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ABSTRACT 

Theoretical momentum spectra of particles produced 
in nucleon collisions are compared with the experimental da· 
ta obtained at T = 9 BeV. The mean energy losses in lne· 
lastic nucleon collisions have been calculated. Central and 
peripheral collisions have been treated. 

I. INTRODUCTION 

A model of central and peripheral collisions between fast nucleons was considered in 

Ref./1/ (PP) and (pn) collisions at T :. 9 BeV were taken as an example to show that the ex· 

perimental angular distributions of the produced particles may be explained, if the cross section 

for the peripheral collisions is not less than 20% of the cross section for all inelastic (NN) col
lisions: 

6 ~ 0,2.. 6~1\.. p ( 1 ) 

Now consider the energy characteristics of inelastic nucleon collisions within the frame

!.Ork of the same model. The results of the calculations will be anew compared with the experi

mental data obtained with the Dubna synchrophasotron at an energy of T:. 9 BeV. 

Special emphasis was given to the study of the mean energy losses of the nucleon per one 

act of (NN) collision l:i.E. As is known, this magnitude attracted the attention of many authors who 

measured and widely discussed it. (see, e.g. Refs./2-10/) After the investigations/1/ had been 

carried out, the accuracy and reliability of the experimental values of A E increased appreciab· 

ly. As for the mean experimental value of A E, it decreases if compared with that obtained. 
earlier. 

It is understood, that in the framework of our model still imperfect, one may hope to get only 

a rough agreement with the experiment. Therefore, our main purpose, like in/1/, is to establish, 

on the one hand, how and to what ~xtent the account of the peripheral nucleon collisions change 

the theoretical predictions)and on the other, to draw the attention of the experimentalists to the 
measurements which require increased accuracy. 
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II. MOMENTUM DISTRIBUTIONS OF PARTICLES PRODUCED IN CENTRAL COLLISIONS 

The momentum spectra W = W (p) of various particles created in central (NN) collisions 1/ 

are presented in Figs. 1-4. These spectra were calculated by the statistical theory of multiple pro

duction. ln Fig. 3 and 4 are also given for comparison the experimental momentum distributions 

of charged pions and protons for the case:: of (PP) collisions from/12/. (28 pion tracks and 42 pro

ton tracks were analyzed here). Mean statistical errors are ind.i.ftted. 

The experimental and theoretical values for the mean momenta of nucleons and pions are pre-

sented in Table 1. The theoretical values take into account only the central nucleon collisions. 

They are obtained by means of distributions given in Figs. l-4. The experimental values of p 
for the c.m.s. are calculated by the experimental histograms of Figs. 3 and 4. A dispersion is gi-

LlP :JllP ~ .N ... cp .... p)/'~ J(:. 
for the lab. system were obtained by the Lorentz transfor-

ven for the experimental values of 

The experimental values of p 
mation from the center-of-mass system under the assumption that in (PP) collisions the angu-

lar distributions of pions and nucleons in the c.m.s. are symmetrical with respect to the angle 

Q ~ '1Tf~ . (This assumption corresponds to the theoretical and experimental results obtainect 

in/1/,/6/: 

-p -.::: )( Cc. ( l¥ E e.)~ ~ m<J. ) 
I 

( 2 ) 

where E, is the mean energy of the produced protons or pions in the c.m.s. of the colliding pro

tons: 

• Y: EyM ( 3 ) 

is the coefficient of the relativistic transformation; Ec is the primary proton energy in 

the c.m.s.; M is the nucleon mass; m is the mass of the particle under consideration. 

~~ The morrentum distributions of all the produced particles are given In the c.m.s. of the colliding nucleons and 

In the lab. system since for the analysis of the experimental data and for the preparation of new experiments It is Im

portant to know the momentum distributions In both these coordinate syetems. Small difference of the pion and nucleon mo
mentum spectra from analogous ones given In Ref.17/ Is due to a more preolse acoount of the reactions Involving strange 

particles and to a more accurate method of tht' calculation. When computing the spectra we made use or the method for 

oaloulatlng the energy phase volumes which was developed In our Laboratory by L.G. Zastavenko/ 111 
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The values of p thus obtained are close to those found in/2/ from the analysis of the inte

ractions between ~hotoemulsion nuclei and 9 Be V protons p ::: p sp = (3, 0 ± 0, S) ~ 
for protons and p ":: Pu =(1,0 t 0,1.)~ for charged pions. Similar values were obtained also 
in/5,8,9/. 

It can be seen from Table 1 and Fig. 3 that within experimental errors there is no sharp dis

crepancy between the theoretical and experimental data for pions. However, the experimental mo

mentum spec~ra are appreciaely more 'soft" than those calculated theoretically. Large statistical 
errors do not allow so far to draw more definite conclusions. 

The experimental momentum spectrum of protons is proved to be more 'hard' than that calcu
lated theoretically. 

The difference between the theoretical and experimental spectra can be understood qualitati· 

vely if one takes into account that in/12/ as well as in/5,8-10/ in measuring the spectra the cent· 

ral and peripheral collisions were not distinguished. However, the nucleon spectrum after the 

peripheral collision is more hard than that of the nucleons produced in the central collision. On the 

other hand, the spectrum of the pions produced in the peripheral collision is, on the average, more 
'soft' than that of pions generated in central collisions. 

These questions will be treated in more detail in Sec. V. 

Theoretical values for the mean transversal momenta of the particles created in central col

lisions are given in Table II. (For nucleons PJ.. :0.6 BeV /c see/2/ ). The corresponding experi

mental measurements are not yet completed. There are only rough estimates for protons and charged 

pions obtained in studying 9 BeV proton interaction with photoemulsion nucle/2/. These are not 
in contradiction with the calculated values of P 

.1.· 

Ill. ENERGY LOSSES IN CENTRAL COLLISIONS 

The values are given for t!e relative energy loss of a proton for the production of particles 
of the i-kind 

( 4 ) 

:er one act of the central ( NN) collision (Table II, the lab. syst(~nt). Here f~ is the mean energy, "!' 
ts the average number of particles of the i-kind produced in the ~entral nucleon collision; T is the 

kinetic energy of the primary· proton. The values of f: have been calculated from the momentum 
spectra presented in Figs. 1 and 2; the values of n. are taken from/13/ · 

~ . 
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Thus, the. mean energy which the incident proton losses for the production of new particles 

per one act of the central (NN) collision is 

( s ) 
~ Ec. = L. ~ ~t ~ S 8% . 

" 
of its initial energy T:: 9 Be V. The energy losses for the production of Z -particles and anti· 

particles were not taken into account in the calculations. Tfie estimates have shown, however, that 

only an insignificant inaccuracy is introduced into AE ... ~ iZ We also supposed that E "• :: Ew..• 
and f i,• : f "--. - (see Table Ill in/13/- ). The total energy losses of the primary pro-

ton p-=r one act of the central collision is 

A £:.t.-=- Ate.+ Tc{T :19 fo. ( 6 ) 

Here T c,.. ~ 0,21 T is the mean kinetic nucleon energy after the central collision. 

IV •. ENERGY LOSSES IH PERIPHERAL. CO~USIOHS 

The energy which is lost for the production of new particles 

-ra1 (N~) collision is 

per one act of the periphe-

aEr=1. (~E; +~t;), ( 7 ) 

I 
where 6 E r is the mean energy lost in the collision of the peripheral meson of an incident nuc-

leon with the nucleon at rest; 
- A E ~ is the corresponding energy loss in the· collision of an incident nucleon with the meson 

cloud of the nucleon at rest2/. · 
In the model of peripheral collisions without a residual isobar (see Fig. 2 from/1/) 

E• 
t. E '= ~ 5 [e -t,S£>] s.;e.l qcl~ ott -:: e -T ,¥ 

P 6r r-
where 

~ T --. - f5 
II p 

e• 
S t 

11
Ce> ro.,}t' q ct> ott 

fA 
2T In the coordinate eystem where the lnoldent nuolaon le at nat, tb.le eneray Ia llkely to be 

-----~---

( 8 ) 

( 9 ) 

AE~ 

' 
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is the mean kinetic energy of a nucleon after its collision with the peripheral pion; 

r 
E = S e qce>olE/~ 

t'" 
is the mean energy of the peripheral mesons; 

e"' 
s. = l. ( -6'" (t)q(t:)olf 

p Jt' Tr.N 

n is the average number of the peripheral mesons in the nucleon shell; 

( 10) 

( 11) 

e~ = E- /M (s.- M)/~ < 12 > 

is the upper limit of the spectrum of the peripheral mesons , (l); E aT+ M · M is the nuc• 
leon mass. 

In the model of peripheral collisions with an isobar (see Fig. 3) from/1/ 

( -AE =t-T +E p ./11 . 11' 
( 13) 

where E 11' is the mean energy of pions produced in isobar decay. Since in the rest 8:ystem of 

an isobar the angular distribution of such mesons is isotropic, then in the transformation to the 
lab. system of coordinates 

e"' 
E: : ~f :s ( !. (l) 6" (£) q (t) ole. -::: S.s (E -l) 

1t 6' J ~ rr.~~ M' p t' 
( 14) 

where 

( 1S) 

is the module of the relativistic transformation; M 1: 1,3 M is th~ mas.s of an isobar 

• ... ':::" 0 b ~ is the mean energy of a meson generated during is. obar decay. in the coordinate ~~ . ~ . 

system, where this isobar is at rest. 

A~ expression for ~ E; may be easily obtained by the Lorentz transformation from · 
the coordinate system where the incident proton is at rest : 

A E.;=~ (A E.~+ 1Ap') ( 17) 
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Here 

' " 1 - 1. (rr~Y ( 18) '(: o/M 
( . A p is the longitudinal component of the momentum of the newly produced particles: 

f.. 

l::l p':- ~ ~ [pCf)- p.N<t)] sn.~~'t.) q ct:>ole -:-.;. l +Ph' < 19) 

6"r t' ... 
in the model of the peripheral collisions without the isobar and 

A p1 =- i .... j>.N t p.,. 
in the model with the isobar 

E.* 
S' ~ ~ S o (t)6": Ct) a(£) Ole 

( 20) 

( 21) 

"" 6 P r "" tr"" 1 t' . 
the mean nucleon momentum· after the collision with the peripheral pion; {' (~) ~ E is 

the momentum of the peripheral meson; . ~_. 

~
~- I ~ qCt)t1lf 

n :- ~~ '{.(f)~. Ct)6: <£)qle)olf ~ ... E +~a - < 22) 
r'tt 5 "~ r c.s 1t.N tr :ln. s -e. 

. ph t' '• f . d . . b. d' t' 

... 

1s t e mean momentum o a pton generate 10 1so ar ecay. 

Keeping in mind the inaccuracy of the values of pl'l (f) ( see, below) we neglected 

the transversal component of the momenta f!.CE) and ~ IIJ.. in ( 19) and (20): 

Finally, for the energy A E , lost for the production of new particles we obtain p . 

AEr:a {:(1"" ~t:)+i~N ~- f T__, (1 + ~~) < 23) 

• . -~ e 
~ Er • o,11 ( :\,1 € • £) ( 1. + ~..) •l ( 9',. + ~?r.'h? ~q!'!t) %1-f T.~(i 1f4 

l 

For the variants without the isobar and with it, respectively Sinte the mean energy of the nucleon 

recoil is not great in peripheral collisions ( T ~~ <~ A lip ), then the total energy which the 

fast incident nucleon loses is close to the ene!SY loss for the generation of new particles: 

L\ E.~ot -:- AEp 
( 25) 

-
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However, if the experimental conditions allow to measure the mean nucleon energy after the col
lision 

( 26) 

then, accordi,ng to the definition, the experimentally measured total energy loss of the primary 
. nucleon per one act of the pe!ipheral collision is 

p -
AE :T-T:~ (T+A£) ~t ~ p • ( 27) 

V. D I S C U S S I 0 N 

To calculate the values of A EP by the given minimum imp.act parameter 't.
0 

it is 

necessary to be aware of the momentum spectrum p'* (l.) of nucleons produced in peripheral 

(1f N) collisions. This spectrum may be calculated theoretically if we make use of. the statisticaf 

. .theory of multiple production for the description of inelastic ( 'Jl"N) interactions (in more detail 

see/14/), whereas for the description of elastic ('fi N) collisions of the optical model (see, in mo· 
more detail/15/). In this case 

'" et p11 ~(6~" p"' -+Set p.,., yc s~n +Set) < 2s > 

where ~~ and p: are the values for the nucleon mumenta of inelastic and elastic reac-
tions, respectively: G"et '= }3 El:n. . 

The values of p,_, (£.) may be also obtained by interpolation of the well-known experi

mental values. However, the values thus found are not more accurate than those calculated theo

retically as the experimental data in tlte· energy region T ~ 1 BeV are available only for some 

points and with great statisticaMmors./16/ 3/. The values of the momentum ~ (£.) and the cor• 
responding values of the kinetic energy 

""' .L t"": (au.. t .~~ +ad. t .N)/(6":"' + 6"a.) ( 29) 

which were used in calculating the energy losses A E.p are presented in Fig. 5. 

On the other hand, the calculations have shown that the quantity A Er changes slightly 

3/ The authors are grateful to R.M. Lebedev who kindly acquainted us with the experimental spectra of 
nucleons for Inelastic ( n-p) Interactions at T ~ 7 BeV prior to ~ubllcatlon. 
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with variation of ~.N' and T .N' in wide limits of values. Therefore, it ought to be expected 

that in the framework of the model under consideration possible inaccuracies in the values of 

p,.,. (.f) cannot change considerably the.calculated values for the energy los.ses AEp • 
The computed values of ~., and T .,_, are plotted in Fig. 6 for the peripheral collisions 

of nucleons with the impact parameters "L ~ ~0 at T = 9 BeV. ln the same Figure are given the 

mean energy losses in the peripheral collisions AEp calculated for these values ~"" and 

· T,. In Fig. 8 are presented the calculated values fo~ the total energy losses per an act 

of inelastic interaction 

A E. = ( 1.-1 ) A E ~ + l A ~P ( 30) 

where the theoretical magnitude of the peripheral collision cross section G'"p : }6:" is 

plotted against different values of 'to (Fig. 7). 
As is seen from Figs. 6 and 8 , the difference ))etween the total energy loss A f: and 

the energy loss in the central ( NN ) collision AE c:. turns out not to be large. (The values 

of A~p ,A~are also found to be comparable). 
The difference between the mean values of the energy losses for the variants with an iso- "' 

bar and without it amounts only to about 5% for 't~:::t3~C. and decreases for larger valu~! of 

"t. 
0 

• It is understood that both the accuracy of experiments and theoretical calculations 

(as was shown above) are so far insufficient for distinguishing on this footing the variants of 

peripheral collisions. 

The magnitude of A E c. alongside with A E. may be reduced by some 

percent by decreasing the cross section for strange particle generation 4/ and by increasing 

(within measurement errors 6:."' ) the value of the ratio of the cross section l . At the 

same time the minimum value of the energy loss A E for the variant with isobar genera

tion is close to 50%. 

The experimental values for the mean energy losses in (NN) collisions are presented in Table 

Ill. These values were obtained by several authors. As is see By the theoretical values of A E 
exceed appreciably the mean experimental ones. 

As the calculations have shown, the theoretical values of the mean momenta of nucleons and 

pions produced in (NN) collisions agree better with the experimental ones if the peripheral colli

sions are taken into accc:»unt. But, lik~ for 6 E 
achieved. 

a complete quantitative agreement cannot be 

~~---

4/ The ~ross section for strange particle generation O.s was calculated accordins to the phenomenolosical 
theoty/ ta,-; However, the experimental data on strange particle generation at T 1' I Be V allows such a decrease 
of the parameters predicted by this tl..:.ory that at T a 9 BeV the quantity. e' I decreases as much as one and a half 

or two times. 
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However, our knowledge of the experimental values is at present very poor. In most cases 

the values of liE have been obtained from the analysis of the interactions between the primar) 

proton and nuclei. They may be treated as an approximate estimate of the energy losses in (NN) 

collision. (Usually, as the lowest estimate c£./2/). The values of A E obtained from 

the analysis of (NN) interactions in the photoemulsion have also a preliminary character 5/. This 

concerns the experimental values of the mean momenta of particles produced in (NN) collisions. 

Therefore, it is still difficult to ascertain to what extent the experimental and theoretical values 

are inconsistent. The treatment proposed in the present paper as well as in/1/ allows only to 

state that the agreement of angular and energy characteristics with the experiment is improved if 
the peripheral nucleon collisions are hken into account. 

It is accurate experimental data which are necessary for further progress. 

ReeefYecl on No.,.,.ber 24, till. 

5/ In parlloular, the value of AE <'f.IZ,ased upon the measurements of proton momenta may turn. out to be 
underestimated slnoe It doee: not take Into aooount the statlstloal measurement errors. 
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Table 1 

Pions Protons 

Experiment Theory Experiment Theory 

... 
P Bev/c lab.syst. 1.0! 0.2 1.46 3.6 ± 0.5 2.90 

P BeV /c c.m.s. 0.4 t. 0.1 0.57 1.24:!:. 0.25 0.79 

Table II 

A kind of particles 91 K+ K- ro./ 

Jl 1\ r 
P.l BeV /c 0.45 0.64 0.53 0.46 0.68 0.68 

-
AS% 49 1.6 0.2 0.8 1.6 3.3 

Table III 

The value is taken from: /3/ /5 I /9/ /2/ /6/ /8/ 

AE. fo "'30 30! 10 33 :!:. 9 ~ (40:!: 10) ,-v 30;:< 45 35! 2 

t. 

,,.! -- -- ---~ .............___ --------------------
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and the spectrum of ~ -hyperons. The momenta are given In the units 

of m
11
c where M'U Is the pion moss. 
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Fig. 5. Mean kinetic energy t.11anJ the nucleon momentum p ... alter the collision j 
with the peripheral pion ol an ettergy e. The regions ol values ~~ -t.~~ anJ PJI( I 
alloweJ by the statistical measurement errors are shaJeJ. The values ol t .,tl" 
anJ P ..r are expresseJ in BeV, the values ol'b.K, P.K" in .SeV/c. Labora-
tory system ol coorJinates. 
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Fig. 6. The values ol To~~~ , ~ one/ /J. Sp are plottecl against the minimum 

Impact parameter: A· variant with the lsohar, a. variant without the Isobar. 
The regions allowecl by the statistical measurement errors are sitae/eel. 

The values ol T 11are given In IJeV; the values ol :?.~~~ 
• in Be~; the values lor the minimum Impact JIGrameter • In the 
units ol 1\.jMC. : 2. J. Jo·l4cm. 
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Fig. 7. Mean energy of the peripheral mesons (Jotted line) anrl the cro~s .sections 

for the peripheral co//i_sions G"p (solid iine) ore plotted against th! magni-
tuJe ol the minimum impact parameter 't- 0 • The values of C. 
ore given .in BeV, the values of '1: 0 .in the units of 1i../MC 
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Fig. 8. The total energy loss in (Nt~) collision as a function of the magnitude of the 
minimum impact parameter "t o • A-variant with the isobar, 

B. variant without the Isobar. The regions of values of A E allowecl by the 

statistical errors are shaded. (the values of 'to were assumed exact). 

The values of "t 0 are given in the units of o/ 1"\C. • 
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