
v 
JOINT INSTITUTE FOR NUCLEAR RESEARCH 

Laboratory of .Theoretical Physics 

p - 259 

G. I. Kopylov 

THE SD1ULATING OF P-P INTERACTION AT 10 BEV 

Dubna, 1959. 



p - 259 

. ' . 

G. I. Kopylov 

THE SD1ULATING OF P-P INTERACTION AT 10 BEV 



' .. -

Simplified methods of-numerical simulating the.reactions ,involving 5-6 secondary partie-· 
'<- '·- 'i ' :. _,, - - . > 

les is ·described, the isobar model is being taken into account. The table of random stars 

" for_ p-p interaction at 10 Bev containing 201 stars in the center ·of mass. sy~tem and in the. 

0 laboratory· system is given. 

I. 

A method cZ. constructing a table of random;stars.is given in[l]. J:t. needs an electronic 
t ~-~ : ' 

computer. An attempt was made of constructing such .a· tal>,l_e u.~ing the .hand calculation to 

study the possibilities. of this method. We succeeded in doing it for. the reaction of.pp 

interaction at 10 Bev basing in the following assumpti~ns: .J.) :the. isobar model.of .the.mul

tipl~ production is considered to be correct; }) the reactions involving more than 6 secon-
- ·. \ 

dar,y; particles are not .taken into account; ¥) in:some. cases .the mass ?f a pion is considered 

equal to zero. Besides the table of 201 ran'd.om stars 'the simplified methods of its constructing 

are giv_en in this paper •. 

The analysis of data from· the table.will be made in another paper. 

All the notations are. taken from[l]. 

1. 

The preliminary calculations .liave shoVf~that-the methods of constructing the table 

from Ill when there are more than 4 secondary particles .. becomes not. effective for the hand 

calculation. 

The necessity of too frequent rejection of the sets of the momentum'components which 
_.. ·. ! . • • . • ' ~ .• • •• ! •.. 

do not satisfy the i~equ,al.ities (i.lB) leads .~o many u~e_less calculations •. To increas.e the 

efficiency of the methods it is nece.ssary.to_decrease the number of the-limitations. on the 

momenta of the particles. So; e.g., if there are five secondary partiolea, _the inequality. 

(2~18) in ;ejection technique is .verified twic~(after the sampling of the momenta of the 

second and the third particles.) Instead.of this one may restrict oneself by single rejection 

after the sampling of the second particle momentum. One should try to choose of the momentum 

the third particle using the direct ~method (method B from (1]). A direct method is more dif

ficult than the rejection technique but it does not r~quire the rejection of the values of 

the momentum components already.c:hosen. 

The direct :method can be applied to the sampling 'of th'e 'inome'nta only ·u on~ makes use of 

the assumptions ~) and r) . Let us pass to the derivation of the corresponding· formulas, 

' 
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We start from the formula" for the statistical weight of the system of rL particles 

~n. (E .P) =J d j5, dpL .~f5,..-;l ~.t ( E n--1 1 P n.--~> (1) 

where (see (2.25)) 

S 
·J. ~~- E~ E;. n•.t-.P.z 

=.!!... Ji P,lt fS E ,.., n. n.-• -l"n-1 n-t 
z J n.-l · · M~-• 

(2) 

Write (1) ·in the form of a chain of the recursion formulae 

-~ii";- ( E ,;~\1; P n.-;) = J dp~-~ S \1( E ~-i .. , , P n-\1+1}, (J) 

where it is ~ssumed that ·E,= E, P1 = P, whereas v()l::.iz,:>,· ... ,rt-.1.) are int_egers. ~h~ li-

mits of 'the integration in ·(J) may be found quite simply if m,..":: 0. In this case (J) is 

convenient.to be written a~ f6ilows: 

I 

~ 11 ... ,CEn-I',Pn-\1>=21if d?tt-~' A,cE·r.-~,P"-"'7''.-"J, 
' - ; ·~ . 

(4) 

where 

"• . 

/\)1 = J p :.I'. S~ ( E n--t1- e n.-J); Pn.-\1 + pn-\1) dp,...~' (5) 

0 
whereas 

2 
Mn-~ = n l1 = z (En.-~ T Pn.-~ ~n-IL) M!-v 

2 Un-1) (6) 

Let· the distribution ov~r ft , ... ;pn.-\1•
1
with the r~quired density 5"; 1 be fulfilled in s.ome 

way. Then 1t follows from (4) that /\"~(E,-.-v,J!,..~,'Z ... -~}presents density of the distributiozi. 

- ..... h (not normalized) over p1 , ... , Pn-\1+1 1 '( n.-v It follows from _(5) tha't the density of the 

distribution over P, ,: ·: .Pn-~-< ?n.-~ 1 Pn~# 
Further we shall designate through ol the random numbers uniformly distributed in 

18 .· Pn.:# Si ( E~., • .Jr~+,) ." 

(0,1). Making use of the direct method of sampling (seelll, page 8), for the sampling~ ..... ~ 

we obtain the equation 

I ~ .. -~ . .. J' 
211 d~n-vf\-v=2.11J. d~n-t1f\'JEJ..6J>i-• 1 

.... ' ·; . .-- -· ' - ' 

(7)~ 

whereas for the sampl~lJ.g Pn-~· -: the equati~n 

··. r .. -~ dp .. ~-~·pL:·.s# = o.fdPn-#·p!.~ ~# ~d-"" 
0 0 . . 

'(8) 

Introduce the following notations: 

\ 
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(9) 

(10) 

~ J dp,.;~·· p,;_~-:s~"=:s.(r~-~~ ~1~~:>:~~ ~ en). 
(in (10) and (ll) are omitted E tt-l' and Ptt-" among the arguments /\., and. $.,).Then 

the equations (7) and (8) may :be, finally rewritten in. the form: 
< ,_, < ' ' •,"' •• 

A '1 ( ~ n-)1) = d..l\11 (r)-r (r-d.) A 'I (-I), (7'). 
~ , , . 

-~" fp~~.-~,u~~.-~J==d.$1 (n", Un~~~> 
.' < ; "• ; .·' 

(8') 

;.t,. 

To make use of the formulas (7,') and (8') for the_ .s,amp~ing ?11:-)J and pn.-)1 it is necessa;ry 

to know the concrete fo+m of the functi~ns 7\; a~d ~ ~ • W~ s-hall present the corres

ponding expre.ss ions for V = 2 and V = 3 under the assumption m n.-r = rn n.:: 0. Then the 

i~itial formula- the expression for , s2 - is of the form: 
., 

c . "Jj .. z . 2. (· 

,.;2 = f (3 E ,;_, - Pn.-:-r). 
'•! 

(12) 

V = 2 . .[>ssuine mn.-2.:: 0. From (11) a~d (i~). ~e obt~in .·. 

~ (p,u)= ~ ( .2E;+M'"_ 2E/U p .+_. t p,_)p3:. 
(lJ) 

(the index n-2 is meant everywhere in .the magnitudes without it)". 

Then it follow~ fr'orn (5) 

(14) 

while :from (10) 

A (
7

J_Jt2.J:!t(sEil+Mz_ En2+ n:)n; 
1\z - 3 .Z p Z4 .. 3 fO , 

' . (15) 

Finally, :from (4) 



'~ 

c::!. . - - . 'ji2 2 2. . :t) 
~,(E,P.J::/\ 2 (r)~J\~(-1)= 2, 0 EM (7-E -3P . (16) 

. . I .· 

'V=3.In the same order as for ~ =2 1 · can be obtained1): ' 

~(p,u) = ;z{~ { EM2~1tf~i-3M'J--: ,M2(~1.,:4~z)~4uE(3M;.zEz.) p ..

,~ ~ [EM2-~-(2 Ez-~-~2)Ui-E~ 2]P2-_; (M:i-6Eu~3U2)p'~ ~ up~}P3 :,. 

A (nJ- 112.. ~[ uoE1+3M
2JE _ 12Et...M2·n· i"· .!i.En2 }!_n~Jn3 • · ~ c - ZlfO --z- i5' iO 3_ 5 3- 21 ?J 3 .J 

1\
:::,· .. (h)- :tr3 . M~ r !OE 1-t-3M1E_J2E2.,.M1 n·· .. :r.E nz-~IL-n:t)n· ~~,· 

~ t -mZOP\ 6 6 , 3 "'2f.~ 3 

~~ ( E J5) = 21!';! f'~'l'' (33 E,-18E 2P2
-t- P.'~) 

(18) 

(19) 

(20) . 

One may get the formulas ·for an arbitrary )! using the· same method as used in [2] 

for S >J ( E n.-'1 .. 
1
,0 ). The obtained expressions are, how.ever, too big, we do not intend to 

present them here. We write down only. th~ formula for s\1 <En._, .. ,,P .. -~+1) (the index is omitted); 

. )>-I .ill'~l • . f 

S ( E 
.... ) - (2Ji) 1 _Q_ \"1 {2\/~m.-1>. . --

'. ,P -- <2~-1)! 2dpz j,;-:
0 

(2.1.'-m-llf(V+m-l}!(tml!!x ( 2l) 

x [(E -Pl)l~m.-•_ (-!/~-m-• (E +pl..-m.-•]p1"-m.-r 

Further we shall need the magnit.udes of the maximum of the 'function 
,._, 

cp1 = ~" n P~ 
'"'i 

(22) 

Since -¢r~ depends upon.-&,·, ... , IY11-Jl • only through · P:-'1..-r , then 'one of the equations 

determining the 'position of the maximum, is of the forlll: 

p..,_,.,., :::'0 (2J) .· 

----------·----------------------.------
l)The index · n-J is everywhere meant in the magnitudes without an index. 
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It follows from here, by the way, that·there exists.an infinite set of the values 

. \7i , which maximized cP~ . 
On the other hand, dl 11 depends upon p1 ,··. ,· P,,~~ both :through E ... -~ ... , , P":-11 ... ,_ and. 

directly. This leads to the following system of the equations 

~:
2 

= ~: = ... = ::~i~ ~ 3/-4 E n-v~• (24) 

It is convenient to solve it using the iteration method. If we assume as a first approximation, 
. .. . . . lt•i • 

for instance, its solution whenm,= ... ~mn-~=.rf:-v~rnt ·i.e. the positive root e=e'o> of the 

quadratic equation. . ·-

. n-~ 

-:- '"~~ 4 Ee- n~ v ~ rn, = o., (2_5) 

; . ' 

it is necessary to calculate 

at ei = e CO) • Then one may determine the correction for the previous approximation from 
' 

the linear system 

n.[-~ [ 2 ( · m.:t) ~ J d ~-,o, 
. · · 3 v- 4 + i + e/. oij e; =-Xi. 
J"' 

Let us designate the roots (24) through e, 
The magnitude of the maximum 'cP!): is as follows:. 

. . . . . - . rt-P . . , . it.-" 
,.J,.' _ trl'-t. n-Y { 2 ) (lf~-11)! CZV- I) - n.•t"l-lf. n -· 
'r'J,ClK -zv=;(2Ji) \3)1-41. [(U-1)!]2.(3)1-4)! En-11+1 L=-1 e~ 

. n-)l 

(formula (J.l6) is used from(2]; En- 11 .,. 1 =E-I: e_L)· 
f 

(26) 

(27) 

Note that at great V the surface ¢., has a sharp peak.in the point of the maximum. 

This restricts the efficiency of'the J,ir'oposed .method. 

, .. , , , 

2 •. Methods of Sampling 

Formulas (lJ)-(16) make it. possible to ge·t 5-particle stars, whereas formulas (lJ)-(20) -

6-particle ones. Let us _describe the procedure· of the sampling of 6-particle stars in· more 

detfiil. 

!• p
1 

and P.z. respectively inCO,p,m"~< J,(o,p~.·,.,..,) are :Picked uniformly. So is ?! in 

(-1, +1 ).Only such values of the. numbers R··, () h are left for which M~:'::..Uz. . . . • rz, (2 / 

g~ cplf is ·calculated by (20), (22) and comp~red wit.h a random ~umber' d. from the in-

terval (o,cp'tmd.x).Only such sets of.pi.~P:.,~z for which cp., ~d 7 are left·. 

The f'urther procedUre .of the sampling is carried out without a rejection. There:r"ore, · 

.· 
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_, 
the calculations according to the points! and ~-are repeated until a necessary number of 

sets is obtained; 

l• The equation (7 1 ) where (19) is substituted; is being solved with respect to n3 , 

From (6) .one ma;r find U3 and ~3 
±• The system (8') (17) with respect to PJ is being solved. 

_After the. calculations according to the points J-4 the momentum of· the third particle 

p; is wholly defined.,Therefore, it' is possible to determine e,.·, P.:, 'Ml/ . It is not 

necessary to check the inequality M., ~Jill , 'it must be fulfilled automatically. (Note 

that now _)A- 3 ~}'., =-_fts =)1-6 =0). 
. -+ 

Then one passes to the sampling of the components p.,; 
.2· (7')-(15) are being solved with res-pect to n:t;~~~· and u'l are calculated. 

§.• (8 1 )-(lJ) are being solved with respect to P~; · E5 and Ps are calculated. 
...... . 

Thus, _the compon·ents P- are determined. The samp~1ng of the module of the'momentum 

Psis ·made as is shown in[l], i.e~ . 

1• The equation (2.27) is being solved, from where e5 is found, th~n p5 • ·The 

remai'ning components of: the 5 and 6 particles may be found from. the laws energy and 

momentum conservation 

a. z pi a 
h _ E6- m6 - s- P 5 

<s- ZPsPs -

.t a 2. 
M, +- rn 5'- m6 -2E,.es 

2Psp5 

(28) 

5 

p; ==-I:~ (29) 
· · L-i , , 

When the stars with n = 5 are sampled the poin~s 2·- ± are omitted, while in the 

points z-1 the indeces in all magnitudes are decreased' by a unit. 

When the stars with n = 4 are sampled aft~r point ~ immediately follows 1' with 

the decrease· of all the indeces by two~· 

The. sampling of the .stars with _ n. = J. is· gi~en in [l]. 

Before enumerating further operations with the Qbtained sets p., ... , Pn-•, ?z;.-.. , 7n-• 
the following should be noted. 

The inequality M., ~.JL 3 is fulfilled practically in. a great majority of cases after 

the calculations by ±• ,It is so eve~ if in the calculation of_ E.,. we assume YYl.z;f 0 

and in the_ calculation of _}( 3 assume tn~,m,,m6.+0.The same holds for the fulfillment 

of other similar inequalities. Therefo;re, though the formulae ... of the previous paragraph 

were derived under the assumption that the mass-of a pion.is eqUJ!l to zero the mass of a 

pion was not.practically-neglected in tha calculations. Only in several (five-six) events 

this has. led to imaginary values of r1t or to the violation of the inequalities ofM~~;U5 
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. . 
type. In these cases. the calculation was. made with .. nt ri:~~ = 0 for the second time. The use 

at m n.-d= 0 of .the formu~as .c~rrect at m ~-I'" 0 wo~ld f evidently' dis~ort in some way the 

characteristics of the low energy pions containing in the table. This distortion, however, 
' " .. ' . _.._' ' ' ' 

must be small. At the same time the condition YYL,.-d= 0. made it possible t9, avoid the diffe-
, , 

renee in the characteristics of the mes.ons produced in the reactions with n = 5..,.£, as vtell 

as in the reactions With n = J-4 (in the,latte~ ones 'thEl conditio~ rn r<-tl ;;;Q ' is not 

obligatory). 

Note also, that the 'indeces 1. and 2 should be gi:ven to heavy secondary particles, .while· 

other indeces are meant for the light ones. The reactions in~olving more than two secondary 

baryons cannot be chosen using this method by means of t}le hand calculation. 

The efficiency of this method of the sampling is characterized by Table 1. Roughly 
. . ,. 

, , . 

speaking, this method makes it possible to keep the. efficiency at .a level of 10% with the 

increase of a number of particles. 

Enumerate further operations with the quantities p,, ... ,Pn-l, ~2 , ... , ?n-l . 
a. ~ i in (-1, 1 l and !ft, ... , '!r~..-rl.n (0,2Ji)aie picked. The components of the mmuenta in 

the· rectiangu}a~ coordinate system are calculated by _the formulas (2. 9)-(2 .12). At this to 

check the calculations the formulas 

(JO) 

. are used· • 

.2• The rectiangular components p, are _calculated by. (29). As a control calculation 

the verification of the fulfillment of the law of energy conservation_is used. 

!Q• If an isobar is produced in the reaction the sampling. of the isobar,decay should be 

also.made. When making-the table it was assumed that: 1) the mass of -the isobars is constant 

and equal to 1.24 Bev/c2 ; 2) the products of the isobar decay are distributed·''in the space 

isotropically. Both these assumptions may be easily replaced by other·ones mol'e real. 

Under the assumption I. the characteristics_ of the decay in the system of reference , , ', * 
where the isobar rests are the constants. Having chosen uniformly. in (-1,1) the cosine 7 
of the emergence angle of a nucleon:we obtain the longitudinal and transverse nucleon momentum 

by the formulas 

_(31) 

(the quantities with the index f'l• are referred to an isobar)~ 

It is aimply to get from here in the L-system the emergence angle of a nucleon with 

respect to the initial direction of an isobar .(characterized by the. vector { Xw 1 
; ~~~·, ~ 1<11}). 
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Having chosen" uniformly in (0 ,2 :1i ) the azimuth t!* of the direction of the nucleon emer

gence one may make use of the fo:o:-mula~ (2.9)-(2.12)fo~ obtaining the components of the 

nucleon momentum in the L-system. The "~ubstitution leads to the following sequence of the . ' 

'formula~ convenient'for the calculation:' 

Control: 

Control: 

R
a R.·, R. a • 
II = w-· + w t.' 

It I. .t. 
R._ IJ' = X N' + Y 11' J 

. u = ··~ . v=.J.L . w~ z "'' cos <J~~"· ~- x"' .. '1'- IJ"' 
P"' ' p N' .) PH' ' r R. "' , 1--;r;, 

" AN = W ~ - ~ Sin ~*- j 

· £?(1/ =·w1 "-~-~sin~t' ~ 
C N = ( R. "'/ pN') Cos .lf"'j 

~ t. :l. 

A" -~-B~ +Cw =i; 

X r1 = U p11 ..... + AN p N t j 

y" = v P~~~ .,; 8NptJt; 
rN ==wpll-+- c/{ P~tj 
• :L 2. I. ·p· . Xw +YN +lw.= H 

rt.is convenient to calculate the components of the pion momentum by" formulae 

p; =fJ~~.-~ 
Control:· 

ew + eJi::: eN' 
ll• Finally, the momenta of the particles are transformed in . L-system. 

) • . Distribution by Charge States 

(J21-2) 

(JJl-5) 

(J41-J) 

(J5) 

(J6l~J) 

(J7) 

(J8) 

Simplified methods for sampling the stars·. for different reactions is described in the . ' 

previo~s paragraphs. Now there remains to enumerate those reactions which were taken into 

·account in the course of the tabulation"and to give the used distributions by the charge 

· ~tates. · 
At 10 Bevin p-p interactions both multiple production.of pions and the production of 

antiparticles"and strange particles may occur. The latter process on the photographs may 

be ~eparated from the ·other ones. Therefore only the production·processes of pions and 

I 

l 
.. 

t 
I 

#JJ 
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antinucleons are included into the table. The. ~taUs tical weights' of these processes at 

at Tp ~ln..'= 10 Bev are given in Table 2 • The unpublished calculations which are the basis of 

paper_[J] ~ ~were used' there • 

. When making the table of random stars we restricted ourselves by the first 14 reactions . 
' . " , " .. · ,.. : 

from Table 2,1.e.by the reactions p p --NNn1i;.NNnJi, 'N'N'nJr ( li ::1-7-4) and reactions 

P. p ---5N N ( N'). ,Th(3 rejected .reactio~s of. elastic scattering,of the production of more 

than.4.11lesons.:and some other are less,than 4% of the~weight of the reactions taken,into 

account. 

starting from the general length of .the' "table consisting .Of .200,lines the number .of lines 
~~' ' . 

for ·each reaction was• taken proportio-nal· to its. statistical weight: (Table 2) ., . . .. . . . . . . . . . . ' . "' .. . . . . \ ,. .. . . 

. One couldnot resort to a more correct procedure.of the random sampling cif.the number . 
• ' -· " " ', -- .,_ - > - < • ' - • " - _,. 

of.lincs.(see § Jfrom[l]) •. At this:the;neoessity of•including the reaction~ with::'ise:-

condary, particle~ might, appear_, but· their. ~ampling cannot be .realized· by the hand calculation. 

Thus, the number of: lines for each,reaction does ,not fluc.tuate with respect ~o the va:-

. lue ~xpected· by .the isobar: model.. . . .-·,·.} 

Each of thereactions includ~d ·into the table may. be concretely,:realized: by .different 

c~~:orge states.' so, !or instance; the reaction pp-N'Nj. may. have 8 realizations: 

fpr.- ,p+nJi0 
J p•pr.•, p0 n1f+, p-:pr.•, n•nr,+J n+pJI 0

7 rt0 pJ/"" 
(p+ ,· !or in~tance, designates an isobar ~isin~e~:::EJ.~:d~ 1:.~to. p and 11 .. 2. The number of lines 

for each· charged state has been already randomly chosen. The. statistical .weights of tne sta

tes· were .calculated starting from the ·assmnption about the· equal probability· of each iso-. 

topic stat.e[4 , 5]; The charge distributions from.: [5] are not'· applicable·; for the tablE! of· · 
. . 

random stars since· there the isobar·decay has•:'been'.already tqken into'accoUI1t~ Therefore, 

thecalculation>of the charge distr.ibutionhad;to be carried out a· new f~rall·the'>reactions 

where·the isobars appear. The·methodsused in the calculations iri general'coincide with 

·those stated in [5];. . s. . •. 

·They are as follows. 

···Let the formula be.obtained which presents-the probability that 'the·system w:i.th the 

isotopic spin ·'T and its ·· z..;,comporient'· t' is''c omposed of two subsystems: ·the subsystem of 

two nucleons (isobars) in the state· (T~~ti)· and:the subsystem of the n;.;.mesons with~ a defini~< 

te sign. 

We' shall write'it~iil'the form ' · -:· · 
\" (11./ 

( T. f) =-~ Ci, ( T i I t l ~ It y). (J9) 
' 

Here C/'"l are the probabilities ( unnormalized). To obtain an analogous' forrnula with (n+l) 

mesons from here it if! sufficient to have some formulas of the form 

* The author, expresses his gratitude to V .s. B~rasli.enkov and V .M. Maltsev for the , 
data which they kindly gave him. 



~ rl (t} ' )" 
(T.,t)=t...:. v" · (T~e,ttc j t 

IC. 
''(40) 

for all T = r·i and f = t i • Substi~uting (40) into (39) it is possible to obtain the for-
- . . . rf(nJ rf (t) 
mula we were looking tor by multiplying and summing ~ and v 

. lT,tr=~ C/'~' }i C~''(Trc:,tac ;<n.i-1)1f) CJ9') 

If in addition one has a set _of formulas which present the probability of different char

ge st.ates of the sybsystem NN or 'N'N . ~r N 1 N~ in the state ( T~,t,.:) then fror;t the for

mulas of (J9') type we obtain the probabilitiesof different charge states of the system in

.volving 2 nucleons. (isobars) ·and (n +, 1) mesons. 

The coetficients from formula (4o) are given intableJ. Those from (J9) obtained in the 

transition from.n ton+ 1 are'given (for n :from 1 up to 4:)-in table 4~ T~ble 5 contains 

the 'probabilities that the subsystems (T,t) are in different' charge· states. The substituti9n 

of the coefficients from Table 5 into Table .4 gives respective(unnarmalized) probabilities of 

different charged state_s~ They are presented in Table· 6. ·It was used for the sampling of the 

distribution by the c~rge states inside each reaction (according to· the methods used in § Jill 

In ac.cordance with the results of· the sampling in each random star the data concerning 

neutral particles were crossed out.· 

The-data concerning only cnarged·particles are included. into the .table: presented, in this 
' ' ·'" ' ,· • • •• • • '< ' ~· -- • 

paper. The stars are shuffled at random. The following data-on,stars are given in the table: • , ' ' 7.. •" . 

the observed particles (p-proton, :t - Jr~,.),. the momentum components ih the center of maas 

system ( p;, .p;, p
1
*.) , the momentum p* in the center:-of:-mass_-system, 

z-component of the momentwn·· Pz and the momentum .p :i.n the .. I.-system. The c_enter-;of-mass sys

tem is considered to move along the axis Z of the I.-system. It was assumed in the calcula-

'ti?ns that the incident protons have.the kinetic'energy T = 10 Bev, the mass of a nucleon is 

taken equal-to 0,94 Bev;c2 , .the mass of. a. meson 0,14 Bev/c2 • The figures are given inMev/C. 

The accuracy up to 1- Mev/c for .the magnitudes:, less than·lOOO, and 10 Mev/c for. the magnitudes 

more than 1000 (in the calculations. the accuracy_ was 4-5 signs). The random numb~rs w_ere ta

ken from1 61. 

The caiculations were made in the calculation-bureau of the Joint. Institute for .Nuclear 

Research,. by A.v. Modestova, N.v. Demina, L.A •. Shustrova~' L.A. Isajeva. The author. expresses 

his gratitude to.the~~ 
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. -I+ 775. + J58 + 105 860 Z280 ' 24JO' +I+ 49T - 206 - 64 . 541 1130 1250 

_ _:L~-..:-~~-..:!:.96 _2~--~s5 ___ 642 -:-·+:~ + 628. + 2Jo 956 . 28::_<:__~ 
UH.PI+ 918 . + 17~ + 189 .. 954 J570 . ; . J690 IS5.PI+:~42 '•. + J72 ' ,,, - 45.8. 1_0_28. '2060_ .. :2260 

+1- J88 + 211 - 15 442 1030 • . · ·1120 p - J40 - 548 · + 254 69J JJJo: JJ90 

,;s>pf.-;94~-25;------.:-;:-;;-- _4:09- ~()~o; _.-2ooo·~- +-.}6 -·:,b·-·+ 48 ·89 :5o4'·: ;1o 

+'+ 8J + 18 - J44 J54 14 ' 86 + - 114 · + 116 - 88 185 314: ·J54 

+- 54.1 ---· 8 +.1:8 ·· ?JO 1800 · .. ~~880 .. ~:-r+}~O •+. ?2 ::-·54·~ 672 2ij; 446 

+I- 248 - 146 - 240 J75. . 322 ~ 4J2 _,_ 722 + 77. . + 789 1072 4480; 4540 

· _, +; 1~0- _. 8,. + 44 18~ . 649 · 67ri9G.Pk ·96 .. _. 31· . . 142 ---:-n-iQ-.-:-2l;o 
~~ + 514 :!_67 + 14: __ 5:&__1_;_770 ;-~~6.0: •· .·.pi_:' ~. ~J + g,32 - 897 . 129J 14JO · 1710 

+- .. · . . .. ... .. . ·<' +j-, .. JO + 3J5 + 27 JJ8 912. 972 

. · -1-· 1J9 - 952 + 952 D54' 55Jo: 562o 
' - ,.;;; . ~ . 

·- ·-!"" 

----------------- ---------



I 
I -· 
J \ I 
I~ - 2.3-

f 
-p* p*' *' p* 

){(' "' ·~ ~ 

Pz Pz P· Px P;y Pz p· P'" p 
x. :r z 

----I . -
l,g'T. p 1- 474 + 757 + 100 899 .3250 JJ70_ 

p - 592 - 446 -1172 1387 919 . 1180 ~----------------------· 

- + 5.39 ..; 18 + 976. 1115 5050 :5080 ~.P - .348 + 272 -· .371 577 1610 1670 

+I+ 527 - 29J + 96 610 1680 ;1790 ·., ."!'. + 187 +.59 - 2.37 .308 183 268 
--+------_...;_ ---

+I+ J07 l9s.Pj- 202 + 506 - 752 929 1160 1280 - 667 - 277 785 1140 1.360 

599 .3940 .3950· _+ 1- 49~--~00 + 485 852 3200 .3280 
PI+ . l - 248 + 545 

:..1- 24.3 - 141 5 ,281 712 765 :toi'P I~ 702 - 174 - 117 1JJ 2460 2560 

I + 226 . ,2420 
-·I 

46 2.35 
+ + 572 + 420 745 2.320 +1- 196 - - 193. 279 J09 

-
+I+ 199. p + 107 - JJ6 - 17.3 J92 1915 . 1950 78. - 56 -179 20.3 120 154 

p - 2.30 + .374 +1277 1.350 7000 . 7020 
.. -·-· .69 .-171 + 177 255 1120 11.30 

- 191 _. J66 413 85 '209 I -- -------· 
+- 10 

_ __:_[ 64 + J5 - 8.34 8.38 - 1.39 . 157 ----
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! 

TABLE I 

Efficiency of Sampling 

------------:-------------- ·-----------------
.Reaction. n · "Y Efficiency Re~ction · n ·' ~ Efficiency· 

-------------------- __ _....;_ -----------
' >' ~ 

N'N .TL 'J. JO+J.5' 
,... 

.· 4 .• 10:!:9 N:m 2 
N'N'T! 

-,, ·'. J 
J -. JO:t14 · N'NJ:Jr 5 10;!:2 

N.N :Ji ·J - .... 40:!:30 .. ' N'N'JTt 5' J ie>±J. 
N'N 2 :Ji '.4 '2 10+2' .· N N J3i 5 .. J. 15±5 
k'N'2 To ,4 . 2 10±2.· N'N'4Ji · 6 J . 5:tJ 
N N 2 3i 4 2 10;tJ. NN4:Jr 

. . 

6 J 10;t6 
'iT'' .JN 4 2 25;t17 N'N 4 Ta 6 4 6;!:2 

. . . . ------------------
(- -. . P i ·' • • • • ' Pn.:.:., -
Pn- 'II +1' • • • ' 1'n-1 

··were 'chosen using. the rejection technique 

using the dire.ct meth,od) 

TABLE 2 

tl· -----n~7tio~t-;;;n-i-;t~~-;~~-----
,o --------- --
3 J?iooductsstatistical Stahstical Number 'of 
l:l of the w e i g h t events in 
CD reaction weight · · normalized the table 
:!:! · · to 100 · 

1 N'N 2:rr 15,17 19,19 J8 
2. N'N J~ 1J,92 17,61 J5 

J N'N'2TI 11,70 14,80 JO 

4 N'N'J3i' 9,28 1:L,74 24 

5 N N J:Ji 6,21 7,86 15 
6 N N 23i 5,25 6,64 14 

7 N'N 4:rr 4,4J 5,60 11 

8 N'N' 11 J,5J 4,46 9 
9 N'N :If J,15 J,98 8 

:10 N'N'4 1r 2,09 2,64 5 
11 NN4Tt' 2,04 2,58 5 

12 NN~ 1,00 1,26 J 

1J N'J N o,eo 1,01 2 

14 
,.y 

N J N 0,49 0,62 2 

-- ------
TOTAL: 79,06 100 201 ,__ _________ .,_...._ __________________ ...~ 

~--~-----~....._T-':-..... -----------...: 
number weight number· · .. weight .. ....._ ___ __,_..,_,_ -----:::;--.... 
15 N'N 5~ 0,54 20 N'N 2N 0,27 
16 N'N'5.:Jr 0,49 21 NJN3t' 0,20 

17. N N 51t 0,47 22 
,..., 
N'J N .1t 0,18 

N'N'2N 
~ 

18 o,J6 2J N'N 2N3t' 0,06 
,..; 

19 N N 2N' o,J6 H T.,lt. 

I 
j 

l 

I 
l 

.I 
I 
l 
1 

/. 
j 
t. 



TABLE J 

Coefficients c~1) 

-- --------------------->; 0 1 1 1 2 2 2 2 2 J J J J J ·J J 

T t': 0 -1 0 1 -2 .:.1 0 .1 2 -J -2 -1 0 1 2 J 

- ,- - ------ --
~ 

0 o I !+ 1 1- Notations 
I J J J . (taking as an example · 

I - 1 1- 2+ 2 1- the 1 line) 
1 -1 1 1 (0,0) = ~(I,-I; Tl+) + 

I 2 2 5 10 10 '\ 

o I 1 

1+ 1- 2+ 2 2- + 3<I,O; !Ito)+ 
1' 2 2 . 10 5 10 

+ ·~(I~I; 5C). 

1 1 I 1+ !+ ' ! 1+ 2 r 
I 2 2 10 10 5 
I 

2.+ I 2 1- 2. !-2 -2 I 1-

l J J 7 21 21 

2 -1.1 
1 1- 1+ 1 1- 10+ 8 r ·-z ·-z ' 0 'Z 2! 2I ., 

2 0 
I 1+ 2 1- 1+ 1- 2+ J 2-
I 0 ' 0 'Z 2 ., ., 7 

1\) 
\J1 

I 1+ 1 1+ 1 1- 1+ a 10-2 i ., ·'Z 'Z 'Z . 0 

' 
., 2I 2! 

I 1+ . 1+ 2 1+ .5 5-2 2 I ' ' 2I 2I 7. 

-I ------------- ----------
Tl(:-1 2 2 2 2 2 J J J ·J J J J 4 4 4 4 4 4 4 4 4 

'r ~-2 -1 
-2 -1 o. ·1 2 . J. -4 -J .. -2 -1 0 1 2 J 4 ___ , 

J 1-
7+ J ~ -J 1- .,: 4· 7 1-

· .. I 1 2- 1+ 1 5- 9 J"b J"b 
J . -2 I ' ' 4 ' 12 .-- < 7+ 1 . 1-

I 1+ 8 2- 5+ 1 1- . 12' j 12' 
J -1 117 1~ 7 12 12 -z· 5+ 5 1-

I 1+ J ~ 1+ 1- 12' 12' b 
J 

:< l 7 ~ ~ 'Z 2 5+ 4 5 -
2+ 8 1- 1+ 5- 1'S '9 1'S 

J' 
7 1~ 

1 1:1' -
I 17 'Z 1'Z 12 5 5 

2+ 1 ~+ 1- b 12' 1~ 
J 2 I 1 

j ' 12 . j 4 1+ -
I 1 ·7 

I 1+ 12' ? 12' 
J J 1+ J 1+ -I 4 .4 7 7 

J"b J"b 9 



TABLE J 

(continuation) 

--.;:.:l.3 J - 3 J J J. J 4 4 4 4 4 . 4 4 4 ; 4 ---;- 5 5 5 5 5 ~ 5 5 ----;----;--

,T __ M:: -2 -1 o 1 2 J . -4 -3 -2 -1 o 1. . 2 . J .. 4 -5 -~-:-~=-=-~~--=---=---:~:_-

4 

4 

4 

4 

4 

4 

4 

4 

4 

-41 1-

-J I·! 
I 4 
I 

:...2 I 1+ 
I 2s 
I 

-1 I 
I 

o I 

I 
1 I 

I 

• I 
J I 

I 

I 
4 I 

I 

3-

4 

J 15-
7 ~· 

2.+ ~ _z-
26 26 . 14 

2.+ 1 2.-
'14 7 14 

5+ ~ 
14 .26 

15+ 

26 

,-
26 

3 1-- -
7 ~8 

3+ 1 - -
4 4 

1.+· 

4 
!) 

l.+ 

5 

1""" 

5 

2 z-
20 20 

7+ .-! 2-
2~ . 5. 20. 

g+' 1 - -
20 20 

1+ 

2 

1-

2 

1-

2 

1+ 1 - -
2 20 

g+ 

20 

2-
20 

1 

5 
I+ 
1 

20 

z-
2o 

2 
20 

l.+ 

5 

1-

5 

4 

5 

...._., ______ .......... ___ __._._ .. _..., _ _.~,~--"'·~------~---""""-·~-~--~' __ ..,.,___,__,.,..., .. 

g+ 

11 

. . . 

2 !-
55 55 

36+ 16 

3'; ~· 

3-
5!1 

26+ ~ ...§.-
55 55 55 

' 21+ 24 2-- -
3'; 55 11 

2+ .2. 
11 11 

2+ 

11 

~-
11 

24 21-- -
55 55 

6+ 21 - -
55 55 

~+ 
55 

28-

55 

16 

55 

1+ 

. 55 . 

36-

55 

_2. 
55 

9-

11 
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·: TABLE ··4 ' _ . r _ " 0 i..1 i 0 1. 1. v 2~2 2-1 2 0 . 2 1 2 2_ --;:;--;:;--;:~;-~-J 1 J ;-;-;-: 

· mesons · ·· .· '·· ··· ----- ___ ;..._ __ --;- -l----r-.;:-----
2 '.10 

' 1 J 
.1,· o I 2 1o . I 

-II 

JL--~1-------~.---.---------
~ : I 1 ; ; -~-
~ - I 6 

2 1o o • ~ 
I I 5 
lo I 

2 

5 2 

5 
1 
5 

~ 
5 

-~-r--~~~---· 

.35 
~ 

.35 2 

.35 
4 

.35 

~ -· r' . ~ T-:-- ---·------~---------·-.3------------
,t . ' 

6 . 7 24 28 ~ 
; + I . , . ; .35 140 

4 
5 

2 

7 

:t ·+ 2 6 ·18 

J I; 0 ,I !· 1! !~ 
I 12 + 0 

I! :I : 
IO I 
lo · o I 
I"':' I 

48 -· J5 

10 14 

2 
7 

.35 

. 9 

J5 

70 

J5 

9 

28 

~ 
7 

28 ··J2 I 
'* * I ·--------·---.,1----------·--~ .,; ,. 

+ ~ I 
+ - I +. ·+ 

~ ~ I 
0 

g 
7 

66 
.35 
~ .35 
.36 
J5 

~· 
7 

lli 
J5 

2 
J5 

2 
7 ill 

175 
~ 
175 

2 
7 

g± . 
.35 

12 -5 
~ 

7 

6 

.35 
2§. 
J5 

J ± 
7 2 

7 
~ 
5 

B 
.35 

J8 ·-105 

~ 
7 

6 

5 
12 

7 
4 
J 

± 
.35 

4 
7 

ll 

7 
L---------------------~·---·-------------·----------------------~-

(1,1) = (o,O;lt~ +• !(1,o; !l+) + !(2,o;lt+) + !(1 1.lto) + 
2 10 ' 2 ' ' . 

+ ~(2,1: 3(.0 ) + ~(2,2: :n:,) ' 



,: " 

p+no 
I 

p+n-, 

popo I 

l 
~ 

pop-~ ! 
9 

pon+ 

·pono _ 

. ·p0 n-l 

--1 
p p I 

. p-n+ 

2 

9 

l ··-
18 --

p-no 

p-n-

n+n+ 

n+n° 1 
9 

n+n-
I 

n_ono I, 

:::=1 

1 
6 
! 
.) 

..2 
.. 10 

2 

5 
2 

45 

8 

45 

1 
5 
8 

45 --

_! 
45 

2 

45 

l' 

90 

r 
45 

1 

12 

1 

5 

2 

5 

8 

45 

~ 
45 

2 

45 

l 
.) 

2 

J 

Prob'ab1t1ties of charge states 

of the systems N'N-(or N'N')· 

l 

1 -· 6 
1 

J 

1 

4 

----------------

----------------

1 
J 

l 

9 

l 

J 

2 

.) 

l . ~ .:.,_: 

2 

15 

2 

J 

1 
J 

'. 

------------------~----------------------·---------·-·-----------------------------------------------~-----------------
Example: (2,· :.. 1) = ~(p0n-) + j(n+n-) I 

l"~ 
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TABLE 6 

Probabilities of charge states of the systems N'NnT. and N'N'n~ 
(S ·is a.normalization factor) 

l~ N'R'3C; S=J;J 

','. ~ = ==== == =~==·== = == = === ===== == =·=== = ======= == ===~ ==== ======== "= ===== == == = === 
. state probabili-~<state state probabili-

ty state ty ·state 
1 p+n• + · . 1 5 n+no + 9 · p0n+o 4/45 

2 P0P-+' 2/15 6 p+p-0 ~ 10 n+n+o 1/45 

J p-n+•+ •. 1/15 '7 p+n°0 2i5 11 
.· +'0 
p p - 2;5 

4 ·pone.+ 4/15 8 popoO '4/45 12 p+n+- 1/5 
==============~=============.================'=========================== 

a. ·1f'R'2!li ; s =1/7 

----- --r 
1 p+n-+0 · 10/7 I 9. pon-++ 8/21 ~7 p+n°00 .34/105 

2 pop-+0 4/21 I 10 .n+n-++ .4/21 18 popooo· .32/.315' 

J· p-n++O ~- . 2/21 I .·11. P+P-+- 8/21. 19 p0n+oo .32/.315· 

I 4 pono+O 8/21 12 p+no+- 16/21 20 ·n+n+oo 8/.315 . 
I 

.5 n+n°+0 ·4/21 I 1:3 POPO+- 8/.35 ·21 p+p0-0 76/10.5 

6 P-P-++ 1/.3.5' I 14 pon++- 8/.35 22 p+n+-o . .38/105 

7 p~no++· 4/)5. I 15 n+n++- 2/.35 2j' p+p+...:. .3/7 

8 :nono++ 4/.35. I '16 ' p+p-00 17/105 

------ ... .....__.__,. 

'3. N'lf'Jli: ; s =1/18 

------ -I I --
1 p+n+·~ 9/4 12 · p-n°++0 29/1o5. 2.3 p0p0 000 8/10.5 

P0P_++-. 1.3/42, 
I .. . 

n°n°++0 I p0n+ooo 
·-·-· 

2 1.3 29/210 24' 6/1o.5 .. 

J p-n+++-. 1:3/64 14 p0 n-++0 1 25 n+n+ooo 2/105 I 
4 :pono++- 1.3/21 15 ·n+n-++0 1/2 I 26 p-n-+++ 5/28 

.5 n+n°++- 1.3/42 I 16 P+P-+-0 1 I 27 n°n-+++ .5/14 

6 p+n-+00 12/7 17. p+n°+-0 2 I 28 P+P0+- 15/14 

7 p0p-+00 . 4/15 18 P~Po~o .56/1051. 29 p+n++-. . .. 15/26 

.8 p-n++OO 2/~5. I 19 p0n++~0 .56/1051 .30 p+p0-00 .32/.35 

I 
. . 

9 . p0 n°+00 6/15 ... 20 n+n++-0 ·29/210 .31 p+n+;..oo 16/.35 ' 

n+n -00 p+p-000 ,. 
I 

P+P+-o 10 4/15' 21 1/7 I .32 27/26 

11 p-p-++0 29/420' 22 p+ri0000 2/7 I 
I ---- -- --



----- -
1 p+n-++-0. 7 

2 pop-..,:....;..o 22/21 

3 . p-n+++-0 11/21 

· '4. p~n°++-0 .44/21 

. 5 . n+Ji0++-i> ~~ 22/~1 

6. ·p+n-+000 40/21 
' 7 p0 p-+000 -32/105. 

8 p-n++OOO 16/1o5 

I 
' 

9 p0n°+000 64/;I-05 

10 n+n•+OOO 32/105. I 
11 -- 2/21 I p p .+++-. I 
12: p-no+++- 8/21 I 
13.' nono+++- '8/21 

I 14 . p0n-+++- 744/525 

15 n+n-+++- 372/525 I 
·1 pon + 1/5 
. 2. n+n + 1/10 

3 .. P-P + 1/10 

------

1 ·P+P o- 4/5 
I 
I 

I 
2 · p+n +- 1 I 

I 
3 · p+noo 7/20 I pop+- .2/5 4 

p0 p 00 
I 

5 1/6· I --
-- r~ 
1 . p-n ++0 19/70 ,·, .. ... 
2 n°n ~0 19/35 

3 n-p ++0 .... .. }5/14_ 

4 p0 n +00 17/35 I 5 n+n +00 17/70 

p-p +00 
I 

6 17/70 I 
7 n°p +00 17/35 I 

- JO-

4. N_'H'4 :Ji i S = 1/46 

1 
:P-p-.f.+oo 

I 
p+p-0000 16 13/105 

131 
17 p-:"p0++oo 52/105 32 p+n°0000. 

18 · n°n°++00 52/105 133 p0 p0 0000 

19 p0n-++00 856/525 34 p0n+oooo 

20 n+n-++00. .. 428/525 · 35 n+~+oooo 

21· p+p-++--. 1 136 p-n-+++0 

p+no++-- 2 137 n°n-+++0 

23 POPO++-:- .. 4/7 138 P+P~+-0-
24 · · p0n+++-- · 4/7 139 p+n++-0 

·25~ · n+n+++-- 1/7 140 p+p0-ooo 

26 p+p-+-00 12/7 !41 p+n+-ooo 
' . 

27 p+n°+-00 24/7 · 142 p+p+--oo 

28 p0p0+-00 104/105 143 p+p-+--

29 p0n++-00 104/105 44 n-n-++++ 

30. n+n++-o·o 26/105 

5. H'H ll ] 5=1/2 

4 noP+ 1/5~ · 7-· n+po 

5 , ... p+n o ...... 9/20 I 8 P+P-::-

6 pop.O ·7130 1 

6. H'H 2 1L ; s =1/5 • 

2/5 i 11 n+n .0 6 p0n +0 
\ 

7 p-p +0 1/5 I 12 n°p +0 ... . \. 

·a p-n ++ 1/10 I 13 . n°n ++ 

9 n+p +-. I I - . 1 5 1 14 n p ++ 

n+p 00 · 1/12 I 10 

;1- 'H'H'3 ::rr. • . . ' s . .:;.1/12 

4/7 ·115 .. p+n 000 8 pon ~-

9. n+n~\ 2/7 16 . p0p 000. 

10 ,P~P +1-: 2/7 17 n+p 000 

11 nop ++- 4/7 18 n-n +++ 

12 p+ri ~0 15/7 19 p+p -00 

13 pop +-0 38/35 20 P+P++--

14 n+p +-0. 19/35 

13/105 

26/105 

• 8/105 

8/105 . 

2/105 

13/21 

26/21 

.26/7 

l"J/7 

16/1!l 

8/15 

11/7 

4/3 

'1/J 

'_7/60 

3/5 

, . 

--
1/5 

.2/5 

1/5 

1/2 

---
--· 

39/140. 

11/70 .. , 

11/:14_0 . 

3/7 

33/35 

9/7. 

-

f 
l 

I 
I 

l 
l 
j 

I 
! 

' ' 

r 



- :n -

s. N'N 4~ I ., s. =1/JO _ ... ;· 

------- -----···-----
1 p-n +++-

2 n°n +++-

J n-p +++-

4 p-n ++00 

'5 n°n ++00 

6 n-p ++00 

7 p0n ++-:-0 

8 ·· n+n ++-0 

9 p-p ++-0 

I I 
67/175 10 n°p·++-0 2 I 19 p0 p +-00 64/J5 

1)6/175 I 
ll p0n +000 4/7 

I 20 n+p +-00 )2/)5 I I I 

268/175 I 12 n+n +000 . 2/7 I 21 p~n 0000 JJ/140 

149/)50 I 1J p":"p +000 2/7 22 p0p 0000 9/70 I I 149/175 l 14 n°p +000 4/7 2J n+p 0000 9/140 

' 589/)50 I 15 p+n ++- 9/4 I 24 n-n +++0 · 9/7 
I I 

2 16 pop++- ·l5/14 I 25 'p+p +-0 27/7 I 
15/281 1 I 17 n+p ++- 26 p+p -000 )6/)5 

1 I 18 p+n +-00 24/7 I I 
I I L 

~
_J_!._ 'N ; ~ = 1/J 

pnn s;~: 

~p ~--!_1.4 ____ _. 
10. J N N1 

• S. = 1/J - ' . 
-1-~nnil+ -- 9/5 --r~4--- ppfp0 --;i5 
2 pp~0 

J/5 I 5 PPPn- 1/10· 

J ··· ppnp + J/10 1 . __________ 1_ _________ .:.._ 

The Russian variant of this paper was received 
by Publishing Department on October 27, 1958. · 


