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1. E XPE R IM E N TA L FAC TS IN V ER Y HIGH ENERGY NUCLEON-NUCLEUS
COLLISIONS

I would lik e  to te l l you b r ie fly  about som e in teresting experim ental facts 
ob serv ed  in v e ry  high energy nucleon -n ucleu s co llis io n s . Then, I want to 
p resen t you som e  single  th eore tica l m odel aim ing at a p lausib le  explanation 
o f  the m entioned experim ental data. By v e ry  high energy I mean the region  
extending fro m  highest a cce le ra to r  en erg ies  o f ~  10 GeV to the not too rare  
co s m ic  ray  energy  o f, say, ~105 GeV. A typ ica l high energy nucleon -nucleus 
co ll is io n  can be distinguished from  m ore  elem entary  nucleon -nucleon  o r  pion 
nucleon  co llis io n s  by the p resen ce  o f  a num ber o f b lack  tracks o f n on -re la ti­
v is t ic  p a rtic le s . What the em ulsion  peop le  actually see  is  drawn schem ati­
ca lly  on F ig. 1.

Fig. 1

Typical high energy niicleon-nucleus collision

T he th ick  b la ck  lin es  r e fe r  to n on -re la tiv is tic  p a rtic le s , the dotted lines 
r e fe r  to re la tiv is t ic  p a rtic le s . At high en erg ies  o f the incident partic le  the 
re la t iv is t ic  secon d a ries  are em itted in a rather narrow  cone w hereas the 
n o n -re la tiv is t ic  ones are d istributed a lm ost iso trop ica lly . (Throughout this 
paper, I am  alw ays speaking o f  the situation in the labora tory  system ). M ajor 
part o f  n o n -re la tiv is t ic  p a rtic le s  form in g  black  tracks con sists  o f  nucleons 
w hereas the re la tiv is t ic  p a rtic le s  are  m ainly m esons. H ow ever, the ex p eri­
m entalists have found a lso  h eav ier fragm ents o f  nuclear m atter among the 
p a r tic le s  resp on s ib le  fo r  b lack  tracks. Som e num ber o f light nuclei d, t, He, 
L i, B e, etc. cou ld  be identified. T here is  no evidence fo r  the existence o f 
such heavy fragm ents am ong the re la tiv is t ic  p a rtic les . T hese strik ing d if fe r ­
en ces betw een the stru ctu res o f re la tiv is t ic  and the n on -re la tiv is tic  parts o f 
se con d a rie s  em itted in the sam e co llis io n  im ply com plete ly  d ifferent m echa­
n ism s fo r  these two phenomena.

In fa ct one can explain these d iffe ren ces  by assum ing two distinct 
stages o f the v ery  high energy n ucleon -nucleus co llis ion . The fir s t  stage,
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whic.h m ay be  ca lled  "knock  o ff " , con s is ts  o f a single o r  a few  e le ­
m entary c o llis io n s  betw een the incident nucleon and those nucleons of 
the nucleus which just happen to stand in its way. Some secondary pion - 
nucleon  co llis io n s  m ay be a lso  resp on sib le  fo r  the structure of the r e la ­
t iv is tic  cone. It seem s that in m any ca se s  the p rop erties  o f the narrow  jets 
o f re la t iv is t ic  p a rtic le s  em erging  from  high energy nucleon -nucleus c o l­
lis io n s  a re  v e ry  s im ila r  to those em itted in nucleon -nucleon  co llis ion s . I 
shall not speak o f  the p rop ertie s  o f re la tiv is t ic  p a rtic le s  since this has a l­
ready been  done in som e detail by P ro f. Hayakawa. I w ill be m ainly con ­
cern ed  with the struck  nucleus o r  rather with what rem ained o f  it a fter knock­
ing o ff  the re la tiv is t ic  jets.

H ere , the situation can depend v e ry  m uch on the energy o f the incident 
nucleon , s ize  o f the struck  nucleus, im pact param eter and so on. E. g. at 
lo w e r  incident en erg ies  the scattering o r  em ission  angles can be large  
enough to start in the nucleus an in ternuclear cascade which can blow  o ff a. 
great p ortion  o f  the nucleus. F o r  h igher en erg ies  it is  rather justified  to , 
assum e that the on ly resu lt o f  the firs t  "knock  o ff"  stage is , as fa r  as the 
stru ck  nucleus is  con cern ed , a hole o r  a tunnel bored  through the nucleus 
by  the incident nucleon  and the re la tiv is t ic  secon daries. The existence o f 
such a tunnel, in which (F ig. 2) the sm a lle r  opening angle the g rea ter  is  the 
incident en ergy  can be ju stified  by sm all binding energy o f the nucleons in 
the nucleus in com p a rison  to the v ery  la rg e  energy o f the incident nucleon

INCIDENT
NUCLEON
O

Fig. 2 

Tunnel mechanism

and a lso  by the v e ry  short duration o f  the "knock  o ff"  stage. The rem aining 
r e c o i l  nucleus with a whole bored  through it is , o f cou rse , highly excited.
The excita tion  en ergy  is  qu ickly red istributed  accord in g  to the law s o f sta­
t is t ica l th erm odynam ics (as it is  believed ). The excitation  energy is  usually 
high enough to ju stify  the u se  o f  the s im ple sta tistica l m odel o f  the nucleus 
by F e rm i and to ch a ra cte r ize  th is excited  p ie ce  o f nuclear m atter by som e 
tem perature  T. The secon d  stage o f the p r o c e s s  which is  supposed to be 
resp on s ib le  fo r  the om iss ion  o f  n on -re la tiv is tic  p a rtic les  con s is ts  o f the 
red istribu tion ' o f  energy  t ill som e kind o f therm odynam ic equilibrium  ch a ra c­
te r ized  by the tem perature T is  reached. This stage ends with the evapo­
ration  o f som e num ber o f nucleons o r  h eav ier fragm ents which ca rry  o ff the 
e x ce s s  o f  en ergy  and allow  the rem aining nucleus to com e to som e m etastable 
o r  even stable state. I should like  to point out that there are substantial d if­
fe re n ce s  betw een the use o f  the sta tistica l m odel fo r  the excited  nucleus and 
th ose applications o f it to e lem entary  nucleon -nucleon  co llis io n  which w ere 
d e scr ib e d  by P ro f. Hayakawa.
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U sing the sim p le  s ta tistica l m odel o f the nucleus w hose state is  ch a ra c­
te r ize d  by a v e ry  sm a ll num ber o f  pa ra m eters  like  tem perature and total 
m a ss  we can m ake certa in  pred iction s. If this m odel is  c o r r e c t  one should 
expect is o tro p ic  em iss ion  o f  evaporated p a rtic le s  in the rest system  o f the 
r e c o i l  nucleus ir re sp e c t iv e  o f th eir  m ass and energy. We can a lso  calcu late 
the en ergy  d istribu tion  o f p a r tic le s  o f  given  m ass as w ell as the frequency 
o f  em itting p a rtic le s  with d ifferen t m a sses  prov ided  that the value o f  the 
excita tion  tem perature  T  is  known and roughly the sam e fo r  a ll ca ses  under 
con sideration . The resu lt o f such estim ations done with som e reasonable 
assum ptions about the value o f  T show s that fo r  exam ple the frequency  o f 
e m iss ion  should drop  qu ick ly with the in creasin g  m ass o f  the em itted p a rti­
c le s .

How do these p red iction s  com p a re  with the experim ent? If one con sid ers  
the angular d istribu tion  o f  a ll b lack  track s without trying to distinguish their 
m a sses  one finds roughly is o tro p ic  d istribution  in the rest system  o f the 
r e c o i l  nucleus. In the la b ora tory  system , there is , o f  cou rse , som e tendency 
fo r  the forw ard  em iss ion , which can be understood as a purely  kinem atic 
e ffe c t  o f  the fin ite r e c o il  mom entum . In other w ords during the firs t  stage 
o f  boring the tunnel through the nucleus som e amout o f lin ea r m om entum 
m ust be tra n sfe rred  to the nucleus. It seem s how ever, that som etim es the 
experim en ta l va lues o f  this r e c o il  m om entum  which are n ecessa ry  to obtain 
is o tro p ic  d istribu tion  o f  b lack  tra ck s  exceed  sign ificantly  the th eoretica lly  
expected  lim its . T h is is , how ever, not a v e ry  ser iou s  d isagreem ent.

M ore  in terestin g  phenom ena com e  into light i f  we start to differentiate 
the em itted n on -re la tiv is tic  p a r tic le s  record in g  to th eir  m ass and energy.
It has been  found by se v e ra l la b ora tor ie s  that the num ber o f  heavier fra g ­
m ents defin itely  exceed s  the values found from  the sim ple statistica l m odel 
o f  evaporation. T h ere  is  a lso  som e definite e x ce ss  o f energy ca rr ied  o ff by 
these h ea v ier  fragm ents when com pared  with the values expected on the basis 
o f  the sta tistica l m odel by F erm i. The third in teresting deviation from  the 
s ta tistica l m odel is  the angular d istribu tion  o f  the h eavier fragm ents which 
ind icates p re feren tia l e m iss ion  into the forw ard  hem isphere with a maxim um  
at som e angles 0/0  but rather with 20° < 6 < 80°.

W e have, th ere fo re  to explain three deviations from  the statistica l m odel 
o f  the n o n -re la tiv is t ic  p a rtic le s  em iss ion  in h igh-energy nucleon-nucleus 
co llis io n s :

a) e x ce ss  in num ber o f h ea v ier  fragm ents,
b) e x ce s s  in energy  o f  h eav ier  fragm ents,
c) p re feren tia l angle o f em iss ion  0 / 0 .

2. TH EORETICAL EXPLAN ATION

B efo re  going o v e r  to the p roposed  th eoretica l explanation o f these facts
I should like  to s tre ss  that the experim enta l situation is  by no m eans tran s­
parent. In spite o f  the fact that the fir s t  d is co v e ry  o f these deviations was 
m ade by P erk in s quite long ago the existing sta tistics  o f such events is still 
not su fficien t to te l l us what a re  the angular and energy d istributions o f non- 
re la t iv is t ic  p a rtic le s  at d ifferen t but fixed en erg ies  o i the indicent nucleon.
W e a lso  do not know v e ry  much about the dependence o f these functions on
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the type o f  the struck  nucleus, m ass o f  the fragm ent etc. To have a m ore  
transparent p ictu re  one should have much m ore  num erous statistics o f events 
d ifferen tia ted  accord in g  to: 1 ) energy o f the incident nucleon E j, 2 ) type o f the 
stru ck  nucleus A , 3) m ass o f the em itted fragm ent M f, 4 ) excitation  energy 
e o f  the r e c o il  nucleus, 5) energy o f the em itted fragm ent Ef, 6) angle o f 
em iss ion  0f etc , etc. In the present experim ental situation data re ferrin g  
to quite d ifferen t values o f the above experim ental param eters are being 
put together which m akes the th eoretica l analysis quite d ifficu lt and obscu res  
the whole p icture. In spite o f the fact that we may wait a long tim e fo r  m ore 
transparent experim ental data we can extract a lready now som e important 
resu lts  and try  to make a theory  which would be able to make som e p r e ­
d ictions.

Although the figu res  given by sev era l la b ora tor ies  are  varying and can­
not be s im p ly  com pared  fo r  reason s stated above it seem s that the very  ex ­
isten ce  o f  the three deviations is beyond doubt and requ ires  som e theoretica l 
explanation. One m ay f ir s t  think that becau se o f these deviations one must 
r e je c t  the s im p le  sta tistica l m odel com pletely . H ow ever, it seem s that it 
w orks rather reason ab ly  w ell as fa r  as em ission  o f nucleons is  concerned. 
T h ere fo re , it w ill be rather better to look  fo r  som e additional m echanism  
which would be ch ie fly  resp on sib le  fo r  the em ission  o f h eavier fragm ents 
with the ob served  p rop erties . In other w ords we shall assum e that between 
the v e ry  quick "knock  o ff "  stage and the com paratively  slow  evaporation 
stage d escr ib in g  the e m iss io n .o f m ost nucleons we have to do with som e 
p r o c e s s  which im m ediately  fo llow s the "knock  o ff "  stage and cea ses  to work 
b e fo re  the evaporation  takes p lace. We m ay ca ll this interm ediate stage 
fragm entation. Thus we have to distinguish probably  not two but three stages:

1 ) knock o ff o f  the re la tiv istic  p a rtic le s ,
2 ) fragm entation  o f the r e c o il  nucleus,
3) red istribu tion  o f  energy and evaporation  o f  the r e c o il  nucleus.

Just the second  stage would be respon sib le  fo r  the creation  o f m ost heav­
ie r  fragm ents with rather sm all contribution to the em ission  o f  nucleons 
d e scr ib e d  ch ie fly  by the sta tistica l evaporation  m odel. To produce heavier 
fragm en ts with ob serv ed  e x ce s s  en erg ies  and em itted at som e preferen tia l 
angles we need som e long range fo r c e s  which would be able to act coherently  
upon la r g e r  p ie ce s  o f  the nucleus without destroying the bounds between the 
nucleons in the em itted fragm ents.

The f ir s t  thought is  to make the in ternuclear cascade respon sib le  fo r  
th is phenom enon. H ow ever, the in ternuclear cascad e  o f angles wide enough 
can evolve  on ly at low er  incident en erg ies  E j, It would not w ork in the high 
en ergy  reg ion  w here there cannot be other cascad e  apart from  the narrow  
je ts  o f  re la t iv is t ic 1 p a rtic le s . But even at low  en erg ies  one m ay rather expect 
that the in tern u clear ca sca d e  has the tendency o f  breaking everything into 
single  nucleons than to act coherently  upon la rg e r  p ie ces  o f nuclear matter. 
C alcu lations basing on the in ternuclear cascad e  as a p oss ib le  m echanism  o f 
fragm entation  show that we cannot fit the experim ental data unless we assum e 
the ex isten ce  o f som e new long range fo rce s .

L et us, th ere fo re , start from  another point. Let us look  fo r  a possib le  
sou rce  o f  long range fo r c e s  in the nucleon -nucleus scattering. (By "long 
ran ge" I m ean here a rarrge exceeding sev era l tim es the w ell known range



— o f  n uclear fo r ce s ) . It seem s to m e that such a p oss ib ility  ex ists  due to the „ 
p ecu lia r  behaviour o f  the m eson  fie ld  accom panying a n on-un iform ly  moving 
nucleon.

L et us con s id er  the equation fo r  the m eson  fie ld  cp created  by som e given 
sou rce  p(x, t)

(□ -jU 2) cp {x, t) = - 4.irp(% t). (1)

If the sou rce  function is  tim e independent (static) the solution we are usually 
in terested  in can be obtained by m eans o f the static G reens function

g o f ö x * )  = 1 IT-ö T ' | 1 exp{-u|x"-5ff}. (2 )

F o r  the ca se  o f point sou rce  we obtain the w ell known Yukawa potential with
w ell defined range o f fo r c e s  equal to jj ;

In the m ore  gen era l ca se  o f tim e dependent sou rces  one can so lve  the 
equation (1) by m eans o f s im ila r  G reen ’ s functions if  one w rites P and cp 
in the fo rm  o f  F o u rr ie r  integrals-
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p{x ,  t) = J  p(x ,  u j e i ^ d u ,
-  mC 

+ «O

cp(5£t) =J  cpfx-, u)eiu,tdu,

and a fter inserting  into ( 1 ) com p a res  the coe ffic ien ts  at the sam e frequ en cies . 
One obtains in this way

[A -(n 2-  u2)] cp (x,u) = - 47r p ( x » .  ( 1 • a)

The sp h er ica lly  sy m m etric  G reen ’ s function fo r  this equation has the form  
s im ila r  to ( 2 ) but the exponential is  changed

gw(x,x") = l i r -T 'f ’ exp^ 2 -  u 2 !T-T'|}. (3)

One m ust,of c o u r s e .b e  ca re fu l with taking the p rop er  sign o f  the square root 
in (3). We see  that fo r  u 2 in crea sin g  from  0 to ß% the range o f fo r c e s  tran s­
m itted by the u com ponent o f the sou rce  is in creasing  from  the minimum
static value -I to infin ity. F o r  w2 > ß 2 we have to do with wave type solutions 
becau se in  ^his reg ion  \/(j2 u2 is  im aginary. This correspon ds, o f cou rse , 
to the p resen ce  o f  re a l m esons propagated in  a ccordan ce  with the G reen ’ s 
function |x-x'| _1exp ik | x -x ') . The com plete  solution o f the equation (1) can 
be now put into the fo rm

cp(x^t) = f f d u d g x '  p(x7u>)eiu)t e  ^  ~ M21X ~X I (4)

\lT-x'  i
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W e see that the com ponents o f the sou rce  corresponding  to given frequency u> 
a re  m ultiplied by exponential fa cto rs  o f a range in creasing  rapidly with in ­
creasin g ! u|. The form ula  (4) is  quite gen era l and valid  fo r  any kind o f  sou rces . 
H ow ever, one cannot say m uch m ore  about the general case  since the result 
o f the integration  o v e r  J ,i . e . the in terferen ce  effect between different u’ s, 
cannot be predicted  in  the general ca se . One m ay, how ever, expect that in 
som e ca se s  we m ay be able to observe  a rea lis tic  in crea se  in the range of 
the m eson ic fie ld .

Let us com e  back to the ca se  of high energy nucleon -nucleus co llis ion .
I am  suggesting that the fragm entation stage is  the resu lt o f the coherent 
action  o f the m eson ic fie ld  accom panying the incident nucleon and distorted 
by its  c o llis io n s  with the other nucleons in  the tunnel. The question im m edi­
ately  a r ise s : can this d istorted  m eson ic fie ld  have the proper range and shape 
n e ce ssa ry  to d e scr ib e  the experim ental data? The answ er is  not easy as the 
resu lt o f the ca lcu lation  m ay depend in a very  cru c ia l way on the assum ptions 
about p ,i. e. on the tim e developm ent o f the "knock  o ff"  stage.

In o rd e r  to see i f  there is  any chance o f d escrib in g  the qualitative fea ­
tu res o f the fragm entation stage we have made in W arsaw som e sim ple a s ­
sum ptions about p trying, how ever, to fit the fre e  param eters to the experi­
m ental m ateria l in p ossess ion  o f the W arsaw  cosm ic  ray  group. Thus we 
have assum ed that due to high en erg ies the nucleon can be w eü  loca lized  
and correspon d in g ly  one can ju stify  the use o f the "c la s s ic a l"  sou rce  func­
tion

p(xT t) ~  63(T - f ( t))

with som e p rescr ib ed  law o f m otion given by the function ^ (t ) .  We have 
assum ed that the m otion o f the incident nucleon is  uniform  up to the point of 
the co ll is io n  uniform ly  d ecelerated  during the passage through the nucleus 
and again uniform  a fter leaving the nucleus. The plot o f the assum ed nucleon 
v e lo c ity  is  on F ig . 3.

Fig. 3

Assumed velocity versus time plot

The fr e e  param eters like in itial and final v e loc it ies , duration o f the 
co llis io n  (resulting from  the assum ed s ize  o f the nucleus and central charac­
te r  o f the co llis ion ) w ere taken from  the experim ental set up. Kaniowski, a 
student from  W arsaw, has m ade prelim inary  calcu lations looking just fo r  the 
shape o f the m eson ic fie ld  accom panying such a uniform ly decelerated nucle­
on at a tim e shortly  be fore  it leaves the nucleus. The result o f these ca lcu ­
lations seem s to be v ery  encouraging. F ig . 4 shows the schem atic plot of the
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Fig. 4

Schem atic plot o f  the shape o f the curves y  = const, as a function o (z  and the distance tt from the z-axis

shape o f the c u rves (actually su rfaces) <p = const as function o f z and the 
d istance r = \/x2 + v2 from  the z ax is. On the right the corresponding plot 
fo r  uniform  m otion is  shown. F o r  uniform ly decelerated  m otion we have 
found that the m eson  fie ld  gets d istorted  into the right d irection .

In fact som e kind o f shock  wave is  crea ted . The "w in gs" o f this shock 
w ave extend as far as 4 -5  fe rm is . F o r  the assum ed values o f  the free  pa­
ra m e te rs  the angle 0f = 26. 5° which fits  quite w ell to the experim ental value 
o f  the W arsaw  c o s m ic  ra y  group  o f  ~ 3 0° . Of cou rse , these resu lts  are  very  
p re lim in a ry . We a re  now doing m ore  elaborate ca lcu lation  on an e lectron ic  
com p u ter aim ing at a m ore  detailed  knowledge o f the shape, tim e develop ­
m ent o f the shock  w ave, the energy ca rr ie d  by its  "w in gs" etc . Unfortunately, 
I have not got the resu lt o f  these m ore  extensive ca lcu lation  as yet.




