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Results of measurements of differential cross sections for the elastic scattering of 11'- mesons 
of energies 240, 270, 307 and 333 Mev by hydrogen are given. 

STUDY of the scattering of 11'+ mesons by hydro
gen in the energy region up to 360 Mev1- 3 has made 
it possible to establish the main features of the in
teraction of 11' mesons with nucleons in the states 
with isotopic spin T = %. Until recently, very 
little was known about the interaction of 1r mesons 
with nucleons in the T = % states. The state with 
T = % enters only into scattering of negative 1r 

mesons. Determination of the contribution of these 
states in the energy region near resonance is prac
tically impossible because of the overwhelming 
contribution of the interaction in T = %. j = % 
states. It might be hoped that more specific infor
mation about the interaction in T = Y2 states could 
be obtained at high energies. In connection with 
this, the authors carried out a systematic study of 
the interaction of 11'- mesons with hydrogen in the 
energy range 240 - 330 Mev on the synchrocyclo
tron of the Joint Institute, using scintillation count
ers. 

Preliminary results of this work have been 
given earlier. 4- 1 

1. EXPERIMENTAL ARRANGEMENT 

A detailed description of the apparatus and 
liquid-hydrogen target used has already been given 
by the authors.8 Therefore, we limit ourselves to 
only a few remarks here. 

The geometry of the experiment is shown in the 
figure. The beam of 11'- mesons falling on the hy
drogen target is detected by counters 1 and 2, con
nected in coincidence. The 1r mesons scattered 
at various angles are counted by two "angular" 
telescopes consisting of counters 3, 4 and 5, 6 
connected in coincidence with counters 1, 2. In 
order to cut down the number of spurious coinci
dences, the counters 1-6 were connected in anti
coincidence with counter 7, placed behind the tar
get. This made it possible to decrease the back
ground of random coincidences by a factor of 15 
or 20, so that the number of random coincidences 

Geometry of the elastic-scattering experiment: 1, 2 - scin
tillation counters (6 x 6 em); 3, 4, 5, 6 - scintillation counters 
(12.6 x 11.5 em); 7 - anticoincidence counter (12.6 x 11.5 em); 
8 - deflecting magnet; 9 - liquid hydrogen. 

did not exceed 4 to 7% of the scatterings from hy
drogen. A special control was established so that 
the working intensity of the synchrocyclotron did 
not fluctuate more than 10% relative to the mean 
level. Therefore, the error in measurements 
arising from fluctuation in the background of ran
dom coincidences did not exceed± 0. 7%. 

In the following, where four-fold coincidences 
1234 or 1256 are referred to, coincidences of the 
type 12347 and 12567 are implied. 

In measurement of the differential cross sec
tions at 30, 45 and 60°, aluminum filters were 
placed in front of counters 4 and 6 to absorb re
coil protons; the thicknesses of these filters at 
the various energies are given in Table I. In 
measurements at other angles, filters of thick
ness 5.4 g/cm2 were always placed in front of 
counters 4 and 6 in order to decrease the back
ground from low-energy particles. 

2. MEASUREMENT OF THE DIFFERENTIAL 
CROSS SECTIONS FOR ELASTIC SCATTER
ING OF 11'- MESONS OF ENERGIES 240, 270, 
307 AND 333 Mev BY HYDROGEN 

The angular distributions of 11'- mesons scat
tered elastically by hydrogen were determined by 
measuring the ratios of four-fold coincidences Q 
in counters 1, 2, 3, 4 and 1, 2, 5, 6 to the two-fold 
coincidences D in counters 1 and 2. The measure
ments were carried out at 30, 45, 60, 80, 100, 125 
and 150° in the l.s. 
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TABLE I. Thicknesses of 
aluminum filters for ab

sorption of recoil 
protons ( g/ cm2) 

Ang1einl I I I 1.s., deg 12>0Mev 270Mcv 307 Mev 333Mev 

30 116.2 21.6 28.4 31.0 
45 110.8 14.8 20.2 21.6 
fiO 5.4 8.1 9.4 10.8 

All of the measurements were carried out in 
several series. Some of them were made simul
taneously with the study of charge-exchange scat
tering of the 1r- mesons. The measurements of 
a given series of the ratios Q/D for 240-Mev 7r
mesons are given in Table II. The variation in 
observed values with change in energy is illus
trated by the analogous Table III for 333 Mev. 
From Tables II and TII it can be seen that at some 
angles the effect from hydrogen is two or more 
times smaller than the background from scattering 
of mesons off the walls of the target and counters. 

TABLE U. Values of the ratio 
Q/D, observed at 240 Mev 

in one of the series of 
measurements 

in 1. s., (Q/D) X 10 IQ/D) X 10 . Differ-Angle •I •I 
deg with H without H ence 

30 144.3 ± 4.28 133.2±3,6 31.1±5.6 
45 63,1 ± 2.0 36.5±1.5 26.6±2.5 
60 47.5 ± 1.8 23.0±1,4 24.5±2.3 
80 24,7±1.6 10.8±1.113.9±2.0 

100 23,1 ± 1.0 10.0±0, 7 13.1±1.3 
125 29,8 ± 1.6 13.0±0,. 7 16.6±2,0 
150 48.0 ± 1. 7 30.6±1.5 17.4±2,3 

TABLE m. Values of the ratio 
Q/D, observed at 333 Mev 

in one of the series of 
measurements 

in 1. s., (Q/D) x to• IQ/D) x to• Differ-Angle I 1· I 
deg with H without H ence 

30 102.3 ± 3,3 73.5±3,2 28. 7±4.6 
45 53.1 ± 1. 7 29.3±1.3 23.8±2.1 
60 45.6±2.1 27.3±1.718.3±2.7 
80 29.6 ± 0.9 15.4±0,9 14.2±1,3 

100 19.2 ± 1.2 10.4±1.1 8.8±1.6 
125 21.0 ± 1.2 8.0±0.8 13.0±1.5 
150 35.0:!: 2.2 26.0±2.1 9.0±3.0 

Before beginning each series, the energy of 1r 

mesons in the beam was determined and the work
ing of the apparatus was checked. 

The differential cross sections were determined 
from the formula 

(li!_) = (Q I D)diff- n.,, . J0-8 
dQ lab NQ{h ' (1) 

where (Q;D) diff = (Q/D)withH - (Q;D),withoutH 

is the effect per 106 counts of the monitor (mean 
weighted value for all of the series of measure
ments) with corrections to the observed values of 
Q/D for erroneous counts in the coincidences 1, 2; 
n7ro is the effect produced by electrons and posi
trons from the decay of 1r0 mesons (per 106 counts 
of the monitor ) ; N is the mean number of hydrogen 
atoms per cm2, this number being 0.447 x 1024 to 
an accuracy of ± 1% for all energies; Q is the solid 
angle subtended by the angular telescope; f is a 
correction to the observed cross section which is 
independent of scattering angle and h is a correc
tion depending on angle of scattering. 

The values of'all terms in Eq. (1) are given in 
Tables IV - VII. 

The n7ro effect is composed of two parts. The 
main part is from electrons and positrons produced 
by conversion of y rays from 1r0 decays in hydro
gen, walls of the target and counters 3 and 5. From 
measurements of exchange scattering, the effect of 
y -ray conversion in a lead convertor of thickness 
7.4 g/cm2 is known at each angle. Knowing the 
cross sections for conversion and Compton effect 
in lead, carbon and hydrogen, 9•10 we can determine 
the number of electrons falling on the angular tele
scope to a sufficient accuracy. The counts pro
duced by these electrons constituted 3.3 ± 1% of 
the counts observed in the same conditions with a 
lead convertor. In addition to electrons coming 
from conversion of y rays, electrons produced11 

in ""1.6% of 1r0 decays, 1r0 - e+ + e- + y, were 
taken into account. In determining the n7ro cor
rections, the absorption of electrons in the alumi
num filters 10 •12 placed between counters 3 and 4, 
and between 5 and 6, was taken into consideration. 

The correction f, which did not depend on 
scattering angle, included corrections for the ad
mixture of p, mesons in the beam and absorption 
of 1r- mesons in counter 2, the front wall of the 
target, and in the hydrogen. The correction h, 
which depended upon angle, came mainly from the 
absorption of 1r mesons in the aluminum filter 
placed between the counters of the angular tele
scope. The magnitude of the absorption was de
termined experimentally by measuring Q/D with 
and without the aluminum filter. The measure
ments were carried out in the direct 1r- beam 
with decreased intensity. The energies of the 7r
mesons were chosen to correspond to those of 1r 

mesons scattered at the corresponding angle. 
In addition to this main effect, the correction 

h also takes into account: 
(a) absorption of the scattered 7r- mesons in 
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TABLE IV. Differential cross sections for the elastic scattering 
of 240-Mev 71"- mesons by hydrogen 

-:bll 

I (Q/D)diff I I I 
., 

- "' Angle 1021 (da/dcu) ., ~ 
n. sr n:-t:o f h 1027 (dajd!:!)l.s., in c.m.s., _., 

in l.s., bl]• 

I 
cm2/sr cm2/sr =- I I I deg <,5 

30 0,0287 i" 6 "2 I 
3.4 0.920 0.804 2,44±0.24 39.9 L48±0.15 

45 0.0342 2;:,,8-1.7 3.0 0.920 0.848 1.91±0.17 58.7 1.30±0.1:C 
fjl) 0.0414 20.6±1,4 2.8 0.920 0.893 L21±0.H 76.3 0. 953±0.087 
80 0.0414 113.4o:1.3 L5 0.920 0.900 0. 779±0.090 97.8 0. 763±0.088 

100 0.0411 11.8=0.8 LO 0.920 0.902 0. 707±0 .062 117.1 0.856±0.076 
125 0.0410 15.3=0.9 0.9 0.920 0.904 0.945±0.078 138.6 1.44±0.12 
150 0.0414 17 .4~L4 LO 0.920 0.895 L075±0.106 158.1 1.92±0.19 

TABLE V. Differential cross sections for the elastic scattering 
of 270-Mev 71"- mesons by hydrogen 

c: bll 

l(Q)D)diff 
r.,.,./,0) •.. .... ., Angle 1027 (do/dw) .,.., 

bD : n. sr n", f h in l.s., in c.m.s. 
c: Ill cm2 /sr deg cm2/sr <....; I 

30 0.0287 22.6±1.7 2.9 0.925 0.756 2.20±0.22 40.6 1.30±0.13 
4;) 0.0342 2L2=1.6 2.8 0.925 0.811 L60±0.15 59.6 1.07±0.10 
fiO 0.0414 1fi.9cd.2 L8 0.925 0.892 0.990±0.093 77,3 0. 775:r:0.073 
80 0.0414 9.8±1.1 1.0 0.925 0.899 0.574±0.071 98.8 0.563=:0.073 

'1(]0 0.0411 10.0=0.81 0.7 0.925 0.900 0.608±0.061 117.9 0.748±0 074 
1:!5 0.0410 11.1±0. 8 0.7 0.925 0,905 0.678±0,057 139.3 1.06±0.09 
150 0.0414 13.5±1.2 0.7 0.925 0.909 0,819±0.086 158.4 1.51±0.16 

TABLE VI. Differential cross sections for the elastic scattering 
of 307-Mev 7!"- mesons by hydrogen 

--· 

.5 ••• ,.#0) •• r=-~" bll 
bD without do;~· 10" (dojd!:!)l.s. -S~ 1027 (do/ dw) ., 
"' n. sr (Q/D}diff n':'to f h rection for for meson ~rn in c.m.s. 

meson pro- production, 
1~ cm2/sr 

~ duction cm2/sr - cm2 /sr u 

I 
30 0.0340 27.5±2.6 3.4 I o. 934 0,724 2.34±0.27 0.052±0.040 41.3 1.31:00.16 
45 0.0413 24.:3:r:2.:3 2.0 0.934 0. 774 1.67±0.19 0.053±0.040 60,6 1.06:c:0.13 
60 0.0413 16.8±L2 1.3 0.934 0.865 1.04:'::0.106 0. 066=0. 050 78.5 0, 752=0.091 
80 0.0513 11.S:::0.9 0.8 0.934 0.909 0.548:r:0.048 0.043:::0.028 100.0 ,0.500±0.056 

100 0.0513 10.4"-0. 9 0.5 0.934 0.895 0.515±0.054 0.017±0.017 119.0 0.625='=0.072 
125 0,0.513 11.4=1.1 0.4 0.934 0.893 0. 574:t0' 065 0.002±0.002 140.0 ,0.923:r:0.10.') 
152 0.0494 11.4=1.0 o .. 'i 0.934 0.893 0. 594o:O. 062 0 160.3 1.15±0.12 

TABLE VII. Differential cross sections for the elastic scattering 
of 333-Mev 7!"- mesons by hydrogen 

< 

IO"(dojd£1)1. s. Correctio.n to 
10-"(dojd!:!)l. s. bll 

Coli without cor- .5~ 1027 (do/ dw) .... ., 
rection for for meson Q)'tl n,sr (Q(D)diff n", f h ., . in c.m.s. 

bD : production, -., meson pro-
~a cm2/sr c: Ill duction cm2/sr - cm2/sr < . u 

30 0.0340 27 .1±L5 3.2 0.939 0.728 2.30±0.24 0.12±0.06 41.9 1. 22±0,14 
45 0.0413 22.8±1:3 2.3 0.939 0,799 1. 48±0.12 0.13±0.06 61,3 0.874±0,093 
60 0.0413 16.2±1.3 1.4 0.93() 0.871 0, 985±0.084 0.11±0.05 79.2 0,675±0.076 
80 0.0511 12.8±0.8 0,() 0.939 0.919 0.604::::0.046 0.093:::0.03 100.8 0.508±0:055 

100 0.0.111 9, 47±0. 75 0.4 0.939 0,800 0.470±0.038 0,056±0.028 119.7 0.527±0,060 
125 0,0511 11.7±0,9 o:4 0.939 0.883 0. 5951+0.057 0.017:::0.007 140,6 0.954±0,096 
150 0.0511 9.32±L13 0.3 0.939 0,896 0:468c:0.052 0.004=0.002 159.2 0.914-'0, 104 

hydrogen (mainly because of charge-exchange 
scattering), scattering of 71"- mesons in the walls 
of the target and counters 3 and 5; the size of this 
correction was 2 -4%. 

the recoil proton accompanied by a spurious par
ticle traversing counter 4 (this correction did not 
exceed 1% of that from the hydrogen) . 

(c) a geometrical factor - a small (not larger 
than 1. 2% ) change in the observed cross section 
as compared with the true one, coming from the 

(b) random coincidences in counters 1, 2, 3, 4 
and 1, 2, 5, 6 of the type of coincidences 123 of 
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finite dimensions of the counters, which means 
that the measured cross section was averaged 
over an angle of 13-15°. 

At 307 and 333 Mev it was already necessary 
to take into account processes in which charged 
mesons are produced by the 71"- mesons. The 
contribution from these processes at 80° in the 
l.s. was determined experimentally. 8 For the 
other angles, corrections for this effect were 
made under the following schematic assumptions: 
the angular distribution of mesons participating in 
inelastic processes is isotropic in the c.m.s.; the 
energy spectrum of these mesons has the form of 
an isosceles triangle. The corrections to the dif
ferential cross section in the l.s., calculated under 
these assumptions, are given in Tables VI and VII. 

The errors in the differential cross sections, 
shown in Tables IV- VII, include, in addition to 
statistical errors, errors in the determination of 
terms which enter into Eq. (1). The contributions 
from individual effects to these errors for 270 Mev 
are given in Table VIII. At different energies, the 
errors differ only little from those given in this 
table. 

The c.m.s. angles and differential cross sec
tions are given in the two last columns of Tables 
IV- VII. 

Additional measurements of the cross section 
for 71"- elastic scattering were carried out at 80° 

in the l.s. at 270, 307 and 333 Mev using the method 
of conjugate telescopes, i.e., the scattered 71"- me
son was detected in coincidence with the recoil pro
ton. Because of this, the background was a factor 
of about five less than the scattering from hydro
gen. In processing these results, practically the 
same corrections as in the processing of data ob
tained by the usual means were made. The only 
difference was that, instead of corrections for the 
conversion of y rays, a correction was introduced 
into h for absorption of recoil protons ( 1.4 - 1. 9%) 
in the hydrogen and in the walls of the target. The 
production of mesons by mesons obviously does not 
have to be taken into account. 

The results of these measurements and the cor
rections carried out are given in Table IX. The 
differential cross section in the c.m.s., obtained 
by averaging the results of measurements carried 
out in the usual way and by the method of conjugate 
telescopes, is given in the last column. 

3. CONCLUSIONS 

We represent now the angular distribution of 
elastically scattered mesons in the c.m.s. as a 
sum of three Legendre polynomials: 

do - - -
dw = Ao + A1 P1 (cos%)+ A2 P 2 (cos%). (2) 

The values of the coefficients Ai (in cm2 sr-1 ) 

TABLE VID. Individual effects (in percentages of the differential 
cross section) entering into the errors in the differential 

cross sections at 270 Mev 

01 i I ., 
i c::e~G>'::! I "'·"' ~ ~-S~Q)~ ~ ... 

5< I 'Cis., 
(J §.s~ .. ~ll:;; ~·a.s'§l 

.... c: 0 ... 
dOD (J o cu- bll~U c..,. .... ..... 0 

:E~ 
e c= ·~ Q.l ca ... ..., .s ~-g! ~ t: ·~., ·~ .. t(8 g 0 ., b,.oEt!!§ 0 0 "' bD-' c:: ·~ .......... c: ., .,.., Llnr.0 0]! -g:S (J (J ., o...._. cu <J Q.l o as ~!!~iili! bD :-

., ... 
Q).,..j~ 5Q)Q)Q)0 Q) (1) g g~e~~g] 01 ~+'= e " "' g .,.c.c.c" I §<>~';; 

~:; 
....... o.! I:::=-~ UJ -5 Q) 0 0 0 ., r>:los" Ck:·~ ..c ...... +J ... "'Cj - .., ..a.~: uQ.l~o W O'tl 41,.C 

0 <~C:'+-~C:: ~.s·n ~ u ;-5~ ..... U"' (.!) (J O . ...t 0 a1 .,5 ..c ~-5 rn 

I 
I 

30 4.2 0 1 1 1 0.5 1 3 0.5 6.3 0 

45 4.4 2.5 1 1 1 0.5 1.5 3 0.8 6.4 
60 3.5 2.5 1 

I 
1 1 0.5 1.5 3 0.8 5.8 

80 3.3 2 1 1 1 0.5 1.5 3 0.8 5.6 
100 2.3 2 

I 
1 

I 
1 1 o .. s 1.5 3 0.8 5.0 

12.) 2.1 2 1 1 1 0.5 1.5 3 0.5 4.9 
150 1.8 2 1 I 1 1 0.5 1 3 0.5 4.8 

TABLE IX. Differential cross sections for elastic 71"- -meson 
scattering by hydrogen at 80° l.s. and 270, 307 and 

I >I 
~~I ;;; I (Q/D)ctiff 
Q) ~ ci 
~~I 

i ! 
270iO. 034417. 66±0. 72 
30710.041717.91 ±0. 30 
333 0.0417 8.03=0.31 

333 Mev, obtained by the method of 
conjugate telescopes 

I I I 

; J 11027(do/dw)c.m.s.• 
lto"(dajdQ) , An le in obtained by the 

h 1 1. 8 • l g 1 method of con-
I crrl-/sr I ~;m·:;~ II jugate tele-
1 j gr scopes, cm2 /sr 

I I I 

I i i 
0.92510.87910.613±0.065 1

1 98.8 
0. 9?4 0. 894 0. 008=0. 038 100.0 
0.939 0.907 O.o06:c:0.037 100.8 

0.601±0.065 
0. 502±0.038 
0.503±0.037 

10'7(da/d<0c.m.s.• 
mean value, 

cm2/sr 

0.5155:r:0.053 
0.501:':0.032 
0.505=0.032 
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TABLE X. Coefficients of the angular distribution of 
1r- mesons ( 10- 27 sr- 1 ) 

I 
07t--+7t+ = 

Energy of I M0 , expected 11 mesons, A~ A~ A; M =4r;A~. 
Mev t0-27 cm2. 

240 1.20 ± 0.06 0.17±0.11 0.89±0.15 5.67 I 4 15.1±0.8 
270 0.99 ± 0.05 0.21 ±0.09 0.74±0.12 2.80 

I 
4 12.4 ± O.f; 

307 0.91 ± 0.06 0.38 ± 0.11 0.72±0.11 2.09 4 11.4±o.8 
333 0.82 ± 0.05 0.32 ± 0.06 0.57±0.10 4.54 4 10.3 ± 0.6 

calculated by the least squares method, are given 
in Table X. These coefficients give the minimum 
value of the sum of weighted squares of deviations 

M- .. ,_,_, ~ 1o.-f.)2 
- \ S; ' 

(3) 

where fi is the differential cross section at the 
i-th angle calculated from Eq. (2), ai is the ex
perimental value of the differential cross section, 
and Ei is the error in the measured differential 
cross section. 

According to the theory of errors, 13•14 with the 
correct relation between experimental points, the 
most probable value of M is roughly equal to the 
difference between the number of experimental 
'points and the number of parameters fitted. In 
our case, this number is four at all energies. 
Comparison of the expected values of M and 
those obtained (Table X) shows that the experi
mental values of the differential cross sections 
satisfy the dependence Eq. (2) sufficiently well. 

Integrating the angular distribution of Eq. (2), 
one obtains the total cross section for elastic 
scattering of 1r- mesons by protons. Integration 
leads to the expression 

The magnitudes of the total cross sections ob
tained in this way are given in the last column of 
Table X. 
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