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I. INTRODUCTION

R ecently som e p ro g re ss  has been made tow ards understanding the prop ­
erties  of co sm ic  ray events in term s of p rop erties  o f strong interactions 
at low er  en erg ies . F o r  exam ple, the on e-p ion  exchange m odel was applied
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Fig* 1

A highly inelastic event leading to several "clum ps'’ by means o f repeated one-pion exchange

to p eriph era l co llis ion s  and then generalized  by the SALZRIANs [1] , 
GOEBEL [2] and AM ATI et a l. [3 ] to a repeated one-p ion  exchange m odel 
which leads to severa l "c lu m p s" o f p articles  in the final state (F ig . l ) .  In 
this genera lized  approach a very  high energy p ro ce ss  is reduced to a product 
o f fa c to rs , each representing production o f one of the clum ps at much low er 
energy where the interactions are better understood.

M eanwhile e lastic  proton -proton  scattering [4] at a cce lera tor  energies 
has been found to d ecrea se  exponentially with increasing momentum transfer 
| t| . O ver part o f the range o f experim ents, esp ecia lly  at | t| < 1 (GeV)2, 
the observed  behaviour m ay be explained by the exchange o f a single dominant 
R egge pole  [5 -8 ] , but the exponential fa llo ff p ers ists  at la rg er  [ t| where 
the detailed m echanism  is  not understood.

In the presen t approach we shall assum e, without attempting to under­
stand the underlying reason s o r  fo rm a lism , that the exponential damping 
o f la rg e  m om entum  tra n sfers  is  a general ch aracteristic  of high-energy 
am plitudes. The rate o f damping w ill betaken from  the existing elastic proton- 
proton resu lts [4] and applied to in elastic p + p and n + p events. We also 
em ploy a breakdown into low -energy clum ps as in the w ork o f the SALZMANs
[1] , GOEBEL [2] and AM ATI et a l. [3] , whose approach and results we 
follow  in m any re sp e cts . No restr ic ition  is  made to one-p ion  exchange be­
tween clum ps, how ever.

O bserved  features [9, 10], such as " f ire b a lls "  and constant transverse 
m om entum  o f secondary particles, com e out in a natural way, with reasonable 
m agnitudes. The relation  o f these prop erties  o f co sm ic  rays to sm all m om en-
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tum tra n sfers  has already been  noticed by cosm ic  ray experts [ 1 0 ] , so the 
present approach se rv es  esp ecia lly  to em phasize that momentum transfers 
are com parably  sm all at m achine energies and at higher en erg ies . One result’ 
o f the present approach is  that a definite conception o f the fireba ll, as d is­
tinguished from  individual p a rtic le s , em erg es . This p icture will be discussed 
in detail, e sp ec ia lly  in the energy region  103 -  105 GeV where m ost o f the 
data on fireb a lls  has been obtained.

II. THE ASSUMPTION ON MOMENTUM TRANSFER DEPENDENCE

At -1  (G eV)2< t < 0, e la stic  p roton -proton  scattering d ecreases exponent­
ia lly  with increasing  | t| and the width o f the exponential peak d ecreases 
slow ly  as the energy r is e s . The data are consistent with the form ula [5, 8]

where s is  the square o f the cen tre o f m ass energy, M is  the nucleon m ass, 
and a (t) is  the spin o f the dominant R egge tra jectory , r is in g  from  about 
a = 0 at t = -1  (GeV)2 to  a = 1 at t = 0 .

At la rg e r  -t , a (t) seem s to stabilize in the region  0.5 < a < 0, with 
la rge  e r r o r s . If this is  true,the fa ctor  exp [ - 2  |t | a 'ln (s /2 M 2)] decreases 
no further; n everth eless  da /d t still fa lls  with in creasing  -t at approxim ately 
the rate 10t/ M* = exp[ 2.3 t /M 2] , rather independent o f energy [4] . The 
reason  fo r  this behaviour is  not known.

Our assum ption w ill be that any high-energy amplitude d ecreases at 
least as fast as exp [ 1.1 t /M 2] . T h is-is  taken d irectly  from  the square 
root o f  the e lastic  p roton -proton  c r o s s -s e c t io n . If (II. 1) is  appropriate, the 
am plitude m ay d ecrea se  faster. F o r  the dominant inelastic p ro cesses , how­
ev er , a sim ple kinem atic analysis shows that the reactions are not in the 
asym ptotic reg ion  w here (II. 1) is  valid.

A ctually  there are two momentum tran sfers  in e lastic scattering, the 
"d ire c t"  tra n sfe r  t and the "exchange" tran sfer u. They are related by the 
constraint s + t + u = L M2. The distance to the nearest singularity (t = u2 
at sm all 11) is  th ere fore  the sam e in either variab le ; |t - u 2| = [u  - EM 2 
+ u2 + s j .  Thus our assum ption can be form ulated m ore  generally: in 
each  variab le  the am plitude fa lls  o ff exponentially as the distance of the 
variab le  from  the n earest singularity in crea ses . Naturally it is  m ost con ­
venient to use t at sm all ] t] , fo r  then the nearest singularity lies  at a sm all 
m a ss  fixed  independently o f s. In the inelastic case  where many momentum 
tra n sfe rs  can be defined, we shall again find it convenient to use a sm all 
one.

in . HOW LARGE ARE THE CLUMPS?

T o appreciate  the e ffect of the assum ption made in Section II, consider 
F ig . 2 fo r  the reaction  A + B -» C + D, where C and D are arb itrary  clum ps

f  (t) e OLD
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R g . 2

The reaction A + B - »  C + D

o f pa rtic les  with en erg ies  M 3 and M 4 resp ective ly  in their own centres o f 
m ass. Define s = (pi + P2 f  and t = (P3 - p j )2 in the usual way. In the centre- 
o f-m a ss  system  o f the entire reaction , C and D each em erge with momentum 
Pt tra n sverse  to the in itia l d irection  o f m otion. The relation  between t and 
pT is  given by

t =  -p 2 M j +  m J -  M2 ] 2 - [M 2 + » £  - M 2 - M 2 + 2p2 ]2}

(HI-1 )

One sees  that -t  grow s d irectly  with p| . Thus our assum ption of exp [1 .1 /M 2] 
fa llo ff im p lies  exp [-1 . 1 p | /M 2] fa llo ff with increasing transverse m o­
mentum. In fact, from  (III. 1) it is c lea r  that the experim ental absence 
o f large  p t d irectly  im p lies  that la rge  111 are absent. The momentum trans­
fe r  is  som ewhat le s s  sensitive to the m asses  o f clum ps at high energy s, 
and the exponential fa llo ff tends to r e s tr ic t  the m asses only when they grow 
at least as fast as M 2 M2 ~  s.

B efore d iscu ssing  further the dynam ical lim itation on clum p size , we 
need to agree on a definite way to assign  the various particles  in a co m ­
plicated final state to clum ps.s C onsider the ce n tre -o f-m a ss  fram e fo r  the 
reaction  A + B -» many p a rtic les . Now clum p C w ill be defined to consist 
o f a ll p a rtic les  which go forw ard  in the centre o f m ass, and clum p D w ill 
be defined to con sist o f a ll p a rtic les  which go backward. This definition 
y ie lds a re la tive ly  sm all m om entum  tran sfer and co in cides with the natural 
experim ental d iv ision  into forw ard  and backward groups.

T here a re  various ways to ca tegorize  the exchange that o ccu rs  between 
(A, C) and (B, D) in F ig . 2. It can be d escribed  as a one-p ion  exchange, plus 
a tw o-p ion  exchange, plus an NN exchange, and so forth. Or it can be de­
scr ib ed  as the exchange o f 'a  su ccess ion  o f Regge poles. In any case  the co m ­
plete amplitude fa cto rs  into a product o f term s:

(1) The amplitude fo r  A + exchanged ob ject E -» C. (Of cou rse , the 
amplitude m ust be continued from  the physica l square m ass of E to a 
negative square m a s s .)

(2) A fa ctor  involving only E.
(3) The amplitude fo r  B + E -» D.
The next step  is  to  take amplitude (1) o r  (3) and again break the final 

state into two groups o f p a rtic les . F o r  exam ple (F ig. 3) in the ce n tre -o f-  
m ass o f (1) we include forw ard -m ov in g  pa rtic les  in group 5, with energy x 
Mg in its  own rest fram e, and backw ard-m oving pa rtic les  in group 6 .

T here a re  now four groups o f p a rtic les  in the final state, and these 
groups could  be sub-d ivided  further to the point w here each clum p contains
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Breakdown o f A + B - » C + D  into 4 clumps

only one p a rtic le . But we shall ca r ry  the subdivision only down to the point 
where each  clum p contains a couple o f GeV. At this point it is  possib le  to 
make som e qualitative estim ate of what w ill happen without reducing the 
energy further, and our assum ption on exponential damping o f large m om en­
tum tra n sfers  cannot be used at low er en erg ies . The question then is : how 
many subdivisions are requ ired  before  each clum p is  reduced to a couple 
o f  GeV ? If there w ere no dynam ical restr iction s , the energ ies M 3 and M 4 
o f clum ps C and D in their own rest fram es could take up all the available 
cen tre -o f-m a ss  energy  Js, leaving no relative kinetic energy fo r  the clum ps. 
In th is case  many subdivisions would be requ ired  to reduce the clum ps to low 
m a sses . H ow ever, M § M l would then grow  as s 2 and -t  would grow  as 
s, and here the dynam ical assum ption o f section  II which damps large  m o­
mentum tra n sfers  b ecom es  relevant.

C onsider fir s t  A + B -* C + D (F ig . 2). The cro ss -s e c t io n  can be ex­
p ressed  in term s o f the cross-section s  aAec(t; M § )fo r  A + E-^C [E has m 2 = t] 
and fo r  B + E->D by a slightly m odified  form  o f the Salzman r e ­
lation  [1 ] :

a t 8 M 2 8 M f  2(2 ^ 2" m 2"  K e c ^ ^ M 3] F (s , t, s , .  s2)[ a BED (t; M ^ M * ]
(HI. 2)

w here pu, is  the m om entum  o f A in the lab [r e s t  fram e of B ], q c is  the 
m om entum  o f A in  the cen tre o f m ass o f the reaction  A + E -* C, and qB 
is  the m om entum  o f B in the cen tre o f m ass o f B + E -> D. The factor F(t) 
r e fe r s  to the system  exchanged; it is  (t -m 2 ) ' 2 in one-p ion  exchange and 
exponentially decreasin g  in our ca se . At high en erg ies , with M j and M 2 
fixed , (III.2) s im p lifies  to

3 3ct m 2m 2

3 t a M 2 9 M 2 = 2 (2  7T )3  S 2 c t a e c F c t  bed- (m -3 )

The c ro ss -s e c t io n s  crAEC and a  BED are expected to rem ain approxim ately 
constant as M§ and M| resp ectiv e ly  in crea se . Our method is  too weak to 
understand the t dependence o f <jaec a BED or the dependence of F on s, s : 
and S2, but provided  none o f these fa ctors  in crea se  exponentially, it is  c lear  
that large  ] t| a re  restra ined  by F ~  exp (-2 .3  11| ), and this is  sufficient
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to estab lish  that M f M|<L s M * 2 where M * is  o f o rd er  1 G eV *. The next 
step is  to  break  clum p C down into subgroups with m asses  M s and Mg . The 
cen tre -o f-m ass  energy squared fo r  the reaction  A + E -»C  is  M§ , and the 
lim itation  on m om entum  tra n sfer  leads in this ca se  to M| Mg £  M§ M*2. 
S im ilarly  the breakdown o f clum p D leads to M f Mg < M| M * 2. A ltogether 
one has M sM öM tM s < M *3 s* .

F o r  exam ple, i f  the lap energy o f a p roton -proton  co llis io n  is  104GeV, 
then s = 2 X 104 GeV2 and M 5M 6M 7M 8 <  1.4 X 100 X M *3. If we take M *2 
= (2 .3 ) '1 G eV2(the value fo r  which exp [ - 2 .3  ) t] ] becom es exp (- l) ] ,th e n  
M 5M 6M 7M 8 40 G eV4. In ca se  each  split was sym m etric , M 5 = Mg = M 7 
= M8^,2.5 GeV and all 4 clum ps have reached the low -energy region  where 
one can make p lausible gu esses about them without further reductions. Of 
cou rse  n on -sym m etric  sp lits  are  a lso  allowed, and in extrem e ca ses  la rg er  
clum ps would requ ire  m ore  than two su ccess iv e  reductions at 104 GeV.

IV . FIREBALLS

Let us d iscu ss  in  m ore  detail the 4 clum ps obtained in proton -proton  
reaction s  at lab en erg ies  o f 104 GeV. Although we have only obtained a 
m axim um  size,th e experim ents suggest that this m axim um  size  is  about 
n orm al; and we shall confine the d iscu ssion  to the ca se  where the maximum 
is  attained without attempting to d is co v e r  why it is  usually attained. In the 
cen tre  o f  m ass one w ill see  a fast clum p m oving forw ard  along the original 
d irection  o f A (rem em ber that pj- must be sm all fo r  a clum p) and another 
m oving backward along the orig in a l d irection  o f C, each follow ed by a slow er 
clum p m oving along the sam e line (F ig. 4).

A -----► ----- B

-«------© ••-© ©-► ®-----►

Fig.4

Motion o f  clumps in centre o f  mass o f reaction A + B —> C + D

The damping o f la rge  mom entum  tra n sfers  between clum ps suggests 
the dom inance o f  long-range fo r c e s , and on this basis  one expects that sy s ­
tem s o f baryon num ber ze ro  w ill norm ally  be exchanged between the clum ps. 
Each o f the two fast clum ps (5 and 8) then ca r r ie s  baryon num ber one since 
the incom ing p a rtic les  A and C w ere baryons, and the two slow  clum ps (6 
and 7) ca rry  baryon num ber ze ro . In a ccordan ce  with cosm ic  ray term in olo­
gy the clum ps with baryon num ber one w ill be ca lled  nucleon isob a rs , and 
the clum ps with baryon num ber z e ro  w ill be ca lled  " f ir e b a lls " .

How m any fireb a lls  are  there in gen era l?  We have adopted the procedure 
o f subdividing until reduced  scattering  events are obtained, each at a r e l ­

*  It might be objected that, as -t becomes very large and far from the nearest singularity at positive 
t = jj! , it may approach the nearest singularity at negative t -  £M f -  s -  p«, and the cross-section may rise 
again. This possibility is excluded by the definition o f  t as (p 0 -  p^)2 where pc  and pa are both in the for­
ward hemisphere in the centre o f  mass.
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atively low  energy. B ecause o f the low  energies involved, each of these 
scatterin gs produces a re la tive ly  isotrop ig  final state in its own centre o f 
m a ss , though still peaked som ewhat forw ard  and backward. It is  these re la ­
tive ly  iso trop ic  final states which are ca lled  nucleon isobars or fireba lls . 
Now as the overall' energy o f the reaction  is  in creased , the ce n tre -o f-m a ss  
energy o f each " f ir e b a ll"  and " is o b a r"  slow ly  in crea ses , and each o f them 
becom es m ore  strongly  peaked forw ard  and backward. Above som e clump 
m a ss , o f ord er  5 GeV fo r  the clum ps with nucleon num ber one and perhaps 
low er fo r  the fire b a lls , it b ecom es meaningful to sp lit the clump again into 
its forw ard  and backward com ponents, each o f which has a m ass between 
1 and 2 GeV and is  re la tive ly  iso trop ic  again. In sum m ary the m ass o f f ir e ­
ball always lie s  betw een extrem es of o rd er 1 and 5 GeV, and as the overa ll 
energy o f the reaction  in crea ses  fireb a lls  sw ell into dumbbell shapes and 
divide rather than grow  beyond their p rop er s ize s  [11] . The p rocess  is 
illustrated  in F ig . 5*.

-— o * o  o—*■ o----- ►
e2 > e,

-----------C O  — C O  C O —  C O ----------------►

e3> e2
•«--------- O •«— O -«-0 . 0  O  o— .o—-O-----------►

F ig .5

The growth o f  clumps along the original direction o f  motion in the centre o f  mass, as the energy increases

Although the num ber o f fireb a lls  in crea ses  with energy, the in crease 
is  slow . A t 30' GeV lab energy, p roton -proton  scattering leads to two " i s o ­
b a rs "  and no fire b a lls . At 104 GeV lab energy two fireba lls  have also devel­
oped. At 108 GeV a sym m etric  sp lit-up  leads to 6 fireba lls , each with a m ass 
o f about 2.3 GeV. In general n clum ps are obtained with repeated applica­
tions o f the form ula

leading to

M 2 M 2/ M * 2 = s (IV .l)
6 4*

(M2M 2/M * 2) '(M 2 /  M *2 ) = s
1  2 ,  <IV -2 > 
J[Mi /  (M* ) n 1 = s 

i = l

*It should be mentioned, however, that there is some evidence for fireballs emitting secondaries into 
a disk pattern peaked perpendicular to the incom ing direction, rather than into a dumbbell paitem (e .g .  
Ref.[10]). Further evidence on this point should be o f  great importance for the consistency o f  the multiple 
fireball picture.
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where each  of the M ; is a fireb a ll or  isob a r  m ass, not greater than 5 GeV. 
Taking an average square m ass fo r  the fireb a lls  and isob a rs , one finds

n= -[In  (s /M * 2)] /[ ln  (M2 /M * 2 )] (IV .3)
\ *

so  the m ultip licity  o f iso trop ic  clum ps in crea ses  as In s.
A sym m etric  as w ell as sym m etric  sp lit-ups o ccu r , since only the com ­

bination M$ M f  enters into E q. (III. 1) when M'§ and M| are each much 
g rea ter  than 1 G eV 2. The asym m etry is  esp ecia lly  noticeable when it occu rs 
in the fir s t  sp lit-u p , leading to a depletion o f secon daries  in one hem isphere 
in the centre o f m ass. Suppose this happens at 10 4 GeV lab energy, and 
M 2 is  la rge  while M 2 is  only a few  G eV 2. Then in the backward hem i­
sphere a nuclear isob a r , o r  perhaps only a single nucleon em erges, while 
in the forw ard  hem isphere M| = M *2 s /M  f  can be split into 4  clum ps if 
M.\ = 1 GeV1 (single  nucleon), o r  3 to 4  clum ps if  M| = severa l G eV 2 
(nucleon isob a r). The general nature of the derivation  showing that fireba ll 
m u ltip licity  r is e s  as In s ensures that asym m etric sp lit-u ps lead to s im ilar 
m u ltip licities .

F rom  the foregoin g  descrip tion  it is  c le a r  that the nucleon isobars and 
fireb a lls  have a s im ila r  orig in  in the present m odel. The m asses o f f ir e ­
ba lls  and isob a rs  are su fficiently  low  relative to the nucleon m ass, however, 
to lead to certa in  d iffe ren ces , and one o f these is the m ultiplicity of particles 
em itted from  the fireb a ll o r  isob a r . C onsider the m ass 2.5 GeV, fo r  exam ple. 
A  state with this m ass and baryon num ber one is expected to contain one 
nucleon and one or two p ions. A state with this m ass and baryon number 
z e ro  is  expected to contain three o r  four p a rtic les  which are m ost likely 
ir, p , u o r  n. The decajr o f the p , u or n then leads to a final state with 
about s ix  p ions. This is  what happens, fo r  exam ple, in the final state of 
pp annihilation. Thus the fireb a lls  produce pions much m ore  cop iously  than 
the nucleon is o b a rs . F o r  an incident lab energy o f 104 GeV each isobar 
em its one o r  two pions and each fireb a ll about s ix , o r  a total o f about 15 
p ions.

The logarith m ic growth with s o f fireb a ll and clump m ultiplicity Eq.
(IV .3) indicates that p a rtic le  m ultip licity  in crea ses  as In s at large s where 
the fireb a ll p icture  is  applicable [3] , s in ce  an average fireb a ll em its about 
the sam e num ber o f p a rtic les  whatever the orig inal s is . A ctually the rate 
o f in crea se  in pp scatterin g  from  30 GeV to 104 GeV in the lab is  somewhat 
enhanced because the two fireb a lls  which appear in this energy region  p ro ­
vide m ore  p artie les  than the two "nucleon  is o b a rs "  which w ere already 
present at 30 G eV . F or  exam ple, we expect the total number of p a rtic les ,
N, to in crea se  from  about 5 to 17 as the energy r is e s  from  30 GeV (2 nucle­
on is o b a rs ) to 104 GeV (15 pions + 2 nucleons) w hereas the form  N = a In s  
would give a r is e  from  about 5 to 13 in this in terval. This makes our p red ic ­
tions fa ir ly  com patible with the data even though the observed  m ultiplicity 
is  traditionally  represen ted  as grow ing at a rate N ~  s 4 over much o f this 
reg ion  [9, 10] .

Everything that has been said fo r  p roton -proton  scattering would also 
hold fo r  p ion -p ion  scatterin g , with one o f the outside nucleon isobars r e -
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placed  by a fireb a ll. As a by-produ ct at 30 GeV where only two clum ps are 
typ ica lly  fo rm ed , one expects a somewhat higher partic le  m ultiplicity in 
7T N reactions than in NN reactions because one o f the clum ps contains only 
pions in the fo rm er  ca se .

Since events o f a rb itra r ily  high energy reduce to products o f events 
at severa l GeV, m ost o f the secon daries are p ion s, and K m esons and 
baryons w ill be produced  in ra tios  s im ilar  to those found at a few  GeV.

V . TRANSVERSE MOMENTA

One o f the m ost persisten t phenomena in high-energy and cosm ic-ra y  
ph ysics  involves the tran sverse  momentum distribution  o f inelastic second­
a r ie s : fo r  any incident energy, the distribution is  peaked around px ~  0 . 4  

G e V /c . At a cce le ra tor  energies the tail o f large p t  has a lso  been studied 
quantitatively [1 2 ] and is  found to fa ll o ff exponentially, consistent with 
exp ( - p t / 0 . 2 )  |pT in G eV /c] .

The k inem atical dependence o f t on p 2 (Eq. III .l) , together with ex­
ponential damping o f la rge  1 1 | , damps the tran sverse  momentum o f each 
clum p as exp (-2 .3  p 2 ). A s a consequence each fireba ll or  nucleon isobar 
m oves approxim ately along the line o f flight o f the p articles  which initiated 
the reaction . Then the tran sverse  momentum o f pach p article  has a com ­
ponent due to the m otion o f its clum p (shared among severa l p articles  and 
th ere fore  sm all), plus the m otion o f the p a rtic le  relative to the clump centre 
o f m a ss . The la ter contribution re fe r s  to a reaction  of only a few GeV, so 
the tra n sverse  mom entum  o f individual p a rtic les  redu ces approxim ately 
to the low -energy  figure no m atter what the incom ing energy is . Large trans­
v e rse  m om enta are strongly  dam ped by dynam ical fa ctors , and further 
damped at a few  GeV by com petition  among the pa rtic les  in a clump for  phase 
space .

What does this m odel have to say about the tran sverse  mom enta of d if­
ferent kinds o f secon d a ries : jt, K, N ? D istinctions can appear only in the 
last stage where a clum p is  broken down into severa l p a rtic les , and this 
involves reaction s at a few  GeV. H ere the dynam ical damping o f c r o s s -  
sections a,t la rg e  m om entum tran sfer is  probably o f order (t - M2 ) ’ 2, where 
M is  the exchanged m ass, rather than exponential. The exchanged m ass 
is  grea ter  fo r  production  o f K*s and baryons than fo r  pion production, so 
the dynam ical damping o f la rge  pr relative to sm all pt may be weaker for 
K*s and baryons. T here are a lso  phase space factors  to con sider, and these 
strongly  inhibit the tra n sverse  momentum o f any partic le  from  becom ing 
v ery  la rg e , e sp ecia lly  in the fireb a lls  because they have m ore  particles 
than the "n ucleon  is o b a r s " . At a cce le ra to r  energies pp scattering does not 
yet produ ce  fire b a lls , and the strange p a rtic les  which requ ire  a large  m ass 
exchange m ay w ell have la rg e r  px than pions have.

VI. INELASTICITY

A s a m easure o f the d istribution o f energy in the final states, co sm ic - 
ray  ph ysicists  [9 ,1 0 ]  define the in elasticity  K
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£  _ C e n tre -o f-m a ss  energy o f secon daries  ^  ^
C e n tre -o f-m a ss  energy o f in itial state

The "se co n d a r ie s "  are defined as all p a rtic les  in the final state except for 
the fastest p a rtic le  in each hem isphere.

Let us firs t  con sid er  the contribution o f a fireb a ll to K, in the energy 
ränge where there are only two fireb a lls . In section  III the relation 
M §M|Mf Mf ~ M ^ 6s w as-established fo r  this energy range. A particu larly  low 
in elasticity  is  found when the reaction  is  sym m etric  in the centre of m ass 
[M s = M 8, M 6 = M 7] and the "n ucleon  isob a r" is  sim ply one nucleon [M 5 
= M], Then the fireb a ll m ass Mß is proportional to s^, as com pared with the 
total cen tre -o f-m ass energy s *, so  the in elasticity  K can fall o ff as rapidly 
as s^ i f  the fireb a ll m oves only slow ly in the ce n tre -o f-m a ss  fram e (a p os ­
s ib ility  which is  consistent with our conditions). L arger inelasticities are 
a lso  p oss ib le , esp ecia lly  when the nucleon isobar is  la rg er  and em its pions. 
The resu lt depends som ewhat on the detection m ethod; fo r  exam ple, only 
charged secon d aries  may be detected, and then the question is  whether the 
fast nucleon isobar in the lab em its m ore  than one charged partic le . If it 
does, the in elasticity  can ea sily  be 0.5 o r  greater. At somewhat higher 
energ ies where 4 fireb a lls  appear, the in elasticity  can be low  if  the original 
fireb a lls  have grown la rge  and split in two, or la rge  if the original nucleon 
isob a r has grown and split in two [11] . At all en erg ies , then, the inelasticity  
w ill have a broad spread. The average is  essentia lly  con trolled  by the fr a c ­
tion o f energy the fastest nucleon isobar shares with pions that get counted 
as " s e c o n d a r ie s " . The com position  o f the nucleon isobar is not very  energy- 
dependent, so  the average should be approxim ately energy-independent [3] . 
The inelasticity  fo r  1r N events should behave s im ila r ly , but the average 
should be higher because there are m ore  fast pions.

VII. REGGE POLES
The author began this study o f highly inelastic events with the hope that 

exchange o f a dominant R egge tra je cto ry  would lead to a sim ple form ula 
like  (II.I). This w orked in the case  o f e lastic  or nearly  elastic scattering 
[5 -8 ]  , where the amplitude at fixed t and large  s was dominated by a term  
proportional t o P a (cos  0t ) ~  (cos  8 t ) a. A s s in creased , co s  0t grew  as

cos  6 t = -1  -2  s /  (t -  4 M 2) , (V II.1)

taking equal m asses  as an exam ple, and the amplitude grew  as s a. Now 
i f  all four m a sses  are unequal in the p ro ce s s  A + B -» C + D, (V II.1) is 
rep laced  by

cosQ  = - ( t 2 + t ( 2 s  - Mi - M2 - M32 - M4 ) + (Mi - M3 ) (M 2 - M4 )} 

sjt - (M1 - M3 )'“ Jt - (Mj  + Mg F sft - (M2 - M4)V t-(M 2+M

(VII. 2)
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We are in terested  in the co sm ic -ra y  ca se  d iscu ssed  in the previous sections, 
where M| M| = M *2 s and Mlt M 2 can be neglected , leaving

cos  0, ~ -2  t s /  M2 M 2 ------2 t /M * 2 . (VU.3)

at la rge  s and fixed  t. So cos  0t does not in crease  with s, and (II. 1) cannot 
be used.

N evertheless it would be desirable  to have a R egge pole  form alism  ap­
p lica b le  to highly inelastic events; it might help to put the very  sim ple con ­
siderations o f the preceding sections on a m ore  adequate b a sis . The author 
does not know how to do this but would like to ca ll attention to a few  p rob ­
lem s which com e up [13] .

T o  begin  with, r e c a ll  the one-p ion  exchange m odel fo r  A + B -»C  + D. 
The am plitude is  written as the product of

(a) the am plitude fo r  A + exchanged jt - » C,
(b) the pion propagator,
(c) the am plitude fo r  B + Jr -> D.
So fa r  the unknown amplitude fo r  A + B -» C + D has sim ply been reduced 

to a product o f unknown am plitudes. The next step is  to calcu late A + v -» C, 
which is  done by expressin g  this amplitude as another one-p ion  exchange.
The p ro c e s s  is repeated  until one has a product o f low -energy amplitudes. 
The incom ing ob jects  in these am plitudes (except fo r  the originell particles 
A  and B) have spin zero , and their m asses a re  in many cases  continued 
from  t = m2 to negative t.

Now if the pion lie s  on a R egge tra jectory , the one-p ion  exchange p r o c e ­
dure s t ill applies fo r  t = m 2 , and a natural extension is  to exchange the pion 
R egge tra je cto ry  (or to be m ore  com plete, the sum over a ll tra jectories ) 
at t /  mr2 . The orig inal amplitude can s t i ll  be fa ctored  [14, 15] into the p rod ­
ucts o f (a) the amplitude fo r  A + exchanged tra je cto ry  E -*C , (b) a term  
involving only the R egge pole , (c) the amplitude fo r  B + E - » D. Let us assum e 
that the am plitude fo r  A + E -* C, fo r  exam ple, can be expressed  in term s 
o f another R egge p o le  exchange. One again obtains a product o f low -energy 
am plitudes. This tim e the incom ing ob jects  in the low -energy amplitudes 
(except fo r  A and B) are R egge p o les  which not only have m asses continued 
to m2 = t w here t m ay be negative, but a lso  have spins continued to non- 
in teger values which vary  with t. In order to construct a theory o f repeated 
R egge p ole  exchange, then, it w ill be n ecessa ry  to construct a theory of 
am plitudes in which som e o f the external ob jects  are  R egge p o les .

Suppose that a ll this can be done, and con sider the case  where s /m | M 4 
grow s and cos  0t b ecom es la rg e . The exchange o f a R egge pole with 
<*1 (t) betw een clum ps C and D g ives a factor

(ll±S-.\W  ; (VII.4)
VM§Mf /

the exchange o f a p o le  with aj(t') between clum ps 5 and 6 (F ig. 3) g ives a 
fa cto r  (-2 t ’ M §/M | M|) “  , and so  forth . The firs t  factor (VII.4) con ­
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tributes to F in the Salzm an form ula  (III.2), which may however contain 
further dependence on t, M§ = S j , and M f = s 2. We would like to end with 
the point that until this further dependence is  known one has no idea whether 
the highest a dom inates even the contribution to da /d t from  large cos  9C, 
fo r  dcr/dt involves an integration f f  dM§ dM| and the fa ctor  (VII.4) sup­
p re sse s  la rge  M| and M| when it favours large  s.
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