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ABSTRACT

It is shown that the corrected version of Molicre’s theory of multiple scattering and the
modifications thus introduced in the Cooper-Rainwater theory of multiple scattering, when applied
to the scattering of 1 BeV p-mesons in lead at angles between 0 and 7 degrees, do not show
the existence of any anomalous interaction between u-mcesons and nuclei, apart from the purely
electromagnetic interaction.

INTRODUCTION

In the last decade many experiments (Amaldi and Fidecaro 1950;
Whittemore and Shutt 1952; George et al. 1953 ; Leontic and Wolfendale 1953;
McDiarmid 1954, 1955; Fukui ef al. 1959) have been performed to determine
the large-angle multiple scattering of p-mesons. The experimental data have
been compared with the multiple scattering theories of Moliére (1947, 1948),
Olbert (1952) and Cooper and Rainwater (1955). In Moliére’s theory the
scattering nuclei are treated as mere points whereas in Olbert’s and Cooper’s
and Rainwater’s theories the scattering nuclei are treated as extended charge
distributions in accordance with the results of Stanford high energy electron
scattering experiments. The general effect of giving a finite extension to the
scattering nuclei is that the resulting theoretical curves for the angular dis-
tributions of scattered particles at large angles lie lower than the theoretical
curves based on a point nucleus. Whereas the experimental data should have
shown agreement with the Cooper-Rainwater theory, the data actually, how-
ever, showed agreement with the theory of Moliére. The case of Fukui ¢f al.
(1959) is an exception; see, however, its criticism by Lloyd and Wolfendale
(1960). Thus, it had been interpreted that there is an excess large-angle
scattering, which can be accounted for only if there exists an additional
interaction of p-mesons with nuclei besides the well-known electromagnetic
interaction. This has been the basis for the proposal of an ‘anomalous’
interaction between p-mesons. and nuclei,
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It has been shown recently that Moliére’s theory is incorrect on account
of an inconsistent approximation made by him in deriving his theory
(Nigam et al. 1959). Cooper and Rainwater have made use of Moliére’s theory
to take account of screening at small angles and it has therefore to be revised
before it can be applied to an actual situation. It has been the object of the
present paper to use the correct formulation of the multiple scattering theory
of Nigam et al. (1959) to obtain the correct theoretical angular distributions
for multiple scattering from point nuclei and extended nuclei respectively,
and then to compare the experimental data of Fukui et al. (1959) with the
theoretical curves to see whether there is any anomalous scattering at’ large
angles. The experimental data of Fukui et al. (1959) has been chosen
because of the following two reasons: (1) in this experiment the authors
have taken care to establish the identity of the incident particles as p-mesons,
and (2) a critical review of the data of Fukui et al. (1959) has been given by
Lloyd and Wolfendale (1960) with the conclusion that the situation is not yet
quite clear as to whether there is anomalous scattering or not. Fig. 1 shows
the experimental data of Fukui ef al. (1959) as reviewed by Lloyd and
Wolfendale (1960).

CoRRECTED VERSION OF MoLikERE’Ss THRORY (Point NucCLEI)

The essential feature of Moliére’s theory is the introduction of the ‘ screen-
ing angle’ X, below which the Rutherford law of scattering is modified due to
the screening of the Coulomb potential of the nucleus by the electron shells. If
the screening is treated in the Thomas-Fermi statistical approximation, the

potential can be simply written as Z—:ieﬁ" , where A = Z}/0-885a,, Z being
the atomic number of the scattering element and a, the Bohr radius = 0-5292
X 1078 em. If p is the momentum of the incident u-mesons, the screening
becomes effective at angles of the order of X, = % . Moliére gave an expres-
sion for the screening angle X, , in the form

_—-2 . Z 2
Xi—xo[ll3+376(m)] T ¢ )

where the term of order Z2 is supposed to arise on account of the inclusion of
the effects of higher Born approximations on Rutherford scattering. It has
been established by Nigam et al. (1959) that the term of order Z2 in equation (1)
is incorrect. Instead, it is shown there that, for Thomas-Fermi screening,

xm=1-127—;)l, e L@

the  screening angle * X, is used to define a dimensionless constant B in Moliére’s
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Fre, 1. Exporimental data of Fukui et al. (1959).
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theory, on which depends the distribution function for multiple scattering.
The constant B is defined by the equation

x2
B—an=zn(—g)+1-20 R )

(>
where X, represents an angle defined by

Vi A

2—“ w— ————— .. .. .. ..
X = A ey ®

and C = 0-5772... (Euler’s constant). In equation (4), N stands for Avo-
gadro’s number, 4 the mass number of the element, ¢ the thickness of the foil
(in g/em?) in which the scatterings occur and g is the velocity of the p-meson
in units of the velocity of light. The parameter X./B is typical of Moliére’s
theory. The multiple scattering distribution is given in Moliére’s theory by

1 1 . ~
f(x)=f0(m)+ﬁf(])(x)+ﬁ72f(z)(x)—l-..., .. .. .. (D)
where 2 stands for the variable
¢ .
x = =, .. .. . . .. (6)
Xc'\/B

¢ being the angle of scattering. The functions f , V) and f* have been
explicitly given by Bethe (1953), and there a table has also been given for
these functions. It has been shown by Bethe (1953) that the first term
(a Gaussian) in equation (5) dominates in small-angle scattering and the second
and third terms, etc., become important only at large angles.

In the case of multiple scattering of high energy (cp = 1 BeV) p-mesons
in a lead plate, it is clear that the numerical value of the screening angle as
given by equation (2) is considerably smaller than that obtained from the
formula due to Moliére, equation (1). This leads from equation (3) to a
larger value of B than that obtained from the previous version of Moliére’s
theory. This has in general two effects: (1) the width of the first term (Gaus-
sian) in equation (5) is larger than the width obtained previously, and (2) at
larger angles, where the first term is negligible, the effect of the terms f‘”, f(Z’,
ete., is somewhat reduced on aceount of the larger value of B. The distribution
function at large angles is somewhat less than that given by the previous version
of Moliére’s theory. These qualitative arguments have been checked by a
direct numerical calculation for the scattering of p = 1 BeV/c u-mesons in a
lead plate of 1 cm thickness. The value of X is 0-44 degree and B is 14-35.
The distribution function is plotted in Fig. 2 and the curve marked M is
obtained. For comparison, the curve obtained on the old version of Moliére’s
theory (marked ;) is also given.
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Fic. 2. Effect of corrocting Moliére’s theory. Curves marked M, and CR; refer to the Moliére
and Cooper-Rainwater distributions based on the old theory. Curves marked M and
CR are based on the correct theory.
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CooPER-RAINWATER THEORY (EXTENDED NUCLEI)

In this theory, Moliére’s theory for scattering from point nuclei is modified
so as to take account of the finite extension of the scattering nuclei. The
effect of the finite extension will be felt at large angles. Hence Cooper and
Rainwater take the same single scattering law at small angles as Moliére, but
they modify it for large angles by multiplying it by a function ¥y (¥ ¢/¢),
with the angle ¢, being (pR/E)™!, R being the radius of the nucleus, 7,4"*.
We choose r, for our calculation to be 1-2 fermis, in accordance with the Stan-
ford results on electron scattering. The form factor Fy (¢/do) in the Cooper-
Rainwater theory includes approximately the effects of both elastic and inelastic
contributions to the scattering at large angles.

In treating the screening at small angles, we must now use the angle X,
obtained from equation (2). This leads again to a value for the constant B
which is larger as mentioned in section 2. Cooper and Rainwater give the
following two expressions for the multiple scattering distribution:

2\/;Mg(x)=f°(x)+§11—3[f“’(z)—k(x)] .. .. .. .. .. (D

2/ 7 My(x) = %) (1 +q%};”)) +§1§ f i F (A wo)T(, WA~ 2dA;

) )

Ty = ——= .. . 8

(ro=—). @
the expression given in equation (7) being useful for small values of «, and the
form given in equation (8) being more suitable for large values of xz. The
functions f” and f in equations (7) and (8) are the Moliére functions men-
tioned in section 2. K(x), q(1,z) and T'(z,A)A"® are certain functions defined
by Cooper and Rainwater in equations (34), (43) and Table I of their paper.
The increase in the value of B implies that a particular value of the variable z
corresponds to a larger scattering angle. This has the effect of shifting the
old Cooper-Rainwater curves to the right to slightly larger angles. Since the
functions are quite steep here the effect is quite noticeable. In Fig. 2 the
results of this calculation are alzo shown, the line CR, representing the results
of the old calculation and the line CR representing the result of corrected
Moliére’s theory. It is to be seen from this figure that substantial deviation
from the curve M obtained for multiple scattering from point nuclei occurs
only at angles ~ 6 degrees or larger. In Fig. 3, the experimental data of
Fukui et al. as reviewed by Lloyd and Wolfendale (1960) are shown along
with the correct theoretical curves. The theoretical curves are for p = 1 BeV/¢
p-mesons scattered from 1 cm lead plate. (The folding of the distributions
over the momentum spectrum mentioned by Lloyd and Wolfendale (1960)
has not yet been done.) The experimental errors are quite large at large
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Fic. 3. Comparison of experimental data of Fukui et al, (1959) with the correct
theoretical curves.
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angles. However, one sees that within the experimental uncertainties it is
possible to say that in the angular region from 0 to 7 degrees there is no sig-

nificant deviation of the experimental points from the corrected Cooper-
Rainwater curves.

CoxNcrLusioN

It is seen thus that for u-mesons of energy about 1 BeV there is no
significant deviation of the scattering from that expected for a purely electro-
magnetic interaction between u-meson and the scattering nuclei. If obser-
vations of the type carried out by Fukui et al., but with more precision, are
carried out at larger angles, only then can one say whether there is an anomalous
interaction of u-meson with matter or not.

Further investigations are in progress to treat the form factor for large-
angle scattering more accurately than that done by Cooper and Rainwater
and also to see the effect of the folding of the distribution functions due to a
spread in the momentum rather than a single value of the momentum for the
p-mesons.
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