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The purpose of this paper was to complete the systematic 

investigation /I-·4/ of neut:ral pion production in ·nt1cleon-nucleon 

collisions at 670 MeV and at lower energles. The .· expel'..iments 
~ . 

were deYoted mainly to the analysis of the angular distribution 
0 

of JT -mesons in the reactions : 
0 

pp - ppJT (I) and 
, .... 0 

pn - pnJT (2) 
. I 

·o .,.:_. ' 
Data on the angular distributions of Jr mes.oils were obtained 

by measuring the angular dependence of the yi~ld of X rays emitted 
0 

in Tl meson decay. 

Fig .. I shows the counter telescope used to detect O rays .. 

Gamma-rays produced on a target were collimated by means of a 

lead di':lphragm and fall upon a lead converter v1here they were 

converted. into e+ectron-positron pairs. 1rhe pairs were detected 

by Cerenkov and s_qintillation coun.te;s set in ooinsidence .. , 

In ordc-,r that: the. gamma~telescope might have a lrH energy 
'· 

threshold a.nd, thus; could. effectively detect 6" r21,ys with the 

enerr.,y up to IO MeV, special measures were te..ken (small thickt1e::.:s 

of the conve:rter/I-:-2mm/ and scintillators/2-:--)mm/ ,a 11 wide geometryn 

of the telescope)& The telescope was not oensitive to neutrons 

(ef:ficiency of ~Io-4)".as well as . to charged pa.:rticles .The latte-:: 

was achieYed due to the appltcat:tort .. of a .. scintillation counter 
. .:. . . ' :· ' 

'. -,p~::~c~fi-,in -~~-.on:tr:<?f ,J4e &?.nvert-e::- _r:pi,d _set in ant\coit:1cid,~_1\~e. In 
.. U:)t:'./•:. n;,i -~ '::.::d._it :,,r_,;c; , .<f:;_;:>,J.:.'~(·;:· . .c'=:! .. : :r: ,,-,;;:, -~·•:,.).,/;';·;,..,I 'I., 

, ·:· ·· ide,t.~1.,t;il}_gr,:',~·- I[fYa , vh~:_c,{?,9;t;t,ntJ-/:~·g;,;t:c;~t3./•·t?·T,t\·"~1. b;y 8., :.:1-,":?cto~. OJ. ~5- ;1,,n 

the 2mm omwerte:r· was removed .• This ratio was .. :Lmpr,o.Yed_ unt1-11 

40 v1lth increasing the conve:·ter thlck:n.ess up to 5 mm. 'i'he 

~oincidence circuits . ·-8 with the resolving time IO sec permitted 

to U!:H!? the telescope in cond:itions of a cc;::rpere.t1·1rely large 

background. The gn.mma-tlescope effic:lency wa~: determined expe:ri-· 
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Fig. I. 

Experimental arrangement 

I~ Proton beam, 2) Shielding, J) Ionisation chamber, 4) Targ~t;· 
5 Lead diaphragm, 6 Anticoincidence scintillation counter, · 
7 Lead converter, a5 Sciritillation counter, 9) Cerenkov counter. 
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mentt3.lly. by tb~ .. method. described in / 2/ for each angle and energy , .,... . 'd~• . . '.', 

, '. ... i'.he experiments v,~r-~ c~rried out. on the Joint Institute :for 

Nuclea::r. Re.search synohrocyclotron exte:rnal proton beam with the in

teps~ty_, IQ~p/pm2seo •· The proton flu:K w~s measure,a. · b~ ~. c~l;1J;~\~d 
' • "i • ', 'l,; ' • ' ' • • : ' .:'l } . i" • ~- . •:• ,~ 

ionizati,on chambe;r with the acc_uracy of -:::::::; _J per cerit. The maximum 
' . . . ' . 

· average ,-ene:t!gy,,_o~ -~- proton ·qeam at. the place where the experimental 
~' . .: . . . '• • . _. . , . .··. . . . , ·, ,. , .... " •\·r:, ,;. . ,. 

equ1PliJ.J3P.:~ ~~-s ;~oc.ated amo11:nted to 670 .f'li~V. The energy. distribution 
;_ ',' -\·.::· ·•; -

. of. thEt,pi,-.ot;.on beam is well. described by the Gaussian function with 

: .. d~~,;-~r-sion:··(~·.8 !. O.J) Mev/5/. Th~; ;ro.ton ~nergy deor~~~e was ·•,.,· 

achieved by slov1ing down the protons -in polyethylene blocks. Here 

the beam dispersion somewhat increased. The dispersion as well as 
~ .. ;,_ 

the energy loss in a target were taken• into account when determining 
. I":..,.'.·_f.."·:.--·•:.: ··r.~::·::. ;:,. ~-,-,. ~ .. •·:.,i •~•:t_k~;. \i:: .. · t~:,=:_J.: ,•;". 

··1. ' 

the e~:f,ectiv~ ~ner~ Ep• 

The i~;~~- backgro{1~d pr~~:·~ted one of the main difficuiTi;~ ·· i··· 

_ in me~~-~r;,;:~{~t·;. ,It ,.;as ·";ed~~;~d by stepped collim~t1ng· the "'p;o'tonf; 

beam and by a speci.al 1.~egime o.f th~ synchroc:yclotron operation. 

The cross section for the reaction (I) was found by the 

subtraction methoq,· e:x:posing·a polyethylene and·a light graph~je. 
, ? 

' targets .. The: th;tckness of.: the. targets was taken to be" about J -g/pm- !l 
..,. ' . ,.·, "'" . . ~ '. 

1--f:.In:-lsome .. experimetits:.,.9: 11,quid hydrogen target was used.· It, .. :- . 
, •• ' •- •• ' • • • ••••h• 

was desirable·that,, . .the cotp1ting rate H_Wi,th'.:a target 17 ·· ~houta. be.: . 

. consid:e.rab.ly :la.r~er:e;;than tb.at"without~ target" .. For .. this purpos~,.,., 

the telescope•-wa;s--·:placed, ?-t .a, small ·di$tance from the proton beam.,. 

Gamma~:ra(!iation ·coming.from ,(lif,ferent potnt;::i. of a ta:i;_get was 

reg:I.ster.ed: by e .. telesc:ope with. d.iffe:rent. efficiency. This was 

taken into account since .. the .. maximum re,lative correc.tion is equal 
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to I. 5 per cent• f,or the targets used, and -the "'mea'surement accuracy 

of gamma !ield ratios ::must be less than -I per· cerit. ·A number o.f · 

cont:r'ol experiments'..,1,~~e <·per:foxme·d ,-fn: ··wh'ich :a''·good> agreement between 

measured -·and· calculated: .corrections wa~: ·o·bserved1~ ·. The main and 

the· most laborious :c'o~trol experiment was carried '··ou't ,at 'the proton 

ene'rgy· Ep = 280 MeV. As this value· is beiov1 :the thr.es·liold of. 

'.jf
0 

meson. production in• p-p co'llisions, the ·measured rat:10· of 
.. ·- _._, ..... -~, ....... "' . -· ..... -·#·"'~ .-~•·· -~-.-~. -·· .: • • .. ···-··~---·· .. "~··---

hydr 6 gert cross tfections to that of carbon mus·t ::be equal to zero · 

provi'ded .:the· corrections are found cdrrectly. '·Indeed, the experiment• 

al· res·uit obtained is c'l6se -•to· zero: 
i~ 

· ..... 0 0 

( ~; / (5 [t)rnPO:su-z.id= -0. OOf.!.:!: (),.006 . 

:~ ., :·- -\ -·~; . : ,. . . ... . . ' _: .: ·~· . ·, •j·'.:.., •· .: 

Ma.king use of the measured cross·seotion :f~:t",:~eut;al: pibn '.iprod.-uotion 

on carbon one (?an obtain the upper limit 
,. ;:jrO, ·'.''. ' ,, .. ,? · · '\ .··-.;;.JO· 2 
6PP/275/; < 5.Io · cm _• 

Th.is ~J1~e cha:r:ac\~rize; ~; w;i:1 .. the "i;;ftiracy of ··tl:ii method. ilJ'ed. 
,:_i;\ ·,~n ·::.;..i._1. ·--i.,:-"·i ~·'-1 

... t; ; •· · Reac t·ion ·p_p --+~ 5T
0 ~1:-"?,!"~' r ... ; 

~, : 

Inve5.~iga~ion ,.of the, __ angular distribution . of•¥; rays _J)roduced. 

in.proton-proton c6ll;sions has been made in two stages: the - ' . . . . 

angular distri~ution of O rays prod.uc~d_-in collisions ,of-_p;ot:?.n~ L· 

with carbon nuqlei was·measured and then using.the subtraction-
• . . I ' • ;,. '• •. • ·: ,. • ._. :· ,., _, .,. ·• •~' • . ·- .. , •·' ••' ·• •. 

l- , •. ~~ "•• 

me~4od- (ca2TQ) _the ratio. of. differential ·cross sections .:f:'or,.,hyd:r.qgen 

and -~a,.rbqn was. obtaiqed ;f~r ea.ch a~gJ.,e. Fig t 2. reprt:;sents cj~_he 

obtainecL,:angulct::r distr:ibution of · l rays ,in the •reacti9.n,c;(:J). at , . 

the proton energy of 6.65 MeV. It -is well described by t-h~ polynom 

-· .i'u .,. · .. :J P~·te ) --- r/3: :-t>( o. o 7?to. o 2 J co;2. El: . , • ~ 

This function found by the least square method and accordingly 

normalized 1s ~hown in Fig.2. 
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0,8 

"'.,1 :·, •• 

0,2 

0 

Angular distributions ~f t rays j A' (G) and JT 0 mesons j JT ( fJ) 
at the proton energy Et=665 Mev. PP PP 

f - gamma-ray yield at the angle e in c.m.s. in relative 
uni ts., Th~ da5::he~.'- line is. plotte.d by the least square . ,· ,:: 
method (see the text). 

The: solid c'urve'' :represents· the angular. distribution o:f·i 
JT

0 

mesons f~
0

( GJ (see the text) .. ;_The. edge of shaded are.:--a 
corresponds to the standard deviation. + is the point of 
normalization •. 

·:.:: :j .... ¥\ ,·? · t., -:.~J . • ., .• l' . 

. 1 .. ,l '" . ~ . 

•. -~- ''!I' ~- ·. <. ·~~ , / 
J., 



,., 
,r:::J' 0 4-v~ 

The distrib~tion oft rays produced in p-p collisions must 

be symmetrical about the angle 90° in the center of mass system 
,,;.,. 
. '· 

of the c ollidiug nuclt~ o~,-:;(c .m. s.), as the interacting protons are 
. . . 

indistinguishable. Th_e:refcre every de_viation from symmetry should·· 
- < ' ' ·-.~- • 

be considered to indicate the presence o:f systematic correotiohs .· 

which were not taken: into account in ths course of measurements. 

The gamme,-ray angular d:tst:c_lbution obta._ined was found to be 

symmetrical. If it is approximated by a polynom which in _add-ition . 
to zero and second-terms has also the asymmetrical term propor~ 

tional to Cos B, the contr:tbution of 'the ·latt,ter is negligible: 

(o.oc9::,: 0.011) Cos ·s. 

At the proton energy of 670 MeV the experiments with liquid 

hydrogen were also carried out .. ·.The found angular distribution 

<loes no:; differ within the experimental. errors from· that obtained 

by the subtraction method ... 

The angular distribution of jT
0 me~ons produced in p-p collisions 

e.t EP = 6~5 JdeV can 1:e determined from the measured angular dis

tribution of O rays. It was found to be c1ose to isotropic and 

is described by .the function 
0 "'.. . · ... · .. ~--. ' : .... ·. ·. I ~•{ t • _,,' 

f JT c e > - 1/3 + (cth;; o. 04 Jeos2 0· .,_ ' -.; ,( ~-

PP ' 
·•-, .. {",~-

which is given-th Fig~2. This distributio11·1s clo¼e:to that' 
':J, ' 

calculated by Mand~l$ta.m 16( on· tA,~ basis of ,,a resonance :model:. 
">Ji. O_,. • • ' - . . '. _. • .. • .. ·. i· - i":: . . . . :- ~ • •-~ ::: . ·. "\j 

i .. ( e J :._, 1/i +.o. o4 ·ea 51. e. _ ··· · .. J l'P - . .. . , .. 

The similar experiments have been performed also at lower 

proton energies of' 560,510 and. 485 MeV. The found angular d:1.str1-

butions of neutral pions are approximated by the following 

polyncms: 

Ep:::560 MeV 

E =5IO MeV 
p 

0 p . - f ( e J ~ t/3 + ( o. 33 ± o. 11) cos 2 0 
PP 

0 . -- f JT ( EJ) _..., 1 / 3 _,- ( o. 1 s -.t o. 2 5 > eo s 2 e 
PP . 
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JT 
Ep=485 MeV -f (0)--- 1/3 + (0. 03 t 0.25)Cos 2 G 

· PP 

The latter curve ahd the angular distribution of·t rays is 

represented in Fig.J. 

As may be seen from t:he data obtain:ed, the .angular distribu-
o . .. : '(':'.. 

tion of JT mesons in the reaction (I) remains isotropic and does -
' ~::-: 

not change with decreasinff proton energy. F.;.om ,this f o11ows ,that 

in the ·small energy regio~ JT0 mesons ·are produc'.eci in p-p 

collisions mairily due to t-ransition into "displaced" S- state (we 

use. the term by !Mandelstam) with a possible mixtur-e---Gf--tr.ansition. 

into "displaced'.' D-state (if vie asume ,. that noriresonant ; Ss transi

tion has low inten~i~y). · In order to solve the problem. of the'· 

role of different transiti•on one should ·make inve'stigat:ions· in 

the lower energy region. 

Reaction pn-pnrr0 

To obtain data on the angular distribution o:f mesons in the 

reaction (2) the measurements were carried out with targets of 

heavy and ordinary wate:r;-. The __ :resulting angular distribution of 

0 rays produced in prot~~~deuteron' collis~ons at'· 665'- MeV ~is 

given in Fig.4. Here one can find information on the angular 

distribution of· O rays in the reaction_, \2) as a deuteron contains 

both a proton and a neutron, and the ~ngular distribution for 

the reaction (I) was \:ti:r~ti'dy "in~at=m:r·ed ~:; Ho_vieve:rt, (one.-,nc~nno.~ iimit 

oneself to~the mere subtraction of cross sections: deuteron 
. ""'" .. , -· .... ~-~ ~. .. -· ,,,. .. ,," .. ' 

minus hydrogen •. We shall discuss this problem in more detail • 

The deuteron cross section differs from the sum of hydrogen and 

neutron cross sections due to two factors: a) changing of cross 

sections because of nucleon motion inside a. nucleus (in the 

· energy region under considerat.ion this cause the increase of the 

cross section) and b) screening of a nucleon by a nucleon from 

the bombarding proton. The latter leads to decrease of the cross 
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section and to asymmetry in the angula~ distribution oft rays. 

This asymmetry as can be seen from Fig.4 is not large for a deute

ron and therefore can be rather accurately calculated on the basis 

of ~:~ii~ple nuclear .model (e.g., optical model). The application 

of the optical model ·for this purpose is reasonable since even in 

a case of the carbon nucleus (where the screening effect is large 

and the angular distribution.asymmetry is essential) the caloulat-

ed ~:Jt~ is in a good agreement with experimental data (see Fig.5). 

The cross section for JT
0 meson production in p-D collisions 

... •. . Jro ]To Jio 

can be repifesented in a form of linear" combination i5PD =k/5"PP + l<2 ~n 

In considering only factors a) and b) (which are th.e. ma.in ones) it 

is natural to assume that k1=k2=k. To calculate the parameter "k" 

is rather difficult but it oan 'be obtained experimentally. For 

this one should ~ompare the ratios of differential cross sections 

for the energy of 590_MeV at the same angle (90°), measured in the 

present work and in/7 /: .. , - •, .~ 

. _ dcrpi/dg :: 2_85 :t o.17 and o(n 

c< P ~: d a Pt /d Q 

. . t 
- dGnD/dQ = 3O'!:0.04-

do/ /d Q t. 
p . -···--

As I/k= I/o< p + I/d. n , from th~ data. obtai_ned k=iJ,90 :t...,0-~0J. Pro-

ximity of this value to unity indicates that the· effects a) and 

b) are partly· compensated. Thus,· in determining the cross section 
• • ., f, 

for the reaction (2)- one can consider that. the deuteron oross 
'" 'ff'~ 

h O - 0 .: :- '"~ • • .. • • • ~ • 0 

section is approximately equt'l·l ·to the ·sum· of -thos'ef.'for a proton 
' . . . , . ,. . . ·~ .:.:. . -.~-! ... 

and a neutron. Here a small correction must be introduced, as 

K i=- I. 

The·angular distribution for the reaction (2) at 665 MeV 

obtained in this way is well described by a polynom 

fr~ (G)----- 1/J 1-(0.O9 -t_.0;02)Cos 2 .0 

If the hypothesis of charge independence is valid, the angular 

distribution of '( rays produced in p-n collisions must be symmetri-
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Angular distribution of O rays produced on Carbon at 
E = 665 MeV (see ref.to Fig. 2) / / . 
• a:P is the function'lf(El)caloua~ted :J.n 3.,. on the basis. of 

. . the optical model. The quantities -~- were obtained by 
' e·.:c: d·1'V'idingfthe measured:, r ray yield.s.))_l tp(G) '.' ~h,f da~he~ ·•

curve ,';!{as d~_rived by m~lt1plying the lower ·curve by\f'(G · 
., ... ,. ....... . .. ,. ,.. . . 

.... , 

, 
.r· 
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cal about 90° in ~.m.s. For the distribution of 6 .rays ~ound ex-

perimentally, the:oqntribution of a term proportional to:'1:ihe first ~--• !i• . .. ~ . . I 

t :·-. . 

power of the cosine', Y!~a: found to be 
; - . ; , \:l.___ o 

really small: (O.OI,:tO.OI)Cos e. 
0 

The distribution of: ,rr mesons in the reaction (2) es~lmated 
! .. 

from the angular ~istributl9n of t rays is nearly 
- JTO '. , ·• 

isotropic 

f pn (8) ,.,_, I/J + (~r_.I9 .:t Q.,05) Cos2e 
The angular distribution .fo:r: the 1eact1on (2) ,measu;r-·ed in the : ) 

r I , 
. . ., ~.... :· 

same way at lo\Ver 

E = 560 ·Me1V p ' 

energies differ ·from that:. obtain.ad. at £65 MeV: 
JT'o _<._,·.;.ii,- ~ __ y_·'.L--·_··i,'"'· 

fpn (0) .-- I/J + (0~74·± 0.2-5) Co_s2tl 

Ep= 485 M~Y ,., f JT
0 

(G),...., I/J + (I.O ;!. o.J ) Cos2:e 
pn r•,.)1, 

:} ~':, 
-~ -~..., . ' 

(see ;Fig.6) 

Comparisbn of tnel. dat~ shows that anisotropy of the angUlf',r distri· 
0 . ~-~-; ·:· . •.• . !~'- . . . ·;: 

bution of Jr mesons in the'. reactJ9~_ (2) decreases when the proton 

energy increase~-~ The form of the angular distribution at small 

energies indicates that the main transition is that in which at 

final 
0 ' 

state the angular JT meson momentum is equal to unity .. 
. ~-;·•. 

"' L_ - .,_ . ·-·-•-r .. . - _,, .......... . . ... ·.- .. - . 

•YA.bsolute;),)Cross sections :.)::~ c:-~ .. -- ·-- -~y.~:. -----······ --

··-••'"••· ,_.,. \:.· 

The measurement of the absolute differential cross section 

for O ray production on hydrogencwe~e~made at the effective 

proton energy of 660 MeV for the angle JJ 0 in the laboratory 
.b~::)_;_,,; -.~,:t.r G'lS":':·.· ~.t-:j i .. ~)i.~:ifff"'"~----·;-;; --~-- -·•:•f·-:,-·-1,·. svstem• r" ,_ . -- :- ---- ··-- .. ,,.c,~,.1.,,:,,>,_.:_ 

4/ ♦ . - • "::. "'. . . .~l ·-t· . + •••• ",.•· · / ,-.,, •. ·- • •·•, , ~ 

··:, d;·ttr.::·-1·'dl;f1 ::F(7-:9\./Lb'jt:7i:,1or:Z7~~~i-;t·~~ad~':: "J(~:l p ~- ;.;:':· 

',._, :/r\ , __ _ '.? ;:_,}/--;: ?-:_;;~j-_i;j_:.'. .. _!:> ::',<'.I' - <.':··•':-,_,•; _;_;_::,;,;;ti_:,_~;--:'1'~--:· · 
'.rli:ts' is, :th. ~' ;t<tq.cl~ :a.J!re'e'nt:e·ntc'.,•t~:tJl !'tiler --orosa.-Ft~~qJr.Aio-ii II!~a.sured 

on the -i,nte.rna~-' p;,~;~,~ t~~~~Y~}\'·'\~:~· ~ ;~.4)~/rt:;J2f·t~'~Z~' ~ter on, 
. -

in determining the total absolute cross sections we shall use the 

average value : 

dcr t 1d.Q = (a.o + o.J)xio-27 cm2 /sterad. pc/' -

Taking into.account the obta~ned·angular distributions of 

drays we determine the total cross sections for the reaot:l.ons 



- 15 -

Q6 

·0.3 

Q2 

Qt 

0 
a 20 40 60 80 JOO 

Fig. 6. 

The same as in Fig. 4, but 

J_ 

-'r 

1,2 

:'_~ c:: 
..... Cl. 

~ 
0.8 

0,6 

o.4·· 

az 

.,, 
0 

120 140 160 180 
."·lfO-.-

Ep =·485 MeV. 



- 16 -

• 0 . . 

o~ JT meson production in p-p, p-D and p-n collisions at 660 Mev: 
0 •, . 

G" ~ (66
1

0)=(~.20 ± o.I7) x 10-27 cm
2 , 

. JTO ; -27 2 
0pD : (660)=(8.q_ .:!: o.J) x IO cm , 

Jr
0 

• . •· •. -27 2 
Gpn (g6())_=(5.7 :t,. 0.2) x IO cm • 

The liiui ·of• -~he:- absolute 
0 . ',· 

cross section GP; =(J .J6 ± o.I4 )xio-27 

2 .i., ;:, • . 
cm (the ,average resµlt of. the 

. ', present work and/2/) at th~;·:energy 

of 660 MeV is in a. good agreement w,ith cross sedtion 
JT~ 

()PP = 

J .2xio-27 cm2 ~alculated, in /G/. / 

The tot'al cross sec.tions were determine_ci also for lower 

energies. In these experim,ents the measurements were made by both 

the subtra.6t1.on method and _Qy using the "liquid hydrogen. The 
-. r·. 

following cross sections were obtained: 
0 . / 

CT~ (560) =. (I. 18 :t. 0 .oa)xio-:21~m2 , 
JTC . -27 ·. 2 

(Jpn (560) = (J.7 :t, 0.2) x IO cm, 
~o - 7 2 

Opp (485) = (o.45 :t. 0.04) xro 2 cm, 

6' f
0 

(4.85) =· (2·.20 + -o~I5}axlo-:-:?7cm?. pn . . · .. ,, .-, - . . •· . >- . , .·•· ~:r: 

The comparisoh bf the experimental results on the total cross 

sections of neutral and positive/S, 9/ pion production at 660 Mev 

give the ratio: .. 
Jr-t-1 JTO .· 

·, Qpp . 6 Pp. ~ . J , 2 ~ .t ~ • 2? _ 
. . ' .. . . 'JT+ . - . • \ •. ,.,•.• . • ' 
(Hei'e 6 PP is the cross section of the reaction p+p-p+n+ J1'+). 

This ratio differs from the result of Peaslee /I0/(5) and is closer 

to that calculated by ~andelstam/6/(J,9) (the latter.took into 

account the interference effects and difference in meson masses).". 

From the cross sections found at 660 Mev it is possible to 

determine the cross sections of Jr-meson production by nucleons in. 

the states T = I and T = o: 
1T . -27 2 o (660)=(I7 .I+0.6)xIO cm , 
1 - . 

6: (660)=(J,:t2)xio-27 cm2 • 
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This shows that JT mesons are produced at the energy of 660 Mev 

mainly in the state T ·=I.This 

CT ;-(560)=(9.0~04) X Io-27cm2 , 

6; (485)=(4.8~0.5)x Io-27cm2, 

is observed at lower energies too:. 

(5:: (560) = (I,8 ~ I.7) x 1027 cm2 

(5JT (485) = (I.5 + I.5) x·1027cm2 
0 . -

.It should be noted that the cross section 0: is determi~ed 

as the difference between nearly equal values. Therefore the cross 
Jr _sections 6 0 obtained in the prepent work as well as.in the 

similar investigations can be essencially changed in future, when 

the values of ab.solute cross sections of pion production will be 

defined more exactly. 
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