
SOVIET PHYSICS JETP VOLUME 14, NUMBER 4 APRIL, 1962 

ELASTIC SCATTERING OF 2.8 Bevjc PIONS ON NEUTRONS 

Yu. D. BA YUKOV, G. A. LEKSIN, and Ya. Ya. SHALAMOV 

Institute of Theoretical and Experimental Physics, Academy of Sciences, U.S.S.R. 

Submitted to JETP editor April 28, 1961 

J. Exptl. Theoret. Phys. (U.S.S.R.) 41, 1025-1030 (October, 1961) 

The differential cross sections for 2.8-Bev 1r-n scattering are determined for c.m.s. angles 
from 10 to 180°. The probability for nondiffractional scattering of 7T- mesons is found to be 
small and to drop sharply with increasing incident meson energy. 

INTRODUCTION 

THERE is now much experimental material [1-B] 

on the elastic scattering of pions in 7TN collisions 
at energies above 1 Bev. These data deal mostly 
with scattering in the region of the first diffraction 
maximum. Appreciable interest is attached, how
ever, to scattering of pions by nucleons at larger 
angles, called arbitrarily non-diffraction scatter
ing. We have obtained earlier [a] certain informa
tion on the cross section for the elastic scattering 
of negative 2.8-Bev/c pions by neutrons at 140-
1800 in the c.m.s. In the present work the meas
urements have been continued to determine the 
differential cross section of elastic 1r-n scatter
ing at all angles outside the diffraction-scattering 
region. 

There is only one published paper [1] devoted 
to a study of 1r+p scattering (which is isotopically 
symmetrical to 1r-n scattering) at 1. 8 Bev in the 
entire angle interval. However, if it is assumed 
that in this energy range the character of scatter
ing of positive and negative pions by nucleons is 
the same, the results of the present investigation 
can be compared with the results of [2- 5] which 
deal with non-diffraction elastic 1r-p scattering. 
In particular, a study was made[2, 3] of the angular 
distribution for elastic scattering of 1.2- and 1.3-
Bev negative pions in the c.m.s. angle interval up 
to 180°. Approximately 100-200 cases each of 
elastic scattering outside the diffraction region 
were registered. For 5-Bev negative-pion ener
gies, seven [4] and two [ 5] cases of non-diffraction 
elastic scattering were found. In [2] a comparison 
was made of the angular distributions for elastic 
1r-p scattering at energies 0.97 Bev, [10] 1.2 Bev, [2] 

and 1.3 Bev. [a] The differential backward scatter
ing cross section curves for 1.2 and 1.3 Bev do 
not differ from each other, within the limits of 
experimental error, but lie somewhat lower than 

the corresponding curve for 1r-p scattering at 
970 Mev. The authors call attention to this ten
dency. The presence of non-diffraction scattering 
at 1.3 Bevis emphasized in [ 5], where it is indi
cated that it apparently interferes with the diffrac
tion scattering. Not much attention has been paid 
to non-diffraction scattering at high energies, nor 
have any deductions been drawn concerning its 
character and its variation with energy. 

EXPERIMENTAL SETUP 

To study elastic 7T-n scattering we scanned 
approximately 5000 stereo pairs, obtained with a 
17 -liter freon bubble chamber [UJ 50 em long. The 
negative-pion beam had a momentum 2.8 ± 0.3 
Bev/c. The bubble chamber was operated without 
a magnetic field. The freon working mixture 
(CF3Cl and CF2Cl2 ) contains light nuclei and 
has at the same time a sufficiently high specific 
gravity ( 1.12 g/ em 3 ) and low conversion length 
( 30 em); the latter is particularly important, 
since the main source of the background was a 
process involving the creation of neutral pions, 
which were effectively registered in the chamber 
via the decay y quanta. 

In scanning the stereo pairs we selected the 
single-prong stars. These were assumed to occur 
upon interaction between the negative pions and 
the quasi-free neutrons of the nuclei contained 
in the freon. Additional selection criteria, taking 
the kinematics of elastic 1r-n scattering into ac
count, were the conditions that a) the scattered 
particle must not stop in the chamber substance, 
b) the ionization of the scattered particle must not 
differ by more than a factor of three from the ion
ization of the primary particle, and c) the track 
of the scattered particle must not have a deflec
tion greater than three bubbles ("' 2 mm ) , and 
consequently the angle of multiple scattering of 
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the particle should be less than that for 200-Mev/c 
pions. 

The film was scanned by two observers inde
pendently. The efficiency of detecting a single
prong star with secondary-particle emission 
angle > 15° in the laboratory system of coordi
nates (l.s.) is close to unity. Information on the 
scattering in the "' 5-15° range in the l.s. were 
obtained after an additional thorough examination 
of approximately one tenth of the entire material. 
This is necessary because, on the one hand, scat
tering at small angles is frequently encountered, 
and on the other, it is more difficult to search 
for such scattering on the film than for scattering 
at larger angles. Scattering at angles < 5° in the 
l.s. was not investigated, for in this range of angles 
scattering on the nucleus as a whole begins to com
pete with scattering on the quasi-free nucleons. 

The distribution of selected single-prong stars 
by the secondary-particle l.s. emission angles is 
shown by the smooth curve of Fig. 1. The dashed 
curve on the same figure shows the angular dis
tribution of those single-prong stars, from among 
the total number selected, which were accompa
nied by 1, 2, or 3 electron-positron pairs directed 
toward the interaction point. These events were 
due to the reaction 

(1) 

where m = 1, 2, ... is the number of mesons pro
duced in the given process. This distribution in
cludes five single-prong stars connected with cre
ation of strange particles: one A0 (or ~0 ) and four 
K0 mesons. In two cases the creation ofthe K0 meson 
was accompanied by emission of pions, since elec
tron-positron pairs due to conversion of the y 
quanta from the neutral pion decay were regis
tered. It is natural to assume that the A0 and K0 
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FIG. 1 

particles were created in interactions of the type 

:rc + n ~ ~c + Ao (~O) + Ko + mno, (2) 

n- + n~K-+ K 0 + n + mno, (3) 

n- + n~n- + n + K 0 + I(o + mno, (4) 

where m = 0, 1, 2 .... 
We note that seven single-prong stars were reg

istered in the interval of negative-pion emission 
angles from 90 to 180° in the l.s. Five of these 
were accompanied by electron-positron pairs or 
a K0 meson. This fact is in good agreement with 
the result of the preceding investigation. [9] 

SUBTRACTION OF BACKGROUND 

The reactions (1)-(4) are background reactions 
relative to the investigated process, and the single
prong stars due to these reactions must be elimi
nated from the total number of selected cases. 
There exists a finite probability of not registering 
a 1r0, K0, or A0 particle. The registration effi
ciencies of the neutral particles must therefore be 
taken into account in the subtraction of the back
ground. 

Let us consider reaction (1). It is first neces
sary to estimate the efficiency of registration of 
the y quanta from the neutral-pion decay. For 
each y quantum producing a: pair directed toward 
the selected single-prong star we measured the 
distance L along the direction of motion of the y 
quantum, from the point of interaction to the 
boundaries of that region of the chamber in which 
the conversion pair could still be registered in 
the scanning. This distance, for a known conver
sion length LK = 30 em, enables us to determine 
by means of the formula E = 1 - exp (- L/LK) the 
efficiency E of registering a y quantum emitted 
from a given point in a given direction. The aver
age efficiency of registration of the y quantum 
from reaction (1) was calculated from the formula 
€ = n/~ E[1, where n is the number of registered 
electron-positron pairs. 

Within the limits of statistical errors, the av
erage efficiency of registering the y quanta re
mains the same for neutral-pion emission in dif
ferent angular ranges. This enabled us to calcu
late the average y-quantum registration efficiency 
for the entire chamber, independently of the angle 
of emission of the neutral pion. The average reg
istration efficiency of the y quantum produced by 
reaction (1) is 0.33 ± 0.03. 

To determine the number of single-prong stars 
due to reaction (1), but not accompanied by conver
sion pairs, we must know the multiplicity of forma-
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Angle I 
interval 

N, N, N, N N' N, 

0-30° 30 13 0 56 43 29±4 
30-60° 24 8 3 49 35 20±3 
60-180° 8 6 2 26 16 5±3 

tion of neutral pions. The table lists the following 
data for three negative-pion emission angle inter
vals: N* -number of single-prong stars with 
electron-positron pairs directed towards the inter
action point, Nto N2, and N3 -numbers of single
prong stars with 1, 2, and 3 electron-positron pairs, 
respectively, N -total number of registered y 
quanta from reaction (1). 

A change in the multiplicity of creation of the 
neutral pions in reaction (1) influences the sought 
number of single-prong stars unaccompanied by 
electron -positron pairs in the chamber (No), as 
well as the ratios NtfN*, N2/N*, N3/N*, and 
N/N*. Starting from these experimentally-deter
mined ratios, and assuming that the registration 
efficiency of the y quanta is 0.33, we calculated 
N0• The resultant values of N0 are listed in the 
last column of the table. 

The efficiency of registration of reactions (2) 
- (4) was estimated starting from the following 
considerations: a) the K0 and f{0 mesons behave 
in half the cases like long-lived K~ mesons and 
leave the chamber; b) in one-third of the cases 
the K~ meson decays into two neutral pions, and 
such cases were not registered in the chamber; 
c) there is a finite probability that the K~ meson 
will leave the chamber; d) the A0 particle can 
decay into a neutral pion and neutron and may 
thus not be registered; e) the A0 particle can 
leave the chamber; f) in reactions (2) and (4), 
the neutral strange particles should be taken into 
account twice; g) some part of the reactions (2) 
- (4) are accompanied by the creation of neutral 
pions, which can be registered in the chamber 
and accounted for together with reactions (1). The 
calculated value of the registration efficiency of a 
single-prong star connected with the observed 
creation of strange particles in reactions (2)- (4) 
is approximately 0.4. The error in this quantity 
is of little significance, since the number of reg
istered events due to reactions (2)- (4) is small. 

DISCUSSION OF THE RESULTS 

It is assumed that all the single-prong stars 
remaining after subtracting the background, i.e., 
not due to reactions (1)-(4), are cases of quasi
elastic 1r-n scattering on quasi-free neutrons of 
the nuclei. In quasi-elastic 1r-n scattering, half 

of the neutrons in each nucleus of the freon mix
ture effectively participates on the average in the 
quasi-elastic 1T-n scattering. The other half of 
the neutrons is screened by the remaining nucle
ons of the nucleus, since the secondary particles 
produced in the elastic 1r-n scattering, initiate a 
nuclear cascade, which results in stars having > 1 
prong. The value of the screening coefficient n 
= 0.5 was discussed earlier. [9] 

The angular distribution of elastic 1r-n scatter
ing referred to a single free neutron is shown in 
Fig. 2. The abscissas show the cosines of the 
angles and the negative-pion emission angles them
selves in the c.m.s. of the negative pion and the 
nucleon. The ordinates represent the differential 
cross sections of the elastic 1r-n scattering. The 
left-hand scale pertains to angles < 38° in the 
c.m.s. and the right-hand scale, which has been 
changed by a factor of one hundred, pertains to 
scattering angles > 38°. The errors indicated on 
the figure are statistical. Error bars parallel 
to the abscissa axis indicate the width of the angle 
interval over which the average was taken. 
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FIG. 2 

The continuous curve in Fig. 2 shows the cal
culated angular distribution of the diffraction scat
tering of 2.8-Bev/c pions. The calculations were 
based on the formulas of the optical model, which 
are customarily used in this case, [i2] under the 
assumption that the nucleon is a sphere with sharp 
boundary and constant refractive index. The pa
rameters of the optical model were taken from [6], 

namely: the change in the real part of the wave 
number K1 is zero, the coefficient of absorption 
of the nucleon is K = 0.71 x 10-13 cm-1, and the 
radius of the sphere is R = 1.05 x 10-13 em. These 
parameters agree with all the known experimental 
data on elastic 1rN scattering. [1-B] It is seen from 
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Fig. 2 that the points corresponding to 50° scatter
ing in the c.m.s. lie on the calculated curve, i.e., 
it can be assumed that the results obtained in the 
present investigation in the region of diffraction 
1rN scattering do not contradict the aggregate of 
presently known results. 

From the data obtained in this investigation we 
can conclude that, accurate to 0.006 mb/sr, there 
is no elastic 1r-n scattering in the range 90-180° 
( c.m.s.). This confirms the previous [a] deduction 
concerning compensation of diagrams with one vir
tual nucleon (Fig. 3) at high energies in 1r-n scat
tering, while the data on the wider angle range 
confirm the conclusion that the contributions of 
different phase shifts with small orbital momenta 
cancel each other in c.m.s. backward scattering, 
or else that these phase shifts themselves are 
small. 

PHC. 3 

It is seen from Fig. 2 that elastic 1r-n scatter
ing is observed at 50-90° in the c.m.s. Strictly 
speaking, we cannot exclude the possibility of fit
ting this part of the scattering in the framework 
of the optical model by suitable choice of the pa
rameters and by increasing their number (for 
example, by taking account of the diffuse boundary 
of the nucleon). At the present statistical accu
racy of the experimental material, however, such 
a description is meaningless. 

It is interesting to compare the results obtained 
with the corresponding results from [1- 5] • One 
can hope that the conclusion concerning the com
pensation of the diagram of Fig. 3 makes a com
parison of 1r-n scattering with 1r-p scattering 
valid. Otherwise the scattering of negative pions 
by neutrons and protons at c.m.s. angles > 90° 
would be different, since the diagram of Fig. 3, 
which yields backward scattering at high energies, 
does not hold for 1r-p scattering, owing to the 
charge -conservation law. 

The known data on potential, non-diffraction 
scattering of pions by nucleons are compared in 
Fig. 4, where the abscissas represent the c.m.s. 
momentum p* transferred in the scattering and 
the ordinates are the differential cross sections 
in terms of the square of the pion wavelengths in 
the c.m.s. The data of [1•3] have been averaged 
over the intervals designated by the horizontal 
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error bars in the figure. The data of Thomas [4] 

are given for the seven cases he has noted outside 
the region of diffraction scattering, with notice of 
the fact that not a single case of elastic scattering 
was registered at 90-180° c.m.s. The error shown 
in the figure for this region corresponds to a single 
case. As can be seen from the foregoing results, 
subject to the accuracy indicated in the figure, the 
nucleon does not acquire a c.m.s. momentum 
greater than 1.5 Bev in elastic 1rN scattering, and 
the probability of acquiring a momentum 1-1.5 
Bev decreases with increasing energy of the in
coming meson. 

The character of scattering at high energies is 
such that in elastic pp scattering the maximum 
c.m.s. momentum transfer is 1.6 Bev/c, accurate 
to 0.01 mb/sr. Such a transfer was registered in 
the scattering of 4.4-Bev protons in [13]. With 
increasing energy of incoming protons the proba
bility of transferring a momentum 2: 1 Bev/c de
creases. [13- 16] It is interesting to note (see [17]) 

that the A0 particles produced in the interaction 
between 2.8-Bev/c negative pions and nucleons 
also have in the laboratory system a maximum 
momentum of 1. 6 Bev I c. 
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S. Krestnikov and V. A. Shebanov who graciously 
supplied the film obtained with the chamber, and 
also toN. S. Khropov and M. U. Chudakova for 
help in the measurements. 

1 L. 0. Roeling and D. A. Glaser, Phys. Rev. 
116, 1001 (1959). 

2 Bertanza, Carrara, Drago, Franzini, Mannelli, 
Silvestrini, and Stoker, Nuovo cimento 19, 467 
(1961). 

3 Chretien, Leitner, Samios, Schwartz, and 
Steinberger, Phys. Rev. 108, 383 (1957). 

4 R. G. Thomas, Phys. Rev. 120, 1015 (1960). 



ELASTIC SCATTERING OF 2.8 Bev/c PIONS ON NEUTRONS 733 

5 Maenchen, Fowler, Powell, and Wright, Phys. 
Rev. 108, 850 (1957). 

6Wang, Wang, Ting, Ivanov, Katyshev, Kladnit
skaya, Kulyukina, Nguyen Din Ty, Nikitin, Otvinov
skii, Solov'ev, Sosnovskii, and Shafranov, JETP 38, 
426 (1960), Soviet Phys. JETP 11, 313 (1960). 

7 Eisberg, Fowler, Lea, Shephard, Shutt, Thorn
dike, and Whittemore, Phys. Rev. 97, 797 (1955). 

8w. D. Walker, Phys. Rev. 108, 872 (1957). 
9 Bayukov, Leks in, Suchkov, Shalamov, and 

Shebanov, JETP 41, 52 (1961), Soviet Phys. JETP 
14, 40 (1962). 

10 A. R. Ezwin and J. K. Kopp, Phys. Rev. 109, 
1364 (1958). 

11 Blinov, Lomanov, Meshkovskii, Shalamov, and 
Shebanov, PTE {lustrum. and Meas. Techn.) 1, 
35 (1958). 

12 Ferback, Serber, and Taylor, Phys. Rev. 75, 
1352 (1948). 

13 Cork, Wentzel, and Causey, Phys. Rev. 107, 
859 (1957). 

14 Lyubimov, Markov, Tsyganov, Cheng, and 
Shafranova, JETP 37, 910 (1959), Soviet Phys. 
JETP 10, 651 (1960). 

15 Bogachev, Bunyatov, Merekhov, and Sidorov, 
DAN SSSR 121, 617 (1958), Soviet Phys.-Doklady 
3, 7 85 (1959). 

16 Kalbach, Lord, and Tsao, Phys. Rev. 113, 
330 (1959). 

17 Shalamov, Shebanov, and Grashin, JETP 40, 
1302 (1961), Soviet Phys. JETP 13, 917 (1961). 

Translated by J. G. Adashko 
179 


