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Abstract

By a_combined investigation of neutral pion production in p—~d and p-p collisions the
data were obtained on the magnitudes.of the total cross sections and’angulaf distributions
for the react;on pn — pn%° in the energy range from the threshold to 665 MeV. Thé com-
parison of these crossvsections wifh those from other reactions shows that the requirement
which the hypothesis of yhe isotopic invariance 1imposes on the relation between the total
cross sectlons for various reactions of pion production is fulfilléd in the investigated
energy region within the experimental error (up to 10%). The pion production in the state
with the 1Sotop1c spin-T = 1 1is approximately twice as 1intensive as in the state with
T = 0. The angular distribqtion of neutral pions produced:in nucleon-nucleon col;isions
at éﬂ energy of aﬁout 650 MevV was found to be close to isotropic in contrast to that of
the charged pions which 1s essentially anisotropiq by the data of Neganov and Savchenko.
This dlfference contradicts the hypothesis of the isotopic invariance. The latter conclu-

sion has, hoWever, some objections and is of a preliminary character.



J. Introduction

The investigation of neutral pion production in p-n collisions is nou ef a eertaiu
interest as it allows to clear up in this way the role of the transitions with the isoto~
pic spin T = O in the inelastic nucleen dollisions. At the same time the comparison of
the magnitudes of the cross sections of the reaotion mentioned abeve ﬁith those for the
pion production in other reactions studied earlier makes it possible te‘establish to
what extent the hypothesis of the charge independence of nuclear forces is valid.

0f the two reactions for neutral pion production in nucleon—nuoleon'collisions:

p-';p--x"+p+p ‘ (1)
and P+ n— & {? +n . S 2)
the latter is= more intensive, but its investigation is much more diffioult than that of
reaction (1). Reaction (2) remains so far one of those studied least of all among the

processes of the type "nucleon + nucleon - pion". This reaction may beAinvestigated by

two methods: by bombarding the hydrogen nuclei by neutronsll_Bl and by comparing experi-
mentally the cross sections of the reaction '
p+d -~ &°+ nuoleons ' (€))

with th cross sections of reaction (1)_'4—7|. In the,first case there arise the diffi-
oulties concerning the methods (low iutensity of neutron beams etc.), as well as those
of a principle character,( a larée width oflthe.ueutron energy spectrumlai). In the se-
conu case the meesurements afe simpier as for the methods used, but the interpretation
of the experimental data becomes eensiderably diffieult beeauSevoi the nucleon motion in
a deuterium nucleis (that is equivalent to the problem of the wide neution spectrum in
the first case) and because of other effects Which are due to the nucleon bindiné andeto
the presence of an 0dd nucleon in the final'state‘of reaction (3) if compared with reac-
tion (2).

To study reaction (2) we have chosen the second way from those mentioned above. A
ocombined investigation of reactions (3) and (1) has been made under the same experimental
conditions in the wide’energy‘interval. The measurements of the oross sections were ma~
de both above and below the threshold for pion produdtion-in the oollisionsof free nuc-
leons (280 MeV). to reconstruct’momentum distribution of nuoleohs in a deuteron, without
that the interpretation of the results of the measurements is impossible in the region
adjacent to the threshold. The main attention was drawn to the investigation of the neu-
tral pion angular distribution. This oharaoteristio of reaotion 2) was 1ittle studied.
earlier at energies 400 and 590 MeV there were measured the angular distributions for

the second channel of the reaotion (where a deuteron is produced in the final state); the



total angular distribution for both channels of the reaction was determined with a low

accuracy at 660 Mevl6‘

2. Experimental Methods

A general set-up and the methods of measurements are analogous to those desoribed in

|11‘. The 1nformation on the angular distributions of neutral pions and

our previous paper
on the magnitudes of the total ceross seotions for reactiqn (2) have been obtained by mea-
suring [~ quanta yields from the decay of neutral pions produced in the targets when they
are traversed by proton beam « The experiments were performed with the external unpolariz-
ed proton beam of the six—meter synchrooyclotron of JINR. A y° telescope having a low
energy threshold and consisting of sointillation counters and a Cerengov cquhter was used
to detect [“quahta. Heavy‘end ordinary water poured into thin—walled containers as well
as light graphite and polyethelene CCHa)n plates served as t%:gets. The comparison of j~
quanta yields from these targets allowed to find the magnitudes of the ratios of the diffe-

rential cross sections for a deuteron and oarbon

. = (A6 /dR)/ @Sk /a2)

,and the differential cross sections for the deuteron themselves (the cross sections for =

carbon were measured earliegllll). When determining the ratios 6;, in the low proton
111]

energy region the data obtained with -the help of the liquid hydrogen target were used.

'3.H,D1fferentia1 and Tetal Cross Sections for Reaction p+d — %*+ nucleons

The angular dependences of the relative oross section Ei; and the differential oross
seotion of the reaction (3) have been measured in detail at proton energies ¥ = 665, 560
and 485 Mev* (see Table 1).

Table 1. E = 665 MeV.
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«6.»=6,,~6,,, 7| 20:7+ 1.0 | 20054 1.5 1°19.4 & 0.7 | 2044 + 1.5 | 16.4 +
Sl, f V1 35i4 +Li2 | 35,9+ 1:87 | 734.5 £70:09 ] 34,9 £71.7 | 29,1 + 0.9

dspg/m’ ,0‘?{”,,/““1 3.72 :‘~'o;'30-1“‘3.41 + 0430 | 72062 °+°0.16 | 2.20 + 0.25°| 1.34 + 0.08

* ®  is the effeotive energy of the beam determined with account of the energy
loss in tne target and of the beam dispersion {121.



75 i 96 | 120 { 135 { 145 [ 160
19.1 + 1.0 | 18.9 + 1.0 | 16,3 + 1.3 | 15.5 + 1.4 | 14.1 + 1e4 | 1642 + 3.5
30.7 + 1.3 | 29,7 + 1.2 | 2642 + 14 | 24.7 £ 1.7 | 23.5 + 1.7 | 26.2 + 3.7
1.17 + 0.07 | 0489 + 0.06 | 0.66 + 0.05 | 0.56 + 0,04 | 0.52 + 0.04 | 0.51 + 0.07
E = 560 MeV - -
8° 16" l 34 60 90 130 150
Ll &L, P [24.551.2 22,1414 [16.7+0.9 (17.640.7 [17.120.9 |19.9+1.0
& , Y 134.4£1.6 [31.521.6 [24.241.2 [24.440.9 [23.5:1.3 [25.9+1.3

|0.70+0,06|0.474+0.03]0.31+0.02{0.33+0.03

a6, /A8, 1077 ini/ster

E = 485 MeV

o° ! 1 | 3 | 6 | 9 | 130 | 150
«6L», P 121.5+41.0 [21.1+41.,0 {16.0+1.0 {13.6+0.8 [16.5+1.4 |19,2+1.7
6% , 4 126.6+41.4 126.4+1.1 [21,3+1,3 [18,1+1.1 [20.5+1.6 [23.7+1.9.

dsk/dR, 107 cm¥ stez

10.9640.09]0.79+0.06

[0.41+0.04]0.23+0,02]0,19+0,02{0.19+0.02

8 1is the angle of quanta emergence 1n.the laboratory system (1l.s).

At other proton energies the ratilos
were measured either at the "isotropic" angles (see, e.g. Table 2), or at the
about 60 and 120° in the l.s. This allowed to determine the magnitudes of the

sections irrespective to the character of the angular distribution of neutral

G,

The magnitudes of the total cross sections C%:'

{
o and the differential cross sectlons

for
angl
tota

pions

carbon
es of

1l cross
113,11,

found for reaction (3) are given in Tab-

le 3. While determining the oross section in the point E = 175 MeV the extrapolated va-

4

lue 6o = (10 + 4)% was used,
' Table 2.
= 55°,
E, Mev | 665 1 645 |- 610 | 560 1 485
«6pa?, % 1 19.4+ 0.7 | 21,0+ 1.4 | 19.4 2 1.2 | 22.1 ¢ 1.4 | 21.1 3 1.0
6ue, A 1345£0.9 | 352215 [ 30,82 1.3 | 315+ 1.6 | 2643 1.1
440 i 370 | 330 | 290 | 250 | 215 | 175 exte.
18.9 + 1.0 | 16.5+1.2 ' | 15.9+1.2- | 10,0+1.8 | 9.4+2.0 | 13+ 4. |10 + 4
21; 9 + 1.2 | 17.541.3° | 16.141.2 | 10.0+1.8 | 9.422.0 1134 |10 + 4

& ~ the angle of J‘ . quantum emergence in the center—of-mass system of colliding

nucleons (C.m.s.).



Table 3.

E, MeV { 665 i 652 | 645 | 630 { 620
62, 1027 on® | 7.9+ Cu4 | 7.6+ 0.5 | 8.0 £0.5 | 7.6+ 0.4 | 7.0+ 0.6
&X', rel units.| 1.00 | 0,96 + 0.06| 1.01 + 0.04 | 0.96 + 0.03 | 0.89 + 0.06
610 ! 597 i 590 i 560 | 520 | 508
6.8 + 0.4 | 6.1 £ 0.5 | 5.8 + 0.4 | 4,45+ 0.30 | 3.2 ¢ 0.2 ] 2.9+ 0.2
- 0.86 + 0.04 1 0.77:% 0.05 | 0.73 £ 0.03 | 0.56 £ 0.02 | 0.39 % 0.02 | 0.37 + 0.02
485 I 440 ! 437%) | 400 | 370 [ 3409)
2.37 + 0.18 | 1.54 + 0.12 | 1.15 + 0.22 | 1.0 + 0.1 | 0.68 + 0.08 | 0.59 + 0.15
0.30 + 0.02 } 0.19 + 0.01 | - ] 0.13 + 0.01 | 0.086 + 0.008] -
330 | 290 I 250 ! 215 I 17500,
0.38 + 0.06 | 0.19 + 0.04 | 0.08 + 0.02 | 0.06 + 0.02 | 0.025 + 0.010
0.048 +-0.007 | 0.024 + 0.005 | 0.010 + 0.002 | 0.008 + 0.002 | 0.003 + 0,001
a) - by the data of Stallwood et a.l.]7|
b) -~ by the data of Hales and Moyer 141 and paper.llll

’

In the energy range 580 — 660 MeV the relative cross sections 6,4 obtailned in the
present investigation are somewhat different from those found earlierlsl. The reason for
this divergence‘is, likely, to be the local overheating of the 7, D’ target which conducts
the heat badly when radiating it with the internal beam of the accelerator. This introdu-
ces a systematica14érror into “the calorimetric method|6] for the determination of the pro-
ton beam. With decreasing the working radius of the target 1ts heating rapildly decreases
and the abofe,erfB?”ﬁﬁEt*diqupear. Indeed, at the energles lower than 580 MeV the magni-
tudes of */Eﬂd obtained in fhgvpresent experiment‘and 1nl6l'coincide within the experimen-

tal error (20% 1h|6‘).

4. Total Cross Sections of Reaction (2)

The comparison of the obtéiﬁed cross sections for the reaction p + d — %° with tho-

111] allows, 1in prinoiple, after taking into

se for the reaction p + p —~ 2% - found earlier
account the 1nfiuence of the nucleon binding in a deuteron to determine the cross sections

of reaction (2) we are interested in. The nucleon binding changes the magnitudes of the



cross sections. As a result the cross section for the deuteron is found not to be equal
tp the sum of the cross sections for the proton and néutron.'In the energy region under
consideration which is situated not very far from the meson produdtion threshold the main
effect of those due to the nucleon.binding 1s the ‘change of the magnitudeé of the crbés

|14l, In the investigations performed

sections because of the nucleon motion in a deuteron
earlierls’e’151 the influence of the  binding was taken into account in no way. The cross
seotion for the neutron hés been found by a simple subtraction "D - H" that may be regard-
ed only‘as a‘first rough approximafion. The use of a similar approximation in these experi-
ments was quite justified'sinpe they were performed at high enefgies where the corrections
taking into account the 1hf1uence of the binding wére measurable with an inaccuracy in the
determination of the cross sections (15-30%). In order to pass to the low energy region as
well as to decrease the inaccuracy 1n the determination of the cross sections.at high ener-
gles it 1s necessary to take into account, at least approximately, the influence of nucle-
on binding. To solve thiskproblem one ought to know the momentum distribution of nucleons
in a,deuterony _

In the energy region which 1lies near and below the threshold the energy dependence
of the cross sections for the reactions occuring on the deuteron nucleons, in particular.
reaction (Blare fully determined by the character of the mcmentum nucleon diétribution,

mainly by the form of its high momentum "tail",., With decreésing the incident proton ener-

gy the role of the deuteron nucleons posseséing large momenta at the moment of collisions
become even more essential. At the same time the contribution from the low energy rart of
the momentum distribution rapidly disappears. Due*to this the investigation of the energy
dependence of reaction (3) cross section in the region near the .threshold is rather a sen-
sitive method for studying the form of the momentum distribution (and‘especially its
"tail")., The momentum distribution for the deuteron has been found by this method 1n|14!
according to the data of Table 3 of the present paper. It was found to be close to the

IlGl. Being aware of the momentum distribu-

function oalculated by Salpeter and Goldstein
tion one may reconstract the magnitudes of the reaction (2) cross sections starting from
the data on the cross sections of reactions (3) and (1):

Con' = Sux/ 4G = 6 G/ Gun - ® \
The functions -¢,, and g, which are characteristic for the change of the magnitudes of
the cross sections due to the intranuclear motion, and the coefficient k ‘taking into
account all the rest effects due to the presence of the "odd" nuclgon were ca;culated 1£Lg

Making use of them and of the data of Table -3 we obtain the total cross sections for reac-

tion (2):



Table 4.

E, MeV | 665 . . | 652 | 645 | 630 | 620
Fad —
Spn, 1027cm® | 6.3+ 0.4 | 6.1+ 0.5 | 6.5+ 0.5 | 6.1+ 0.4 | 5.6 + 0.5
‘SP,’._', rel. units.| 1.00 | 0,97 + 0.06 | 1.03 + 0.04 | 0.97 + 0.03 | 0.89 + 0.06
PN ] 1.50 1 .86 1 1.84 I 1.79 I 1.76
610 | 597 | 590 | 50 | 520 I 508
1.73 | . 1.69 | 1.66 ] 1.56 1 1.43 ! 1.38
485 l 440 1 400 1 370 I 330 . | 290
1.57 + 0413 [ 0495 £ 0.10 | 0.56 + 0.06 | 0.34 + 0.04 | 0.15 & 0,03 | 0.011+0.003
0.250 + 0.015 | 0,151 # 0.010 | 0.089 + 0.007 | 0.065 + 0,007 | 0.033 +0.006}0,0020+0.0605
1.30 i 1.12 | 0.95 | 0.81° ] 0.59 ! 0.25

Here 4 1s the maximum momentum of a neutral pion in the c.m.s.
: in the units of the meson mass mg oc.

- 5. .Angular Distributions of ¥ Quanta.

Angular distributions of  quanta from the decay of neutral pions produced in reac—
tion (3) have been measured in the energy region 400-665 MeV. At these energioo the influ-
ence of the nucleon binding im a deuteron upon the angular distribution is not great and'
may be simply taken into account by -introducing the effective c.m.s8. system, the velooity
of which in the l.s. ;p i1s only slightly different from that of the c.m.s. for the case
of the collision with the nucleon at rest. The quantity ~P haes been determined by inte-
grating the velocity of the c.m.s. of an incldent proton and nucleon moving in a deuteron

~with the momentum E' over i;, with account of the Salpeter-Goldstein momentum distribu-
tion and of the energy dependenoce of the cross seotion (these oalculations are analogous
to those glven 15'14‘). The angular distribution of neutral plons in the effective CeMeBo
thus introduced practioally colncides with the ‘angular distribution (in the Cemes.) of
plons produced ‘An the collision of unbound nucleons.

The measured angular distribution of Is quanta produced in p-d collislons at 665 MeV
is plotted in Fig.l.
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Angular distribution of ¥ quanta from the decay of neutral pions produced
in p-d collisions at 665 MeV (in the effective c.m.s.). The dashed curve is

drawn by the least square method with account of a small correction for scre-
1n1ng.ll7].

As 1s seen from thlis Figure the distribution j;:[&j is somewhat asymmetrical with res-
pect to 90° while the angular distributions for reaotions (2) and (1) must be symmetrioal
i1f the hypothesis of the isotopic invarianoe is valid. The asymmetry appears due to the
absorption of a pion and-an incident proton. In such a simple and "spread" nucleus as a
deuteron the absorption must be small and the asymmetry-of the angular distribution is not
large. Indeed, the contribution of the term proportional to cos< to the distribution
Jﬂﬁ(”? (Fig.1l) is only 5%. This small correction may be caloulated sufficiently acou-
rately (due to its smallness) on the basis of the simplified model of a homogeneous nucle-
us with account of the experimental data on the pion and nucleon absorption in the nuolgar
matter. In oase of a complex nuoleus (oarbén) where the absorption is great and the con-
tribution of the asymmetrical term to the éngular distribution amounts to 30% the depen-
dence of :the ooefficient k upoﬁ the angle thus‘calculated'agree rather well with the ex-~

perimental data]17’11|.

The angular distribution ]ﬁ::” () obtained from the distribution fpf(,;y ‘after
intrcducing the correction for absorption into it is well deso:ibed by the polynomial
]ﬁfqmﬂﬂf ~1/3 + (6.07 + 0.02) cos%&. .
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If one subtracts the distribution found for reaction (1)llll from the above distribution
one may get the angular distribution of , quanta in reaction (2) Jﬁffﬁ? at E = 665MeV.
This distribution in approximated by the polynomial:
£S0#) - 1/3 + (0.08 + 0.02) cos .
The distribution jﬁfﬂ&V is found to be symmetrical with respect to 90°, If we approxi-
mate it by a polynomial which besidés zero agd the second term contains an asymmetrical
" - term as well proportional to cosa® , then the laﬁter“is fsund to be insignificanf:
(0.01 + 0.01) cos? « Small is also the contribution to the total cross section from
higher than the second powers of cosine. It follows from herellll that in the energy regi-
on to 660 MeV the distribution of p quanta in reaction (2) 1s of thé form
Fuf8) ~ 13 + b.cos?F

The magnitudes of b, obtained at various proton energies are presented in Table 5.

Table 5

E,MeVl 665 |- 630 | 590 - | 560 | 520 ] 508 .| 485 | 440 | 400
I0.08&!0.4111-_0.0510.10_-_+_0.04|O.18_-t0.05IO.14i0.05|0‘.16-_+_0.06],0.18i0.0510.13¢0.05l0.12¢0.06’
< 10.02 .

6. D1 scussion

Total Cross Sections and the Hypothesis of Isotopic Inva;iance

» VZA weil-knoﬁn consequence of the hypotehsisAof the isotopic invariance 1s the rela-
tiahShip connecting the total oross sectibns for the neutral and charged pion production
in nucleon-nucleon collisions: =

(67 + 6 + 60 )/ 260 + 60) =1 . S (%)
Having usea the ﬁaénitudes of the total cross sections of reaction (2) found in the pre-
sent 1ﬁvest1gatibﬁ and the cross sections of other reactions studied éarliér‘ll’18-22| it

is possible to. check the validity of equality (5) in the wide energy region from the thre-
shold to 665 MeV. As 1s seen from Fig. 2 co
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this relationéhip in the above-mentioned energy region is really close to Unity. At ener-
gles near 600 MeV, where the total cross sections are measured with the least 1naccuracy,
equality (5) is fulfilled with an accuracy 8~10%. Out of the quantities entering into this
equality the cross section Czﬂg 1s the least known. The experimental data on this c:nsq
section has been obtained only at two energies (400'20‘ and 590 MeVlZI‘). At other ener-~
gles the quantitiles §$:‘h ﬁsed in Fig. 2 have been found by:aﬁproximating the energy
dependence of the cross section q;‘ by the power funetion g:"Q’ 122|. The inaccuracy
dﬁe to the use of similer‘approximatioh cannot be large since in the -energy region under
consideration the contribution of the cross section GZ:’ to the equality (5)15 comp%—
ratively small. In the region of higher energies relation (5) has been recently measured

at E = 970 ‘23] The cross seotion at this energy is found to be unexpectedly large, that
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led to the magnitude of the relation (5) somewhat different from unity (Fig.2).
Using the obtained cress sections of reactioen (2) 1t is possible to determine the
magnitude of the partial oross seotion 6, 122} (correspondipg to the transition TN = Q-

~Ty=13 T 1s nucleon 1sotopic spin)

N

6. =265 +&7 - &7 )
at various energles (Table 6). The orbss section 6, may be also obtained from the rela-
tion

6, =26, — 6, ¢))
The magnitudes of 6, found in this way are denoted in Table 6 by an asterisk. Besides
the partialvcross sections in Table 6 are plotted the magnitudes‘of the oross sections

for plon production in nucleon—-nucleon collisions with the total isotopic spin T equal

to 1 and O:
. 6, = 5,.:_‘1“ 6,,:‘ and 6, =36, -
Table 6.
E , MeV 1 "e60 | 645 | 630 | 620 | 610 | 597 | 590
6, , 10 “/en” '1.7 + 1’.1‘2\.6 + 1.1]3.1 + 0.9]2.7 + 1.112.9 + 0.9]2.3 + 0.9]1.9 + 0.8
. | 1.9 ¥ 0.9%
S, 10 °Tcm® 110.9:0.5 [10.2£0.5 9.1 + 0.5{8.5 + 0.5[8.1 £ 0.57.5 + 0.5]7.3 + 0.5
6., 10 °7em® [3.2240.17]2.93£0.17]2.7440.16|2.5540.1712.25+0.14|1.96+0.14|1.84+0.12
6,, 10°7cm™ | 5.1£3.3 | 7.8£3.3 | 9.3:2.7 | B.1£3.3 | 8.742.7 | 6.9+42.7 | 5.6¢2.4
6,, 10 °/om" [17.1+0.6 [16.0+0.6 |14,5¢0.6 {13.5+0.6 [12.5£0.6 |11.5:0.6 |11.0£0.6
560 1 520 | . 485 | 440 ] 400 ] 370 ] 330
0.6 +0.5 | +0.4 o.1F l +0.2
0.9 + 0.6 0.1" 0.1 S 0.1 -0.1 0.1F7 ‘ .-
t ’ 0.1 5.1 l -0.1 I Z0.1 ! 02296 -08* 0.1
1.24 + 0.08/0.75 + 0.06]0.45 + 0,003{0.20.+ 0,02 |0.09 + 0.02 | 0.04 + 0.01] 0,014+0.00
2.7 1 108 +108 +ll5 +102 +0.4 | )
0.320.3 0.30.3 l 0.3.6.3 0:320.3 | 0.3t3:$ ‘ -
o v 0.65+0.25% . :

The oomparison of the magnitudes of the dross seotions given in Table. 6 shows that 1in the

energy region from the threshold to 665 MeV 6, exoeeds 6, approximately two times.

(Fig.3).
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A better agreement with the experimental data is obtained if following Rosenfeldl22| we
assume that &, changes with energy like ?_‘ :
6. = 0.3 »4 10727 on?, (8)

The total cross sec-tio‘ns of reaction (2) found in present experiment are close to the
cross sections calculated on the basis of the rkesona.nce phenomenological theory of Mandel-
si:a.m'Zd;l (Fig«4). In the region of low energies the cross section 6,,:" increases like ?:,
At energies E > 600 MeV the increase of this cross section become slower in agreement

with the Mandelstam's theory.,

{300 400 . 500 600" 700
EMev

F1g. 4.
Total cross sections for the reaction pn — pnZ° . = present lnvestigatlon;
a - from |2]; o - from|3|. Solid curve 1s calculated on the basis
of the Mandelstam's resonsnce theory. Dashed curve takes into account nonreshnant transi-
tion (8) in the state with T = 0 as well. The arrow indicates the reactlion threshold.
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Angular Distributions of Pions and the Hypothesis 'of Isotopic Invariance’

Angular distributions of neutral pions in reaction (2) /i:}&? may be reconstructed

111§

from the measured angular distributions of )~ quanta . In the energy region from the

threshold to 665 MeV the function ]g:YJU as well as f:Yév has the form:

FT9) ~ 1/3 + by. cosiap .
The found magnitudes of by, are given in Table 7.

Table 7.

E,MeV| 665 | $30 | 590 | 3560 | 520 | 508 | 485 | 440 | 400

b | 0+17 | 026 0.25 0.60 0.48 | 0.61 | 0.85 ‘ 0'.74+o.43 0.9%1e3
= | 4+ 0.04] + 0.2 | £ 0,20 | + 0.20 | 4+ 0.22 ‘ + 0.23 | +0.30 - 3| =0.5

As is seen from thils Table, the isotropy of the angular'diétribution>of neutral pions in
reaction (2) increases with increasing the incident protop energy. This result 1s in a
qualitative agreement (Fig. 5) with the predictions of the Mandelstam's theory (private
communication), The agreement with the theory become complete 1f together'with the reso=-
nance transitions the nonresonant one (8) from the state with T = 0 is.also taken into

account for which the isotropic angular distribution is chxa.racter:I.sst:l.clll"211

a
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400 500 800 00
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Fig' 5e

Angular-distributions of neutral pions produced in p-n-collisions. The quantity '8 repre-
sents a share of neutral pions: distributed 1sotropioa11y. Curve 1 .is computed by Mandels- °
tam on the ‘basis of his resonance theory.2 'and 3 .are- caloulated with account of nonreso—

nant transition (8) assuming the isotropic and ~ cos AV distributions, respectively.



- 16" -

If the hypothesis of the isotopic invariance is valid, the summed angular distribu-
tions of neutral and charged pions produced in nucleon-nucleon collisions must be identi-
cal (1:ed‘ﬁ#_ﬁ,hﬁ —4;:;/47 Y. As ‘at’ E < 650 MeV the angular distributions £ are
described we11 by the polynOmial of type 1/3 % b,cos%? fhen the 1astvstatement is
equivalent to the equality

bre = bre (9
Here #&,, and b,, are the sums of the coefficients b, in the angular distributions of

neutral and charged pions normalized to the cross sections. The angular distribution of

_neutral pions at = 650 MeV is close to an isotropic one: b,~ 0.16 3 O. 04 at E = 665 MeV

by the data of this inveqtigation and !111. So isotropic at these energies is the distri-
bution of oharged pions produced in p-n colliSions1211 also. In contraét to this the charg=-
f214 are distributed essentially anisotropically:

(18]

. ed pions produced in p—p.collisions
bre= 0,61 + 0.09 by the data of Neganov and Savchenko . The difference between the
magnitude of the ratio ‘/bxl and: the unity which characterizes the degree of the viola-

tion: of the isotopic invariance appears to be considerable:

e

b/ bse= 0.38 + 0,11 | A
.The above-mentioned difference of ‘the angular distributions of neutral and charged 7///
pions is, perhaps;at present the only violation of the hypothesis of the isotopilc invari—i‘
ancel25l. At should be noted, however, that this difference is not finally experimentally .
established yet. The above magnitude of the ratio b,./6,. should be considered prelimina-
ry. On the one hand, the angular distribufion of positive pilons may turn out to be more
isotropic as, e.g. in recent experiments performed by Meshkovskl, Shalamov and ShebanovlzqI
On the other hand, thenangniar distribufion of neutral pions in reaction (2) may be
somewhat different from that obtained in the present work since the interfarence between
the nuoleon states in a deuteron’is possible which lead to the change of neutral pion dis-
tribution if compared with that which takes place in the proton collision with free nucle—
ons. In conneotion with this it is necessary both to make the experimental data on the an-

gular distributions of charged plons more accurate and to investigate the angular distribu-

tion of neutral pions produced in free p—n collisions.

On the Reaction pn — x*+ Nucleons

Making use of the magnitudes of the cross sections for reaction (2) obtained in pre-
sent research and the cross sectlions for pion production in p-p collisions‘11’18’19’22|1t
is possible to determine the cross sections of the reaction pn—s* in the wide energy ran-

ge;,fhia is‘effafcertain interest since thewdirect investigationslof‘the reaction pn —mt
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are véry difficéult from an experimental point of view., The found magnitudes 6f the total

cross sections 6, (or, what is the same G;f') are given in Fig. 6 .

As 1s seen from'this'Figure'the energyldependenoe of the cross section G:r is well

described by the function

G_;:,o . (1.710.4) ?b.ato.q (10)
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Total cross sections for the reaction PN —» nng* y the hypothesis of the isotopic in-
variance is aasumed to be valid. ®. - by the data of the present research and|1l1,18,
19,22]. (10) B - the results of direct measurements|20,21|.The curve corresponds to de-

pendence
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