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Experimental data on the energy spectra of y quanta in extensive air showers containing
10°—10% particles are obtained for 101?—10!3 eV quanta at depths of 311 and 197 g/c:m2 in
the atmosphere. The multiplicity of pion production in interactions involving particles with
energies ~10!° eV calculated from these data appreciably exceeds that predicted by the
Landau theory. The degree of energy dissipation approaches the limiting value of energy

division consistent with Heisenberg’s theory.

INVESTIGATION of the production of the electron-
photon high-energy component in extensive air
showers (EAS) that are in their initial stage of
development is of particular interest, since ex-
periment can then yield directly data on the gener-
ation of pions in ultra high energy interactions. It
is known [ that in the lower third of the atmos-
phere the average number of nuclear-active parti-
cles with energy > 10! eV per shower with

N ~ 10° particles is less than unity, while the en-
ergy of the gamma quanta contained in the EAS
does not exceed ~ 101 eV ZJ. The presence of
fluctuations in the development of the showers
does not enable us to trace in the lower third of
the atmosphere the energy degradation of the
particles which carry the bulk of the shower en-
ergy. We consequently have at present only very
indirect data on the spectra of pion production in
interactions at energy > 101 ev.

We chose an experimental procedure based on
registering those electron-photon cascades in EAS
which are caused by gamma quanta produced in
the layer of atmosphere over the apparatus. The
experiments were made at pressures 197 and 311
g/cm?. Electron-photon cascades with energy
above 7 x 10! eV were registered. At the same
time, the size of the EAS was determined by
registering the particle density in the shower at
several points.

Calculations made by Baradzel et al.l¥ show
that at gamma quantum energies exceeding 102
eV the dissipation of the energy in a shower pass-
ing through a layer of 200—300 g/cm? is small,
and aninstrument with area ~ 1 m? will register
a larger fraction of the gamma quantum energy,
even if the gamma quantum was generated at the
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top of the atmosphere. At pion perpendicular mo-
menta ~5 X 10% eV/c we can expect cascades from
different gamma quanta to be registered by the
array separately. Experiments made under low
atmospheric density conditions greatly facilitate
separate registration of the cascades.

Thus, registration of electron-photon cascades
in EAS enables us to determine the integral num-
ber of high-energy gamma quanta generated in the
layer of the atmosphere over the instrument in in-
teractions that initiate the shower. Assuming that
the main fraction of the gamma quanta is produced
as a result of 7’ meson decay, we can obtain data
on the pion generation.

We have registered the particle density in the
EAS with the hodoscopic array previously de-
scribed.

Gas discharge counters of 30 mm diameter and
300 mm long were placed in three hodoscopic
points lying on one straight line. In the central
point there were 80 counters, and at two peripheral
points 7 and 12 m away from the center there were
20 counters each. In order to be able to estimate
the zenith angles of shower incidence, half of the
counters of the central point was installed vertic-
ally [4

We used an array of ionization chambers (3 o
register electron photon cascades in the EAS.
Fifteen cylindrical ionization chambers 90 cm
long and 10 cm in diameter were arranged in one
row in contact with each other. A 3.5 cm layer of
lead placed over the chambers ensured registra-
tion of the number of particles with energy 10'!—
103 eV in the cascade near the maximum of cas-
cade development. It was assumed that the energy
of the electron-photon components striking the
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Table I.
Distribution by number of cascades striking the ionization
chambers
Electron- Number of electron-photon cascades in | Average number
Depth, photon one event of electron
g/cm? cascade photon cascades
enerey, t| e N EERES
eV
For events connected with EAS,
[ =17.5-101 178 38 9 1 1 — 1.28 £0.13
>=1.7.1012 85 13 2 — — — 1.17
311 { >5.2-1012 3 2 — —_ — —_— 1.06
|\ >9.4.1012 14 1 — —_ — — 1.06
( > 7.5.101 184 33 17 1 — | - 1,30 £0.13
=1.7-1012 63 15 7 — — —_ 1.34
197 = 5.2-1012 12 — 1 — — — 1.15
l >9.4-1012 3| — 1t — | =] - 1.50,
For events not connected with EAS
(density of particle flux in both peripheral points < 1 m-?)
311 =>7.5-101 28 1 — — — —
197 =>7.5-101 103 1 1 — — —

array was equal to Eep = 1.9 x 10% N (eV), (N—
the ionization registered in the chambers and ex-
pressed in terms of the number of relativistic
electrons ). The counters of the central hodoscopic
point were placed approximately 0.7 m above the
ionization array.

As a rule, one electron photon cascade struck
the ionization chamber. The number of triggered
chambers was small, and the distribution of the
ionization over the chambers had a sharp maxi-
mum. If several cascades struck the chambers,
each was triggered independently. Assuming that
several cascades struck the array, it was possible
to segregate groups of chambers which were
separated from one another by other chambers in
which the ionization was at least 30 per cent
lower than the maximum ionization in each group.
Table Ilists the distribution of the registered
cases by number of cascades. We see that in the
overwhelming majority of cases one or two cas-
cades were registered.

The experimental distribution of the ionization
among the individual chambers in the cascade is
somewhat broader than what follows from calcu-
lations made under the assumption that the points
of cascade generation have an exponential depth
distribution with an absorption range of 120 g/cmz,
but can be attributed to the energy dissipation in
the cascade processes, if the gamma quanta are
generated in the upper layer of the atmosphere.

To determine the average number of electron-
photon cascades in a shower of given size, and
consequently also the number of gamma quanta
generated in the atmosphere above the observa-
tion point, the following calculation can be used !

DThe authors are grateful to G. B. Khristiansen who
pointed out the possibility of such an approach.

We select showers registered by the hodoscopic
system in such a way that the shower density at
the peripheral point I is smaller than the shower
density at the peripheral point II, i.e., p1 < pyy.
The shower axis will then strike the half-plane in
which point II is located, and r{ = ry (ry and T,
are respectively the distances from the point of
passage of the axis to points I and II). If the func-
tion of the lateral distribution of the electrons in
the shower is f(R), i.e.,

Sf(R)AZanR =1,

0

and the differential particle-number spectrum of
the showers is given by dn/dN = AN~®*1)  then
the number of showers selected in accordance
with the foregoing criterion, with density in the
interval from p; to py + dpy, is

p (R) = Ni(R),

2 oo

d —(% . 0.4

@%(Pl) dp, = 2APl( = dp, ‘\ da§ F*(ry) RAR;
[}

ri = R? + a® 4 2aR cos a.

We select further those showers in which a gamma
quantum with energy larger than E is incident on
the chambers. Let & (> E, N) be the number of

¥ quanta with energy larger than E in a shower
with N particles, and let the lateral distribution
of these y quanta be given by a function ¢(R),
i.e., let the density of the ¥y quanta be

o (/) = © (> E,N)¢ (R), { ¢ () - 2nRdR = 1.
0
If 0S < 1 (S—area of ionization array), then the

anumber of showers selected in accord with both
criteria will be
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dk (> E, p1) K
T dp, = 0
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=28 dpy \ da
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2 S da& 2.(r) dp,o (> E, R) SRR
0

(r) ® > E,N) g (R) RdR.

If the function ¢ (R) decreases rapidly with the

distance, then r; depends weakly on R in the in-

tegration region. From the mean value theorem

we have

dpl
7!‘/2 (?O
X2 \ da.

0 0

where T, is some mean value of r; and N is the

S ¢ (R) RdR =

L (> E, p) dp, = Ap*™ dp, SO (> E,N) 1 (ry)

- Ap "V dpyf () © (> E,N) 8.

size of the shower corresponding to a density p,
with the axis passing at a distance T;.

Thus, the number of y quanta with energy
> E, produced in the layer of atmosphere over
the apparatus in a shower with N particles is

® (> EN)=

/2 00

dk(>E, p) /dp1 g
dp (1) / dpr

’

K =4 S S (r) RdRda|Sf (ry).

The factor K can be calculated by assuming that

0

the lateral distribution of the electrons in the

shower is described by a Nishimura-Kamata func-

tion. Then K is determined by the quantities R,

k, and the cascade parameter s.

Calculation shows that K does not depend

strongly on R, k, or s. Thus, for an atmosphere

depth p = 311 g/ecm? K changes by 25 per cent
when « is varied from 1.5 to 1.7 (s = 0.8,
R =5m), by 25 per cent when s is varied from

1.0to 0.8 (k =17, R=5m),
when R is varied from 5to 2 m (k = 1.7, s = 0.8).

and by 30 per cent

The values of R, k, and s should be estimated

from experiment.

In Table II are listed experimental data on the

number of registered events.

and TULINOVA

The quantities s and R can be estimated by
analyzing the ratio of the particle flux densities
in the shower at different hodoscopic points. Fig-
ure 1 shows the integral density spectra for each
of the three hodoscopic points, in showers accom-
panied by the incidence of an electron photon cas-
cade with energy E =7 x 101 eV and E = 3.5
X 102 eV on the ionization-chamber area.

The average density ratio is determined by the
lateral particle distribution in the shower, or, if
the lateral distribution of the particles is described
by a Nishimura-Kamata function, by the value of
the cascade parameter s. According to the data

of Fig. 1, the density ratio at two peripheral points

p1/p12, does not depend on the particle flux density
in the shower and amounts to ~1.6 at 311 g/cm2
and ~ 1.8 at 197 g/cm?. The error in the deter-
mination of this ratio is approximately 0.2. Such

a ratio corresponds to Nishimura-Kamata functions
with 0.9 < s < 1.1 for a pressure 311 g/cm2 and
0.7 <s < 0.9 for a pressure of 197 g/cm?. In the
calculations of the coefficients K we have as-

sumed s =
respectively.

1.0 and s = 0.8 for 311 and 197 g/cm?,

The value of R can be estimated from the ratio
of the densities in the central (p,) and peripheral
(p7) points. In Table III are given values of R
for different y-quantum energies and shower

sizes.

It must be noted that these data are also of
interest in themselves, since R characterizes the
transverse momentum of the generated y quanta.
An estimate starting from ~10* m for the height
of a shower generation leads to values

pL~(1—5)-10%eV/e.

The value of k (the particle- number spectrum

exponent ) can be obtained from the data on the

density spectrum of vertical EAS at the altitudes
under consideration. In accordance with “J we

have assumed k = 1.7. The error in this quantity
does not exceed 0.2. The experimentally obtained

Table II

Shower satisfying
the requn-ement
> 16

Events with an incident -

electron-photon cascade
of energy E > 7 X 10 eV
and p; 21 partxcle/m2

Events with an incident
electron-photon cascade
of energy E > 7 X 10! eV

partlcles/m
H=9km|H—12km| H—9km | H=12km | H=9km | H=12km

Net operating i

time of the |

apparatus,

hours 10.6 8.7 39.0 34.0 39.0 34.0
Numbgr of {

registered 750 | 339 929 237 521 1008

t

events
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FIG. 1. Integral density spectra for showers ac-
companied by an electron-photon cascade with energy
E > x 10" eV and E 3 3.5 x 10'? eV incident on the
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spectra dk(E > 7 x 10!')/dp, and dp/dp, are
shown in Fig. 2. In order to obtain the spectrum
dp/dp,, several flights were made, during which
time the triggering counters were not at the center
of the array but at two peripheral points directly
below the hodoscopic counters. All the showers
accompanied by electron-photon cascades were
broken up into three groups with respect to p; in
such a way, that the average number of particles
in the shower was ~7 x 10, £3 x 10°, and ~1.5
x 108, respectively.

In Table IV are given the values of the coeffi-
cient K, calculated for each group of showers. The
uncertainty in the coefficient K, due to errors in
the values of s, k, and R, is 20—30 per cent. For
each group we plotted the energy spectrum of the
electron-photon cascades, registered by the ioni-
zation apparatus.

From these data we calculated the quantities
®(>E, N) given in Fig. 3—the average numbers
of v quanta in a shower with N particles, gener-
ated in the layer of atmosphere over the apparatus.
It must be borne in mind that y-quantum energy is
somewhat higher than the experimentally registered
energy of the electron-photon cascade, since some
of the energy is dissipated. Estimates based on the
data of Baradzei et al.®® show that for the main
fraction of the y quanta the dissipated energy does
not exceed Y4 of its initial value.

In the calculation of ®( > E, N), two correc-
tions were made.

? 3 H=4x,
H=8%km 3 ? ? % -
g F 31
e S B
% * i
by '
f ! f
i b
70 702 0° 10 1° 1’
particles/m?

1. It was assumed in the calculation that ¢S < 1.
In order to take into account the effect connected
with the presence of structural bursts, the re-
sultant value of & ( > E, ﬁ) must be multiplied by
the average number of cascades incident on the
chamber area. The value of this quantity was
taken equal to 1.30, in accord with the experimental
data (see Table I).

2. The angular distribution of the showers ac-
companied by bursts differs from that of showers
without such accompaniment. Since we are inter-
ested in the number of y quanta in showers which
arrive in a nearly vertical direction, the correc-
tion connected with this affect reduces from first
approximation to a multiplication of &( > E, N)
by the ratio of the corresponding average solid
angles Q/Q( >E).

Figure 1 shows the shower density spectrum
with the densities determined by vertical counters.
A comparison of this spectrum with the density
spectrum obtained from data of the horizontal
counters of the central point has enabled us to
estimate the angle of incidence of the showers ac-
companied by incidence of an electron photon cas-
cade with energy E > 7 x 10!! eV on the area of
the ionization chambers. This angle amounts to
30° £ 5°. Comparing the angular distribution of all
the registered showers (4] with the angular distri-
bution of the showers accompanied by electron-
photon cascades, we obtain /Q ( >E) = 1.5 for
H=9km and /Q2(> E)=2 for H= 12 km. The
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Table III
Electron-photon pr Number of -
cascaciev energy, | particles/m? inp:}:g:,:‘sN 0o /07 R,m
Altitude H =9 km
10 5-10% 8—12 0.8—1.2
>7-101 { 50 3-105 5—8 1.1—1.9
250 2-108 1.6—2.5 4—6
10 5-10¢ 8—12 0.8—1.2
> 3.5-1012 { 50 3-108 5—8 1.1—1.9
250 2-108 1.5—2.5 —6
Altitude H = 12 km
10 5-104 8—12 1.1—1.8
> 7.101 { 50 3108 5>—6 1.6—2.1
250 2108 1.5—2.5 4—6
10 5-10% 12—18 0.7—1.1
> 3.5-1012 { 50 3103 5—17 1.4—2.1
250 2108 1—2 4—9
Table IV
- l . K
’ i i M N -
particpltlas/m’ R, m [Number of particles in shower 1\1 ramr— ‘H T
5—15 1 5-104—1.5-10° 7-10% 7-102 | 6,7-102
15—70 2 1.5.105—7-10° 3108 8.102 | 7,7.102
70—300 5 7-105—3-10° 1.5-10¢ 1,2-10% | 1.1.108

dp/dp,,drfdp,. showers-hr™ (particles/m?)™
10%f

a b
10+ 10
o\/
1 1} 2
w0+ 7 ad®
¢
2| =2
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ap/dp,,dx/dp,, showers-hr~! (particles/m?)™
0é

FIG. 2. Density spectra of registered showers
dp/dp (curve 1) and dk/dp, (> 7 x 10'! eV) (curve 2)
for two altitudes, H = 9 km (311 g/cm®) and H = 12 km
(197 g/cm?).
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accuracy of these ratios is 20—30 per cent.

The counting rate of the showers from each of
the three groups agrees with the data concernin,
the primary spectrum of the cosmic radiation i ,
if we assume a conversion coefficient from the
number of particles in the shower to a primary
particle energy ~2 X 10° eV, which is a reason-
able assumption for the observed showers.

Thus, our data give average energy spectra for
the y quanta generated in air layers 197 and 311
g/cm? thick in EAS with average energy ~1.5
x 10" -3 x 10" eV.

It must be noted that the energy carried by the
v quanta registered in the experiment in the spec-
tral region from 10'% to 103 eV constitutes an ap-
preciable fraction of the total energy of the EAS.

1 ] ] 1 1 1 i
5 10 20 50 100200 3568
£, particles/m?

Thus, for EAS with N = 1.5 x 10® this energy
amounts to ~6 x 10! eV.

If we assume that, in accordance with isotopic
invariance, ¥ mesons, are also produced along
with the 7’ mesons, then the energy transferred
to the pions with energy in the interval 10'2—10!3
eV, amounts to about half the shower energy.

Comparison of the spectrum of the y quanta
generated in a layer of thickness 311 g/cm2 with
the analogous spectrum for the 197 g/cm?® layer
shows that the overwhelming majority of y quanta
are generated in the upper layers of the atmos-
phere. It follows therefore that the cascade multi-
plication of the pions makes a small contribution
to the spectra under consideration and that thus,
in first approximation, the spectra reflect the
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FIG. 3. Average number of y quanta with energy > E gen-
erated in the layer of atmosphere over the apparatus: a—
H =9 km (311 g/cm?) and b—H = 12 km (197 g/cm®) in a
shower with the following number of particles: 0—N = 7 x 10%;
X—N = 3 x 10%; O-N = 1.5 x 10°. The energy dependence of
® (> E,N) can be approximated by a power law. The corre-
sponding values of the energy exponents (¢) were calculated
by the method of least squares. For the curves a: 0—e = 1.3
+0.2; X—e = 0.96%0.17; O—e = 1.020.2. For curves b: 0—
e=1.320.2; X—e = 1:420.3; O—¢ = 0.9+0.45.

generation of pions in the first interactions of the
high-energy nucleons initiating the shower.

The spectra obtained indicate the high degree
of energy dissipation during the production of
pions in nuclear reactions, leading to the forma-
tion of showers with energy ~10' eV. The degree
of division of the energy is much higher than
predicted by the Landau hydrodynamic theoryl5],
and approaches the extreme degree of energy
dissipation, arrived at by the Heisenberg fire
ball representation. Upon decay of such a fire
balll8], the energy of the produced pions does

not depend on the initial energy. For a more ac-

curate solution of the question it is necessary to

know the nuclear composition of particles, which
produce the extensive air showers under consider-

ation.
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