (REL) and the rate of change

of REL whereever possible. REL was determined by gap counting

or by mean blob length measurements including a correction for

the dip angle, which takes into consideration the exponential

distribution of the gaplengths and the overlap of grains.

The commonly used classification of tracks in emulsion is: •



1. Black tracks, N,, I > 6.8 I

1. Grey tracks, N , l.J < I •' 6.8 IQ

3. Shower tracks, N , 1 ' 1.4 Ii(

where IQ is the minimum energy loss for a singly charged par-

ticle.

Heavy prong-producing particles (N.) are low energy mesons,

hydrogen, helium and heavier nuclei. to> identified hydrogen

nuclei with 9 < E < 400 MeV for dip angles p < o0°. In this

sample there is a small perturbation of pions with REL corres-

ponding to proton energies 235 - 400 MeV. The dip angle cor-

rections of the energy- and angular distributions wore deter-

mined from the distributions for emission angles 60-120° (p <_ 60°)

and the total number of particles with p > 60 .

Pions with E^t _< 35 MeV and helium nuclei with £„ > 36 MeV

could be identified. Isotopic separation of hydrogen nuclei

was in general not possible, and subsequently we have treated

all hydrogen nuclei as protons (9,10).

The identification of the target nuclei is described in Ref. 8.

3. Emission of Protons in the Energy Interval 9-400 MeV

3.1 Angular_Distributions

Protons with energies < 400 MeV are almost exclusively

associated with the target nuclei. To obtain distributions of

these protons we have corrected for the disturbance 4f pions.

Since we could not separate pions with Eff± > 35 MeV from

protons, we have estimated a pion energy distribution from the

models of pion production discussed in chapter 4. The number

of pions with E^t < 35 MeV predicted from this estimation agree

within the limits of erroi with the experimental number. Accor-

ding to this estimation N ±(35-60 MeV) -1.2 NW±(4-3S MeV).

The angular distribution of protons in three different
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energy intervals is shown in Fig. 1. The small admixture

of protons from light target events does no. affect the total

distributions. Predictions from evaporation theory using rea-

sonable values of the nuclear temperature, the reduced Coulomb

barrier and the recoil velocity are in agreement with the an-

gular distribution of protons between 9 and 30 MeV (T = 7 MeV,

V » 1 MeV, 3,, = 0.015 and 0X = 0.007). Similar agreement has

been reported in several articles describing interactions indu-

ced by hadrons or photons.

In the energy interval 30 < E < 400 MeV a pronounced

peak of protons is developed in the forward direction. The

peak increases with increasing proton energy. Fig. 2 shows

that a similar peak is not obtained in p-N interactions.

Angular distributions obtained in hadron-nucleus inter-

actions can be described by the formula

N - N Q exp(b cos 0) [l]

This simple distribution can only describe the proton distri-

bution in N-N interactions for cos G < 0.8, The large excess

of particles with cos 5 > 0.8 is mainly due to protons with

E > 235 MeV (Fig. 1).

Table 1

Type of
interaction

N-N

p-N

ir-N

Einc

> 1.0 GeV/n

6.2 GeV
i

22.5 GeV
i

2.26 GeV 1
19.5 GeV/

60 GeV
i

0

0

= 0

0

1.3

.94

.79

.96

.96

b

± 0.1

± 0.05

± 0.12

•0.09
-0.06

Reference
I

This work,cosQ<0.8

ii !

ii

12

12
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3.2 Energy Distributions

In Fig. 3 we compare the proton energy spectrum with that

obtained in p-N interactions at 950 MeV (13). Since the energy

spectrum of grey track-producing protons is almost independent

of the incident energy in the GeV regien (13,14,15) it i; rea-

sonable to compare with this p-N* spectrum. For energies > 100 Me".

the energy spectrum decreases more rapidly in p-N than in N-N

interactions. The p-\T distribution has about a : ' disturbance

of pions (13). A correction for this pion disturbance would

make the difference even more pronounced.

The energy distribution of protons for two different angu-

lar intervals a) ~> < 30° and b" 70 <_ 0 < 110° are demonstrated

in Fig. 4. The distributions are compared with the correspon-

ding spectra for p-N collisions at 2.7 cieV (\t>) . Since the me-

dian energy in the N-.N' sample is 2.4 GeV/nucleon, the compari-

son with p-N collisions at 2.7 GeV is relevant. Interactions

with Ag or Br targets have been selected in both investigations.

A second comparison has been made with intranuclear cascade cal-

culations by Bertini (17) for p-N collisions. The agreement

between the calculations and experimental p-N distributions is

excellent. The N-N spectrum for 9 < 30° , which is almost flat,

differs significantly from the p-N spectrum. For 70 < 0 < 110

the N-N spectrum as well as the p-N spectrum decrease rapidly

for proton energies i "'OO MeV.
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4. Angular Distributions of Pions and Fast Protons

Angular distributions of shower particles in p-N interac-

tions with a small number of heavy prongs are similar to corres

ponding p-p distributions. However, for increasing N.-values

the deviation from p-p distributions becomes more and more ob-

vious. In this chapter we compare angular distributions of

pions and fast (6 > 0.7) protons emitted in N-N interactions

with corresponding p-p distributions.

4.1. §?jssion_of_Pions_and_Protqns..in.BiE.l

Experimental cm angular distributions obtained in p-p in-

teractions (18,19,20) have been transformed into laboratory

angular distributions. The following transformation including

the Lorenz invariant transverse momentum (Px) has been used:

sin 8
tg e1a. 2! ~_ m

Q 1*11 E i 2 0 / p l 8 ^ ) 1 / l

where EQ is the rest energy of the particle,

Bc is the velocity of the cm system in the laboratory

frame and

B is the velocity of the particle in the cm system.

The cm angular distributions of charged pions from the

different reaction channels obtained by Almeida et al. (18) as

well as an isotropic en emission have been used. In the lite-

rature various analytic expressions are given for the Px dist-

ribution of pions emitted in p-p interactions. We have tested

three Px distributions combined with the experimental anisotro-

pic cm angular »pectrum at 10 GeV. Logtg 9 distributions from

these calculations as well as a calculation using a Maxwellian

distribution for the total momentum are shown in Fig. S. The

logtge distributions based upon the anisotropic angular spectrum

are almost identical. The standard deviation (a) i'S 0.S1. If



we instead assume ::a is-tro^c cm production of pions, the

standard deviation i; ^i ;ce<i to 0 .41. Subsequently, the pa dist-

ribution

N , D X exp(- •••o1
2^ <Pi> = 0.35 GeV/c [3]

is used. A r.imilar stud- of the protons emitted in inelastic

p-p interactions shows that

N , px
2 exp(- Bpx) <pi> - f>.S GeV/c [4]

as well as a Maxwellian pA distribution give almost identical

logtg G distributions. Subsequently, the former distribution

for protons is used.

In Fig. 6 calculated loetg 0 distributions of protons un.:

pions from p-p interactions at 2 ana 10 GeV are shown. Curve I

shows the proton distribution fron elastic p-p scattering. A*

2 GeV we have med experiment al -*«• distributions given in Rei's.

20 and 21 and at 10 GeV the expression

|f - const exp(- 10-OeJmPa
!) [s]

where t is the four-momentum trarisfc (22). The logtg 9 dist-

ributions of protons and pions emitted in inelastic p-p reactions

are represented by curves 3 and 4. In these calculations we

have used cm angular distributions from the different reaction

channels obtained by Fickinger et al. (20) and Almeida et al. (18).

Fig. 6 also shows the angular distribution of protons emit-

ted from excited projectile fragments in N-N interactions (cur-

ve 1). For energies > 1 GeV the pion angular distribution of

nucleon-nucleon interactions can be approximated with the p-p

distribution. However, in heavy ion interactions Fermi motion

and secondary nucleon and meson induced reactions ire important.

These effects tend to increase a. Furthermore collective

reactions are likely to occur, and also shock wave reaction
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mechanisms may be of importance (2.3) .

4.2.

iU-ElE.SOsLN-^ Interact ions

In Fig. 7 logtg G distributions of shower particles in N-N

interactions are presented. Interactions with N. > 1 are divi-

ded into five subgroups according to the charged pion multipli-

city. The curves show angular distributions of pions in p-p

interactions (18,19,20) normalized to the experimental number

of charged pions (M ±). The energy of the incident proton is

chosen in order to give agreement between the curve and the

part of the distribution with large angles. The number of pro-

jectile protons (N ) has been estimated from the expression

Xn = Z. - tlc [6]

p inc fr L J

where Zr is the charge of projectile fragments with Z > 2.

Njj and N is a measurement of the disintegra ion of the inter-

acting nuclei. For an increasing impact parameter an increa-

sing relative number of protons with small momentum transfer

is expected. This is demonstrated in Figs. 7a-e. The number

of particles with small angles increases with decreasing values

of <Nj1
> and <"r)

> • In interactions with N« < i (mainly hydrogen

targets) (8) a dominant part of the fast protons has been eva-

porated from excited projectile fragments. This is shown in

Fig, 7f where an evaporation distribution weighted over the

cosmic ray spectrum is presented.

The logtg 0 distribution in Fig. 7a has a remarkably small

standard deviation (o • 0.46) in spite of the fact that both in-

teracting nuclei are almost totally disintegrated. Even if all

interactions with N_ > 28 are considered a does not increase to

more than 0.50. This suggests that most pions are produced in

the first encounters between the interacting hadron». A special
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study of the three largest stars has been made (Fig. 8). The

angular distribution of pions produced in p-p interactions at

10 GeV normalized to flu number of pions in the N-N interactions

is also shown. Tn spite of the fact that the N-N distributions

contain a rather large traction of protons, a is less than or

equal to the 7-value of the pion distribution in p-p interac-

tions. The discrepancy between the curve and the experimental

histograms from the individual interactions seems to be restric-

ted to a small logtg 0 interval and indicates a large transverse

momentum transfer to projectile protons. In spite of the large

value of <Nn> the <logtg 0> value is the same as the value in

free p-p interactions. This result is not found in p-N inter-

actions (24), where <logtg9> _,. - <lcgtg9> increases with

increasing N^.

The mean number of charged piens per incident nucleon in

these collisions is ~ 3. The extreme assumption that all in-

cident nucleons individual 1/ interact with one target nucleon

implies from <ncy1
>
r_o

 a n incident energy of at least 30 GeV/nuc-

leon (25). The positions of the maxima of the logtg 0 distri-

butions and the cosmic ray energy spectrum indicate however a

much lower energy. Thus interactions with large pion aultipli-

city can not be approximated with superposition of independent

n-n or n-N collisions.

4.3. Angular_Distributions_o£_?£ons_and_Past_Piotgns_inj2rP

Fig. 9 shows the cos 9 distribution of pions and fast pro-

tons in the whole sample. A calculated distribution of pions

emitted in p-p interactions, assuming an isotropic en emission,

normalized to the number of pions, is also shown. In the cal-

culations we took into account the cosmic ray energy spectrum
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of events can only slightly affect the a n g u l a r d i s t r i b u t i o n cf

shower p a r t i c l e s .

For cos '-) < 0.8 there is good agreement between the e x p e -

rimental d i s t r i b u t i o n s and the d i s t r i b u t i o n e s t i m a t e d from an

isotropic cm e m i s s i o n . The proton c o n t r i b u t i o n , which is con-

centrated to ang 1 .j ' IS' in the N-.S sample (cos •'< > 0. y I , is

Studied separately in the figu:-e. The proton c o n t r i b u t i o n

can be- observed at least to angles as large as 5 0 ° .

S . C ha rjic t erj f t h

Interacxjn_g_ Nuc 1 ej_

[n order to investigate the d e p e n d e n c e of the p a r t i c l e

emission on the b r e a k u p of the interacting n u c l e i , we have divi

ded the collisions into different c l a s s e s . M u l t i p l i c i t i e s of

secondary p a r t i c l e s in N-N interactions w i t h different degree

of target breakup have been studied and compared to m u l t i p l i c i -

ties in p-N c o l l i s i o n s .

5.1. I nteractions w i t h N. > 28

The charge carried away by protons and helium nuclei I\L'L 1

can be c a l c u l a t e d by the formula:



w h e r e C_ a c c o u n t s ['ov t h e m i x t u r e - o f p i o u s ,

I . ' f . . a c c o u n t s ! " ; > ) • ; h e m i x ' u r o o f p a r t i c l e s w i t h Z > 3 .

A n e s t i m a t i o n o f t h e p i o n f r e M I 1 - • : ! • • • . • • ' i ' - m t e ; 1 4 ) g i v e s

C = 0 . 9 5 * 0 . 0 1 . T h e N / N . . r a t i o h a s b e e n e s t i m a t e d u s i n g r e -

s u l t s f r o m R e f s . 9 , 2 r > a n d 1 ' ? f o r p a r t i c l e s w i t h t i -_ 3 0 M e V a m i

f r o m t h e e x p e r i m e n t a l ^ n / N v r a t i o ( : . S ) f o r H • 3 ( 1 M e V . T h e r e -

s u l t i s C - 1 . 1 9 4 0 . 0 3 . F r o m t h e v a l u e o f - - ' N i > f o r i n t e r a c -

u n

tions with N, > 28 (33.3) and -'Z. = 41.4 wo ohtfiin ff
g if IBlii

= 0.94. These estimations give A3 > 34 and thus a very high de-

gree of disintegration. Similar calculations for p-N interac-

tion? also show a high degree of breakup when N. > 28 (28).

Table I shows the ratio W •-= NfN^ > 28 i /N (Ag-Br) f c r different

kinds of incident nuclei. NfAg-Br) is the number of colli-

sions with Ag or Br targets. The percentage of Ag-Br collisions

has been obtained,using the overlap cross section model for N-N

interactions arid experimental cross sections for interactions in-

cluding hydrogen ( 8 ) .

Table 2

Type of

Proton-

nucleus

inte

6.2

9.6

22.5

69

200

3 <

6 <
Nucleus-

nucleus
10 <

16 <

ra c t

GeV

GeV

GeV

GeV

GeV

Z <

1 <

z <
z <

ion

5

9

15

26

Numbe r
of stars

1769

1667

892

1040

1389

295

991

292

172

2.1 t

3.1 ±

3.1 +

3.0 ±

2.2 ±

9.3 ±

7.8 ±

11.7 ±

13.0 ±

t)

0.5

0.6

0.8

0.8

0.5

2.9

1.5

3.7

5.3

Reference

11

28

11

28

29

3,4,30,31

32,33,34

• this work
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In p-N i nt e ra ."t i on1-; there seeiis tn he no energy dependence

between ö ,-irJ Jf'ii i",e> . i-'or iiu'it incident nu. I e i the number ':• f

total break up interactions increases <.\ith a factor 2-'S and for

heavy Incident nuclei (Z •_ i ;) j the factor is 4-5.

l:.e target disintegration does net seen; to affect the forward-

-backward asymmetry, As = (N f o T W-N' b a c k w)/(M f o r w*N' b a c k w), of grey

track-producing protons. A is 0.62 ••. 0.07 for N\ > 28 and

O.bl + 0.08 for the rest of the Ag-Br interactions. For N^ bet-

ween 2 and 7, where the target nuclei are C, N or 0 almost ex-

clusively (8), A = 0.62 t 0.18. This is not in agreement with

the large difference found in the forward-backward ratio of

grey prongs between interactions with N. > 28 and 8 < N, < 2~'

in Ref. 4.

5.2. Mult irjl ici ties _of _Secondary__P_art j cl_es_in_ Interact i ons

with Different Degree qt Disintegration

Table 3 shows characteristic features of interactions di-

vided into five groups according to target- and projectile dis-

integration. Target nucleons knocked out in priinary or secon-

dary n-n and rr-n collisions mainly receive an energy between

30 and 400 MeV. Table 7, indicates that about 20 % of the target

nucleons in Ag-Br interactions are knocked out when the target

nucleus or the projectile nucleus is moderately disintegrated

(N. < 27, Zlr II- > 0.1). A total target break up or a total
n — ir lnc

projectile break up increases this number to about 40 %, and

when both nuclei are totally disintegrated to about SO %. The

number of protons with 9 < H < 30 MeV seems to be almost inde-

pendent of the degree of disintegration of the interacting nuc-

lei.

In Table 3 we can observe that the pion multiplicity increa-

ses with about the same factor O 2) as the number of recoil
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p r o t o n s when t o t a l b r e a k u p s a r e c o m p a r e d w i t h t h e r e s t o f t h e

A g - B r i n t e r a c t i o n s . In O N - ' ' ; c o l l i s i o n s t h e n u m n e r o f p i o n s

p e r r e c o i l p r o t o n i s l a r g e r t h a n i n A g - B r c o l l i s i o n s . I n o r d e r

t o e x p l a i n t h e s e f e n o : n c n a we t u r n t o a c o m p a r i s o n w i t h p - N i n -

teractions .

5.3. Mult igHcit ies __(if _Secondary__Part ic les_in_p_-N_and

^I'ji-interact ions

In Table 4 we co::;:..re the ratio between N. , N and N t

in p-N and N-N interactions for different N,-groups. Also the

N ±/N ratios are shown. The data from p-N interactions at

6.2 GeV have been taken from Ref. 11.

Table 4

Nb

Ng

(N-N)/Nb

(N-N)/Ng

±(N-N)/N

±(p-N)/N

±(N-N)/N

(P-N)

(p-N)

T*(P-N)

g(p-N)

g(N-N)

(1

(1

1

Nh

.4 +

.1 +

.6±

<

0.

0.

0.

1

7)

5)

3

2<Nh<6

1.0+0.1

1.1+0.2

3.3+0.6

1.4+0.2

4.0 + 1.0

7<N

1.1

1.5

6.5

0.5

2.1

h'-27

+ 0.1

+ 0.1

t0.7

±0.04

+ 0.2

0

1

10

0.

1

Nh>28

.8+0.1

.6+0.2

.9^2.3

25+0.06

.6+0.2

The pion multiplicity is only slightly larger in N-N inter-

actions than in p-p and p-N interactions for N^ < 1. Bubble

chamber results for p-p scattering at 6.2 GeV give <H^±>= 1.5 (25),

p-N results from Ref. 11 give <N7T + > = 1.6 + 0.2 and our result

for N-N interactions is <N +> a 2.6 ± 0.4. The mean energy per

nucleon of the incident nuclei in the N-N sample is however

slightly lower than 6.2 GeV. In order to get N^± in p-N inter-

actions we have assumed that the number of surviving incident

protons is 0.65 ± 0.1 per collision. The N ± value in N-N inter-
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actions has been obtained using the expression:

Nir± = Ns " fZinc ' «fr>

where Z^ is the charge of relativistic fragments with Z > 2.

This means that the total charge exchange between protons and

neutrons has been neglected.

For increasing N^ interesting results are obtained. In

spite oi: an almost constant <N. >-ratio and a very slow increase

in the <N >-ratio the pion multiplicity ratio increases very

fast. For total breakups in Ag «nd Br the pion multiplicity is

about ten times larger in N-N than in p-N interactions. The

number of produced pions per emitted recoil proton decreases more

rapidly in p-N than in N-N interactions.

The perturbation from the number of fast target protons

(E > 400 MeV) and the number of slow recoil protons (E < 40 MeV)

can not make the ratios in Table 4 fall outside the limits of

error.

5.4. Produc t ion_of_ Secondary .Part i cles_ in _p_-N_and_N-N

Comparisons between p-N and N-N interactions reflect

the larger number of first nucleon-nucleon encounters in N-N

collisions. It is reasonable to assume that the different be-

haviour of p-N and N-N interactions is more pronounced in colli-

sions with a large disintegration of the target nuclei. We have

found that the average production of pions increases much faster

in N-N than in p-N interactions with increasing Nn. The mean

pion multiplicity per recoil proton in N-N collisions seems to

be affected very little by the degree of disintegration of the

interacting nuclei. In p-N collisions there is however a more

rapid decrease in N^t/N for increasing Nh.
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In the N-\r sample trie interactions with a large target

disintegration is no homogenous group but coifists of events

with large variation in the pion multiplicity. This is is agree-

ment with the cosmic ray energy spectrum and the fact that the

number of events with NY > 28 is energy independent. Events

with a large impact parameter and small pion multiplicity can

also develop a large cascade and thus a high degree of target

disintegration.

We have some events in our N-N sample with a very large

pion multiplicity. The energy necessary to explain the large

multiplicity is much too high to agTee with the logtg Q distri-

bution of pions and the cosmic ray energy spectrum. In these

extreme events a large transverse momentum is transferred to

the majority of the projectile protons.
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Figure ('apt ions

1. Angular distributions of protons in the energy interval?

a) 9-3» McV b) 50-23 5 Mel' c) ?3.r>-4 00 Mel.

2. Angular distributions of protons (30 * II •• 400 MeV) in

N-N interactions and of grey tracks in p-.N interactions.

The curves are fits of exponential distributions to the

experimental samples fin the N-N interactions only for

cos O<0.8).

3. Energy distributions of protons in N-\r interactions

(9 < E < 400 MeV) and in p-N interactions (25 <_ Y: < 100 MeV ?

normalized to the same number of particles in the interval

50-400 MeV.

4. Energy distributions of knock on protons from N-N and p-N

interactions (Ag-Br targets) in the angular intervals

a) 0 < 30° and b) 70° < 0 < 110°.

5. Logtg Ödistributions of pions produced in p-p interactions

at 10 GeV, assuming different analytic expressions of the

cm momentum distribution.

6. Logtg 0 distributions of pions and fast protons emitted in

p-p interactions at 2 and 10 GeV and of protons emitted

from excited residual projectile nuclei in N-N interactions.

7. Experimental logtg 0 distributions of shower particles in

N-N interactions. Curves in a-e are pion distributions

from p-p interactions normalized to the experimental num-

ber of pions in the N-N interactions. The curve in f is



an evaporation distribution normalized to the experimental

number of particles with logtg f) < - 1.4.

8. Experimental logtg Q distributions of shower particles

in the three largest stars. The curves are pion distri-

butions from 1C CeV p-p i

9. Angular distributions of shower particles in N-N and p-N

interactions. The curve is a pion distribution from p-p

interactions assuming isotropic cm emission.
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