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A b s t r a c t 

The. angular distribution of to mesons produced in proton-proton collisions have 

been investigated at 400-665 Mev.·The distributions were found to be close to iso-

tropic in agre13ment with the phenomenological resonance theory of s. Mandelshtam~ 

The total cross sections were measured in the energy range JlJ-665 Mev. At. energies 

above 400 Mev the main co11tribut1an to the reaction cross section is given by the 

resonant transitions. At the lower proton energies the non-resonant Ss-transition 

becomes essential, its contribution to the total cross section being O.OJ2 ·1l: 10-27 cm2 • 

The comparison of the measured cress "aections for neutral and charge pion production 

with those calculated from the resonance theory makes it possible to conclude that 

the transitions. with the total angular momenti.un J = 2 becomes preferential. 

* * * 
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I. In t r o d u c .t i on 

The reaction of: ,Tr." meson production in proton-proton collisions· · 

,.p + .p -: p + p +.%' (1) 

occupies. a special. place among the. reaotions of. the 11 nucleon +·nucleon.:.,;.:... .it meson" 

type. Its .characteristic feature is.the rapid increase of the cross'section with 

energy and a.:comparatively .small·value :o:r the cross section near the threshold. This 

is. the consequence of prohibition of the transition·in final-state: s for nucleons 

' and.: :P for : :a: meson with respect to· the center· of mass, ·playing the main role ·1~ · 
other reactions of meson production (Sp-transition.in Rosenfeld's classification11). 
The first investigations of this reaction2~8/ showed that in:the eriergy region )40-

- 480 Mev .. its· cross section s:;: increases as 72,:. where ~~ is the maximum momen

tum. of· ar.• meson in th~ cent'er of mass system (c.m.s'~), measured· ill units of meson 

maSs · mn c, ~ , while for, t?.e· cross sections: of other reaCtions the·-dependenc·e. upOn, 

'? m in. the power of no higher .. than. 4 is characteristic. Phenomenological· ana-

lysis of these data1 ' 9/ showed that near: the threshold the reaction· (1)' is fulfilled 

due to Pp.:..transition. In papers10 ' 6 ,II/ published later. it was established that the 

cross section of::· . keeps ·on increasing rapidly at energies 450· ... 660 Mev also: 

5. :r.• v.s · · 6/ ,_. s.5 . II/ · 
Pf' "''t..; according to Soroka's data arid o,, ""p,;,· according to . ~ Com~ 

parison of the data7 ,a;II/ showed that in the low energyregion the cross section 

cha~ge!' rather as . ·72! than as 1(,: From this the conclusion was drawnii/ of 

the essential role of· Ss:-transition at low energies'o The further izlVestigations of 

the reaction (I) cross section at. low energies121 confirmed this conclusion.· 

The. experimental:data obtained' iniilwere·analysed by:Mandelshtamon the basis 

of the phenomenolog.ical resonanoe. theorylJ/., i In difference to th. e_ former phenoinen_ologi-
. . I,9/ 

cal theory. . Mandelshtam takes into account the resonant· interaction:of fr me~on with' 

nucleon. in the final, state< His. theory :suggests that in the.: wide •energy region where~: 

the resoriant:meson:-nucleon interaction is of importance; the matrix transition elements 

are.constant except for the :factors .taking account<>of.mescn-nucleon and nucieon-:riucleon 

interaction in final state. The theory takes into account nucleon• states int,erferen

tion and "displaced" transitions71. s state ·production when one of nucleon is 'in s· 
2 

state with respect to meson-nucleon subsystem for which the only·· ~h. state 'is taken, 

is described by,one:parameter and P state production-by five parameters. The theory 



4 -

turned out to be non-critical to the relative change of P state production parameters. 
. ' 

This permitted to equal some .of them to each other and~thus to reduce a number of P 

state production parameters obtained experimentally·from five to two. All three para

meters-describing _s and P state production are determined from the experimental 

data on the .reactions of charged . 1i: nieson production in pp collisions. Total cross 

sections_ for .the reaction (I) are calculated from Mandelshtam' s theory with no intro

duction of anymditional free parameters. Due to this fact the comparison of the ex

perimentaldata on the energy dependence of this cross•section with the theoretical 

curve. is _a good test of the. resonant theory. The corresponding comparison with data 

ofii/ made by Mandelshtam showed that the experimental and theoretical "data are· in a·· 

good agreement.· 

The angular distribution of Tc.~ mesons in the reaction .(I) calculated from the· 

resonant theory is close to· isotropic at all the proton ·energies. Experiments per

formed by different methods at .the energy. about 600 M~vii,l4,l6/ indicate that the . . 
angular distribution of .r..•·mesons are isot~opi~. However., at lo~er energies (450-550Mev) 

the measured angular.distibutions had the tendency.to increasing the anisotropyii/. 

In the region of lower energies the angular distribution was analysed by Moyer and.' 

Squire17/ with the definite as~umptions on the X" meson spectrum character,. based 

on the. former phenomenological theory!' 91. On the basis· of the. above assumptions 'they 

concluded that the. angular distribution of ':r..• mesons at JJO Mev is essentially ani

sotropic. 

The aim of the present .. work was to investigate the' reac.tion (I) in a wide energy 

region. The. using of the same methods permitted to hope to obtain rather acoilrate · da-:-~ 

ta on changing .the characteristic of the reaction . with energy. The main' attlmtion was 

dra.wn to the little known characteristic of.the reaction, i.e.,' the angular distribution 
~0 , . . ' ·- - > 

.o_fJJ. mesons~-.In.making such investigations it is necessary to take into account·the 

diffiCU~ty ari13ing.due tO the. fact that JjD mesons'mo:Ve With the Velocity Whioh'essen-:" 

ti!lllY.diff.ers from.the:velooity:of light. Because·of this the·angular·distributi.on 

of r I'ays produced ·in. r,o meson decay is to the less degree anisotropic· than that ,of 

Jr." mesons~S/. The. anisotropy of.· f , ray _angular distributio~ disappears rapidly'w;!.th 

decreasing the fr"~ meson·velooity (Fig.I). Here the .event is considered when t." mesons 
.,.; . . . .. .. . . ~' . 

. 2 0 
are d1stributed ill, c .m.s. proportionally to 1/J + b 1.cos "' • In this case, the angu-

1~7 distr.ib~tion of D rays has .the. form 1/J ~ .by CotlJ • Fig• .I giVes value dbJT./db.f 

that is the measurement error of b.,..at different energies of protons E producing ·jj" . ~ p 

mesons. It is seen that the error increases rapidly with 

'~I 

.I 
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Dependence of the relative error d6Jt.jd hr upon proton energy. 
I. - calculated for the oases bR.~ 0, 2 - for~= I. 
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Experimental arrangement (arbitrary scale). 

1. Focusing magnetic lens. 2. Polyethelene absorber. J~ Shielding. 4. Steel 
collimators. 5. Ionization chamber. 6. Targets. 7. A part of 1- telescope 
lead shielding. 8. 0- telescope. M. Deflecting magnet·.· P. Proton beam. 
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decreasing Ep and so : inorises the accuracy of )'"' ray angular distribution measu':" 

rement lleoessary for reconstructing the angular dist:-ibution of :Ji," mesons. It should 

be taken into account also that in de.creasing. the proton energy together with increasing 

·the demands to measurement accuracy the yield of ~ rays emitted in the reaction 

under investigation rapidly decreases. This makes the measUrement of ~ meson an

gular distributions even more complicated. In the present investigation we. have measu-· 

red the angular distributions of.17i' rays in the energy region 400-665 Mev where the dif- . 

fioulties indicated above were not s.o great and the equipment used permitted rather ac

curately to obtain the angular distribution of r mesons. 

2. E x·p e r 1 m e n t a 1 Methods· 

Proton beam 

The exppriments were made on the unpolarized external proton beam of the 6 meter 

synohrooyolotron of the JINR. The ~eam intensity was measured with .the accuracy of J% 

by means of a calibrated. ionization chamber filled with helium. As ·the cross section 

for the reaction investigated depends upon the proton energy especially near.the 

threshold . .the measurE~_ments of the cross sections must be accompanied by the accurate 
' 

determination'of.th8 beam mean ene.rgy. At low proton energies it is necessary 'to make 

precision measure.ments of the energy spectrum of a beam. as well. The mean energy of the 

beam was determined in the present experiments with·the accuracy of about I Mev by 

the ·method des~ribed in191. Th~ energy of protons was decreased.by&o~ing them down 

in polyetheleneblooks placed .in front of the shielding wall (Fig.2). The energy dis

tribution of the proton beam is well described by the Gaussian curve with the disper-

.sion equal to (2.8:!: O.J) Mev at the maximum proton energy. As is seen from Fig.J the 

dispersion somewhat increases with slowing the beam down. 

·Registering· equipment 

Information of the angular distribution of JZ• mesons and on the total cross 

seotiomwere obtained by registering ~ rays emitted ·in.the decay of.~ mesons 

produced on the target bombarded by the proton beam. To detect t" rays ~ teles

cope consisted of counters was used(Fig.4} Gamma-rays produced on the target were 

collimated by means of a lead diaphragm ~d fall on the lead converter where .th~y 

generated "electron-positron pairs. The pairs were registered by coincidence scintil

lation and'Cerenkov counter~. Due to a small thickness of the converter (0.5- 2 mm) 

and scintilla tors (Jmm), "wide geometry" of the. telescope and the lack of filters 
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Dispersion o'f a beam l:iE at different proton energies Ep 19/. The solid 
curve represents_the theoretical energy dependence calculated by taking 
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photomultipliers 

f-orming un:i. fs 

catliod. followers 

an:plifiers 

" coincic1ence 
circuits 

antiooincid.enQe 
circuit 

·scalers 

Diagram of 0- telescope. _ 
1. Lead diaphragm. 2. Crystal of the anticoincidence counter. J. Converter. 
4. Crystal of the coincidence counter. 5. Foil~efleotor. -6. Radiator of Ce
renoov counter. 
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between counters, r-telescope had a low energy threshold and could effectively de-
. ' . ~ - ... ) '" . '·· . . ·- ' . 

teet y- rays of the" energy up to 10 Mev. The telescope·was sensitive neither to 

neutrons nor to'.cliarged particles. The latter was achieved .by'.using a scintillation 

counter placed in front of the converter and set in'anticoincidence with the other te

lescope counters. The -·counting rate of the 'telescope placed in _the path of ·r rays 

increased by a factor of 25 when a converter · 2 .. mm thick was inserted into it~ The 

increase of the converter' thi'ckness to 5 mm made it possible to improve this ratio up 
'··· • -'!,., • .:-"':. t,- ;_ --~ .. .t::: ~ ;,.,... ·- \• . ~~, ., -~. --~.:. { '--;·' ~ ~ 

to 40. The telescope could be'used under conditions' of a comparatively large background 

due to the ~;~li~ati~~ of." the~:~oinc~~~~~~ c~r~uits wi~h .the r~;olving ti~~ lO,:_S~~O •. , 
'·,: •' ,; . ' - -~ ·'. ''" . - ; ~. • "' -- i' .· ~- • . •. " ' ' ' • 

In mos~ preyiou~ ~~'!e~tiga~~~~s. ~ o, de~erm,ine ~ ~:t.e e:Uic;ency o,f . ,-:- te~escope ·. , 
-.•,. ·' <.-,.-.-.: "'"_,.;.' ........ ~- -· ... .: .• ~ •• ~:'"" '··~ "',: •• , .. >- •' •• -'" ~ 

the measuremeJ?.~ :":'as 1mad~; of the cur~~ . of,.~e~sitiv)it,Y3,~f .• r,- te~escope to· · .r- rays 

of d;ffer~~t,energi~s.and ~h~ effi?~en~y_was f_ound -~Y int~grating this curve ove:t: the 

energy t.ogethe~. W,it~. ·a.. s~_ectra o_~ ; r r~ys taken /~om the :~e~r~ .Th,eref:or~, the !es~lts 
obtained· in .these investigations depended essentially upon the validity of theoretica.'l 

assumptions. o~ the :~p~ctr~. of:·:;·. ~~y~·,. ~s;e~i~_{l~ in ~a.~es6 'l~/ _whe~ ~~eas~r~~erits were 

made by means of a·1detector,with high energy. threshold. In the present paper the effi

oie~~/~~s foun~ ~~.the ;·~xp~ri~e~t~l"m~thodii/ wh~o-h ';ermit~ed to fi~d the -~ield of 
::-" ' •• . : " • ·- '' ' • i -~ ';" "- ., ' . ·: • - ,, ' '. ( 

r rays without making any assumptions on their energy spectrum. Dependence of the 
' • 

0
' ' ' 

0 
-' ' 'I ~ • 0 

,' \: • : • ~ ~ ; o • 
0
, •V '- > ~ ' 

. telescope efficiency w upon the angle 9 (see Fig. 2) measured at proton energies 
" : ~.) ,'~~ ~,·"·::,.·.--: .~·:,, __ ·:;::.:, '·!- :, .: -

665 and 485 Mev is given .. in Fig •. 5• At other energies the dependence W(G) has the 
"·~- -, __ ·-~_.:._ '·.;,':,,,~-~:: ';,··_;f ·.~--: .. :·;· 

ana.logou~ cha.r~~ter. _.The ef!:~ien~:, W de~~~a~eso;_~ith proton ener~ and simultaneously 

changes the form of the curve W(G) due to deor~ase. of :/t.0 .meson energy and the ve-
. '' ~/ ' ... " ,. . ·-. i ·. . . ' ; --~ ,.,. - '. •' ', . . 

looityof~~~. oenter;o7 ~ss system. The measurement ~f ef:ri~~ency W(G) carried out 

at 665 Mev.on graphite, polyethel~ne.and l1quid·hydrogen targets showed that the value 
: _,: '.~ )" ~ . 

W for hydrogen .and carbon coincide. This is due to the fact- that the f""- telescope 
.: .·.. ,, .. ;;.,,. ,·,., :; ' : .;' ~ ··:.· " ~ .. ~-'".i-\ ~- '·~ ' . ' 

has low energy threshold. In spite. of the sharp difference in . 4 .·ray spectra at 

. 9 • o0 .. a~~ 9 ~:.iao0<20) (mea~~ ~~e;gies ~f. the sp~otra are eq~~:i. to .190 and 75 Mev), .. 

the effie~~~~Y· ~(o0) and ~(1acid) ~iffe;' ~nly ~~ much as. 25%.•Muoh less difference is 

observed in the spectra measured for carbon and hydroge~ -~~ t.he' sa~:e a~gl~ 16 , 2o) •. 
•·' •• ~- •• '4' v - -· 

Because-of this the corresponding efficiencies are very close to each other. The dif-
- ~ • l ·~· " 

ferenoe ~n. eft,:cienoY.. for hydro~~~ _and carbon. s~m~wh~t increases with decreasing pro-

ton ene~gy_. Ho?fever in th~. inve~ti~~ted energy region this difference has no effect 

-a.n the results of the m~asurement~ performed, as it was considerably less than the. 

:, ~-tatis~ioal ·.ac~uraoy. 0~: m~a~ur~ments .. of .· r .. ~ay :yield ratios at different angles. 
·. 
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between counters, r- telescope had a low energy threshold and could effectively de-

teet rays of theenergy up to lO'M~v~ Th;:telescop~·was sensitive neither to 

neutrons nor to charged ·particl~s. The l:tter was achieved.by using a scintillation 

counter placed in front of the converter and set in anticoincidence with the other te

lescope counters. The counting rate of the 'telescope placed in .the path of ·r rays 
' • • ' - • I ' 

·'increased by a factor of 25 when·a converter 2 mni thick was inserted into it. The 

increase of the converter thickness to 5 mm made it possible to improve this ratio up 
' • ' ~ f.~ ... ~ '-'' '"" ' -- ' .. ~ '.,~ . '. '' j .:. . -: • 

to 40. The telescope could be~used under conditions· of a comparatively large background 

due to" the ~p~{i~a~i~ri; of .the : .. ~o~ci~~~c~~~ir~uit~. ~i~h. the ·~~~·ol~ing ti~e 10-8~~~ :' .: 
> • • ~; • • ., ." ";_ --~ .·e :: •.; ,•, ;·;_:_' ' ' • •. ' •' •_,- ' • • • ' ' ' '\ ~ 

In most previous investigations to. determine .tr.e. e1!ficienoy of .· /'.~telescope . , 
"" ~. ·. :".~''' ~"~::;::;~f :;~ :.:d ,,;: -~-<~ :''',~.- .... :· ' .-:.: ·•., :'. .. -

the measlirem~~:~~as mad~ of the c.\ll've ,of sensir:v)ity, >of r- te~escope to.· ];-rays: 

of d~f~elient,energi~s;and ~b.e effic~ency,was f,ound by integrating .this curve over the 
j • > :.f l. 

energy toget~e-:; .• ~:~th. ·a.: s~ectr~ o~:. r .~~:s ,tak:~.:~f~om }he the~ry .Th;r~:ore·.~ ~~e ;res~l~s 
obtained in. these investigations depended essentially upon th~ validity of .theoretical 

assumptions ?n t~~ ·~;~c~;~, of.··~,~ ray~~ es;e~ia_l~y i~ • cases6 ,l7) ·w·h~~ measur~~ents were 

made by means of a·1detector ,with high energy threshold. In the pres.ent paper the effi

cie,nc/;a~ '~oun~ ~Y th~ ~xp~ri~e~t~l ··m~~hodii/ wh~~·h ;ermitted to find the yield of 
" <; - - ; ' ( 

• <-'• 

f rays without making 13;~ assum~tions on .their ?nergy spectrum. Dep~n~eno.e. ~f :the 

teleso~~~.,~ffi!J.iency .... W llPOn the •. angl~.~ (~e~ Fig~ 2) measured at proton energi~s 

665 and. 485 Mev is given in Fig. 5~ At other energies the dependence W(9) ha~ the . 
.. ::'~.,,:.; '(~..,, ;. ,· !. _ _ > ~::·~:.'- ';\ ,"., i ·:·~~ ·_.:.: "',;, ·, / ·_, 

analogous character •. The efficiency W decreases with proton energy and simultaneously 
.... ··-···~ ..;.. + ' 'f ;.-~ ~' ~ ~ ~ '·''~ .... 

changes the.~~rm of.the ourve..w(e) due to decrell;s!.of :;zo .meson energy and the ve:., 

w(e) carried out 

at 665 Mev on gr~phite, polyethelene and liquid,h;rdrogen targets showed that the value 
~. ".,·.' -:. :;. ~- i, :> ,• ,3. -

W for h,ydrogen and. carbon. co;noide. This, 7s due to the ~fact t~t the ('-: telescope . 

has low energy .threshold. In spite of the sharp 'difference. in 0 . ray spectra at . 

e. ~.~'·a~~'-9 ~·'180°(20) (mean-~~~;g~~s.o~.t~~, s~~~tra';r; ~qu~l to 190 and 75 Mev), .. 

the ~ff~'eie~cy w(o0) .and W(l80°) diffe;' ~nJ.y as ~uoh as 25%.• Much less difference is 

observed in the spectra mell;sured foX: carbon and hydroge~ at. the. sa~'e angle l6 ' 20/. 
•<>}> 

Because of this the corresponding efficiencies are very close to each other. The dif-
;... . . . -~ 

ferenoe ~n efficiency for hydrog~~and carbon somewh~t increases :,ith decreasing pro-

ton energy. ~owever in the inve~tigated e~ergy region this difference has no effect 
. ' 

o.n the results. of the measurements performed, as it was considerably less than the· 
~-- , . 
statistical. accuracy of measurements of,, .T. ·ray yield ratios at different ans,l~s. 
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The latter made- it-possible to use functions Vi(e) measured for carbon in obtaining 
c... ' ' ' '"~:---k- -' ' ' .. .f 

the angular distribution of _y- _ ~ays from the- re~ction ~(I) in, the leV{ ;~e;rgy region ' 

of pro~ ens. 

;:; 

,':':· ., 
Targets. Control experiments 

As. a target a l'iquid h.id.rogen was used poured i~to. a styrofoam- container •. Th~ 
~-··· . ' - ' ~,~.:( ...... '':.'. :'- ·,. ~,.~. '-~- . " - ., ·~ t: "._ '\.·. 
target w.as of a cylindrical form 8 em in diameter, 25 em long and was placed so 

that' the beam pa~iing along''the cylinder axis should not'. fall on the side walls of 

the t~rge.t '(the -beam widt~ was. 6 em). The registrati6n c~nditions. ~ere mo~t fa:_ 

vorable in tiui angdla; region 45°<e~\l45°. In this ~ase- the l~ad d:l.aphi.agm placed in 
~,:~- :~ ',"•" .'·. ::~ ' f • - • ·-· _, -·· - _ _,., ·' ' .•• ~. • ~- • • •. '• 

front of the telescope prevented the r radiation passing from the outlet and inlet ta~-

get windows', from .cor.;ing :i.;to the -t-~lescope. Thus, th~ telescope detect"ed: (' 

ra_d:1.at:1.on emitt'ed ':from h.fdrogen only. The counti.Ilg rate of the tele:~cope at 660 Mev' -

de~'reased by a factor ~f .10 wh~~ hydrog~n ~as removed from the co~tainer. 
Th~ eros~ sed1:'{~ri f~~ the rea~ti~~~ (I). w~s ~~ter~ined ;~lso by the subt~act:l.on 

." ., - ··- ~ '\ < { ~ ' • • 

method. For. this the poi,Yethelene 'and graphite targets. 'were exposed- to the beam. 

The t~;g~ts::.thick~e~s ~~ualled' ~b~ut Jg/cm2 a~d -~as t'~ken ~o t~t -h~ energy ·loss 

of .beam in the target was the same: :Polyetlielene'and graphite targets wer~~-plaoed at~ - , 
45° to the proto-n be~:~,m;-as is shown in Fig~2- and were' put into the beam-intlirn~ 

·The targets w~re changed in :['- J min ; tliis permitt~-d 'to avoid' the effect arising 
' ' ,' ' ·- ~ ~-- -: ' - ' - .-· : ' ,._ ·. -' ' -- . ,, . ' ..• ' . ·.:· '. . . ~ ' ' 

due 'to the change in sensitivity of'the registering equipment upon the measurement 

accuracy~ 'rn spit'e Jt the. fact trui{poly~thel~~~ oon~ain o~ly_l4% of hJrdroge~ i~ .. ' . 
. ' " ·' :t : 0-' • : _" • '~ "1. • .... ' .• - ,' ~' . :. '-~ ·-· • .: - . ' ' ' ' . /. ,' •.•. , 

·some case ·the subtraction method permitted .to obtain much higher accuracy than it 

was' in a case \whEm. a \f~uid .hydrogen target ~~s '·used: The reason of this is' in the 

difficulty'oi'the presision det~rminati~n of the effective volume,of'the iiciuid hydro:-
." . ' ·" 

ge"n \~r~e't in which _ f' . rays re~:i~tered by the telescope are pr-oduced. Therefor~ ., 

the liquid hyd'r~~en w~~ us~l/u~~d for making precision relahv~ measiri-~mentif; ab~; 
\•} . 

flOlute measurements being performed' by the subtraction method • ::. ' 
..>: 

To. obtai~"r~ther high ~~~ting r~t~ th~ -t~ie~cope was Plao~ci ~t:a--sm~li·distanoe 
" ,··,· '~·~'-~ -.~.:·' . ~--"·-'··'· ,, . .'-.' ···~ .. , ' 

from the· targe~. Here . ~ radiation emitted from different points of the target was 

detected by the teles~ope with different efficiency~ the latter.-depending up~~·-tlie''': 
ta~ge,t chm~ntio~a. ~We shall,,denote f~the~'th.e abo·v~·· eff16i~ncy d~ter~in~~,;by;the· 
target dime~tiona a formfactor ~f ~\arget. The;, g~aphj\e target was' made of light 
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graphite of 0.9 g/cmJ density; due to this formfa.ctors of polyethelene and graphite 

targets differed only slightly. The maxim~ difference of formfactors fq~· the targets 
0 used was 1.5% at a =. 90 ; thi.s value rapidly decreased with decre~sing the angle e. 

Since the ratioes of i ray yields from the target were to be measured w~th the accuracy 

up to 1%, a great attention was paid to the problem of det~rmining the target formfactors. 

The formfactors were determind experimentally at diff~rent angles 9 With the accuracy 

better than Q5%. A number of control experimen.ts carried out with targets of dif- · 

ferent forms showed a good agreement between measured and c~lculated formfactors. The 

main and the most complicated control experiment was made at the_protcn energy 275 Mev~ 

As this energy value lies below the threshold of the reaction of Jt•.meson production 

1n pp colisions the r~tio of cross sections for hydrogen and carbon measured. by sub

traction method must be equal to zero if the formfactors are found correctly. The value. 
• ' I I 

close to zero was really found from the _experiment: 

(6r/6r} · .. -o.oo1:!: a.oo6 
fP pr: m&aSU2tci. 

J. R e s u l t a 

Angular distributions of 1 rays 

In the proton high energy·region the investigationsof angular distributions of 

,. rays were carried out both by the subtraction method ~nd by using liquid hydro-

gen. In the first case the measurements were carried out 1n two s~ages: the measurement was 

made of the angular distri~ution of ~ rays produced in collisions of, prot.ons with · 

carbon nuclei Jpf (.:f) and then for each observation angle there was found the ratio 

of differenUal cross sections for hydr,ogen and· carbon · 0,~ =,(dO/;jdS1.} j ( dO,f/ dSJ.)~ 
'.The angular distribution' of r' rays produced on carbon· by I protons with the energy 

E = 6G5 Mev*) is given in Fig.6. The angular distributions j{c (..ff) at low energies 

ha1e the analogous form. The measurement ot relative cross -section valu~s . 6;p was made by 

the subtraction method at energies E • 665,560 

-------
·~Here and further E denotes the effective beam energy, determined by taking 

into account the energy loss in a target and the dispersion of a beam. 
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and 485 Mev for a great number of values e (see tables I,II,III). 

T a b 1 e I E = 665 Mev 

TabJ.'e II E = 560 'Mev 

l-9_o_=_==-~-;.:i:·:~:J·:~:-;:-·:~:·r-~~-:-":·;~:=r:-~:-·~--:~-:J~:i:·:~:-r:7:":~~-r:::::J 
=·=== ====·=~==:]=========== =========== ==========:J===========J============[====·=·=:J 

T a b '1 e III · E = 485 Mev 

So detailed an investigation of the function f:; (:;-) was made in order to check 1f 

there are.systematio el!rors in the used measurement method. The distribution of 6 
rays produced in pp . collisions must be symmetrical about the angle ~. '= 90° in 

the c.m. system as the colliding. particles are indistinguishable. Therefore every 

deviation in the measured distrigution from symmetry should be considered to be an. 

indicationto the presence of systematic errors in the method. The angular distri

bution of j rays at E = 665 Mev obtained from the data of Fig.6. and Table I is 

given in Fig. ·7, It is described by polynomial fp~ (-.9') ,... 1/J + (0.~7 :!: 0,02)Cos2V: 

This function found by the least square method and respectively normalized is shown 

~n Fig. 7 •. The angular distribution of '(' r~ys obtained turned out to be symmet-
' 

rical. If approximating it·by a polinomial which together with zero'and the second 

terms contains also an asymmetrical ter.m proportional to ~os"", ·· its co~trigution 

will be negligible: (0 ,009.:!: 0 .OII)Cos-,9' . , ·The analysis of the measured distribu

tion :fp~ (--8'} shows also that the contribution of· the cosine powers higher than 2 

is negligible; the fraction of 4 rays distributed as Cos~is only (0,015:!: Q,QJO). 

This must take pla~e at lower proton energies also, since the role of the states · 

with greater momenta decreases towards the reaction threshold. Therefore·it is pes-
•'- . ,· 

sible to sllgge'st ··that in the energy· re.gion E~660 Ma·v the angular distribution of 

r rays from the reac'tion (I) has the form: 

. fp~(-8-)- 1/J + -b1 cos2-8' .. (2) 

. I 
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To determine br it is enough to find the ratio of ~ ray yields at two diffe

rent angles. Such measurements were made ~t· energies lower than 660 Mev mainly with· a 

liquid hydrogen target as the subtraction method provides high accuracy.of determina

tion of ·br in the e~ergy region E = 600 Mev only, as is seen in Figs.7 and a. Gamma

ray yields.were measured at the angles 91 = 55- 60° and e2 = 120- 125°. The values e1 
and e2 changed slightly with decreasing E. The angles e1 and e2 were taken as the sup

plement ones to avoid the difficulty connected with determination of the effective vo

lume of the liquid hydrogen target. The choice of the above angles is due.to the fact 

that measurements at these angles provide the best accuracy of determination of br 

(if e1 + e2 "' 180°). Finally, the indicated values' e1 and e2 are convenient because in 

the o.m. system they correspond to the angles ~ = 90° and~= 145°, their differcn-
' . ' 

tial cross sections being connected with the total cross section by a simple relation 

(J) 

which is valid with the arbitrary values of ~r . At the energies E? 500 Mev the mea-
' surements of br were carried out both with the liquid hydrogen target and by the sub-

traction method •. In the latter case Jr ray yields were measured at several angles 

including angles e1 and e2 • The values ba- found by these different methods are con

sistent within experimental errors. The values b~ obtained are given in Table IV. 

T a b 1 e IV 

== .................. j-=========g-............ =.~-.............. ~-................ r-==. =====~=====~-== .................. j .. ev 665 6JO · 590 560 . 517 485 440 400 

== ~·~~~~~·~~~ .. =~~~~~~! .. ~~~~~~~.. ~·~=~~~~ .. ~~~~~·~~]~-~!i~·~! .. ~-~~~~~~ .. ~-~~~i~~~~ .... 
Reconstruction of ~· angular.distribution 

Angular distributions of ~· mesons c~n be reconstructed from those of r rays. 

We shall show at first how this problem is solved in case' of monoenerg~tio a:• mesons. 

Let :r.• mesons have the velocity 1 and their angular ~istribution is described in 

the em. sistem by the function V(Cos -9' , 'f ) • Angular distribution of d rays from ~· 

meson decay F(Cos -S- , 'I ) is determined by the integral relation: 

. ffn · 

F(cos-tf,CJ):; (f 2.-l} fj V(cos~,t.){t= -cos{hosi}. -sin-8-Jin8;cos(y-Cf,{
2
dcos..9; ci.Cf, • ( 4) '.!.,.0 . 

Here. \" = ~ • We shall take .a rather general case when angular distribution of .rr.• 

mesons does not depend upon the azimuthal angle 1 

obtain: 

• Then integrating (4) over Y'o 
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(5) 

The nucleus of the equation (5) is symmetrical: 

· .· · . -'/z 
~ (cos..J; cos~)=(~- cos.fJ-cos8;,)[(cost9- + cos..J;/-(1 +1)(2cos.9-cos-{}.- ~ +.1ff . 

The formula (5) permits to reconstruct the angular distribution of !lt". mesons 

V(Cos ~) if the angular distribution of ~rays is known. This task can be settled both 

by the method of approximating the equation (5) by the system of linear equations and 

by the method of.eigenfunction expansion. (:he eigenfunctions of equation (5) are the 

Legendre polinomials Pn(Cos .'IJ-); this follows from (4)\if using the "addition theo

rem" for Legendre polinomials). In the latter case repr~senting F(Coa ~) by a series 

~a P (Cos 1!f ) obtain · 
n n n 

/ (6) 

. The eigenvalues oLn(~} can be easily obtained making use of the Neiman formula for L~gendre 
.polinomials: 

(7) 

where Q~ {f) is the derivative ofthe Legendre function of the second kind: 

fl (} . · 2n-4K-1 ·· 
\fn ~. =_.P,(f)Aeth(1/f) -r:o (2K+I){n-K} Pn-2K-f(y}. 

With the help of the above relations the problem of reconstructing the angular 

distribution of monoenergetic ~·.mesons can be. settled. This task becomes more comp

licated if no mesons are non-monoenergetic. In the moat general case, when the function 

of n.• meson distribution U(costJ;f) cannot be separated into angular and energy variables, 

to reconstruct the distribution U(cos-&;1) it is necessary to investigate the angular and 

energy distribution of (' rays .• In case when the angular and energy variables oan be 

separated, that is 

U(cos.JI;y) = Vfcos.s-)R(J) 
(8) 

. the function V(Co~ -.9- ) can be reconstruct. by using. the mean eigenvalues ~n obtained 

as a result of averaging the funotion(7) over the spectrum R( f ) . ~To make such an ave..; 

raging .in a general cas~ it is neoessa:ry.to know the spectrum R(f ) •. However, if the 

angular distribution of frays differs from isotropic one only slightly it is quite 

enough to have the rough information on the spectrum which can be found from kinematics · 

of the .reaction (I) .Thi~ was used in the present work since, as 'is. seen from Table IV, 

the measured angular distributions of r rays are olose 
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I 

to isotropic. In finding the an~~la.r • distribution of !!r• mesons it· was assumed that 

the distribution function can be represented in the form (8). As follows from 

(2) and (6) the angular distribution of ~· mesons have the form 

J/; (-8-) ""' ~ + b"" c.os 2..9-. 

The values of . b""" at different proton energies are given in Table v. 

T a b l e V• 

(9) 

F.;==M:;==~-66;========6;o===f==;9o==·=··;6o·=· ===4;;=· ===44o=~J-~•oo--··] 
bli" ~0±0.0.:3 ,-Q04:!:,0.08 Ql4:!:,Ql2 0.04:!;:0.07 0.02:!;:Ql2 -o.OJ:tO.l6 0.07:!;:~~ 

Jr n d =======-==:a================-== =====~!=~.::. ======== ======•== =•======= 

Total cross sections of.the reaction (I). 

The di~ferential cross section of (' . ray production on carbon at the angle 9 =.3.:3° 

was measured at the proton energy E • 660 Mev. Its value 

d6/ (JJ0 ,66o Mev)/d~ = (7.6:t0.4)xlo-27 om2;;ie~ad 

is in a good agreement with a oross section measured on the internal beam of the aoce..: 

leratorii/ •. The integration of the obtained angular distribution of ~ rays normali

zed to the above cross seot.icn gives the 't ota.l cross section fo~ the reaction (I): . . --:;-· 

•• -27 2 
6PP (660 Mev) = (J.22t.O.l7)xl0 em • 

The result close to this was obtained in 'experiments where the liquid hydrogen target . . . 

was used: (J ·4:!:.0 •4 )xlo-27 cm2 • · . 

The proton energy dependence of the .total cross section for the ·reaction (I) was 
I . 

measured in the en.ergy .region Jl.) - .66~ Mev. The yields of {' rays were measured at 

several angles including the ~isot~opic" anglesii,lB, 2l/ (JJ0 and .96° .in the lab.:

system at E .. 660 MeV) as well as at the angles &1 and 92; this made it po~sible to 

f'tnd easily th.e relation of the total. cross sections at different proton eneltgies. In 

determining the cross sections b;r the subtraction method the use was made of the Clnerg 

dependencies of' the cross sections. for o~rbon meas~ed at "isotropic". angles. One ~f them 
. . . 

is given in Fig.9 •. The relative cross sections 6~P were determined b;r the subtraction 

method at the. energies E ~ 400 Mev. (see Table VI). 
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·T a b 1 e VI. 

==========J=========r====== .. =,====== .. == E Mev . 660 . · 645 . 6.:30 I 610 

6'J,p (~=125·;'% -----
Subtraction 110.8+0.6 ·1 - ·I 9.J+0.6 
~h£~~--- - -

========~======= 
590 560 

9.l;t0.4 

The same 
wi~~0l!~~idjlO.st0.6 llO.O;t0.6~7;t0.6 ~===~==c•• •=~====== ===•z••• ...... 

7 •. 5:!:0.6 

-------

~
-----=±-==:==. =====. =~-= .. ======== ==. ====rl-· = ==. ==~.== ======~-= ==. ======. ======-±= .. ;. .. :. .......... ,.·3-=· 445 . ·. · 400 . J77 J60 J5o · J407 I J28 JlJ , 295 :. 

,,, ,. . ' ' ~ -,; --- . - --- -- -- ----
·9+0.5 .. l.J+0.4· - - . -· - - . - :- .·. - - .. ~ ' . ' 

:l;tO:;-- ~:6~o:)~ 1:-~o.;~ o:9;!:0~J o:7~o:2 o:6;to:i- .o:5:!:o:2 O.Jto:2 (()~--· 
========= =========== ========= ======== ======= ======== ======== ======== ======== 

In the lower energy region the measitreme'nts :"ere made with liquid hydrogen only~ The .r~:-
, I . -

lative cross sections Opp obtained by comparing the energy dependence of the :cross '.: ·· 

sections for hydrogen (liquid eydrogen target) and carbon are given also in Table VI •.. ..-. 
< . . I. 

Values o;p in this case ~ere normalized at E ,.; 660 Mev. The dependence of the total 

=========== =========~==========~=============== 
E· Mev, 622 .1- _ 6J8 ~~--~-----
;'in relativ 

. 5;.Punits:_ __ _ 

~~io27cm7~ ----+ 
-~~-0-·91;!:0.0210.90;!:0.0Jj~~5:t~ 0~8l;!:O.O.J 

'i>P X • __ ,;.;.· • ..;._+---:::· -.-
--~, . I --

1.84 ... 
====--====:::t:::=:: ·=--===- ===--==- ' -------------

2:.6l;t0.17 

1.77 ·---------·---------
==5Ji=== 

. 1.56 1.46 
~=-:c--==: 

·===== ~~====~~~ ==~====== ========= ========== ==========z========= =========~~===•=== 
445 412 ·. 400 J7.4 •. ·- J60 J50 J28 . JlJ 295 

J+QOo4. OPJ9+0.005 o.027+0.004 O.Ol2+0003 O.oo9 +O.oo~ --- -
OD06;!:0.002 0.004t0.002 0.002;!:0.001 < 0.001 - '- - - .---0+0<02 0.12+0;02 0~09+0.02 a·.04+0~01 O.OJO+O.OOS P.OlB;t0.006 OD14;t0.006 0.006;!:0.004 < 0.004 -=---·- - - . - -

1.14 .. LOO 0.95 0.8J 0.75 0.70 .· 0.58 0.48 O.J2 
====== ========= ===·====== ========= ===================== ========= ====•===== ===a===·= 

1
1
f" 

! 

\' 
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The total cross sections given in the same Table are obtained by normalizing the energy 
. tr• 

dependence of the cross section OPP· to. the .. cross section measured, at ·E = 660 Mev. In 

·determining the energy depend.ence of the total cross section the use wa·s made bf the .da

'ta of Fig.9 and Table VI as. well as the analogous data obtained as a result of.measur'e

ments of r yields at the other angles. 
;-. 

As. is seem from Table VII, the T ray; yield. decreases by. a factor of 500 with d.e-
, . 

· creasing proton energy in the i~.v:est1ga ted. eneriY. region. Th~- c::~.ss. sec~;cin. of thi(.reac_;;.· 

ticin (I) ~easured;at JlJ Mev JO times"les·a~tban·the -b~~:~~ ~-ectionfor. charged 7< : 

meson. production at t~e same energy. lSo sma:l:l value o.f the effect observed mB.kes it ne

cessary to take into account all the extraneous sourses 0~ r radiation which might 

compete with the reaction under investigation. The effect of these sourae~ was a~alys.ed 

in paperl7/ and was not found essential in the investigated region. The greatest dang.er 

in our case presented the neutron contamination of the proton beam knocked,out from the 

polyethelene· absorber slowing down the b.eam. A numbe~r of control experiments in which· 

the proton beam after bei?g moderated was devia.ted b'y the magnet M (see Fig.2) or 

cpn:ipletelj m~derated in-:polye'thelene absorber· showed that the effect of neutron contami-
. I 

nation is negligible. The estimate made on the bases of the known neutron yield from. the 

internal target22/..also shows that the contribution' of the neutron· contamination is small 

and is equal to no more than' J% of. the cross'·a·eotion measured at E .. JlJ Mev •. In;:the in

vestigated energy region all the measured 6 ray yields can be practically related· to 

the reaction (I). At.the energies closer to the reaction threshold than that of our case, 

the hard r ray bremstrahlung of protons' beooines essential the cross section of which 

according to23/ is eq~al to lO-J0cm2 • 

4. Dis o u a s 1'o n 

Angular of !I"" mesons 

• • • ' ' ,_ -: < • ... ' • ~- 0. . . 

The characteristic ·feature of the angular distributions··of 7L mesons obtained in our 

experi;e~t.is'their isotropy in the 

mgular distributions found inii,l7/ 

whole. investigated :region of the .proton energy. The . 

are 'more anisotropic at small proton energies, as 

is seen in Fig. 10. In this figure the energy dependence of S=I/I + bJi• is given, 

which is the fraction of· mesons distributed isotropically in the case if the angular 
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distribution has ::he form(9) and b,...~o. The value S at E=J29 Mev was determined the 

detector with high energy thresliold171 and .thus 1 it depends essentially. upon the vili

di ty of the theoretical assumption made with respect to the ~· meson distribution 

function. The present phenomenological theoriesr,g,lJ/ differ. in their _conclusions on 

the function. of .r.• meson distribution in the reaction (I)c;:Experimentally_determined 

values S are o om pared ln. Fig. 10. with the dependence S(E) 'calculated by Mandelshtam 

(private communication)*} on the basis of the theorylJ/. The curve (I) in this f:i..gure is 

calculated taking account of the resonant· transitions. At high energies the value s 

turns out to be close to unity. According tolJ/ this is a c_onsequenoe of predomination 

of the P state production over the s one which is practically suppressed as a result of 

interferention. While approaching to the reaction threshold the anisotropy of the an-

gu~ar distribution· of 3;"
0 

mesons produced in th~ resonant transitions··increases.However_, __________ ·------···-:· 

the contribution of the resonant transitions in this energy region is rather small. c . . •. 
. Non-resonant Sa-transition characterized by the i~otropio angular distribution · 7i" 

mesons is predomin~nt_here: Therefore the depend~nce S(E) calculated taking account of' 

nonresonant. Ss transition turns out to be close to unity ln all the investig~ted ener

gy region; this ls in a good agreement with t_he results of the present paper. 

~he values S given in Fig. 10 were determined here from the experimental data on 

.the ·values br with the assumption that the angular and energy fraction of r.• meson 
' ' 

. distribution are indepdnent (see the formula (8)). The Mandelshtam theory, howeyer, 

predicts that the anisotropy of angular distribution of :A• mesons is the less, the 

lower is their energy, and near the lower boundary of the spectra the coefficient br.• 

becomes even negat~ve (contrary to1 ' 91). Therefore, if the values S are calculated from 

the data of Table IV on the basis of the spectra taken from Mandelshtam theory, they are 

situated a little nearer to unity than it isshown in Fig. 10. 

*1\'le take the opportunity to thank Dr.s. Mandelshtam who has kindly sent us 
the results of the number of his unpublished calculations. 
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Energy dependence of the -reaction (I) cross section 

The measured in the present investigation tcital cross sections are given in 

Fig. II. Here the cross section is given in determining of which the present paper 

data were used on the cross section value for carbon as well as Mather and Martinelli's 
. I . 

data on the relative cross section ~' (see Table VI). The tbtal cross section 

o.;(J40Mev)=(o.oiB:t.0.005)xlo-27c~2 is twice as large as the value of the cross section 

(O.OlO±O.OOJ)xl0..;27 cm2 previously found. 'from the data7 ,s; and usually. used in ea;rlier 

investigations. The,reason of this difference is in the divergence of cross sections 

' -

' \ 

for carbon measured in the present paper: (J.0~0.4)xlo-27cm2 and in8/- (1.7+0.4)xlo-26m2 . - . . . . -
It should be n~ted that the cross section for charged Jr meson production on carbon 

at this energy is equal24/ to. (7.5±l.O)xlo-27cm2• From this fo~lows that 6ip~· = 
. . -27 2 tt (. ,.. ~"'-) r.• 

=(J. 7±0. 5)xl0 · em if using the rela tio? i2\0,.c + u,..c = Ope . which follows from the 

hypothesis of charge independence of nuclear ,forces and is rather accurately fulfil

led in the experiment25~ • 
. . As is seen from Fig. II the meaa'ured cross sections are in agreement (within 

experimental errors) _with values found earlierii/. The cross sections measured in 

Carnegie121 are placed somewhat below than those obtained in the present investiga

tion; this can be explained by the increase in12/ of r- telescope ~fficiency. The . 

calculated in this paper efficiency at high energies of ·y- rays exceeds its maxi-
-

mum possible value equal to !-exp( -.,11 d) •. Here ·,I' is the coe:fficient of r ab-

sorbtion in the .converter matter, d is the converter thickness •. 

The obtained total cross sections are compared in Fig. II with the theoretical 

resonance curve. of Mandelshtam. This comparison shows that the behaviour of· the reac

tion cross section in the energy region near 600 Mev can be accurately described by 

the theory taking into account only resonant transitions. In the (Omergy region below 

500 Mev the markeddifference between the measured cross sections and the resonant 

curve begins to appear; this can.be explainedD/ by the increasing of the role of 

non-resonant Sa- transition which· is es~ential near. the reaction threshold. We have 

found the contribution to the' total cross section corresponding to this transition 

by comparing the measured cross sections with a resonant curve. It turned out to be 
~ . ~ 

Vss . =(O.OJ2 + 0.007) h - c, 
Taking into account the contribution of the res~na~t transitionslJ/ the cross sea-

tion of the reaction (I) near the threshold at energies below 400 Mev can be re

presented in the form 
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5P"'; = (O.OJ2p; + 0.040~! .+ 0.047p,: ) x 10-27 cm2 • 

Here the first term is due to non-resonant Ss- transitlon, the second - to 11 dis

place.d11 Ss- and · Sd- transitions ·and the last - to Pp- transition. P.s -transition 

characterized also by the depen~ence '?~ is not considered essential in the theory 

of Mandelshtam. In the energy region 450 :- 600 Mev the cross section of the reaction 

under investigation increases with constant velocity changi~g as ~!7 In the 

higher energy region the cross' section growth is reduced -i~ agreement With the theory 

of Mandelshtam. (see Fig.l2). 

The compariso~ of cross sections for the production of neutral 

· t:-nd: charged X mesons in proton...;proton collisions. 

Using the. results of the present investigation and the data26( one can obtain 
\ 1 :r.* 

the information on the value of the ratio 9i:1r,+= 5,.~"/o,.~~n where i 5,.p;pn is 

the cross section or' the reaction p +. p ~ p + n + r.+ in the !~~al.state of which. 

nucleons are not bound (see Fig. 13). At the energy 660 Mev this ratio' is equal to 

?C"/.r.+ = 0.294 + 0.015 • 
.. - I' • 

The ratio r.•j:Jrf was calculated by Peaslee27/for the case when all the transitions 

.are made through the resonant state (T=J/2, ·"J :=J/2)and was found· to be l/5. The 

interferention of the nucleon states and the difference in :A meson masses taken .. 

into account have changed this value and brought it nearer to t'he experimental data13/ •. 

The curves given in Fig. lJ were calculated by Mandelshtam (private communication) by 

taking account of Sa-transition. The lower curve is calculated. on the assumptionlJ/ 

that three parameters describing P state production in states .of the total anguiii'r 

momentum j =2,I,O are equal to 

lb2a/ = /bral =:= /borl = /ba/ (10) 

where ba is one of two free paramet_ers of P state production in the -resonant theory. 

This assumption was made somewhat arbitrar~~ ~~-~~--indicate..~. _in t}l~_private communi

cation of Mandelshtam the following assumptioh.is more correct 

/b2a1
2

=, 2 /bra1
2= ~/borf 2 (II) 

That is, ~" meson production in 'J = 2 state is more probable ·than :J = I and :J = 0. 

In the latter case the better agreement of calculated ratio. .r."/r.+ with experimen

_tal data·is 'observed (see Fig. lJ). The other circumstance in favour of the relation 

(II) (as is pointed out in the private communication'of G. Brown) is the small value 
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of the radius of proton interaction in 3P2 state in comparison with 'Jpl and 3P
0

• Due 

to this the meson ·production in]= 2 state is less inhibited than with 7= I and 7 =·0. 

Thus, the value !ltqj~+ turns out to be sensitive to.the relation of different P 

state production parameters. The other charachteristics of the ·reaction (I) are less 

sensitive to the change of parame.ter relation. So, the angular distribution of ~o · 

mesons calcuiated for the cases (10) and (II) practically does not differ; this is seen 

in Fig. 10. 

In the energy region E ~ 600 MeV the measured energy dependence of the ratio ~(.7<: t 

is not monotonic. The reason of this is the different behaviour of the measured cross 

sections q,; and 6p~,~n : while the increase of the cross section is reduced at 
~+ . \ 

E :f:.. 600 Mev,' the cross section 6"pp,pn goes on increasing as fast as it was in the 

low energy region. 

5. C o n c 1 u s 1 o n 

The comparison of the experimental data with Mandelf?htam theory made in the 

present paper. shows that the accuracy with which this theory describes the main pro

perties of the process of .:74° meson production by protons at 'E < 700 Mev is very large. 

In connection with this the further ~ystematic investigation of this reaction in the re

gion of higher energies 700- 1000 Mev where (according to. the theory) its cross sec

tion passes through the maximum is of great interest. The data28/ obtained up till 

now in this energy region disagree; this does not permit to use them for their compa

rison with the. theory. 

., 

In conclusion we wish to thank L.I. Lapidus, s. Mandelshtam, L.M. Soroko and A.A.Tyap

kin for discussion the results of the. present investigation. lYe are thankful to E.L.Gri

gorjev., M.M. Kulyukin, N .A. Mit in and o.v. Savohenko for their help in performing the 

measurements. 
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