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The relative role of various factors affecting the lateral divergence of charged particles in
extensive air showers is considered. It is shown that the lateral distribution of electrons is
completely determined by Coulomb scattering. The lateral distribution of p mesons is to a
large degree determined by Coulomb scattering and deflection in the magnetic field of the
earth. The transverse momentum transferred to 7 and K mesons in an elementary nuclear
cascade act is respectively = 1.5 x108ev/c and =<5 x 10%ev/c.

RECENTLY a number of experiments!~® were car-
ried out to study in detail the lateral density distri-
butions of electrons, p mesons, and nuclear-active
particles in extensive atmospheric cosmic ray
showers in the lower layers of the atmosphere. In
addition, the lateral distribution of electrons and

1 mesons was investigaged for distances up to sev-
eral hundred meters from the shower axis.

In connection with these experiments, it is expe-
dient to consider the question of the relative effect
of various factors determining the lateral diverg-
ence of shower particles.

Shower particles may deviate from the flight
direction of the primary particle which produced
the entire shower because of the following reasons:

I. The angular divergence of secondary parti-
cles: (a) in the elementary nuclear cascade act and
(b) in spentaneous decay acts.

II. Coulomb scattering (of charged particles)
by air nuclei.

III. Lorentz forces determined by the earth’s
magnetic field (acting on the charged particles).

After the discovery of the so-called “anomalous”
shower width® it was hypothesized’ that the basic
cause of the wide lateral divergence of shower par-
ticles is reason I(a). However, a more detailed
analysis of the effects of the second and third rea-
sons shows that this notion must be reconsidered.

Let us first consider the lateral distribution
of electrons. Electrons in an extensive atmo-
spheric shower originate in electron-photon
cascade showers generated by vy -quanta from the
decay of 7 mesons. The latter are formed in
the €lementary nuclear-cascade acts. As was
shown in Ref. 7, from the point of view of the laws
of conservation of energy and momentum, the max-
imum possible 7%-meson emission angles in these
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acts are sufficiently large, so that the cores of the
individual cascade showers could deviate from the
axis of the entire shower by a distance on the order
of several hundred meters, creating at these dis-
tances electron densities which agree with experi-
mental data.

According to the calculations of Moliere® and
Eyges,® available until recently, the electrons in
electron-photon cascade showers could not occur
in considerable quantities at such large distances.
However, during the past few years Nishimura and
Ka.mata,10 and also Greisen,“’ gave a more accurate
solution of the problem on the lateral distribution
of electrons in electron-photon cascade showers,
which leads to a different qualitative conclusion.

Let us compare the experimental lateral elec-
tron distribution!™® with theoretical distributions
according to Nishimura and Kamata, for the vari-
ous degrees of s-development of an electron-
photon cascade shower. In spite of the fact that the
development of the electron-photon component in a
real shower is different on the whole than in an
electron-photon cascade shower, such a compari-
son of lateral distributions is justifiable, since the
latter are determined primarily by the energy
spectrum of electrons and depends quite weakly
on the “previous history” of the electron-photon
cascade shower.

The lateral distribution of electrons from Refs.
1 —5 is shown in Fig. 1. The unit of length is ry =
EgXy/B (Eg =19 Mev, B =172 Mev, and X, = 270
m above sea level). The theoretical curves are
shown for the parameter s <=1, 1.25, and 1.4. All
the curves are normalized for areas under them.
The experimental points fit well the theoretical
curve for s =1.25 up to distances r =3 (Ref. 5)
and do not depart appreciably from the curve with
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FIG. 1. Comparison of experimental lateral electron distri-
bution in extensive atmospheric showers!-S with the theoreti-
cal electron distribution in a photon-electron shower according
to Nishimura and Kamata, 1 A — experimental data of Ref. 1;
0, ® — data of Ref. 5.

s = 1.25 for larger distances up to r =7 (Ref. 4).
The agreement of the experimental and theoret-
ical curves for one definite value of s in such a
wide range of distances is, of course, not accidental
and it is natural to suppose that this takes place be-
cause the energy spectrum of shower electrons co-
incides with the energy spectrum of the electron-
photon cascade shower of age s, whereas the lat-
eral divergence of electrons is determined entirely
by Coulomb scattering. Unfortunately, the electron
energy spectrum has not been measured to date,
but it is worth noting that the electron absorption
coefficient, obtained by investigating the baromet-
ric effect and altitude behavior of the shower,
agrees with the value s = 1.2.%!! Thus, if the
energy spectrum of the electrons in the shower
coincides with the energy spectrum of electrons
in an electron-photon cascade shower of age s =
1.2, then the experimentally observed extensive
lateral divergence of the electrons can be explained
only by the Coulomb scattering of the electrons in
the individual electron-photon cascade showers,
without assuming that the cores of these showers
leave the basic core of the extensive atmospheric
shower.*

*As was shown by Cocconi, 12 the earth’s magnetic field
does not exert any substantial effect on the lateral distribu-
tion of electrons for showers observed in the lower layers of
the atmosphere.
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Let us consider now the lateral distribution of
u mesons. u mesons originate from the decay of
7= and K* mesons in the upper layers of the at-
mosphere. According to experimental datal® p
mesons originate in extensive atmospheric showers
at altitudes of 5 to 20 km above sea level. u _me-
sons cover large distances from the place of origin
to the observation level, experiencing practically
no interactions involving considerable energy los-
ses, and losing energy slowly by ionizing air atoms.
The lateral distribution of low-energy u mesons
was investigated by a number of workers.3™® Ac-
cording to the experimental data, the meson density
falls off considerably slower than the electron cur-
rent density even over large distances, on the order
of hundreds of meters from the shower axis.

The presence of a large free path brings us to
the important role played in the lateral divergence
of p mesons both by the Coulomb scattering from
air nuclei and by deflections in the earth’s mag-
netic field, even if the muons have a relatively high
energy. Inasmuch as Py (r), even for the maxi-
mum distances from the axis investigated in the
above references, does not drop off faster than
1/r?, we shall not consider quantitatively the Cou-
lomb scattering effect and deflections in the earth’s
magnetic field. Let us limit ourselves to the eval-
uation of the mean square deflection VT% of u
mesons with energy E by multiple scattering, and
to their deflection in a magnetic field ry;. It is ob-
vious that:

7 h2E?
§ [E+pto (1 —e™")]

-y

rs =

s te—*hdh. (1)

Where, H is the altitude above the observation
level at which the p mesons are produced, t, the
depth of observation level in shower units, Eg the
parameter of multiple-scattering theory, B the
ionization losses calculated for one shower unit in
air (Eg =21 Mev, B=172 Mev), a the coefficient
in the barometric formula: @ = (1/7000) m~!. For
rn, we have the following expression:
H
fo = \ hdh|o; o=E + 8ty (1 —e=) /300 %, (2)
0

where 3C is the component of the earth’s magnetic
field perpendicular to the axis of the extensive at-
mospheric shower. Assuming the altitude of u
meson generation to be H =10 km above sea level,
and considering that the mean energy of the y me-
sons at large distances from the shower axis is
close to the minimum energy recorded by the de-
tector, equal in the above experiments to 3 x 108 ev,
we obtain the values of «/—?_zs— and rp, shown be-
low.* (In doing this we can estimate only the min-

*The data are for sea level.
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Thus, the lateral distribution of low-energy p
mesons, ordinarily investigated in experiments, is
determined essentially by the Coulomb scattering
of the p mesons and by their deflection in the
earth’s magnetic field. The angular divergence of
the p-meson “ancestors” in the elementary nu-
clear cascade acts is also evidently an essential
Tactor in the lateral divergence of the p mesons.
However, the relative role of all these factors can-
not be definitely determined at the present time
without additional experimental data on the lateral
distribution of p mesons, their energy spectrum,
and also the altitude of their production in the
atmosphere .*

It is especially interesting to analyze data on
the lateral distribution of high-energy u mesons,
since such mesons originate in elementary nuclear-
cascade acts of higher energies. Such data were
obtained by George!4 and Cocconi.!> However,
these are qualitative in nature, since the lateral
distribution of the y mesons was investigated by
the correlation-curve method. Recently Androni-
kashvili and Bibilashvili,'® using the method of
correlated hodoscopes, obtained the lateral distri-
bution of u mesons of energy E = 1.5 x 10¥ev
in extensive showers at sea level. The experi-
mental data'® are shown in Fig. 2. As can be seen,
the lateral distribution is investigated up to dis-
tances where the drop-off in the function p,(r)
becomes ~1/r’. Consequently, the experimental
data enable one to evaluate the integral f pu(r) X
27rdr, corresponding to the full number of pu me-
sons in the shower, since the integral does not di-
verge at the upper limit. Thus, it is meaningful to
make a more detailed examination of the effect of
Coulomb scattering and of the magnetic field on
the lateral divergence of p mesons.}

Let us find the lateral distribution function
p, (r) for the case of u-meson divergence due to

oulomb scattering and the deflection in the earth’s
magnetic field, neglecting factor I. The lateral
distribution of multiply-scattered p mesons with

*It is necessary to consider the sensitivity of the values
1{ and r_, to the altitude H of p meson production. The

value of r,, is quite sensitive to H. According to (2), without
taking into account ionization losses, r, ~ H*. The value of n
is considerably less sensitive to H when aH > lirgy ~ [(2/%)
- H?e~%H|, However, rg ~ («H)* when oH < 1.

11t is impossible to calculate r* from experimental data for
this would require us to investigate p, (r) up to distances cor-
responding to a 1/r° drop off.
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FIG. 2. Lateral distribution of 4 mesons in extensive at-
mospheric showers. I — theoretical cutve p ,,,(rl > Enin)s
y =0.7, H = 10 km. II — the same for y = 1.3, H = 10 km;
III — experimental data of Ref. 16.

energies E >» Bt)(1-e~®H) has the form of a
Gaussian distribution
oy (r, E)dE = C (E) exp {—r*/r*(E)} dE,

where r?(E) is determined by the above-men-
tioned formula. C is determined from the condition

&pp (r, E)dE 2=rdr = F (E) dE,

if
F (E)dE = AE-&+)dE,
then
C = AE"Y™V 2 (E) = AE="=V/xB (H, to),
since

r* = E2B(H, t,).

The action of the earth’s magnetic field results
in a lateral sorting out of the p mesons according
to their energy and charge. If the shower axis is
vertical, the positive p mesons are displaced to
the east, and the negative ones in the opposite di-
rection. At the same time, all p mesons of energy
E have the same deflection, r,, (E) = (H2/2E)

x 3003C, Thus, the simultaneous action of the
Coulomb scattering and the deflection in the
earth’s magnetic field can be taken into account in
the following expression for Pu (r), which gives
the lateral distribution in the west-east direction.*

}dE

*The experimental setup was oriented in this direction.

A

oty [ (r — mE?
(y—1) 1
B L e"p{

o (r1>Emln) = S B (H,t)

min
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In Fig. 2 are shown the theoretical curves calcu-
lated for various assumptions concerning vy

(Ref. 17), for Epin = 1.5 x10"%ev, H =10 km,
and the latitude of Thilisi. The comparison of the
theoretical and experimental curves shows that the
lateral divergence of high-energy p mesons is
essentially dependent on factors II and IIL.*

Using the cited data we can estimate of the value
of the transverse momentum acquired by the sec-
ondary particles, the 7= and K* mesons, in ele-
mentary nuclear-cascade acts. The transverse
momentum of s secondary particle of energy E
is p=(E/c)#, where ¢ is the emission angle
of the secondary particle in the laboratory system.
If the p-meson energy spectrum has the
form F(E)dE =AE-(V*1)dE for E > E;,, then,
neglecting ionization losses and the p-meson de-
cay probability (this is true for E > 10'%ev), one
can obtain the differential spectrum of the decayed
7t mesons and K* mesons: .

- Y
ﬂ\zJ yE (Enin £
M)l
E

for E > <%)2Emlnv

Where M is the mass of 7% or K* meson, m
the mass of the y meson, and Ep,j, the minimum
energy of the recorded p mesons (1.5 % 10¥ev
in the experiments of Ref. 16).

Let us determine now the value of energy E*
which is possessed by more than half of decayed
™= (or Ki) mesons. For the case of 7& mesons,
E* = 2Ep jp = 3 X 10¥¢ey. For the case of K* me-
sons, E* = TEp i, = 10''ev, p* = E¥¢/c and since
$<50m/10°m =5 x 107%, then p%< 1.5 x10%ev;
and p*K< 5 x 10%ev.f

*The observed discrepancy between the experimental and
theoretical curves can be understood if one takes into account
the specific geometry of the setup used in Ref. 16. The detec-
tor of high-energy p mesons was placed at a depth of 27 me-
ters underground. The apparatus to locate the shower axis was
placed on the surface of the earth. The inclination of the
shower axis from the vertical could cause a systematic error
in the determination of the distance from the shower axis to
the detector, on the order of half of the indicated depth.

tThe transverse momentum acquired by the p meson on ac-
count of factor Ib, has an order of magnitude of pu,c/2 for the
7> pu + v decay; for the K » p + v decay, pxc/2 = 2uc.
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In conclusion it is necessary to note that the
Coulomb scattering must also be taken into account
in analyzing data for the lateral distribution of
charged nuclear-active particles in extensive atmo-
spheric showers.

The author wishes to express his thanks to S. B.
Vernov and G. T. Zatsepin for discussion of the
above questions.
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