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The purpose of this paper was 1o complete the-systematic
investigation /1-4/ 2f neutral pion production in~nucleon—nucleon
collisions at 670 MeV and at lower energles. The experiments
were devoted mainly to %he analysis of the angular distribution
of IT-mesons in the reactions : o _#

pp = ppr° (1) and o - anT 2y
Data on the ¢ angular distributions of "T mpsons were obtained

by measuring the angular dependenc@ of the yigld Of.X rays emitted

R .
in 7 meson dacay.

Fig.1 shows the counter telescoys used to detect 5/ rays.
Gamma-rays produced on a target were collimated by means of a
lead diaphragm and £all upon a lead convérter.where they were
onvertad into elec roan~positron pairs.ﬁThe pairs were detected
by Cerenkov dnd uCinhil auiﬂn countars set in coinsidence.
In order that th@ gammantelesvope mivnt ﬁuva a 1 aergy
threshold and, thus, cguTg effecﬁivnly detect y y3ys with the
energy up to I0 MeV, special maasuren were taken (small thickaess
of the converter/T-2mm/ and scintillators/2+3mm/,a “wide geometry®

of the telescope). The telescope was not sensitive to neutrons

{efficiency of =I0 4 “as well as to charged particles.The latter

was achieved due to the avp7§cat Lon. of SLiﬂu*&l tion counter

~;detﬁbtiﬁg X vaysffbiéfd‘ ased b 'H :

the 2mm converter was removed. This fatio was. . improved. un&tl‘w
40 with lncreasing the converter thickmess up to 5 mm. %The
soincidence cirouits with the resclving time 10%8 sec permitied

to use the telescope in conditlons of a ccuwperatively large

background, The gomma-tlescope efficiency was deterxmined experie
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Fig. X. -

Experimental arrangement

Proton beam, 2) Shielding, 3) Ionisation chamber, 4) Target}’
Lead diaphragm, 6% Anticoinclidence scintillation counter, -
Lead converter, 8) Scintillation counter, 9) Cerenkov counter.
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ﬁith the agguracy (? 3) per cent. L

- The experimentq vere carried out on, ﬁhe Joint Institute foru
Naclear Research synohroc;clotron external proton beam with the in-

tensity, 10: p/cm?

seo. The proton flux was measured by a calibrated
ionization chambor with the accuracy of - 3 per cent The maximum
‘average -energy . of a proton beam at the place where the experimental

equipment was located amounted to 670 MeV The energy distribution

.2 Gt

‘of the proton beam 13 well described by the G ussian function with )
a dispersion (2.8 + 0. 3) Hev/b/. The pro*on energy decrease wasvu‘ .
achieved by slowing down the protons-in polxethyleno blockso Here
the beam d*spersion somewhat increased The dispnrsion as well as

the energJ loss in a uarget Were taken into account when determining

,,,,,

the effective energy LP'E L
The 1arge background presented onb of the main diificulties
in ﬁeasurements. It was reduced by stepbed col lim&ting the protonv;
bzam and by a special regime Qf”thg synchroqgclotron operation.
The cross section for the reaction (I)'wéé'foﬁnd by the
- subfraction methoq,“exppsingfa pulyethylene and'a light grapbite
targets. @heithickness of . the. targets was takén to?be}about Jwg/cmgg
§-~¢In ‘some. erperiments @ liquid hydrogen target was used. It
was desirable that tne counhing rate “with.a target" should be -
.considerably largersthan- that "without a target?. For. this purpooe
the telescope-was-placed.at & small distanee from the proton beam..
Gamma-radiation coming from different poinis of a target was
reglstered by a teléscppe with: aifferent efficiency. This was

taken into account since the maximum relative correction is equal



e . . ) -6 =
to I.5 per cent:for the targets used, and the: measurement accuracy
of gamma yield ratios muot be less than T per- cent A number of

control experiments were ‘performed - in which a gecd agreement between

measured- and calculated corrections was observed. The main and N
the most laborious control experiment was carried out at the proton

energy Ep = 280 MeV. As this: value 1s below the threshold of -

B o méson production in p-p- collisions, the measured ratio of

'hydrogen CT oSS sections to that of carbon must be equal to zZero
providcd the-corrections are found correctiy. “Indeed, the experiment:

al result obtained is clése ‘to- zero: oL

-~

a7 o o

7 Ir. - L -
=~ Jo4i+ 0..00
( 6PP / 696 )rroa.suted 0.00tir 0 ©

:Making use of fhe neasured éross’ section for’ neutral pion production

on carbon one. can obtain the upper limit 6 /275/ <5 IO 30 2

This value characterizes as well the eccnracy of the method used.
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" Reaction pp = ppy°

~Investigation~of the angular distribution ofix-rays producedv
4n. proton—proton collisions has been. made in two stages' the
angular distribution of g rays. produced -in collisions of - protons,f
with carbon nuclei was megsured and then using the subtraotion :
methcd (CHZ*C) the ratio cf differential .cross sections for hydrogen )
and carbon was. obtained for each angle. Figs.- 2 represents the,g
obtained cangular dictribution of . y Tays-in. the ‘reaction, (1) at .
the proton energy of'665-MeV. It 1s well described by the. polynom

sl _ _fp.p-{.e 13 4 0. o7 eoz)cos @- e e e

This function found by the least square method and accordingly

normalized is shown in Fig.2.
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Rig. 2.

N _ v . o
Angular distributione of y raysj*%e)and 7’ mesons\fﬁ (0)
at the proton energy E;=665 Mev.? | P

i - gamma-ray yleld at the angle © in c.m.s. in relative
units. The dashed line is plotted by the least square .,
method (see the text). '

The' 50lid curve ' represents the angular distribution of’
7° mesons {7 (9) (see the text). The. edge of shaded are-a

corresponds to the standard deviation. + 1s the point of
normalization, |

e & .
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The distriovution of Y rays piodﬁaed in p-p collisions.must_
be gymmetrical aboui {he %pgle 90° in the center of mass system
of the colliding nnclﬂﬂﬁﬁfﬁim S e ), as the intﬂiacting'protons are
1ndist1nguishable. herefcre avery deviation xrom symmetry shouldf
be conslidered to 1ndicatv the prgsence of’ systematic corrections “
which were not ﬁaken intc¢ account in the céurse of measﬁrementé;.
The gamma—ray angul&r distrihution'obtained was found to be
qymmetrical. If 1t is apnroximated by a polynom'which 1@¢adddtion
to zero and secona +erm3 has alsa the asymmétrical term»propor&
tional to Cos &, %ié coatribution of‘thE'laft#ér 1s negligible:
(0.069 + 0.0II) Cos 9. L

At the prdton edergy of 670 MeV the ex?eriments with 11qd1d
hydrogen wéfe also éﬁrried out. The found angular distribution
does no% differ within the experimental errors from that obtained
by the subtraction méthoq¢  | o ‘ ; | |

The‘angular distributién of ;T°mesons produced in p-p collisions
at Ep = 665 lieV can e determineé from the measured angulér dis—

tribution of Y Tays. It was found to be close to 150trop1c and

ts described by the fuﬁction
Jﬁ (6)~1/3+(o 13+oocf)c95 e

uhioh is givern- 1n Fig a This distvibutiou is close to that *?"'
calculated by ‘andelstam /9/ o"'thﬂ basis of a resonance model..:_‘
T~ ij5 o0k Coste, ' e
The similar experiments have been performed also at 1ower
pro&on energies of 550,5I0 and 485 MeV. The found angular distri—.
butions of neutral pions are approximated by the folloving
:-polyncms. . N

g , . -
E,=560 MeV ~ f,, (8)~1/3 +(0.33+0.17) 0520
B =510 MoV = {7 (@)~ 1/3 +(0.15 +0.25)Cos?0
P B pp ~
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Ep=485 MeV —jpzo(6)~ 1/3 +(0.03 Ofas)CosEG R
‘The latter curve and the angular distribution of-x rays 1s
represented in Pig.3. ,{ - | |
As may be seen from the data obtained “the angular distribu—
tion of ;7 mesons in the reaction (I) remains isotropic and doeS'l
not change with decreasing proton energy. From this follows that
in the- small energy region F mesons are produced in p—p
collisions mainly due to transition into,"dispiaced" S-state_(weq
use. the term bijandelstam) with“a“possible-minturemofmtransition
into "displaoedﬂ D-state (if we asume, that nonresonant “SS'tranSi—‘
tion has low intensity) In order to solve ‘the problem of the
role of different transition one should make investigations in

the lower energy ‘Tegion.

Reaction pn~pnn

- To obtain data on the angular distribution of mesons in the
reaction (2) the measurements were carried out with targets of
heavy and ordinary water. The resulting angular distribution of

K rays produced in proton-deuteron collisions at 66) MeV'is
given in Fig.4. Here one can find information on the angular
distribution of‘B' rays’in the reactionwgz) as a deuteron contains
both a proton and a neutron, and the angular distribution for
the reaction (I) was already measured. Howeverycone-oannot limit
oneself to.the mere subtraction of cross sections. deuteron
minus hydrogen. We shall discuss this problem in more ‘detail.
The deuteron cross section differs from the sum oflhydrogen and
neutron eross sections due to two factors: a) changing of cross
sections because of nuoleon motion insidﬂ & nucleus (in the
'energy region under consideration this cause the increase of the

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

the bombarding proton. The latter leads to decrease of the cross |
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sectionrand to asymmetry in the angular nistribution Of‘X rays.‘
This asymmetry as can be seen from Fig.4 is not large for a deute-
ron and therefore'can~be rather accurately calculated On‘the basis
of a eqnple nuclear model (e.g.; optical model) The application
of the optical model for this purpose is reasonable since even in
a case of the carbon nucleus (where the screening effect 1s large
and the angular distribution asymmetry is essential ) the calculat-
ed curte is in a good agreement with experimental data (see Fig 5)
The cross sectlon for JT° meson production in p-D collisions
can be repféeented in a form of linear\oombination'6;§;H§%Zi+%ﬁgzo
In.considering only factors a) and b) (which are the main ones) 1t‘
is natural to assume that kI-k2~k. To celculate the parameter "k
is rather difficult but'it can ‘be obtained experimentally. For
this one should compare the retios of differential cross'sections
for the energy of 590 MeV at the same angle (90 ) medsured in the
_ present work and in/7/
«, = ded /de "dsgg /d8Q
dcﬁ/d /dQ

As I/k-I/xp+ I/ ;. from the data obtained k=0,90 +_ O 03 Pro~

-385+O17 ondcx = =130+0.04

.ximity of this value to unity indicates that the effects a) and
b) are partly‘compensateé. Thus,iin determining the drese sectlpn
for the:reaction (2) one can consider‘that the deuteron crose
section 1s approximately equal to the sum of those for a proton
and a neutron. Here a small- correction must be introduced a8
K # I. | .

The’anguler distribution for the reaction (2) at 665 MeV
obtained in this way 1is well d“bcribed by a nolynom

f (0)~ 1/3+(o0. 09+002)Cos 9

" If the hypothesis of charge independence 1s valid, the angular

distribution of X”rays produced in p-n collisions must be symmetri-
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Angular distribution of y rays_produced on Carbon at
E. = 665 MeV (see ref.to Fig. 2)

.

a”¥ is the functiony®calculated in /3{/, on the basis of .

the optical model. The quantities § were obtained by

+7'd4%v1ding’ the measured. y ray yields. by ¥(6), The dashed =~ =~
gsurve was derlve
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cal about 90° in c MeSe For the distribution of Y -rays found ex-
perimentally, the; contribution of a term proportional to! the first
power of the cosine was found to be really small: (0. OI+O OI)Cos o.

The distribution oi\ﬂ mesons in the ieaction (2) estimated
from the angular distribution of 5/ rays is nearly isotropic

f (@)~ 1/3 + (o 19 + 0.05) cos2o ;
The angular distribution for the reaction (2) measured in the
same way at lower. energies differ from that obtainedwst 665 MeV°

E,= 560 MeV = fT @)~ 1/3 + (074 % O 5735) Cos?e
E = 485 Me¥. - f7(8)~ 1/3+ (1.0 £ 0.3) Cose
;o f \ (see Fig 6)

Comparison of the data shows that anisotropy of the angular distri-
bution of JT° mesons in the reaction (2) decreases when the proton
energy 1ncreases. The form of the angular distribution at small
energiés 1ndicates that the main transition is that in which at
final state the angular IT meson momentum is equal to unity,

 Absolutencross sections i nlT T

RN
A

The measurement of the absolute differential cross section
for ‘K ray production on hydrogeniwereimade at the effective

proton energy of 660 MeV for the angle 33° in the laboratory

At ey s
o CY

This ls 1n a good»agreéﬁent : ,otmon ﬁeasured

on the internal proton beam / (8 I + 0 4)5 IO 7~gﬁztf£ster on,
in determining the total absolute cross sections we shall use the
average value
‘,dC%{‘/a£2 = (8.0 1.0.3)x10_27cm2/steiad,
Taking into.account the obtained angular distributions of

X‘rays we determine the total cross sections for the reactions
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of e meson production 1n TP, p—D and p-n collisions at 660 Mev:
p (660) .(8.20 + 0.I7) x 10 */cn?,
(660) (8.0 + 0.3) x 10 2cn?,
| (660)=(5.7 x 0.2) x 10%7¢ 2 A o |
The fslue of the absolute cross section (5»-(3 36 + O 14)x10 27
(the average result of. the present. work and/z/) at the energy

O‘

- of 660 Mev is in a good agreement with cross section 6’
3.2x102Tcn? caloulated 1n 7O/, ! '

The total Cross sections were determined also for lower‘_,
energies., In these experiments thevmeasurements were made by both
the subtraétion method and by using the 1iquid hydrogen. The‘
'following cross sections were obtalned'

PP (560) = (1.6 + 0.08)x10~27en?,

P" (560) = (3.7 £ 0.2) x I0 27cm2,
pp (485) = (0.45 + 0.04) xI0 27 o2,
T (485) = (2420 0. 15). %10 Flen?. .

The coﬁparison of the experimental results‘dn the total cross
‘ sections of neutral and positive/8 S plon production at 660 Mev
"g1Ve the ratio: . ‘
Cﬂw /Gpp 3922 * 0 &0

(Here 6' 1s the cross section of the reaction p+p—p+n+JT e
j‘Thil.s ratio differs from the result of Peaslee /IO/(S) and is closer
" to that'calculated‘by Mands}stam/ /(3;9) (the latter took into
account the Interference effects and difference in meson massés).

From the;bross secinns'fbund at 660 Mev it 13 possible to
dstermine the cross sections of ﬂ'—meson‘production by nuclsons in
" the states T = I and T = 0t | |
6j7(660)=(17.Ii0.6)£10-27Cm2,‘ 6 (660)=(3+2)x10"27 cn®.
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o .This shows that jT mesons are produced at the energy of 660 Mev

mainly in the state T = I. This is observed at lower energies too:
7 (560)=(9.0+04) x 10727cm®, O] (560) = (I,8 + I.7) x I0%/cm?
(485)=(4.3i0.5)x 10%7cn?, 67 (485) = (1.5 + 1.5) = 16° om?

It Should be noted that the cross seciien (5?'15 determined'. ‘

‘as the difference betﬁeen nearly equal valuese. Therefore the cross

sections G obtained in the present wpfk as well as. in the

‘ similar investigations can be essehcially ehanged in future, when

- the vaiues of'absolute cross secfibns of pion production will be

defined more exactly.
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