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’A‘bhs t/r~a ot’
The angular distribution of 7'° mesons produced in proton—proton collisions have
been investigated at 400-665 Mev. The distributions were found to be elose to iso-
‘tropic in agreement with the phenomenological resonanee theory of S. Mandelshtam.~
The total cross seetions were measured in the energy range 313-665 Mev. At. energies
above 400‘Mev the main eontributicn to the reaction cross section is given by the
vresonant transitions. At the lower proton energies the non—resonant Ss-transition’
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becomes essential, its ccntribution to the total Cross- section being 0. 032 Q
m

The oemparison of. the measured cross sections for neutral and charge pion production
_with those caleulated from the resonance theory makes it possible to conclude that

the transitions ‘With the total angular momentum fiJ ='2 becomes preferential,

e o



vthe reaction (I) cross section at: low: energies

...'3 -

Lo Intor oductio N occnn Loarpd e Bawrlayata ol

aThe=reaction;ofr~L9r~meson productionTin proton—proton collisions’ - Wit T G

et ;jp +.pi—=p+ PHTC S T2y (D)

~occuples a;special.place among~the;reaotions»othhe "nuclecnf+~ﬁuc1eoni;aj7ﬁesoﬁn}n“

type. Its characteristic feature:is the rapidiincrease*of.thefcross'seotiOn with' 7
energy and a .comparatively small:value:of the'cross‘section:nearﬁthe~threShold{‘This*‘
1s.the consequence. of prohibition of the transition ‘in‘final state: S for;nucleons*"

and . p for:. .. meson with respect: to-the center-of mass;~playing'the main role im -

other reactions of meson production (Sp-transition in Rosenfeld's classification /)
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The first 1nvestigations of this reaction® showed that in:the energy~region»340 -

- 480 Mev its cross sectionis}p,increases as7z:;iyhere ';%:‘isvthe maximum momen= ">

‘ tum of -~ %° meson;inathe’center of mass system (c.m.s:), measured in units of ‘meson

~.mass,g1nﬂC’~:l,ﬁwhile forethe:cross sections: of other reactionsvthe%dependenceoupon7f

1?n{r"5 in4the povwer. of .no higher than. 4 1s characteristic. Phenomenological ana- '

1ysis of these data1 9/ showed that near: the threshold the reaction (1) 1s° fulfilled

- due to Pp—transition.,In papers10 16 II/ published later it was established that ‘the

cross section ~6”r'7 keeps ‘on increasing rapidly at energies 450 - 660 Mev also.‘

G}f ~ p"‘ according to Soroko's: datas/ andv Gﬂ,! ~»?e o according, toII/ Com-‘

7,8,11/ showed that in the low energy. region the cross seotion

II/

parison of the data
changes rather as ing', than as ‘? Ve From this’ the conclusion was drawn
the essential role of Ss—transition at low energies.»The further investigations of
12/ confirmed this conclusion."“*

The experimental data obtained in I/ were analysed by: Mandelshtam on the basis”

of the . phenomenological resonance: theorylj/ In difference to: the former phenomenologi—

.ecal theory : Mandelshtam takes intc account the resonant interaotion ofj” meson with

’nucleon An.the: final state. His theory suggests that in the wide energy region where

~.the resonant meson—nucleon interaction is of importance, “the matrix transition elements

are,constant except. for the factors" taking account ‘of. meson—nucleon and nucleon—nuoleon
interaction in final ‘state. The theory takes into acoount “nucleon” states interferen—
tion: and "displaced" transitions7/ 18 state production when one ‘of nucleon is" in s”
state with respect to meson—nucleon subsystem for which the only ,iey “state’ ‘is taken,

is described»by(one:parameter\and:aP state production by five parameters. The theorj‘



-;turned out to be ncn—criticalito the:relative‘change of P . state production parameters.-
This permitted to equal‘some,of them to each ctherfandﬁthus‘to‘reduce a number ofk P
‘state produotion parameters obtained experimentally -from five to two. All,three para?
meters'desoribing ;8 and P state production are determined from the‘experimental
data on the reactions of charged T'meson production in pp ollisions. Total cross
sectlons for .the reaction. (1) are calculated from Mandelshtam!s- theory with no intro-
duction of anyznditional free parameters. Due to this fact the: oomparison of:the ex~"
perimental data -on the’ energy dependence of this cross section with the theoretical :
k:ourve is .a good test of: the resonant theory. The corresponding comparison with data
fII/ made by Mandelshtam showed that the experimental and theoretical data are in a’
~ good agreement. - . oo ﬁl‘ztf?J» R my T

'The angular distribution of . T mesons‘in theﬁreaction (D) calculateddfrom'theV«
‘resonant theory- 1is .close to isotropic at all the proton energies. Experiments per-
" formed by .different methods at ‘the .energy. about 600 MevII 14 116/ indicate that the .
angular distribution of T ‘mesons are isotropig. However, at: lower 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 assumptions on theb Z: meson spectrum character, based o
on the former phenomenological theoryI 9/. 0n the basis of the: above assumptions they
ooncluded that;the;angular distribution of: : St°mesons at:330zMev~is.essentially ‘ani-
sotropic. S ‘i ' : O T .

The aim of the present work was to investigate the reaotion (1) in a wide energy

region. The: using of the same methods permitted to hope to obtain rather accurate da—
ta on changing the. oharacteristic of the reaction with energy. The main’ attention was
drawn to the little known characteristic of . the reaction;- i.e.,~the angular distribution-
;of -ﬂ meSonS. In making such- investigations it . is necesssry ‘to take into- account the
difficulty arising due. to the fact. that ~Je. mesons ‘move’ with the- velocity whioh essen-
.'tially differs from .the: velocity of- light Because of ‘this the’ angular distribution
.9:;: [‘ rays- produced in - 57? meson decay is to the’ less degree anisotropio ‘than that- of
“ijﬁmesonsié/. The anisotropy of - 3” ray angular distribution disappears rapidly’ with '
decreasingkthe‘_fﬁ_mesonjvelooity,(Fig.I).:Here the .event 1is considered when fI° mesons |
~are distributed.inic.m.s. proportionally to,l/3:+1bﬁ;Cos2§ “74+-In this case the angu~

lar distribution of'“X' ‘Tays. has~the.form»1/j +b, Cosgy,*.‘Fig.‘I gives'value‘db;/db :

Y
‘that is the measurement error .of b;,at different energies of protons Ep rroducing: e

fmesons. It is seen ‘that the error inoreases rapidly with
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TFig. 1. Dependence .of the relative error db.,/dé,. upon proton energy.
' I. - calculated for the cases b=z .0, 2 - forf =I.



Fig. 2.

Expgrimental ariangement (afbitréry sbale).

1. Focusing hagnetiq lens. 2. Polyethelene absorber. JiiShieldihg. 4. Steel
collimators. 5. Ionization chamber. 6. Iargets- 7+ A part of vh‘telescope’ ‘

" lead shielding. 8. ‘¥-telescope. M. Deflecting magnet. P. Proton beam.
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deereasing Ep and so :inorises the accuraoy of )" ray angular distribution measue
rement necessary for reconstructing the angular dist:ibution of 3!’ mesons. It should
be taken into account also that in decreasing;the‘proton energy together}with increasing
-the demands to meaSurement accuracy the yield of ¢ rays emitted in the reaotion : .
under investigation rapidlyAdeoreases. This.makes the meashrement of J; meson an—
gular distributions even more complicated. In the present investigation we have measu—
‘red the angular distributions of'x rays in the energy region 400-665 Mev where the dif-

ficulties indicated" above were ‘not so great and the equipment used permitted rather ac-

s

‘ourately to obtain the angular distribution of . J" ‘mesons.

»

2. EXPperimental Meth o ds-
Proton beam

The experiments‘mere made on the unpolarized ekternal proton beam of‘the 6 meter
synchrocyclotron‘of the JINR. lhe*beam intensity was measured mith thevacouraoy of 3%
vby means of a oalibrated ionization ohamber filled with helium. As the cross section
for the reaction investigated depends upon the proton energy espeoially near the
threshold the measurements of the cross seotions must be accompanied by the acocurate
idetermination of the beam mean energy. “At low proton energies 1t is. necessary ‘to make
precision measurements of the energy epeotrum of a beanm as well. The mean energy of the
beam was determined in the present experiments with ‘the aoouracy of “about. I Mev by
the method described in19/ The energy of protons was. decreased bysﬂowing them down
in polyetheleneblocks plaoed 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 3 Mev at the maximum proton energy. As is seen from Fig 3 the“

dispersion somewhat increases with slowing the beam down.

‘Reglstering equipment i:

Information of the angular distribution of '34 mesons and on' the total oross
’seotionswere obtained by registering J” rays emitted 4n the decay of 3“ mesons
produced on the target bombarded by the proton beam. To deteot ¢ rays a teles-
cope consisted of counters was used(Fig.4) Gamma—rays produced on the target‘nere
collimated by means of’a lead diaphragm and fall'on the lead converter mhere,they
generated electron-positron pairsg The pairs were registered by'coincidence sointil—

lation and Cerenkov ocounters. Due- to a small thiokness of the converter (0.5 - 2 mm)

and scintillators tjmm), "wide geometry" of the telescope and the lack of filters
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Dispersion. of a beam AE‘,at different proton energies E 1%/ The solid
curve represents the theoretical energy dependence calculated by taking-
into account the increase of the ionization 1oss and the dispersion of

S the’ "straggling" - type.,
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Fig, 4. . Diagram of y-telesoope. S : :
B 1.‘Lead diaphragm. 2, Crystal of the anticoinoidence counter. 3. COnverter.

4, Crystal of the coincidence oounter. 5. Foilrefleotor. 64 Radiator of Ce-
rencov counter. .
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between counters, /“-telescope had a low energy threshold and could effeotively de-

ect )" rays of the energy up to 10 Mev. The telescope was sensitive neither to 2 ;
neutrons nor to charged particles. The latter was achieved by using a sointillation‘f
“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 "y rays
increased by a factor ‘of 25 when ar converter 2 mm thick was inserted into it The e
increase of the converter thickness to 5 mm made it possible to improve this ratio up
to 40. The telesoope could be used under conditions of a oomparatively large background

due to the application oflthe coincidence oircuits with the resolving time lO sec.lp'

,° determine the enfioienoy of Jr— telescope

In most previous investigations

the measurement waiimadeJ f the curve of‘sensitivity of X— telesoope to )P-rays"

of different energies and the efficiency was found by integrating this ourve over the

energy- together with a spectra of "rays taken from the theory.Therefore, the results

' obtained in these investigations depended essentially upon the validity of theoretical
6 17/

assumptions on the spectrum of ;* rays, especially in cases when measurements were

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

cienoy was found by the experimental methodII( which permitted to find the yield of
J" rays without making any assumptionslon their energy speotrum. Dependence of the:

a3

telesoope efficiency W upon the angle ‘(see Fig. 2) measured at proton energies"

ohanges the form of the ourve w(e) due to decrease of 7” meson energy and the ve—
locity of the oenter of mass system. The measurement of efficiency w(e) oarried out

cat. 665 Mev .on. graphite, polyethelenewand liquid‘hydrogen targets showed that the value

W for hydrogen and oarbon coincide. ‘This 1s due to the fact hat the 3’ telescope

has low energy threshold. In spite of the sharp differenoerin 'J~ ray spectra at
9 = O° and 9 = 1800(20) (mean energies of the speotra are equal to 190 and 75 Mev),
the effieiency w(o°) and w(180°) differ only as much as 25%. Much less difference is‘

observed in the speotra measured for carbon and hydrogen at the same angle 16 20/

Because of this the oorresponding effioiencies are very close to eaoh other. The dif~

ferenoe in efficiency for hydrogen and carbon somewhat inoreases with deoreasing pro—
ton energy. However inwthetinvestigated energy region this difference has no effect
‘ sn the results of the measurements performed, as it was considerably less than the
statistical acouraoy of measurements of )” ray yield ratios at different angles.”‘f

g
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between counters, JV—telescope had a low energy threshold and could effectively de~ :
tect *)” rays of the energy up to 10 Mev.kéhe telescope was sensitive neither to o

: neutrons nor to charged particles. The latter ‘was’ achieved by using a sointillation
“counter plaoed in” front of the converter and- set in ‘anticoincidence with the other te— o
lescope oounters. The -counting rate of the telescope placed ‘in-the path of. "y~ rays:

- increased by a“factor of 25 when a’ converter 2 mm thick was ‘inserted into ‘it. The G

increase of the converter thickness to 5 mm made it‘possible to improve this ratio up
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to 40 The telescope could be used under conditions of
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_oomparatively large baokground

- In most previous investigations to determine the effioienoy of Jr— telesoope ;
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the measurement was made of the curve of sensitivity of X— telescope to ;ﬂ-raysgw

'energy together with a speotra of m rays taken from the theory.Therefore, the results'

G

obtained in these investigations d

epended esse_tially upon the validity of theoretical

6 17/ when measurements were -

assumptions on the spectrum of )} rays,vespeoially in cases
made by means of a*deteotor with high energy threshold.;In the present paper the effi-
oienoy was found by the experimental methodII( whioh permitted to find the‘yield of

J~ rays without making any assumptions on: their energy speotrum. Dependenoe of the:

telesoope effioienoy W upong{he angl te (see Fig. 2) measured at proton energies N

665 and 485 Mev is given in Fig. 5. At other energies the dependence W(O) has the L
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analogous charaoter. The effioiency W deoreases with proton energy and simultaneously

ohanges the form of the ourve w(e) due to decrease of ?” meson energy and the ve- ;‘

looity of the oenter of mass system. The measurement of efficienoy W(O) oarried out

cat. 665 Mev on graphite, polyethelene and liquid hydrogen targets showed that the value

‘W for hydrogen and oarbon coinoide ’This is due to the fact_that the »;” telescope
has low energy threshold. In spite of the sharp differenoe in J’ ray speotra at

9= 0° and 9 = 180°<20> (mean energies of the speotra are equal to 190 and 75 Mev),

the. effieiency W(O°) and w(leo°) differ only as muoh as 25%. Muoh less differenoe is'

observed in the speotra measured for ca bon and hydrogen at the same angle 16 20/

Beoause of this the oorresponding effioiencies are very olose to eaoh other. The dif-

ferenoe in efficienoy for hydrogen and carbon somewhat increases with deoreasing pro-

ton energy. However in the investigated energyrregion this difference has no effeot

‘ TS

. cn the results of the measurements performed, as it was oonsiderably less than the

statistical aoouraoy of measurements of IF ray yield ratios at different angles.
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The latter made it possible to use functions w(e) measured for carbon in obtaining

the angular distribution of y‘ rays from the reaction (I) in the low energy region\

”of prctons.,

FEE N Jiw B R I ERRRG A S G T e

’ Targets. Control experiments

: As a target a liquid hydrogen was used poured into a styrofoam container. The o

Vitarget was of “a cylindrical form'B cm in diameter, 25 ‘om long and ‘was placed so DR

that the beam passing along the cylinder axis should not fall on’ the side walls of o
the target (the beam width was 3 cm) The registration conditions were most fa-d
vorable in the angular region 45 <9‘<l45 .. In this case the lead diaphragm placed in
‘,frontiof the telescope prevented thevfy" radiation passing from the outlet and inlet tar-
liget windows, from coming into the;telescope. Thus, the telescope detected 3",5' B '
:radiation emitted from hydrogen only. The counting rate ‘of the telesoope ‘at 660 Mev e

,~;decreased by a factor of 10 when hydrogen was removed from the container.iw,."

= Grrmersy bl

The cross sect on for:tne reaotion (I) was determined also by the subtraction

‘ Lmethod. For this the polyethelene and graphite targets were" exposed to the beam.'”;$
iThe targets thickness equalled about Jg/cm and was taken so that the energy loss =

Polyethelene and graphite targets wer ﬁplaced at

45° to the proton beam, ‘as is shown in Fig 2 and were put into the beam in turn.

_of beam in the target was the same

"vThe targets were changed in I - J min ; this permitted to avoid the effect arising

o

due. to the change in sensitivity of the registering equipment upon the measurement o

- accuracy"In spite of the'faot that polyethelene oontain only 14% of hydrogen in‘

T'some case the subtractioanethod permitted to obtain much higher accuracy than it

i

: was in a case when ‘a liquid hydrogen target was used. The reason of this is in the

difficulty of the presision determination of the effective volume of the liquid hydro—‘

gen target in which oy ered by the telesoop",are produced. Therefore

vthe liquid hydrogen was usually used for making preeision relative measurements, ab- ‘

'solute measurements being performed by the subtraction method. B

,‘;. .

To obtain rather high counting rate the telescope was plaoed at a mall distanoe ‘

s

from the target. ere(rétx radiation emitted from different points of the target was

detected by the telescope with different efficienoy, the latter depending upon the drie
target dimentions. We shall denote further the above efficiency determined by the .

target dimentione a formfactor of a target The graphite target was made of light e
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graphite of 0.9 g/cm3 density; due to this formfaotors of polyethelene and'gra}:{hite.~
targetsvdifrered only slightly.'The maximum difference of formfactore for'the targetst
used was'l.5%‘at ] =.90° this value rapidly deoreased with deoreasing the angle 9.
Since the ratioesvof 1 ray yields from the target wvere to be measured with the acouraoy
up to 1%, a great attention was paid to the problem of determining the. target formfactors.4
‘1VThe formfactors were determind _experimentally at different angles 8 with the aoouraoy 7
_ better than 05%. A number of - control experiments oarried out with targets of aif-
ferent forms showed a good agreement between measured and calculated formfaotors. The
main and the most complioated oontrol experiment was made at the proton energy 275 Mev. '
As this energy value 1ies below the threshold ‘of the reaction of Je°. meson produotion
in pp oolisions the ratio of oross seotions for hydrogen and carbon measured by sub~-
traotion method must be equal to zero if the formfaotors are found oorreotly. The value

close to zero was really found from the experiment'

( 6,,'; / )mame .- -0.001 t 0.0»06

3o Results

v

_ Angular distributions of .} rays

In the(proton high energy-region‘the investigations of angular distributions of; \
e rays were oarried out both by the subtraotion method and by using liquid‘hydro- .
gen; In the first case the measurements were carried out in two stages. the measurement was
made of the angular distripution of T reys produced in oollisions of protons with :
carbon nuclei _f ﬂbv end then for each observation angle there was found the ratio
‘» of differential oross seotions for hydrkogen end’ oarbon dsz)/(d /d.Q)

'.The angular distribution of. T:rays produoed on.oarbon: by ' protons with ' the energy
B = 665 Mev*) is given in Fig.6 The angular distributions j%,(&? at low: energies
have the analogous form. The measurement of relative cross seotion values ‘.Eavr was made by

the subtraotion method at energies E = 665,560

ﬂ Here’ and further E denotes the effeotive beam energy, determined by taking
into aOoount the energy loss in ‘a target and: the dispersion of a beam.. =
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Fig. 6.7 Angular «distribution of - (y" rays produced on: carbon by 665 Mev - protons
The curve 1s calculated: onthe basis of the optical model .
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and 485 Mev for a great number of values & (see tables I,1I,III).

stle I E = 665 Mev
EESHEESES o ~==$== ————— =====——~——~;—====— EEEREETERISRESERERES == ‘ ESEEspESoRES==og
e° 1 20 | 33 45 60 | .75 96__ 1120 | 135 | 145 160
Grrs J147+oe 154408 | 149+05 | 145+08 | 127+06 | 116+08 | 108+05 |99+04 ] 92108 | 94£12 | 100412
A9 I S e U e 2 = B I==m=s= EEEsmsRkREERaRsRED

Table II E = 560 Mev
‘=====£='==§===;;==a$===========;=====‘===============é====‘;=’==,===='==========================
% | 16 | 34 60 . | .90 130 150
Gppy 7 {949 + 0.6 | 944 + 0.9 1745 £ 0.7 J 648 + 0.5 | 6.4 t 1.0 [ 6.0 + 0.7

T a‘bjl e VIII " E = 485 Mev,

r o [ 1.6 150 =|
‘Ls;,., '5."11_ 1.0 4.5 + 049 J
================’- ! ‘==========’===‘.- N

So detailed an investigation of the funotion f;iéﬁﬂ was made in order to oheok if
'there are. systematio errors in. the used measurement method. The distribution of [
rays produced in pp .collisions must be symmetrical about the angle 4% '= 90° in
the 0.m, system as. the oolliding particles are lndistinguishable. Therefore every
deviation in the measured distripution. from symmetry should be oonsidered to be an_ -
indication to 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
‘gi.v'enlin Fig.'?-t It is described by polynomial fPP (¥) ~ 1/3 + (o.o7 + 0,02)Cos®;
This function found by thehleast square method and respectively normalized 1s shown
Iin figf 7. The angular distribution of  y~ ; rays obtained turned out toybe_symmet—k
rical. If approximating 1t by a polinomial whieh'together with zero'and the seoond
termsicontains also‘an asymmetrical termuproportional to‘Cosfy S itsfcontrigution
Will be negligible: (0, 009 4 0.0II)Cos<Y . . The’ analysis of the measured distribu-
tion (07 shows also that the ‘contribution of . the cosine powers higher than 2
- 1s negligible, the fraotion of J”gv rays distributed as Cos-ﬁis only (0. 015 + 0. 030)
This must take plaoe at lower proton energies also, since the role of the states\
with greater momenta deoreases towards the reaction threshold Therefore 1t 1s pos-
sible to suggest that in the energy region L<660 Nev the angular distribution of :
g rays from the reaotion (I) has the form: = - ! L
B f (e)~1/3 ¥ brCoszq.9' C f @
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Fig. 7. Angular distribution of . r ra.ys from the: reaction (1) at E = 665 Mev.
) The curve is plotted by the least square method (see the text) '
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"o determine br it is enough to find the ratio .of X‘ ray yields at two diffe~
rent angles. Such measurements were made at energies lower than 660 Mev mainly with a
- 1iquid hydrogen target as the subtraotion method provides high accuracy.of determina-
tion of bf in the energy region E = 600 Mev only, as is seen in Figs.7 and 8. Gamma-
ray ylelds. were measured at the angles 8 =55 ~ 60° and 62 = 120 - 125°, The values 61
and szchanged slightly with decreasing E. The angles 61 and 92 were taken as the sup-
plement ones to avoid the difficulty connected_with determination of the effective vo-
lume of thevliquid hydrogen target The choice of the above angles is:due”to the faot
that measurements at these angles provide the best accuracy of determination of br
(1t 91.+ 6 180 ) Finally, the indicated values' e and 62 are convenient because in
the:c.m. system they correspond to the angles G = 90° and %= 145° ’ their differen—
‘ tial cross sections beirig connected with the total cross section by a- simple relation
e”‘:_:z{de’(mz)/dsndsf(n%)/dsz}, o
which’is valid with the arbitrary values of" br-.‘At the energies E7v500»Mevithe mea-—
’Asurements of br were carried out both with the liquid hydrogen target and by the sub-
traction method. In the latter csse el ray Ylelds were measured at several angles
including'angles elgand_ez. The values by foundyby_these different methods are oon—‘

VSistent within experimental errors. The values b, obtainedhare given in iable Iv.

= ‘_’;==_ E"'—"' RS SCEEECRSREESaEoS =.==‘-=—_'_ " ) - S - R ]
E Mev| 665 T 630 - | 590 560 | 517 485 440 [ 400
|_ b |0050+0017 l-—ooaio.o4 006£005 | 002+003 | 0054006 Jo,o1to.o4 —001+006 | 1015+0060

Reoonstruction of R angularadistribution }‘

Angular distributions of z° mesons c@an be reconstruoted from~ those of ; rays.
We shall show at £irst how this problem is solved in case of monoenergetio 5? mesone.
‘Let 7“‘ mesons have the velooity /e and their angular distribution is described in
the Gm-sistem by the function V(Cos é* ' ¥ ) Angular distribution of J~ rays. from e
meson decay F(Cost* ,y ) ‘A8 determined by the integral relation. ‘

bty

F(cas&so) (g: /}// V(cosﬁ,y)[[:—cost%os& —.nm9:nm.9‘cos(y sp!] dco.h&“c[gg,. l(4)

Here ¢ = A@ Vut‘;>We shall take;a*rather~generalfcaseiwhen angular diStribution of &°
mescns does not depend upon the azimuthal angle ¢ . Then integrating (4) over ¢,

j obtain:
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0 20 40 -60 -80 100 150 10 160 - 180
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Fig. 8.\. ' Anéﬁlar dyistr‘ibtiityiozi §f Krlmryé.ys‘frorﬂ thé i‘eac‘tion €] af E = 485 Mev.,

) The curve is plotted by the least square method and corresponds ‘to. the
. .dependence f' (-\.9‘) ~1/3 + 0.02 Cos?¥. "
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F(co.rf)’) = {/?r?z_ ,}/dy(cp_ng} fj(can?;ws\z‘)dcos-&, G (B) =

~The nucleus of the equation (5) is aymmetrical:

. . . e

‘_‘J(cas& co.n?) (;: - cass.$"con9)[(co.s'1$L + Cos19') (? +1}{acas\9'cos19' ¢+ 1)]

'The formula (5) permits to reconstruct the angular distribution of me, mesons

v(Cos 2"") 1f the angular distribution of y- rays is known. This task can be settled both
by the method of approximating the equation (5) by the system of linear equations and
J':by the method of . eigenfunction expansion. (The eigenfunctions of equation (5) are the
Legendre polinomials P (Cos 19'), this- follows from (4) e using the "addition theo-

~‘.’ rem" for Legendre polinomials) In"the latter case representing F(Cos\9‘) by a series

% a_Pp: (Cos19' ) obtain :

V(COS&} d (j)p (605‘9} : v f," M ' L (6)

° The eigenvalues d.,,(?/ can be. easily obtained making use of ‘the Neiman formula for Legendre

«;;‘polinomials. : Srr SE R e
oenfe),=(g’,-/)0n'(§), S T ¢ )

““.where Q,,({:} +1s the derivative‘ofhtheg Legendre function. of the second:kind:

| 0 (?) (?)Aefh(f/f} {2—7,‘}—’) aenifs). | B
With the help of the above relations .the problem of reconstructing the angular
distribution of monoenergetio J" mesons can be. settled. This task becomes more comp-
licated if %° mesons are non—monoenergetic. 'In.the most general case, when the function
of &° meson distribution Ufosd§) cannot be _separated into angular and _energy variables,
~to reconstruot the distribution U(COS&E} it 1s. necessary to investigate the angular and

energy distribution of 4" rays. In case when -the angular and -energy variables oan be

; :separated that is-
s ' U{cos& }) V(co:&} R(}) &

: :the function V(Cos 19') can be reconstruct by using the mean eigenvalues 'y obtained

» ‘as a result of averaging the function(7) over the spectrum R(y) _To 'make suoh an ave-

1:",'raging in a general case 1t is necessary 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 kinematios |
,fk*of the reaction (I).This was used in the present work since, as is‘ seen from Table IV,
i"the measured angular distributions of /" rays are olose B '



to 1setropic. In finding'the ang larﬁddstribntion.of m; mesonskitvnas assumed tnst"
the distribntion function can be "represented {n the form (8). As follows from
2 and (6) the angular distribution of % mesons have the form ’

v #,,/19} % + b cos g, o o NOR
The values of {b34  at different proton energies are given in Table ?. '

‘Table V.-

====!s~ - RERSESEID SRRV : m== ExsscoosRassEaAnEs ==m3 3 "'FBB!'!‘%—
E Mev | 665 [ 630 | 590° | 560 | 517 | 485 | 440 | -400 -
bge - [010£0.03 | -004+008 | 0143012 Jomiom 013+015 | 0024012 | ~003+016 oc;7+025
‘==§==ﬂ_-—. =R === "-'_B == "_;= B B

LR oschasssssasshbosssSas

A

" Motal oross sections of the reaotion (I).
The differential oresefseotion of 'y 'ray prednotion on oarbon at the angle 6 =33°

wasg measured at the protonrenergy4E‘= 660 Mev. Its value

A6 (35° 1660 Mev)/dsz = (7.650.4)x10" 27 on?/sterad”
is in a good agreement with a oroes section measured on the internal beam of the aooe-
‘lerstorII/ "The’ 1ntegrstion of the obtained angular distribution of Jf rays normali—

- zed to the above oross seotion gives ‘the_ total cross section for the reaction (I)
7' (660 Mev) = (3.22£0.17)x10 %7 on, ‘
The result olose to this was obtained- in experiments where’ the liquid hydrogen target
was used: B C WITR )x1072Tom2 . _ :
The proton energy dependenoe ‘of the total’ oross eeotion for the reaotion (1) was L
‘_measured An ‘the energy region 313 - 665 Mev. The yields of 'e raye were measured at
several angles 1nolud1ng the '1sotropio" a.uglesII )18, 21/ (33 and 96° 1n the” lab.
system at B =660 MeV) as well as at the angles 9 and © 2 this made 1t possible to
£ind essily the relation of the total oroes eeotions at different proton enengies. In . '
determining the oross seotions by the subtraction method the use was made of the bnergy
dependeneies of the oross seotions for oarbon measnred at "1sotropic" angles. One bf them
Ais given in Fig.9. The relative oross seotions: 6PP were determined by the- eubtraction
" method at the energiee E > 400 Mev. (eee Table VI) 4
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Table VI. .
S e e e e B e e e e e s e o e 3 g ————==========§q
E Mev . 660 645 630 610 590 560 517 485
il o Gee(=1250), 9| N ’ ) N o ,
e Subtraction 10.8+0.6 ¢ . - = | 9.3£0.6 = | 9.140.4.(6.8+0.5 | 5.5¢0.5 | 4.4+0.7 ’
method ‘ ‘ T , o L ;
The same : SRS ' e ' S ‘ v L
with 11quid |10.8£0.6 |10.04046 | 8.7+0.6 (7.6£0.5 | 7.5£0.6 [6.540.5 | 5.0£0.5 | 3.840.4 P
dro en. L iE : N - . DTy T . i B
& . . o on o v mr oy z: = prosmozsmxos ;==============;===;;==5====== e e e e G ’ . o
445 377 | 360 350 | 3407/ 328 | 313|295
e 2.940.5. | 1.340.4; | -7 - - - - SRS PR
L |2.140.3 |7 2.6£0.3 [ 2.0£0.3° . 0.940.3.|  0.710. 240 .6+0.1 [ 0.540.2 |0.3£0.2 .1 €037

‘ In the lower energy region the measurements were made with liquid hydrogen only. The re-

lative oross ‘sections ' G}p obtained by oomparing the energy dependenoe of the' cross f”
‘seotions for hydrogen (liquid hydrogen target) and oarbon are given also in Table VI., S

W : Values v s}p in this case. were normalized at “E.= . 660 Mev. The. dependence of the total

cross section of the reaction (I) upon the energy E 18 given in Table ViI.
B - N .1, . X . . \ :

v

E Table VIL
E- Mev. | ‘665 660 652", .| 645 638 | 630 622
G;‘agiiglativeh.olio.ﬁ 1,00 {0493£0,03. 0.9130.02 0.90£0.03 [0,85¢0.02 | 0:8140.03
6,x10% on74 [3.24+0.18(3.2240,17 3.00+0.18 | 2.93£0.17 [2.90+0.18 [2.74¢0.26 | 2.6140.17
1.90 |.. 1.89 1.86 (184 ] 1.82 1.79 1.77
610 597 - 590 | 560 | 531 | -507 | 485 | 458
0,7040.02{0.61+0.03 [0.5740.02 [0.385+0.013 [0.26+0.01 |0.22+0,01| 0.139+0.006 (0.093+0.008
2.2540,13 |1,96+0.13]1.84+0,13[1.24 +0.07 [0.84£0.060.7143.05{0.45 +0.03 [0.30 £0.03
173 | 269 | 1.66) 316 1 o1uet | t1i3s | 1307 0| 1.9 ]
= o= EREFSES : ==s [ ‘» : = z . E!R—Eu;i o =
445 712 [ a007 0 | 374 - 360 i 350 ) 328 | 313 | 295 ,
006340004 |0039+0005 | 002750004 [0012+0003 [ 0009 +0003 0006+0002 [0004£0002 [0002£0001 | < 0.00L| %
0420+0.02 [0.12+0.02 [0:09+0.02 [0.04+0.01 |0030+0008 |0018+0006 (00140006 {0006+0004 | < 0.004|
1.4 C0.75 | 0470 770458 | - 0.48 |7 0.32 A
SRSEERsSsEEs = === &= snsmezstzscosseat : : g
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_The total cross sections given in the same Tabla are obtained by normalizing the energy
‘ dependence of the: cross section CTP to the cross, section measured at E = 660 Mev. In
.determining the energy dependence of the total cross section the use was made of the da-
Vta of Fig.9 and Table VI as well as .the analogous data obtained as a result of measure-

ments of 5ol yields ‘at the other angles. '

As is seen from Table VII, the /’ ray yield decreases by a factor of 500 with de-

"creasing proton energy in the investigated energy region. The cross section of the reac—”

tion (I) measured ‘at 313 Mev 30 ti less thanwthe cross section for charged o x
meson’ produotion at the same energy. So small value of the effeot observed makes it ne~'
’oessary to take into aocount all the extraneous sourses, of J' radiation whioh might
oompete with the reaotion under investigation. The effect of these sourses was analysed'
‘in paper}7/ and was not found essential in the investigated region. The greatest danger
in our case presented the neutron contamination of the proton beam knocked out from the“M
vpolyethelene*absorber slowing down the beam. A number of control experiments in whioh

,‘the proton beam after being moderated was deviated by the magnet M (see Fig 2) or :
opmpletely moderated in polyethelene absorber showed that the effeot of neutron oontami—‘
nation is negligible. The estimate mado on the bas es of the known neutron yield from, the
‘internal target / also shows that the contribution ‘of the neutron contamination is small

"and is equal ' to: no more than 3% of the cross seotion measured at E = 313 Mev. In the in—‘~

vestigated energy region all the measured ‘X~ ray yields can be practioally related to
the reaction (1. At the energies closer to the reaction threshold than that of our oase,
the hard y..ray bremstrahlung of protons beoomes essential the oross section of which ‘

aooording t°23/ is equal to lO 30 2

4. _Disowssion ¢

- Angular distributi'on of T‘ messns R

The oharacteristio feature of the angular distributionswof n mesons obtained in our

PES

experiment is their isotropy in the whole investigated region of the proton energy. The -

11 17/ are ‘more anisotropic at small proton energies, as

‘mgular distributions found in
is seen in Fig. 10. In this figure the energy’ dependenoe of 8=1/1 + bge s given, -

which is the fraction of mesons distributed isotropioally in the case if the angular
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Fig. 10..

‘Angular distribution of N4 mesons in the reaction (I) /function 5 (E)/

bxw is the coefficient in distribution (8) (see the text)
¥ --the results of the present work.A
3 = the ‘data- ofII/ ' o
. § - the-data gt /

‘The curves are calculated. I - on the assumption of (10) without taking
.. .1into acoount non—resonant Ss—transition. 2 = the same_as I but the :
“1‘account was taken of Ss-transition. 3 - on the assumption of (II) with
: account taken of Ss—transition.'ﬁ SR S ,
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distribution hasﬁthe form(9);and b.z0. rhe value‘zsr at ‘E=329VMev was determined the
detector with high energy threshold17/ and thus, it depends‘esSentiallyfupon.the vili~
dity of the theoretical assumption made with-respect-to the =x°. meson distribution
function. The present phenomenological theoriesI 9 13/ differ in: their conclusions on
the function of meson distribution in: the reaction (I)%- Experimentallyidetermined
values 6 are compared in. Fig. lO.with the dependence S(E) ‘calculated by Mandelshtam
(private communication)* on - the basis of the theorylj/. The curve (I) in this figure 1s
’calculated taking account of the resonant transitions. At high energies the value- 8
turns out to be close to unity. According tolj/ this is a consequence 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—»

gular distribution: of - %° mesons produced'in the resonant transitionS“inoreases,However,i;wumr;

the“contributiontof the resonant transitionslin’this energy regionfis rather small.
Non—resonant Ss-transition characteriaed by the isotropic angular distribution" Te
mesons is predominant here. Therefore the dependence S(E) calculated taking account of’
nonresonant Ss ‘transition turns out to be close to unity in all the investigated ener-
gy region, this is in a good agreement with the results of the present ‘paper. ' |
The values B given in Fig. 10 were determined here from the experimental data on.
the values bX. with the assumption that the angular and energy fraction of & meson
distribution are indepdnent (see the formula (8)) The Mandelshtam theory, however,
predicts that the anisotropy of angular distribution of J“ fmesons is the less, the
. lower is their energy, ‘and near the lower boundary of the spectra the coefficient Dre
becomes even negative (contrary to1 9/) Therefore, if the values & are caloulated from

the data’ of Table ‘IV. on the basis of the spectra taken from Mandelshtam theory, they are.
situated a little Jnearer to unity than it is shown in Fig. lO. -

*)We 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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_-The total cross seotions of the reacticn (.

§ ~ the results of the: present work ,-
§ ~ the results of the present work and (7),
"I ~the results ofII/ % ~.the results ofla/
The arrcw indicates the reaction threshold. I.~ The resonant curve

caloulated in13/. 2~The curve taking into account the non-resonsnt. Ssl‘ -

transition the ocontribution of. which to the total oross section is-

~equal to 0.033 P2 107 =27 o

it
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Energy dependence of the reaction (I) cross section

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

‘ Fig. II ‘Here the oross 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

data on the relative _cross section (see Table VI). The ‘total cross section o
Pp(340MeV)=(0 018+0 005)x10 27cm is twice as 1arge as the value of the cross seotion

(0.010+0. 003)x10 27cm previously found from the data7 8/ and’ usually used in earlier

Ainvestigations. The- reason of this difference is in- the divergence of cross ‘seotions

for carbon measured in the present paper: (3 0+0 4)x10 27cm and in - (1 7+0 4)x10 2Zm .

- It should be ngted that the cross seotion for eharged J¢ meson produotion on carbon

~at this energy is equa124/ to. (7.5+1. O)xlO 27cm . From this follows that . G}C.e;

=(3.7+0. 5)x10 7cm2 4f using the relation/é( ) 5}c ; whioh follows‘from‘the

‘hypcthesis of charge independenoe of nuclear<forces and is rather aocurately fulfil-

'nled in the experimentg?{

. As 1s seen from Fig. II the measured cross: sections are in agreement (within

experimental errors) with values found earlierII/. The cross sections measured: in

"‘Carnegielz/ are placed somewhat below than those. obtained in the present investiga— .

E tion, this can be explained by the increase in12/

zf .telescope efficienoy. The ’
caloulated in this paper efficiency at high energies of )"‘ rays exceeds its maxi-
A mum possible value equal | to I~exp(— /Md) Here /u iS»the-coefficient of 'y~ 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 reao~-
"tion oross section in the energy region near 600 Mev can be accurately described by
the theory taking into account only resonant transitions. In the energy region below

500 Mev the marked difference between the measured oross sections and’ the resonant

curve begins to appear, this: can’ be explainedlj/ by the increasing of the role of
‘non-resonant Ss-transition which s essential near the reaction threshold. We have

found the oontribution to the total cross section oorresponding to this transition
‘by comparing the measured cross sections with a resonant curve. It turned out to be
‘ . 6k . =(0.032 £ 0.007) 2 1072 7on? | |
Taking into acoount the contribution of the resonant transitionslj/ the cross seo-
tion of the reaction (I) near the threshold at energies below 400 Mev can be re-

presented in the form
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Dependence of the reaction (I) cross .section upon the momentum 15"

1n the region of maximum. Experimental data and the theoretical

ourve taken from13/ are normalised at E = 660 Mev. The errors 1ndicatedd

. 3in this figure correspond to those of the-relative measurements of

the energy dependence of the oross seotion and therefore they.are 1933‘

than the errors of Fig. 1z showing the errors of the: absolute measure— f
ments of the cross sections. ‘ ‘ i i
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6, = (0.0322 + 0.040p° + 0.047pF ) x 10727 cu?,

Here the first term 1s due to non-resonant Ss—transition, the second - to "dis-
placed" ' Ss- and “sd = transitions and the last - to Pp—‘transition. ?s ~transition
characterized also by the dependence ?ﬂf is not considered essential in the theory ’
of Mandelshtam. in the energy region 450~ 600 ruev the cross section of tho reaotion
'under investigation increases ‘with' constant velocity changing as 12:'7 In the ‘
* higher energy region the cross section growth is reduced in agreement with the theory‘
of Mandelshtam. (see I‘ig 12) : ‘

.

‘The comparison of cross seotions for the production of neutral

"end-charged % =~ mesons in proton-proton collisions.?

[

" Using the results oi‘ the present investigation and the data%( one can obtain

the information on the value of the ratio .7'/7' / P:"P" where 5,,::,;n is

the cross section of the reaotion p + p > p +n + 7t in the final state of which
nucleons are not bound (see Fig. 13). At ‘the energy 660 Mev this ratio 15 equal to

‘ T B r/r*~0294+0015 .
‘ The ratio 7"/.7-* was calculated by Peaslee27/ for the case when all the transitions
'.are made through the reSonant state (T=3/2 I =3/2) ‘and was: found to be 1/5 The
interferention of the nucleon states and the differenoe in = meson masses taken,. .
) into aooount have changed this value and brought it nearer to the experimental data 3/.‘
The ourves given in Fig. 3 were calculated hy Mandelshtam (private communication) by L
taking account of Ss- transition. The lower curve is calculated on the assumptionlj/
‘that three parameters describing P state .production in states .of the total angul&‘r "

momentum 7 -2 yI,0 are equal to ‘ - | o
alebulebed=kd oy

where b is one of two free parameters of P state production in the resonant theory.

'l‘his assumption was made somewhat arbitrary. As is indioated in the private communi-

cation of Mandelshtam the following assumption is more oorrect o
2 2_ 2 o
|b2a] = 2[v,[%= 2[bOI] « .
That is, !"’ meson production in 7= 2 state is. ‘more probable than .7- I and J= Q'.
In the latter case the better agreement ‘of oalculated ratio .7'"/]‘* ' with experimen-—
tal data is: observed (see Fig+ 13) ’l‘he 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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_I"fiig.i 13. . ., The ratio of the.cross sections for i“ ‘and- “%&*: meson:production’ by i
; protons of different energies. The solid ourve is; calculated on the E
assumption of ‘the “equality (111), the dashed curve of the equa.lity (Ip)
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of the radius of proton interaction in 3P2 state in comparison with 3Pl and 3PO. Due

to this the meson production in J=-2 state is ‘less inhibited than with J= T. and "7 = O.’
Thus, the value 5?3&?* turns out to be sensitive to-the relation of different P

‘\state production parameters. The other charachteristics of the reaction (1) are. less

sensitive to. “the change of parameter relation. So, the angular distribution of - e

mesons calculated for the cases (10) and " (II) practically does not - differ, this is seen

" 4n Fig. 10.

In the energy region "B % 600 Mev the measured energy dependence of the ratio Y%t

- 1is not monotonic. The reason of this is the different behaviour of the measured cross

‘sections Q;‘ and GPth. while the increase of. the cross section e is reduced at
- +
E > 600 Mev,‘the cross" section k,GA:;n goes on increasing as fast as it was in the

low energy region.

5. Conclusion

The comparison of ‘the experimental'data with ; Mandelohtam theory made in the
Present paper shows that the accuracy with which- this theory describes the main- pro—
perties of the process of = %&° meson production by protons at 'E< 700 Mev 1is very large.“~
In connection with this the further systematic investigation of this reaction in the re-
. gion of higher energies 700 - lOOO Mev where (according to the theory) its oross sec-— ..
tion passes through the maximum 1s of great interest. The data28/ obtained up til1 '
now in this enexrgy 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. We ‘are thankful to E.L. Gri—‘
gorjev, . M.M. Kulyukin, N.A. Mitin and- 0. V.‘savohenko for their help in performing the .

.measurements.
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