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ABSTRACT· 

'Some theoretical• ca.J.cula.tions pertaining to multiple produotioa 

of particles in nucleon-nucleon collisions at 7-I0 GeV were , present~d-

in :ref. I) .'<Some preliminary experimental results obtaine.d by-- irradiat

ing• photographic·· emulsions>w:1.th the, proton., beam :from the synch:rocyclo

tron ot;:, the Joint Institute-.of· Nuclear· Research were given in ref. 2). 

Irf:.the. pi'-esent paper we compare the t.b.eoret1cal results of ref' •1)w1th 

the results of some new.experiments. J72 stars, ofwhich.50 were clas

sified as proton..;.nucleon collisions, were recorded in NIE:FI-R photo'!"9. 

graphic emulsions along the tracks of ~ 9 GeV protons accel~rate_d in 

the JINR proton synchrocyclotron. The mean number of charged particles 

created in these collisions was J .6 z;, 0 .5. The angul~r distribution.· 

of fast charged particles is obtained. As a whole the-,•exper_imenta·l ,,, 

result's agree with the statistical theory of multiple particle pro--.'~

duction· •within the limits of the experimental errors. -Some· discrepancy 

is evi'de,nt~· •1:-n .. the small: angle range and may be due to the. contribution 

of rho1t-central ·impacts and· to asymmetry ,of the.: angular distributio;q1, · 

1. Selection of Nucleon Interactions 

With hel·p of a plunger-type target the -:::: 450.,.U.. thick Ii_IKFI-R 

photographic emulsions were introduced into the vacuum chamb~r,,-·o! .:'t-he 

ao.ce1erator a.nd irre,diated with protons of an energy of ;:: 9 GeV in the 

JINR-proton synchrocyclotron. 

After treatment the emulsions were-examined under a magnification 

of 945 along the tracks of the primary protons. In this vray all in

teraction events including scattering through angles/ J 0 oould be 
r- .· . 

:reliably recorded .. The tracks of a electrons produced by 9 GeV pro-

tons· resembled· straight relativistio·tracks and hence in order to re-



- 4 -

move these impurities from the results, observations were ·carried out 

along ·such tracks.. In three· sets of::.mea.s.urements in ·which- J72 stars 

were re~orded (Ioa· :i.ti- ·single emulsi.ons a~d\ioo and !64 in emulsion 

stat::ks) J9' ~tars .wer~ :f;ound (9,IO _and 20 respectiv~1, in the three 

series) which possess'~d ·a:n. evt,n number ci°f 'rays'. no' recoil nucle'1S or 

f., -electron·· tra_ck ,and finally possessed; not· more .than one grey or 
. ·-r .. ·;c ' . . ;.: . ' 

bla.b'k'· track,. trre·Lblack .tracks being o.bserved on,ly in the front heiµis-

. phere'°,,: \'S1:ia::rs. o~. this type''were aseribed to interactions betwee11,,,,-the. 

aetrnlerated protons .a.1:1.a fr:ee or quasb-:free proto:a.s:i,o::f t.hen emu_lsion 

nuclei,: ·that is,. to (pp). collisions •• ·· ft-/·.· 

· The number· of:·(pp) oo1lisions.'.1s larger than,, one:-,w,9u_ld e:xpE3c1; .. J 

from:. ·the total number of stars- (1:t::: the amount of hydrogen:,.atom~ 1Il th~. 

emu'lsion,•1'1:s>,taken . .into account; however, it should; l>e,· kept .i~:, JQ:lnd· , : .. . 

tha-t···1n :a:· numb.e~ -of 'eiperiments:1'.B.t smaller energies approximat~.Yi 1·,;t· 

'Ceq'ual•.:nunibers of' free and. qua.s1··"free (pp) coll1sions. were obtai:µ~d. -: ,, 

.,:o,. · 1~hree ··complana.r events satis,fy-ing the corresponding kinemat1c3 , • 

requirements were classified· :as. elastic scat.t.ering.•;1_:y:rThe'.· ,pb,ot-_o,graph 

in fig.I is an example of' an elastic (pp) collision selected in this 

way. 

J6 events were ascribed to inelastic (pp) collisions. An exa~ple 

of an· i1i'elastio (pp) ·collision ·oho:sen in this manner is •shown in· the 

photograph in fig.2 .. l} ~ ~·-- •. o .. >u 

"In an emulsion stack conta·ining· 264'. .. stars II ev:ents, iwere classi~; 

fied as proton-neutron, (pn), coll_istons. These stars had ~n o4d --,·· 

:number·· of· prongs ·and dO);z1:a-t·.Je,xhib1t recoil nuclei. ..:\t .. 

ti Jm.. .. example :o:f cLt col1-is1·on o'.1!' th13 type is shown- in. :f~g.-J. 

6, .. ·n.· .. :t f~~·''r-"¥ .. ~~-

2. Prong Dist1.·ibutton of Stars 
·:) ;.-. 

·The P-,;~~!1g d1striblft.i:pn,.of,,~ta.rs _,f,et'~_Fring.,-to J7 inelastic (pp) 

collisions is shown in table" I. (After int:roduction of a geometric 

. ·f 



cQrrection a 2-prong case was added). The average number of charged 

particles in (pp) coii:t~ions· is 11,p = J.,8 + O~J:., ·Th-e experimental· ·'c· ,,,..r 

values satisfa.c·t6iily ·ag1·ee ,~•.ith. the va-lue':rc-~:p~J ~ 5 for (pp) collis- . 

ion~ calculated on basi~ of 'the ·:statistical theory· of multiple ·pro

ductio~ by employing the tabula fed· ·Val'hes in ref: .. I)· f"'or:'. I'O GeV pro- ~- · 

tons. If generation of· sti-ange pa:rticlif:i's is tak:en· into account: the 

.• ,· .. 1 

·s1nce thJ· m.unbe:r ofr((p~) 00·111sio:os ivas· sina.11, t,heil. .. ; pr.ong · · · 

distribution ,111{~o't be· g:f;i'eh tn this article~- The:fh_:v'erage numb'er· of 

charg:ed. ·pa:tif'i<¥'·r~i-s :cre~teil'.:.iri (pn) collisions was11.11.= 2.8\,t_ 0.6,which 

satisfa~toif:tiy <:agre:Efs"\v:tth' the t11eoretioal value n.,.~:3 .2I) .... 

In ·s'tirs: due ''.td pititon-nncteon co'.ilisions .Hfast p~rticlesrt ,,nf5> ·_ 
weie·,::·ii:tngled :'·otlt \vhoic '.ionization losses If1,4Io. 1. wliere I~· a:re ·_ .. :. 

. . 

ionization·' losses corre·st,6nd1lt'.g to the ·relati·i-:rst:tec;iontzration pl~t'e-a.u 

Protons with an ent'rgy. Ep:Z O .,5 GeV as well a~F1[.:.-!1}e'sons v1itl.1Ep-,?0 .. 08 ,:, 

GeV are considered to 'be Yl(S) particles. The p~rt1·c1e frequency 

distribution for 37 :lw~la.stic (~op) collisions ·.is preseritec(-.1n table 2 • 
. . : . ' _.,. ~ ... , . .,. -,n 1:.i en The-:average numbe;- 9z')1.. ,,_per_ star is · \.(pp)= J .. 2 :t, o.J. :· I,n._a. similar 

manner Hfast parttciesn were selected·from (pn) collisions}· The 
. --· 

.r: . · . . , ·-cs1 - . 
average nwnber of -~_'fast p-:?,rticle5:' .was Yltpnl; 2 .. 5 :t, 0 .6. 

'' 

In order to compare these data v1ith the statistical theory_.of .:.• _ 

multiple creation"''we inade' use 'of the st:'3.tistical weight's give~· in ~-~A 
, .'',, "•j~J: .~ V •:c.· •.: ~ r::) u \~ i." ' • .,.•~; ti.·.( .. ). -~- ~' .. .. . .. ·•. ~-! f 

and under the same assumptions as el:::ployed there ,ve calculated the · · 

momen~}Ull _dist~ibutiJ?PS o_f .~:1-op~1aµ~ _p.ycleons. c:r_~at~~:)•.i~:'. the partial 
. · , •· • • •••' -.., •·• •--• .,.,._ ._., .. ..,..::...._..-. ,•r--,-.~.,_,, • ... ,, ~• , ,. -·.•v, ,,.,_ •¥,,..,_,,,...,·:,,,:;;,...,..,..,.._,_,., '••'" •• -~•• • 

reactions N+N-,. ~/-tN-tJt 1i. j_ ti-r·t-!➔ W'-rWt-11 TC; N-i·N➔ t~/+t>I +_n1f ;_ n., =O; L; --: ; 6~_ 

at E - r8 G~VI} (N/~·:1~'-th~d,;'11·~ba.;·~n~·~~b'c,1; ·-s~elJ}}'1 . . 
.• . . . 

The -~oment~ ·a.~~tribui:"f~n': ~i Jr~i-i~/ and nucl~6n/ in .<the·, c ~-n.1~-d~'x}<' 
integrated. over the angl~e-~:'.'.~~:~r· :~;;erag~d ~~'°~f' -~il. -p~rtial reactions 

(J ~ ';· . ' ;:; :·:, :-- ~.:, ........ 1. ~· ~. ;r-· -------·---------·--·.,,..----.. --.-.·""'- ' '. , r . 

x) ,In the _ca1c·u1a.ti"ons ,-, tise :wa.-s ·mad:e of: ·the · hontogra~s made by: 
L.G. Za~itavenko ( to be published),. 
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is shown in fig.4 •. The corresponding momentum.distribution of pions 
(., 

and nucle,.ons in the: laboratory coordinate system ,,1,~ g,iyen in f'-g!'5. . ,c• • 
. .. 1.-.,,· .. , •\ .• . ·' ., ,-'.':" :_~- • :; ·. -~; 

All momentum· d1s.tr1butions are, normalize,d ~o .unity •. (I;i, o,.µ;-.. caJ_cu-
. -,~- . ... '· ~ : ~ "._,. '··. . .~ .. ~-~- , ·' 

; 1 ' . ~· . ' 

lations we did not consider the small contrip:ution of. P.1ons a_nd nuc-

leons creatJd in re.actions involving strang~ particles (~ee ;ef •1?,S ._ .. 
\ . . . 

From the spectra presented above it follows that 'the cont;r1but1on of 
••• .-!).,,: .'.'\( 

"slow" piorls ( E-,c,L o.oa GeV) a~,d "slow". n;ucl~o.n,s _( Ett,t 9_.5 G~,V) __ is 
I , i 

smait, C=.::<tO.~ t Therefore the -.average number of "fas;:t~n cha:r;ged .par-
, ' ,. -. . . . . ,! ! --~- ., • : . ' . .- ' 

- (S) . yt-<s> ... 
ticlt;i_s,"np.:'_~nd re: ,computed theoretically is on;y: a fE?l_.per,.c.ent. 

I ~ . . 

smaller than the average _.theoretical nl.llI\tJer of charged particles_! 
_ ,· . . - -cs> · -<s> · •., .· · ·· · -
Ylp '· E:tnd J1.•tt. ·-~ Y,lp7 · J.I, rlnZ 2.9 •. Experimentally .it l1as. ~,~en,,.• 

found tll,~t t_pe cftaot;on ti:(' ",s:J..own_ particle.s ~s I5 % ±, 5 % of _,th~_ tot~l 

numb,el\:;9,{ 9~g~c,. particl~s, ,,,?:!)9~t .,2/J ~f :them being pro'ton,s. The_ 

mean ,~O~~~J Qf~the~_~,--protons was (120 ±, 40) MeV. , 

The~e is good agreement between the theoretical aµd ·experimental 
,,, - CS) . _;_ CS) X) - . . . ,._ 

~a:µ.:ij!Y:_rl_p ;_ ~n~ _n~ _ :_ !o~e~e:, _o~e _ n~t,:~ __ :.. __ ~ .... ___ ~ __ _ 

x) In reactibns involving more than one pio~, ( Yl:J: 7 i ),;_ ~h·e-,·. 

average number of. charged pions is near to 2/J of the total number 
-(-t) · . - Ct) · · 

(np.= J.4; .: nn.=J.J) and the number of protons on the 
average is close t·o 1.2 for (pp) collisions and to unity for (pn) 
collisions (see ref.J) )• 

- - - - - - - - -.- - - - - --- - - -·- - - - - - - - - - - - - - - -
that the fraction~of "slow" protons is comparatively high. 

.. • -1:~. 

'It~ 

J. Angular Distribution of Prongs in '(pp) Sta.rs> ··,·t\ ·--::n 
•· ... 1 ,., .. 

:'I., r.. 
·.,,:.' 

The histogram in fig.6 repre;:;ents the experimental angular dis-
- CS) ... :Y :, ··:• •· . ·. : 

tributi~n of particles 'Ylr emitted .in ~ solid angleAfl=11(8.t)-J2(0,) 
·'J.[tr . .,., .. ;,·. 

in the laboratory system. The angle which contains half of 
{S) 

particles-np is j,12== I6° .• · The angular distribution of pion~ and 

nuol·eons in the laboratory. system was computed by aid of the momentum . . . t 

I 
I 
i 
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:- t· . . l- ' ~ 

distribution in fig.4 under· the··asstimption··of1·an isotropic· ciistri-

butio~ 1~ the c :'.m. s. This cii;tr:ibut1'on ·1ii'· iepr~sented in :t:rii,~7.. ,:· · 

The a.ng~iar di~ti:\bJti~ri~ 6f pions'W~(eJ:.?~nd nuclediis''l¼f0} are' ··'' .,, 
normalized, so that r'wre)sin0d0-= 1 . 0 

The'\a&gul~f distribtitibri~ fo1(T·., ' J(J 
ttfas'ttt particles n,'S1 .:. onlyt slightly'•differ from the .-total angular:' 

·a.1s trlbutions. · From fig. 7 it ·--can., be:_:. seen that '·the nucleon angula,:.):,:);r•,:., :·: 

distrilfut'fon has a' large·r·· forv,ard· asymmetry than pions;- and. t{lis ·. oor,:\,::-;: 

responds to the fa.ct that the· nucleon spectrum' WtJlf) is:. harder .t.llan-)-:-1 .. 

the piori spectrum W~(p)_ (see fig.4 and 5). The average nwnber of 

"fast" charged particles n..<s) emerging iii the solid angle ,,as c·omput

ed with help ,of <'the,p,ng~lar distr.ibution in fig.7. The results of 
~ • f • , ... ,,~<• "' ' • ,• Ii ~ '• ~ 

th~se (?alcu,!~ti~ns are ;presente~ in ·f1g.6·. Within the··exper~~enta~ 
• f ;, 

errors they s~tis~actqr,ily,agree w1tn the experiments. 
' . ·- -· , ... •. . '·.• 

However in 

· the small angle ··;region, there is an~ appr~ciable d:tscrepancy. as is 
.. ·.. .... ~~•.--. . ',, ~ 

evig..~nt: fr_qm table J~. ,:Thf4,..diff'.erence may possib+Y. be. due to an, 

9-dm~xturt, 9f pa;t1qles g:reated. by ~-- prog.~SES whi~h qannot be described 
•,,•I'-• ., , l. ~- . :_ . . . •- . . . 

by statistical_ th~orem ;r., e.g., by "periphere~l. coll~_sions~.•. ··; A non

isotropic angular distr.ibution corr~spo~ds to ..,this in the. c .m.s. x)_ •.. 
' ' . - - - - - - - - - - - - - - - -- - - - - ~ - - - - - - - - - - - - -

"i' V- !)r I··~., GU:l.,\eV.l9Jl~.) . w~9 i+P,:v:~~t:1.gat~d emlllsions, irradiated by 
cosmic rays ~lso ~rrived at the conclus1on °that at an·-: energy~ IOIOeV 

• • . ~ ::· ~j : ·: _;\ -~- •·I"' · · • • ~~ .~ P. •~rjr,·,·•.. -~ · ..,. ·: ... ; 1- - · · • · ,' 

there is some asymmetry ·in the angula.r·a1stribution in the c.m.s • 

. It is ·likew:1se possibl~1.,:t;..p,at,. th~:.-1!3-r.ge fr~cj;iop, of obs~rved "slow" 
•. . . .... ,. . -_ -. .::.,: -. . •. J .. . · V -·· .·.' ':',-,,:- • · . .:. ~ . ;· ~ . . . . 

protons ·cs:ee, •above} is'' also::..r~lated to th'!.s·· ·circumstance. These con

clusions ai-e cJ:oseCto'>.1th'ose·''i:!.r,.rived at. :byJ.analys,:ts of cosmic ray. 

e~perim~·~ts5;) ,.' 'l ·H~~,~~~1 ~- a fin~i ~toricliiitoh wo·ulcf r~qu1re a larger 

amount oi statist:tcal material and a more rigorous analysis. 

we·novr estimate the·mean energy losses during pion production 1n 
' 

(pp) collisions. Taking into account the average· nwnber. of charged· 
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and neutral P,1.on;;l:·~:l:'.ea~~d _in,,a .. ~_\ng~e, (PP) ~,~111s~o~,., nx J.7 ±. 0.5 , . , 
' ', . ' ~-·•· . 

we find that for t.,~p. p;,on mo~entum ?-.1.~,t_ributio~ shqwn. in f;tg. 5, the 
' ' ., . .,,., :,,_., 

mean energy ;expen~,E:?d, '.bY. a iPJ:imary_ .-n~q_l_eon J.n pion production is 
""• ·.·· ,, . . . . . , ~~ 

LJf~ 50%'-oi\.its in~tial energy.· 

In:· conc1usfon the author·, 1s· ·glad to. thank n.r. Blokhintsev for 

numerous'\disctissiona of various aspects of ,•the theo:r;;y of ,:multiple 

partfc1e,:'proffuct1on·· and•.r also the ·.:proton:•synoh:rocyolQt:ron .crew of tµe. 

High:iEnergy ~Laboratory for-'making ... these· experiments . possible. 

~!.·.".ff=':.:: APPENDIX, .,,_:..,,. yr ::·;-

.,,: .. \) .::_::.Jj,;}_~:,_.~. . •··~·- . .-·.t 1J;•_ ·:~. , /'•. ~-•·• ,,-

In reducing experimental results and preparing experiments it is 
..... . ,::: ... 1· t.\'::-'•.•T: . .:·. · r·:~:.; f ~--•. :-,: .... • , . ,-· • ,,. . f . 

quite frequently necessary to· 'know the· moment·wn distribution of pions 
.- r: .. ~ --~~-·:>··~~--~:<1=·:":"{ ,. . -c•·· :- . .. ··: .-: . - -

p:roduce.d ixt (NNY 'co'li1s1oria ·for "a given. :emission angle ·-e :in tlie1:r· ·: '; 

laborat~;y :-~;~{;;·~ Distributi~ns of this type computed -in .. accord ·with 

;r:e:t' .-1Y for' ~gies a- o0'.,' .:J0.,:-- 5°~ 8° J0° are r~presented1'~in f1g.aJ · : 
~- ~:•~-~;:~· -r·:: ·:j( \' . ·- . . . -- _. . .- . .. •' 

Together with the angular distributions in :f'1g. 7 these distribut·ions 
. " .. , .-. 

were used by us :tor'·calculation o:t th• data in table .). ·. ·1 t·1 
,( 

~::- ' 

I) i.v.s. 
2) N.P. 

· j) ·:·s·~z. 
.... _.:.i 

4) 1.1. 
~- .,, .--~ 

5) G~T.: 
.. ..... ~ .. 

·"..) .: ~ 'i~ .. 

-·~ .:·, .!.,\; 

... R e f .e r. e. n. c e ~ 

. ' ,.- • , '). . . . l. , 

Bara~henkov et al , .. Nuovo Cimento, Supplement 7, 7 (I958)II7 
~,.-;. ~ . . - . . . . .iJ . ·~~ ;. : . . · ... ·• ·. 

Bogaohev et al.,. Atomnaya Ep.e!,gy.1~ ,i ... (1958) 2·at 
. ... . . .... . . . (· . .-

B ilenky ·et al, Uspekhi Fisich.Nauk- 62 · (!957) No.2 -
, .•:· , . ,, . ·;_"·, ,',a', ', •f ,•; , , , 

Gurevich, Reports at Jubilee Conference of Moscow' -: 
Engineering-Technical Ins.ti tute:·,. Aprti, .: -I.~58. 

Zatsepin, Repo:rt,'.s at seminar of High Energy ·Laboratory. of 
Joint Ins.ti:t.ute .for N,uclear ResE:?arch, ·1958 • 

• • .. .- --✓ •• .. .:... • :; • • • • ) .:,. •' ~~"'; '._: 

-:-: ~ 
-· •_-;:,: ~ ••;- 'tr-;--

.-': t;"\" 
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CAPTIONS 

Fig.I, Example· of a star classified as an elastic .(pp) coll1s1on
even·t 

. Fig.2 (pp) collision involving the creation o:f 8 charged rela.t1vis
. tic"• particl,3s 

Fig.3 (pp) oollision involving the creation o:r 5 charged relativis.;.. 
tic particles 

F1g.4 Momentum distributions of pions and nucleons produced in (NN) 
coll1s1·ons.· C.m.s. Momentum values in 1n.1tC units are plotted 

along the abscissa axis 
. "· . 

Fig.5 ··7,1omentun1 · distribut·ions of pions and nucleons produ~ed in, (~~) 
ool'i~sions. Laboratory system. Momentum val1,1es in GeV/c 

:·1. . 
units plotted along the abscissa axis .. 

Fig.6, Angular distribution of fast charged partioles emitted_ in (pp) 
collisions in a .solid angle 4a=fl(0;)-/l.{0,,). The 

continuous histogram is the experime~_:tal values, The dotted 
curve is· the theoretical histogram. The values o:f'.angle-0· 
are plotted,along the abscissa axis. Laboratory system .of 
coordinate.s · · 

Fig.7 Angular distribution of pions and nucleons produced· in (MN) 
collisions. Emission angle:$ plotte(,i alQngapscissa axis. 
Laboratory system ~ 

Fig.a Momentum spectrum of piona produced in (NN) collisions at 
angl~s of EJ= o0

, J0
, 5°, 8°, Jo0 in the laboratory system. 

Momentum in GeV/c·units plotted along abscissa axis 
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Table I 
- - .-· -·,_-. 

Number of stars IJ 17 5 ·2 

----~.+~+:::-.f--------------------~--~-------------------------~-~~~ 
Number of prongs 2 4 6 8 

-• •-v•;•.;_"''.'• - - -•••~•~•,f~ - -i•."!"' ~- --•--.... - :- -• •~ 

<, .~-:: r : ~ ,r 

Table 2 

• t•'• .f/. 
• • 1(-. ... ., • - - - - - - - - - - - - - - - ~ -~-

. .., 

Number of stars 9 6 7 8 2 J I I 

--------------------------------------------------~----------
., ;:,••--- . 

Number of particles -.;~.· 2· J '· 4 
- ... - - - -

~:i ; riL~--

: -~ . 
.,,_•.f"!:. ..l 
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