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By simultaneous investigation of 7To -meson production in pd and pp collisions, information 
is obtained on the magnitudes of the total cross sections and angular distributions for the 
pn - pn7T0 reaction in the energy region from threshold up to 665 Mev. Comparison of these 
cross sections with those of other reactions shows that the condition imposed on the relation 
between the total cross sections of various meson productions by the isotopic invariance hy­
pothesis is fulfilled (to within 10 per cent) in the investigated energy region. Production of 
1T mesons in a state with isotopic spin T = 1 is almost twice as intense as that in states with 
T = 0. The angular distribution of 7T0 mesons produced in nucleon-nucleon collisions at an 
energy of about 650 Mev was found to be approximately isotropic, in contrast to 
the distribution of charged 7T+ mesons which is essentially anisotropic .18 This difference 
contradicts the hypothesis of isotopic invariance. 

1. INTRODUCTION 

THE investigation of the reaction of production of 
neutral 1T mesons in pn collisions is of consider­
able interest at the present time in connection with 
the possibility of explaining by this means the role 
of transitions with isotopic spin T = 0 in processes 
of inelastic nucleon collisions. In addition, compar­
ison of the magnitudes of the reaction cross sections 
mentioned with the cross sections of production of 
1T mesons in other previously studied reactions per­
mits one to establish the degree of validity of the 
hypothesis of charge invariance of nuclear forces. 

Although the second of the two reactions for the 
production of 7T0 mesons in nucleon collisions 

p + p ~ ;:0 + p + p, 

{p -7- 1Z 
p + ll-> ;:0 + d 

(1) 

(2) 

is the more intense, its investigation has encoun­
tered significantly greater difficulties than in the 
case of reaction (1). The reaction (2) remains at 
the present time one of the least studied among 
processes of the type "nucleon+ nucleon- 1T 

meson." This reaction can be studied by two 
means: by bombardment of a hydrogen nucleus by 
neutrons, 1- 3 and by experimental comparison of 
the reaction cross sections of 

p -1- d -~ ;:o + nucleons (3) 

with the cross sections of reaction (1).4- 7 In the 
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first case, difficulties both of a methodological 
character (low intensity of neutron beams, etc) 
and in principle (large width of the neutron­
energy spectrum8 ) arise. In the second case, 
the measurements are methodologically simpler 
but the interpretation of the experimental data is 
made much more difficult by reason of the motion 
of the nucleons in the nucleus of deuterium (which 
is equivalent to the problem of a broad neutron 
spectrum in the first case) and by reason of other 
effects brought about by the coupling of nucleons 
even in the presence of an extra nucleon in the final 
state of the reaction (3) in comparison with the re­
actions (2). 

For a study of the reaction (2), we chose the 
second of the two possibilities pointed out above. 
Joint investigation of reactions (3) and (1) was 
carried out under identical experimental condi­
tions over a wide range of energies. Measurements 
of the cross section were carried out both above and 
below the threshold of production of 1T mesons in 
the collision of free nucleons ( 280 Mev) with the 
aim of establishing the momentum distribution of 
the nucleons in the deuteron without which interpre­
tation of the results of measurement in the region 
adjoining the threshold would be impossible. Chief 
interest in the work was devoted to the study of the 
angular distribution of 7T0 mesons. This charac­
teristic of reaction (2) was studied less: previously, 
at energies 400 and 590 Mev, the angular distribu­
tion was measured9•10 for the second reaction chan­
nel (where the deuteron is produced in a final 
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TABLE I 

t::, Mev eo I ' o' ' I ((a,m))= pd-app'% I apd' " .. 
16 20. 7±1.0 
20 20.5±1.5 
33 19.4±0. 7 
45 20.4±1.5 
60 16.4±0. 7 
75 19.1±1.0 665 

96 18.9:'::1,0 
120 16.3±1.3 
135 15.5:'::1.4 
145 14.1±1.4 

160 16.2:'::3.5 
16 24.5±1.2 
34 22.1=1.4 
60 16.7±0.9 
90 17.6:'::0.7 560 

130 17 .1±0.9 
150 19.9:'::1.0 

16 21.5±1.0 
35 21.1=1.0 
60 16.0±1.0 
90 13.6:'::0.8 485 

130 16.5:'::1.4 
150 19.2=-=LI 

state) and the total angular distribution for both 
channels of the reaction was determined with low 
accuracy at an energy of 660 Mev. 6 

2. METHOD OF MEASUREMENT 

The general setup and the method of measure­
ment employed in the current research is similar 
to that described in our previous article.U Infor­
mation on the angular distributions of 1r0 mesons 
and on the magnitudes of the total cross sections 
for the reaction (2) were obtained by measurement 
of the yield of gamma quanta from the decay of 1r0 

mesons produced in targets upon transmission 
through them of a beam of protons. The experi­
ments were completed on the external unpolarized 
proton beam of the sixty meter proton synchrotron 
of the Joint Institute for Nuclear Research. A y 
telescope with a low energy threshold was used 
for recording the y quanta; this telescope con­
tained scintillation counters and a Cerenkov counter. 
As targets, we used heavy and light water, poured 
in thin-walled containers, and also plates of light 
graphite and polyethylene ( CH2 >n· Determination 
of the y -quantum yield from these targets per­
mitted us to find the values of the relation of the 
differential cross sections for the deuteron and 
hydrogen: 

and the differential cross sections for the deuteron 
(cross sections for hydrogen were measured ear­
lier11). For the determination of the values of apd 
in the region of low proton energies, the data11 ob­
tained with a liquid hydrogen target were also used. 

35.4±1.2 
35.9±1.8 
34.;)±0.9 
34.9±1.7 
29.1±0.9 
30.7:'::1.3 
29.7±1.2 
26.2:::1.4 
24.7=1.7 
23 .5±1. 7 

26.2±3.7 
34.4:'::1.6 
31.5±1.6 
24.2±1.2 
24.4±0,9 
23.5±1,3 
25.9±1.3 

26.6±1.4 
26.4±1.1 
21.3±1.3 
18.1±1.1 
20.5±1.6 
23.7±1.9 

3. 72±0.30 
3.41±0,30 
2.62=0.16 
2 .20±0.25 
1.31±0.08 
1.17±0.07 
0.89±0.06 
0.66:'::0.0;) 
0.56::':0.01, 
0.52±0.04 

0.51±0.07 
2.37±0.20 
1.56±0.13 
0. 70±0.06 
0.47±0.03 
0.31±0.02 
0.33±0.03 

0.96±0.0}) 
0, 7g±0.06 
0.41±0.01, 
0.23±0.02 
0.19±0.02 
0.19±D.02 

3. DIFFERENTIAL AND TOTAL CROSS SEC­
TIONS FOR THE REACTION p + d - 1r0 

+nucleons 

The angular dependences of the relative cross 
section apd and the differential cross section of 
the reaction (3) were measured in detail at proton 
energies E = 665, 560 and 485 Mev* (see Table I). 

Here e is the angle of emission of the y pho­
tons in the laboratory system of coordinates (l.s.). 
For other proton energies, the ratios apd and the 
differential cross sections for hydrogen were 
measured either at the "isotropic" angles (see, 
for example, Table II), or at angles around 60 and 
120° in the l.s., which permitted us to determine 
the magnitudes of the total cross sections without 
making assumptions on the character of the angular 
distribution of the 1r0 mesons. 11 •13 The values of 
the total cross sections a~~ for the reaction (3) 
thus found are given in Table III. In the determi­
nation of the cross section at the point E = 175 
Mev, the extrapolated value is a'pd = ( 10 ± 4) per 
cent. 

In the energy region 580 - 660 Mev, the relative 
cross sections apd found in the present work dif­
fer somewhat from those found earlier. 6 The rea­
son for this discrepancy is evidently a local heat­
ing of the poor heat conducting target of LiD in 
irradiating it in the external beam of the acceler­
ator, which produces a systematic error in the 
calorimetric method of determination of proton 
flux employed in reference 6. Heating of the tar-

* E -effective energy of the beam, determined with account 
of the energy loss in the target and of the dispersion of the 
beam. 12 
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TABLE II • ..9-= 55°* 

E, Mev I «a~n»•% apd' :Yo E. Mev ((a~n»• % apd' % 

665 19.4:o:O. 7 34.5=0.9 370 16.5±1.2 17.5±1.3 
~45 21.0±1.4 35.2:d .5 330 15.9±1.2 16.1±1.2 
610 19.4±1.2 30.8±1. 3 290 10.0±1.8 10.0±1.8 
560 22.1±1.4 31.5='=1.6 250 9.4±2.0 9.4±2.0 
485 21.1±1.0 26.4:'::1.1 215 13±4 13±4 
440 18. 9±1.0 21.9±1.2 175 (extrap.) 10±4 10±4 

*,J = angle of flight of y photons in the center of mass system of the colliding 
nucleons. 

TABLE 

E. Mev a;~. 10-z? cm2 a~~.rel. units II 

665 7.9±0.4 1.00 I 
652 7.6±0.5 0.96:':.0.06 
645 8.0±0.5 1.01±0.04 
630 7.6~0.4 0.96:r:0.03 
620 7.0±0.6 0.89±0.06 
610 6.8±0.4 0.86±0.04 
597 6.1±0.5 0. 77=0.0.5 
590 5.8:r:0.4 0, 73:c::0.03 
560 4.45±0.30 0.56±0.02 
520 3.1=0.2 0.39±0.02 
508 2. \J.c:0.2 0.37:':0.02 

m 

E. Mev 

48:5 
440 
437* 
400 
:no 
3!JO** 
330 
~80 
250 
21.5 
17 5( ex trap.) 

a~~· 10-27 cm2 

2.35±0.18 
1.54±0.12 
1.15±0.22 

1. 0±0.1 
0.68:t0.08 
0.59±0.15 
0.38±0.06 
0.19:':.0.04 
0.08:':.0.02 
0.06±0,02 

0.025:c:0.010 

a;~, re 1. units 

0.30:':0.02 
0 19±0.01 

0.13±0.01 
0. 086±0. 008 

0.048±0.007 
0.024±0.00.5 
0.010±0.002 
0.008:c0,002 
0.003:t0.001 

*According to the data of Stallwood et al.' 
**According to the data of Hales and Moyer• and reference 11. 

get decreases rapidly with decrease in the working 
radius of the target and the error should then dis­
appear. Actually, at energies below 580 Mev, the 
values of apd obtained in the present work and 
in reference 6 agree within the limits of error of 
measurement (equal to 20 per cent in reference 6). 

4. TOTAL CROSS SECTIONS OF THE REACTION 
(2) 

A comparison of the cross sections obtained 
for the reaction p + d- 1r0 with the cross sec­
tions of the reaction p + p- 1r0 obtained earlier11 

permits us in principle to determine the cross 
section of the reaction (2) of interest to us, after 
calculation of the effects of the binding of the nu­
cleons in the deuteron. The binding of the nucleons 
changes the values of the cross sections, as are­
sult of which the cross section for the deuteron is 
not equal to the sum of the cross sections for the 
proton and the neutron. In the energy region under 
consideration, which is located not far from the 
threshold of the reaction of meson production, the 
change in the values of the cross sections because 
of the motion of the nucleon in the deuteron is fun­
damental because of the effect brought about by 
the coupling of the nucleons. 14 In researches pre­
viously completed, 5•6•15 the effect of the coupling 
was not taken into consideration. The cross sec-

tion for the neutron was found by simple subtrac­
tion "D- H," which is valid only at a rough first 
approximation. Use of a similar approximation 
in these researches was quite correct, since the 
experiments were carried out in the high -energy 
region where the corrections which take into ac­
count the effect of binding were commensurate 
with the errors of determination of the cross sec­
tion, which amounted to about 15 - 30 per cent in 
the researches mentioned. In order to make prog­
ress in the region of low energies, and also to de­
crease the crudeness of the determination of the 
cross section for high energies, it is necessary, 
if only approximately, to take into acco.unt the 
coupling of the nucleons. For the solution of this 
problem, it is necessary to know the momentum 
distribution of the nucleons in the deuteron. 

In the energy region around and below threshold, 
the energy dependence of the cross sections of the 
reaction which takes place on the nucleons of the 
deuteron, and in particular the reaction (3), is en­
tirely determined by the character of the momen­
tum distribution of the nucleons, especially by the 
shape of its high momentum "tail." With decrease 
in the energy of the emitted proton, a more signifi­
cant role is played in the reaction by the nucleons 
of a deuteron possessing high momenta at the mo­
ment of collision, while the contribution from the 
low energy part of the momentum distribution 
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quickly disappears. For this reason, the investi­
gation of the energy dependence of the cross sec­
tion of reaction (3) in the region around threshold 
is a sufficiently sensitive method of studying the 
shape of the momentum distribution (and espe­
cially of its "tail"). The momentum distribution 
for the deuteron was found by this method in ref­
erence 14 from the data of Table III of the present 
work. It was shown to be close to the function cal­
culated by Salpeter and Goldstein. 16 Knowing the 
momentum distribution, we can establish the mag­
nitudes of the cross sections of reaction (2) by 
starting out from the data on the cross sections 
of reactions (3) and (1) :14 

a"" = a"" j k<Y - a"" u / ,_,. 
Jill pd b pn JlJJ::-, flP h fill • 

(4) 

The functions gp and gpp• which characterize 
the change in the values of the cross sections be­
cause of intranuclear motion, and the coefficient 
k, which takes into account all other effects, are 
connected with the presence of a "spare" nucleon, 
computed in reference 14. By making use of these 
and the data of Table III, we obtain the total cross 
sections of the reaction (2) ( Table IV). 

TABLE IV 

E, Mev a"" 10-"cm21 "" rel. units I ~m ,,. pn' apn' 
I 

665 6.a±o.4 1.00 1. 90 
652 6.1±0.5 0.9L0.06 1.86 
645 6.5±0,5 1.03::.0.04 Ul4 
630 6.h0.4 0.9/.:.0.o:l 1.79 
G20 5,6±0.5 0.8(l.c.O.OG 1.7G 
610 5 .. 5±0.1 0.87~0.0!1 1. 73 
5B7 4.H±0.1 0. 70-0.0G 1.Gn 
500 4.6±0.3 0. 75l0.03 i.GG 
5(i0 3.41±0.20 0.54:c0.02 1.5li 
520 2.2±0.2 0,3;):r0.02 1. 4:3 
.JOK 2.02±0.17 0.32:•:0.02 [.;)8 
J,t{j 1,57±0. 13 0.2.50:::0.015 1.80 
440 O.H5±0.10 0.151:rO.OJ0 J.l 2 t,oo 0.56±0.06 IJ. 089::.0. 01)7 O.D:J 
370 0,34±0.01 0. OG:i..cO. 007 0.81 
330 0,15±0.03 0.033=0.00(i 0.5\J 
:.:uo 0.011i.0,003 0.0020::0.000;) o.:.:.J 

*Here TJm is the maximum momentum 
of the 77° mesons in the center of mass 
system, in units of the meson mass mne. 

5. ANGULAR DISTRIBUTIONS OF 'Y QUANTA 

The angular distributions of y quanta from 
decay of 7r0 mesons produced in reaction (3) were 
measured by us in the energy region 400 - 665 Mev. 
For these energies, the effect of coupling of nucle­
ons in the deuteron on the angular distribution was 
still small and could be simply taken into account 
by means of the introduction of an effective center­
of-mass system whose velocity in the laboratory 
coordinates, f3c, differs slightly from the velocity 

of the center-of-mass system for the case of a_ 
collision with a nucleon at rest. The quantity f3c 
was determined by integration over p2 of the 
velocity of the center of mass of the emerging 
proton and nucleon, moving in the deuteron with 
momentum p2, with account of the Salpeter­
Goldstein momentum distribution and the energy 
dependence of the cross section (these calcula­
tions are similar to those carried out in reference 
14). The angular distribution of 7r0 mesons in the 
effective center-of-mass system introduced in such 
fashion practically coincides with the angular dis­
tribution (in the center-of-mass system) of 7r 
mesons produced by collision of free nucleons. 

The measured angular distribution of y quanta 
produced in pd collisions at energy 665 Mev is 
shown in Fig. 1. As is seen from the drawing, the 

~a(") 

;; [ -- g,,rnf 
0.5~ ~--§,_1 ~ / -----
f14 ~ 

0 !0 10 SO 90 !00 !20 140 !SO r!'c. m. s. 

FIG. 1. Angular distribution in the effective center-of-mass 
system of y quanta from the decay of 77° mesons produced in 
pd collisions at an energy of 665 Mev. The dashed curve was 
obtained by the method of least squares with account of a 
small correction for screening. 17 

distribution f~d ( J.) is slightly asymmetric rela­
tive to 90°, while the angular distributions for re­
actions (2) and (1) should be symmetric if the hy­
pothesis of isotopic in variance is valid. The asym­
metry arises by virtue of the absorption of the 7r 
meson at the emission of a proton. In such a sim­
ple and "porous" nucleus as the deuteron, the ab­
sorption must be small and the asymmetry of the 
angular distribution is not large. Actually, the 
contribution of the term proportional to cos J. in 
the distribution f~d ( J.) (Fig. 1) amounts to 5 per 
cent at most. This small correction can be suffi­
ciently accurately taken into account (in view of 
its smallness) on the basis of a simpler model of 
a homogeneous nucleus with account of experimen­
tal data on the absorption of 7r mesons and nucle­
ons in nuclear material. In the case of a compli­
cated nucleus (carbon), where the absorption is 
large and the contribution of the asymmetric term 
to the angular distribution amounts to 30 per cent, 
the dependence of the coefficient k on the angle 
computed in such a fashion is in poor agreement 
with experimental data. 11 •17 

The angular distribution fJn+ pp ( J.) obtained 
from the distribution fJd ( J.) after introduction 
in it of a computed correction to the absorption 
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is well described by the polynomial 

!;"-i-I'P (&) ~ \~ -:- (0.07 ± 0,02) cos~&. 

By computing from it the distribution found for 
the reaction (1) in reference 11, one can obtain 
the angular distribution of y quanta in the reac­
tion(2), fJn<J), for E=665Mev. Thisdistri­
bution is approximated by the polynomial 

fhrz (&) ~ 1/ 3 + (0.08 ± 0.02) cos2 &. 

The distribution fJn< J) was shown to be symmet­
ric relative to 90°. If it is approximated by a poly­
nomial, which in addition to the zero and second 
order terms also contains an asymmetric term 
proportional to cos J, then the latter is shown 
to be insignificant: ( 0.01 ± 0.01) cos J. The cor­
rection to the total cross section is also small and 
of a much higher power of the cosine than the sec­
ond. From this it follows (see reference 11) that, 
in the energy region up to 660 Mev, the distribu­
tion of y quanta in the reaction (2) has the form 

t;n (&) ~ 1/a +by cos2 &. 

The quantities by obtained for different proton 
energies are shown in Table V. 

E, Mev I 

665 
630 
590 
560 
520 

TABLE V 

0.08:':0.02 508 
0.11:':0.05 485 
0.10:':0.04 440 
0.18:':0.05 400 
0.11;±0.05 

--'--

0.16=0.06 
0.18:':0.05 
0.13=0.00 
0.1:2±0.06 

6. DISCUSSION OF RESULTS 

Total cross sections and the hypothesis of iso­
topic invariance. A well known consequence of the 
hypothesis of isotopic invariance is the relation 
connecting the total cross sections of formation 
of neutral and charged 1r mesons in nucleon­
nucleon collisions: 

(5) 

Making use of the values of the total cross sections 
of the reaction (2) found in the present work and of 
the cross sections of other reactions studied ear­
lier,11•18-22 one can verify the feasibility of Eq. (5) 
in the wide energy range from threshold to 665 
Mev. As is seen from Fig. 2, this ratio is actually 
close to unity in the energy region under discussion. 

(Mev 

~00 JOO 600 100 

FIG. 2. Ratio of the total cross sections for production of 
charged and neutralrr mesons at different proton energies: 
•- according to the data of the present work and references 
11, 18-22; D-according to the data of Batson et al., 23 

E = 970 Mev. 

For energies ~ 600 Mev, where the total cross sec-

TABLE VI 

E. Mev I a,,. JO-" em2 I o10 , JO-" em2 I au. 10-" em2 I 11,, 10-" em2 

660 
I 

1.7±1.1 10.9±0.5 3.22±0.17 5.1±3.3 17.1±0.6 
645 2.6±1.1 10.2±0.5 2. 93±0.17 7.8±3.3 16.0±0.6 
630 3.1±0.9 9.1±0;5 2.74±0.16 9.3±2. 7 14.5±0.6 
620 2.7:r:1.1 8.5±0.5 2.55±0.17 8.1±3.3 13.5±0.6 
610 2.9±0.9 8.1±0.5 2.25±0.14 8. 7±2. 7 12.5±0.6 
597 2.3±0.9 7.5±0.5 1. 96±0.14 6.9±2.7 11.5±0.6 

590 1.9±0.8 7.3:':0.5 1.84±0.12 5.6±2.4 11.0±0.6 1.!J±0.9* 

560 0.9±0.6 6.0±0.4 1.24±0.08 2. 7±1.8 8.4±0.5 

520 0.1±~:~ 4.5±0.4 0.75±0.06 o.3±U 6.1±0.4 

485 o.1±U 3.4±0.3 0.45±0.03 0.3±5J 4.2±0.3 

440 o.1±U 2.3±0.2 0.20±0.02 0.3±6j 2. 7±0.2 

400 0.1±8'1 1.2±0.2 0.09±0.02 0. 3+0.9 
-0.3 1.4±0.2 

0.22±0.08* 0.65=0.25* 

370 0.1±U 0.8±0.2 0.04:':0.01 0.3±8J 

I 
0.8±0.2 

330 - 0.33±0.04 0.014±0.006 - 0.35:':0.04 
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tions were measured with the least error, Eq. (5) 
is satisfied with an accuracy to within 8 -10 per 
cent. Of the quantities entering into this equation, 
the least studied is the cross section a~fi, experi­
mental information on which has been obtained only 
at two energies ( 400 (reference 20) and 590 Mev21 ). 
For other values of the energy, the values of a~fi 
used in Fig. 2 were found by means of an approxi­
mation22 of the energy dependence of the cross 
section a~fi by the power function 11tri4.5. The 
errors connected with the use of a similar approxi­
mation cannot be large, since the contribution of 
the cross section a~fi to Eq. (5) is comparatively 
small in the energy region under consideration. 
In the region of higher energies, the ratio (5) was 
recently measured at E = 970 Mev.23 The cross 
section a~~ at this energy was shown to be unex­
pectedly large, which led to a value of the ratio 
(5) differing somewhat from unity (Fig. 2). 

Making use of the cross section obtained for the 
reaction (2), it is possible to determine the value 
of the partial cross section22 a 01 (which corre-
sponds to the transition TN= 0 - TN= 1; TN 
is the isotopic spin of the nucleons) 

(6) 

at different energies (Table VI). The cross sec­
tion a 01 can also be obtained from the relation 

The values of a 01 marked in the table by an as­
terisk were found by the latter method. Along 
with the partial cross sections, values of the 
cross sections of production of 7T mesons in 
nucleon-nucleon collisions are given in Table VI 
for total isotopic spin T = 1 and 0: a1 = a~~ 
+ a~~ and a0 = 3ao1· 

(7) 

Comparison of the magnitudes of the cross sec­
tions given in Table VI shows that in the energy re­
gion from threshold up to 665 Mev, a1 is approxi­
mately double a0 (Fig. 3). Better agreement with 
experimental data is obtained if, following Rosen­
feld,22 we assume that a01 changes with the en­
ergy as 11k: 

0 3 4 I o-z7 2 
Clol = . "'Jm. em . (8) 

The total cross sections of the reaction (2) found 
in the present work are close to the cross sections 
computed on the basis of the resonance phenomeno­
logical theory of Mandelstam24 (Fig. 4). At ener­
gies E > 660 Mev, the increase of this cross sec­
tion slowed down, in agreement with the theory of 
Mandelstam. 

The angular distributions of 7T mesons and the 
hypothesis of isotopic invariance. The angular dis-

t7.5r 

! 
i 

T 
' 

I 

6 
I 

r ! T 
I 

01 '-___ ..__, --'-------'---'---'----.--L------'--
400 1·'1r7 f>·'\~ {Mev ?tlf/ 

FIG. 3. Ratio of the cross section of production of rr mesons 
by nucleons in states with isotopic spin T = 0 and T = 1: 
•- obtained from the relation (6) from the data of the present 
work and references 11, 18, 19, and 22; 0 - obtained from the 
relation (7) from the data of references 11, 20, and 21; o-ob­
tained by starting out from the total cross sections!' The 
curve corresponds to the dependence (8). 

J 

z 

-27 
10 

7 

.5 

z 
-29 

JO 

7 

J 

J 

z 

-z. 
/[I 

7 

J E, Mev 

poo 400 500 500 700 

FIG. 4. Total cross sections of the reaction pn-+ pnrr0 : 

•-data of the present work; 0- data of reference 2; D- data 
of reference 3. The solid curve was computed on the basis of 
the resonant theory of Mandelstam, the dashed curve takes into 

account the non-resonant transition (8) in the state with T = rr. 
The arrow indicates the reaction threshold. 

tributions of 7To mesons in the reaction (2), f~~ ( J.), 
can be established according to the measured angu-
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lar distributions of the y quanta. 11 In the energy 
region from threshold up to 665 Mev, the function 
f~~ ( J.) as also the function f~n ( J.) has the form 

t;~ (&) ~ 1/ 3 + b,, cos2 &. 

The values obtained for b7r are given in 
Table VII. 

As is seen from this table, the isotropy of the 
angular distribution of the 1r0 mesons in reaction 
(2) increases along with increase in the energy of 
the emitted proton. This result agrees qualita­
tively (Fig. 5) with the predictions of the Mandel­
starn theory (private communication). The agree­
ment with the theory is complete if, in addition to 
resonant transitions, we also take into account the 
non-resonant transition (8) from the state with 
T = 0, for which the isotropic angular distribu­
tion is characteristic. 11 •21 

B=t/(!1-hA 

~0~------------------------

-~~ 
45 :::f__! __ j _________ ----J 

t; Mev 
QL--~L~-------5.LW-------~L~----~M0 

FIG. 5. Angular distributions of rr0 mesons produced from 
pn collisions. The quantity o is the fraction of rr0 mesons dis­
tributed isotropically. The curve 1 was computed by Mandel­
starn on the basis of his resonance theory; curves 2 and 3 
were computed with account of the non-resonant transition (8) 
under the assumption of an isotropic and - cos 2 {} distribution, 
respectively. 

If the hypothesis of isotopic invariance is valid, 
then the total angular distributions of neutral and 
charged 1r mesons produced in nucleonic collisions 
must be the same [i.e., f~~+pn(J.) = f~~+pn(J. )]. 
Since these angular distributions are accurately 
described for energies f'::l 650 Mev by a polyno­
mial of the type 1,13 + b7r cos2 J., then the latter 
confirmation is equivalent to the equation 

(9) 

Here b7ro and b7r± are the sums of the coefficient 
b7r normalized over the cross sections in angular 
distributions of neutral and charged 1r mesons. 

The angular distribution of the 1r0 mesons for en­
ergies f'::l 650 Mev are close to isotropic: b7ro 
= 0.16 ± 0.04 for E = 665 Mev according to the 
data of the present research and reference 11. At 
these energies, the distribution of charged 1r 

mesons produced in pn collisions is quite iso­
tropic.21 In contrast, the charged 1r -meson dis­
tribution produced in pp collisions is quite aniso­
tropic: b7r+ = 0.61 ± 0.09 according to the data of 
Neganov and Savchenko. 18 The difference between 
the value of the ratio b1ro/b1r± and the units char­
acterizing the degree of violation of isotopic in­
variance is shown to be significant here: 

b,.Jbrc± = 0.38 ± 0.11. 

The difference shown between the angular dis­
tribution of neutral and charged 1r mesons is to­
day perhaps the only violation of the hypothesis of 
isotopic invariance.25 However, it should be noted 
that this difference is still not conclusively es­
tablished experimentally. One must regard the 
value of the ratio b7ro /b1r± given above as a tenta­
tive one. On the other hand, the angular distribu­
tion of 1r+ mesons can be shown to be more iso­
tropic, as was observed in the recent experiments 
of Meshkovskil, Shalamov, and Shebanov .26 How­
ever, the angular distribution of neutral 1r mesons 
in the reaction (2) can differ somewhat from that 
given in the present research, inasmuch as inter­
ference is possible between the nucleonic state in 
the deuteron which leads to a change in the distri­
bution of 1r0 mesons in comparison to that which 
is the case for collisions of a proton with free nu­
cleons. In this connection, accurate experimental 
data on the angular distributions of charged 1r 

mesons and the completion of researches on the 
angular distribuQ,on of 1r0 mesons formed in free 
pn collisions are both necessary. 

The reaction pn _. 1r± + nucleons. Making use 
of the values of the cross sections of reaction (2) 

obtained in the present research and the cross 
sections of production of 1r mesons in pp colli­
sions,11•18•19•22 one can determine the cross sec­
tions of the reaction pn _. 1r± over a wide energy 
range on the basis of Eq. (5). This is of consider­
able interest, inasmuch as direct studies of the 
reaction pn _. 1r± entail great experimental diffi­
culties. The values found for the total cross sec-

TABLE VII 

£,Mev I b,.o I£, Mev I b-;cn £,Mev I br;o I £,Mev I bito 

665 0.17±0.04 560 0.60:'::0 . .:00 508 0.61±0.23 400 

I 
o.n:±:U 

630 0.26±0.12 0.48:'::0.22 I 485 0.85±0.30 
vno 0.2.):':0.10 520 I ;,;.o 0.71±~:~~ I " 
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tio3s a~~ (or, what amounts to the same thing, 
a~n) are given in Fig. 6. As is seen from the 
drawing, the energy dependence of the cross sec­
tion a~~ is well described by the function 

{1
1

; 10-zr em 2 

J,O 

2,0 

wl 
0,7~ 

' 0,5 f 

0,2 

/!,I (Mev 

C)ll 

~~~~~~~~~~ 

4/}/} b/JIJ lOll 

(10) 

FIG. 6. Total 
cross sections of the 
reaction pn --> nn1T+ 
found under the as• 
sumption of the va­
lidity of the hypoth­
esis of isotopic in­
variance: •- accord­
ing to the data of the 
present work and 
references 11, 18, 19, 
22; •-are the results 
of direct measure­
ment. 20' 21 The curve 
corresponds to the 
dependence (10). 
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