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Large ionization bursts were studied with an experimental assembly covering an area of 10 m?
and containing 192 ionization chambers. An analysis of the data shows that a considerable frac-
tion of the large ionization bursts is induced by the simultaneous incidence of several nuclear-
active particles. Simultaneous incidence is responsible for the fact that for bursts registered
in an area of 10 m? the power exponent of the integral spectrum is y = 1.38 + 0.03, whereas

for bursts induced by individual particles the exponent is 1.92 + 0.05.

THE absorption of nuclear-active particles in the
atmosphere is known to depend essentially on such
fundamental interaction properties as the inelas-
ticity parameter, the degree of energy concentra-
tion on secondary particles, and the spectrum of
primary cosmic radiation. (1] Therefore the study
of the energy spectra of nuclear-active particles
at different depths in the atmosphere furnishes ex-
tremely valuable information regarding the aver-
age properties of interactions between high-energy
particles and light nuclei.

Numerous investigations of the energy spectra
of nuclear-active particles at sea level, at moun-
tain altitudes, and in the stratosphere have been
reported in recent years. In most of these inves-
tigations pulse ionization chambers were used to
register ionization bursts. In practically all cases

it was assumed tacitly that the size of the registered

pulse is proportional to the energy of the incident
particle; therefore the energy spectrum of nuclear-
active particles was identified with the ionization
burst spectrum. This assumption would be justi-

fied (if the inelasticity parameter is independent
of energy) except for the fact that there exist cer-
tain systematic factors that prevent a unique re-
lationship between the measured burst spectrum
and the nuclear-active particle spectrum at any
given height.

A considerable amount of experimental infor-
mation has by now been accumulated regarding
the spectrum of ionization bursts induced by nu-
clear-active particles. The data in the literature
exhibit noteworthy discrepancies. Table I gives
the results of several mountain-height investiga-
tions (3—4 km above sea level). The experimental
results obtained by different workers yield a power
exponent y of the integral burst spectrum varying
from 2.0(%% t0 1.4—1.5. [6-%]

Interactions in the energy range 10'2—10!% eV
have recently been studied using nuclear emul-
sions; the results differ considerably from the
ionization burst spectra. The nuclear-active par-
ticle spectrum in the stratosphere has an exponent
R 2 according to the emulsion measurements, [10]

Table I
Height Range of regis- | A £
tered bursts (in rea o
Reference a:):‘:{;’s:la mumber of rega- Y setip, m?
tivistic par-
ticles)
Lappl?] 3350 2.102—6-10% | 2.0+0.10 0.1
Stinchcombl[?] 3550 2-102—2-10% 1.88+0.09 0.1
Grigorov_et aL.[4] 3200 1-103—1.10* | 1.6740.05 0.6
Farrowl® 3200 1-103—1.104 1.65+0.08 0.7
Zatsepin et al.[%] 3860 6-102—6.10* 1.50+0.16 1.3
Murzina et al.|” 3860 2-103—3-10 1.53£0.,07* 2.2
Denisov et al.|® 3860 3.103—3-10* 1.50+0.10* 1.2
Babayan et al.|® 3200 2-103—2-10% 1.37£0.03 10.0

*For bursts of more than ~ 3 x 10* particles the exponent 7y increases

to ~ 2,
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FIG. 1. Schematic diagram of setup. I-VI are rows of ioni-
zation chambers.

while the exponent of the burst spectrum at the
same heights is 1.5. (1]

Table I shows that the spread of experimental
values of 7y considerably exceeds the statistical
errors of the measurements, thus indicating the
existence of systematic errors. Therefore the
experimental data hitherto available have not per-
mitted a unique conclusion regarding such a fun-
damental quantity as the exponent of the nuclear-
active energy spectrum. It was the principal pur-
pose of the present investigation to determine the
cause of differences between experimental results
obtained by different investigators, including those
using the same ionization-chamber technique.

APPARATUS

We investigated large ionization bursts at 3200 m
above sea level, at the mountain station of the Acad-
emy of Sciences of the Armenian SSR, with an ex-
perimental setup having an area of 10 m? (Fig. 1).
The assembly consisted of six rows of ionization
chambers; each chamber was 330 cm long and 10
cm in diameter. The rows were placed under dif-
ferent thicknesses of composite lead-graphite ab-
sorbers. (A more detailed description of the setup
is given in [*]; the ionization chambers and elec-
tronics are described in [12’13].) Each chamber
was connected to an individual amplifier that meas-
ured ionization in the range from ~ 200 relativistic
particles passing simultaneously through the di-
ameter of the chamber to ~ 70,000 particles. Sum-
ming amplifiers provided for each row enabled the
measurement of total ionization in a row from
~ 1500 to a few million particles.

The upper two rows of chambers (V and VI)
were placed under lead absorbers 3 and 2 cm
thick, respectively and served to register par-
ticles of the electron-photon component entering
from the air. Arrays HI—IV and I—II measured
the energy of electron-photon cascades (i.e., of
¥ mesons) generated by nuclear-active particles
in the absorbers.

Kh. P. BABAYAN,

et al

An ionization pulse was registered whenever
the ionization in two or more rows of chambers
exceeded that due to 2600 relativistic particles
in the case of the four lowest rows (I—IV) or
8500 relativistic particles in the case of the upper-
most rows.

In the present work we analyze the ionization
bursts induced by high-energy nuclear-active par-
ticles interacting with the assembly (bursts in
rows I—IV). The experimental data were obtained
in 730 hours of operation, during which, because
of the large area of the assembly, bursts repre-
senting the passage of more than 2 x 10° particles
were registered. The total energy of 7% mesons
generated in the absorbers reached > 2 x 108 ev
in these cases.

We shall not consider here the energies of the
nuclear-active particles inducing bursts, since
for this purpose we would need additional informa-
tion regarding the character of the interactions
with nuclei in the absorbers (the inelasticity pa-
rameter and its fluctuations). We note only that
our experimental results in (9] indicate that the
energy of registered electron-photon cascades
would have to be multiplied by a factor not exceed-
ing 2 or 3 in order to obtain the energy of the nu-
clear-active particles inducing bursts.

RESULTS

1. Nature of the ionization bursts. The burst-
registration system (where triggering required,
as a minimum, the coincidence of pulses in two
rows of ionization chambers) practically excluded
the registration of bursts due to nuclear disinte-
gration; these bursts are produced by heavily-
ionizing short-range particles. Therefore the
bursts registered in rows I—IV could have been
produced only by cascade showers developing in
the absorbers of the assembly. These showers
result mainly from interactions between high-
energy nuclear-active particles and absorber nu-
clei. However, they can also be induced by high-
energy electrons and photons from the air and by
electromagnetic interactions of muons.

Our earlier analysis has shown that at mountain
heights the contribution of muons to bursts of more
than 2 x 10% particles does not exceed 10% of the
total number of bursts, and that this percentage
decreases as the size of the bursts increases. [*]
The contribution of the electron-photon component
impinging on the assembly from the air and pass-
ing through the absorbers is also small, because
the amount of matter above row IV is 23 t-units
(and an even greater amount lies above the other
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rows). The data obtained by us and by other
workers [1%1415] ghow that this amount of matter
is sufficient to absorb practically the entire elec-
tron-photon component entering from the air. How-
ever, particles of the electron-photon component
having nonvertical paths and passing through the
sides of the assembly could in some instances in-
duce registrable bursts in the lower rows (I—IV).
Since high-energy particles have a very steep
angular distribution peaked in the vertical direc-
tion it can be expected that bursts induced by the
electron-photon component impinging on the sides
of the assembly from the air would be detected
only in the chambers near the ends of each row.
In order to estimate this effect we determined
the number of bursts of more than 103 particles
registered by each chamber of a given row, and

plotted the dependence of these numbers on the dis-
tance between the chamber and the side boundary
of the assembly. To enhance the systematic ac-
curacy we connected in each row the chambers
located at equal distances from the opposite ends
(the 1st and 32nd, the 2nd and 31st chambers etc.)
as well as the corresponding chambers of neighbor-
ing rows (I and II, III and IV). The results are
shown in Fig. 2. A marked increase of the number
of bursts registered by chambers near the ends is
observed in both distributions; in rows III and IV
the effect is observed only in three or four cham-
bers at the ends, whereas in rows I and II a higher
number of bursts is observed in five to eight cham-
bers. Figure 2 suggests that about 15% of all bursts
registered in rows III and IV are induced by the
electron-photon component from the air. The per-
centage is considerably greater for rows I and II;
therefore in determining the spectrum of bursts
induced by nuclear-active particles we shall here-
after use only bursts registered in rows III and IV.
We note that some increase of the number of
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FIG. 2. Number of registered bursts of more than 10° rela-
tivistic particles vs. distance ! of chambers from the sides of
the assemhly. Continuous line — chambers of rows IIl and IV;
dashed line — chambers of rows I and II. Abscissas — distance
(in cm) from the side; ordinates — number of bursts in corres-
ponding chambers.

bursts registered by chambers near the ends can
theoretically be induced by the nuclear-active par-
ticles themselves. This is associated with the fact
that nuclear-active particles impinging on the as-
sembly are partly absorbed in the uppermost layer
of lead, whereas particles passing through the
sides and entering the end chambers are not ab-
sorbed in this way. Our calculations show that the
increased number of bursts in chambers near the
ends as a result of this effect should be consider-
ably smaller than the number observed experimen-
tally.

2. Bursts registered by a setup having a large
area (10 m?). In plotting the spectrum of ionization
bursts registered by the entire area of the experi-
mental setup the size of a burst was defined as the
combined ionization produced simultaneously in
all ionization chambers of a given row. This is
equivalent to having each row replaced by a single
chamber of 10-m? area.

The burst spectra in all four lowest rows are
well represented by the power law N (=J) = AJ™Y,
The integral spectra of bursts registered by the
entire area of rows III and IV are shown in Fig. 3
(curve a), where the abscissas are the sizes of
bursts expressed in the numbers of relativistic
particles passing simultaneously through a cham-
ber diameter, and the ordinates are the numbers
of registered bursts (without corrections for the
effect of a transition from lead to the chamber
walls).

The exponents of the integral spectra are given
in Table II; the average exponent for rows III and
IV in the range from 2 x 10° to 2 x 10° particles
is 1.38 + 0.03. We calculated all exponents of
spectra and their errors by least squares.

For the spectrum of bursts registered in a
10-m? area we obtained a smaller exponent y
than that given by other authors (Table I). This
result also differs from that obtained in our ear-
lier work with a setup having an area of 0.6 mz,[“]
where for bursts in the range from 10% to 10* par-
ticles we obtained y = 1.67 + 0.05.

3. Groups of simultaneously incident nuclear-
active particles. As early as 1956 in our work with
a setup having an area of 0.6 m?[4) we found that
in 18% of the bursts of more than 10% particles
considerable ionization was observed simultane-
ously in two nonadjacent chambers separated by
other chambers in which ionization was small or
entirely absent. These bursts were called (later-
ally ) “‘structured,’”” and comprised only ~ 1% of
the bursts of less than 10° particles.

An analysis of the experimental data showed
that structured bursts are produced when several
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Table II
. Average for
z[f;:ffmzfj;f A% | Rowl Row II Row HI Row Iv |rows Il and
Bursts in entire 1.34+0.031|1.3240.026 | 1.37+0.030 | 1.39+0.026 | 1.38+0.03
area of setup
Bursts with separate 1.47+40.035(1.52-4-0,034 | 1.5540.034 | 1.6140.031 | 1.58+0.03
structures taken into account _
Bursts in individual 1.55+0.042{1.59+0.036 | 1.944-0.052 [ 1.914-0.044 | 1.92+0.05
chambers
nuclear-active particles of comparable energies Table III
impinge simultaneously on the setup. The fre- Mean namber
s s : Percent of | of incident |Mean distance
quency of these events increases with the size of Size of bursts structured | particles (in | between par.
the bursts, and the mean distance between nuclear- bursts struq:u;al ticles (7, cm)
. . . units
active particles forming the separate ‘‘structures”’ -
is reduced as their energy increases. All these 1,248 < J < 3,610 17.6+0.8 2.2 100
; ; N 3.6-103 << J < 8.4-103 36.542.3 2.9 85
conclusions were confirmed subsequently when S48 TS0 40| 3oy 35 50
large bursts were registered at sea level in a 24100 < T L6000 84.2i+/7;.9 4.3 6
> 6,010 0. 147, 5.9 BB
setup of 10-m? area. [12] J=>6.0 wl 9179 v ”

The independent registration of ionization in
each chamber enabled us to investigate structured
bursts that were registered at 3200m in a setup
having a working area of 10 m®. As in the previ-
ous work, we divided all bursts into two categories
—single and structured. The first category con-
sisted of cases where the burst in a given row is
registered by a small number of chambers, with
maximum ionization in one chamber or in two ad-
jacent chambers and with a steep decline of am-
plitude to the left and right of this maximum.
Structured bursts were events where a row con-
tained at least two groups of chambers recording
bursts, separated by other chambers that re-
corded either no bursts or a deep minimum of
ionization. Examples of single and structured
bursts are given in [%%12],

The previously described setup was used to
investigate the dependence of the relative number
of structured bursts in chambers of rows III and
IV on the size of bursts. Table III gives the per-
centage of structured bursts of different sizes reg-
istered in 10 m?. The systematic accuracy was
enhanced by combining data for chambers in row
III and IV, which lay under practically the same
amount of matter. The data in Table III indicate
that the fraction of structured bursts increases
monotonically with the size of the bursts. Among
all bursts having = 10? particles registered in
10 m%, ~ 60% are induced by the simultaneous in-
cidence of more than one nuclear-active particle.
For bursts having = 6 x 10* particles this ratio
increases to 90%.

Both the probability of simultaneous incident
particles and the number of particles in the groups
increases with the size of the bursts. Table III

gives the mean number of particles impinging on
the setup simultaneously (the mean number of
separate structures) and inducing structured
bursts of different sizes. It is found that an aver-
age of two primary particles induce structured
bursts of 103 particles in 10 mz, whereas four
nuclear-active particles induce bursts of 3 x 10%
particles.

With increasing total size of a structured burst,
i.e., with increasing total energy of the group of
simultaneous nuclear-active particles, we observed,
as previously, (4,121 5 decreasing distance between
the most energetic particles of the group. This is
shown by Table III, which gives the distances
measured between the chambers registering the
most ionization in each structured burst. It was
required that the sizes of the bursts in these max-
ima, i.e., the sizes of bursts induced by separate
nuclear-active particles, should differ by a factor
less than 2. It must be noted, however, that since
I is affected by the size of the setup (see 121 for
example ) absolute values of I are not given in the
table.

4. Dependence of burst spectrum on area of ex-
perimental setup. The foregoing data show that
when nuclear-active particles are registered by
a setup having a large working area a consider-
able fraction of the bursts result from the simul-
taneous incidence of a group of particles. For the
purpose of discriminating to some degree the
bursts due to individual particles we proceeded as
follows. In a considerable number of events the
distribution of ionization in chambers involved in
structured bursts enabled us to determine the ion-
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ization in each of the separate structural units,
i.e., the sizes of bursts due to individual nuclear-
active particles forming a group. If we could as-
sume that the apparatus enables us to discriminate
laterally all incident nuclear-active particles, then
by dividing the structured bursts into bursts due
to individual particles we would obtain the true
burst spectrum, which would be an adequate spec-
trum of nuclear-active particles.

The integral spectra of bursts in rows III and
IV obtained by this procedure are shown in Fig. 3
(curve b), and the values of the exponent vy for all
four rows are given in Table II. Since bursts due
to individual nuclear-active particles can be dis-
criminated within structured bursts only if their
separation exceeds 30—40 cm (and sometimes
more) this treatment of the experimental results
is equivalent to the registration of bursts by a
setup with dimensions of the order of the corre-
sponding geometric dimensions (40 X 300 cm?). b
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FIG. 3. Spectra of ionization bursts in chambers of rows IV

(dots) and III (circles). a— bursts in entire area of setup; b—
bursts taking separate structures into account; c —bursts in
individual chambers.

Table II shows that the exponent 7y in this case
is larger than the exponent in the registration of
bursts by the entire area of the setup (10 m?);
this difference lies far outside the statistical
errors.

DThe probability of registering two particles whose path
separation is [ = 30-40 cm using apparatus 330 cm long with
width d = 40 cm is 0.5-0.4. We therefore define the effective
area as Segs = (0.5-0.4)Sgeom- We thus define the effective
area S for registering particle groups as Segr = WSgeom,
where W is the probability of registering a group and Sgeom
is the geometric area of the apparatus. If [ is the distance
between two particles and d is the width of very long regis-

tering apparatus, we have
d ]
— T —1 } ] for

{ 2[ ,l{
W(F) X arc sin —+ ]
i !
F11

W<d>"'1_ 7 for <t

>1,

e~
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It follows from Table III that the higher the en-
ergy of nuclear-active particles (the larger the
induced bursts), the smaller the average separa-
tion of these particles in structured bursts. Thus
the measured mean separation of the most ener-
getic particles in structured bursts of ~ 104 par-
ticles is 40—50 cm. The actual distance between
these particles is less than the measured distance
since the minimum measurable separation in our
case is about 20—30 cm. Particles separated by
less than 20 cm cannot be discriminated at all.
We can therefore not exclude the possibility that
some structures in structured bursts and, pos-
sibly, some ‘‘single’’ bursts are induced by sev-
eral particles separated by less than 20—30 cm.

In order to improve the resolving power of
the setup and thus to reduce the probability of
registering groups of particles we plotted the
spectra of bursts registered by individual 10
X 330-cm chambers. Here it must be taken into
account that because of the elongated geometry
the effective area of a chamber for registering
groups of particles is less than 10% of the geo-
metric area for particles separated by more than
30 cm.

We note that for separations I = 20 mm the
probability of simultaneous registration by a
single chamber is 4—5 times smaller than the
probability of registration by four chambers con-
nected in parallel.

In order to enhance the statistical accuracy of
the spectrum of bursts registered in individual
chambers, our data were summed over all cham-
bers in a row. The results of this treatment of
rows III and IV are shown in Fig. 3 (curve b) and
the values of the exponent y are given in the third
row of Table II. The average value of vy in rows
III and IV is 1.92 = 0.05, which is considerably
larger than the exponent for bursts registered
over the entire area of the setup.

Similarly, the spectrum plotted and averaged
over chambers in rows I and II has the exponent
v =1.57 £ 0.03, which is smaller than for rows
III and IV. This difference results from the al-
ready indicated fact that a considerable fraction
of the bursts in rows I and II is produced by
the electron-photon component from the air, and
the burst spectrum in individual chambers is char-
acterized by y = 1.35 = 0.03 (which is like the ex-
ponent that we obtained for individual chambers in
rows V and VI). Therefore the exponent for I and
II will be determined by approximately equal
weighting of bursts due to the nuclear-active com-
ponent (y =1.92) and of bursts due to atmospheric
showers (v =1.35).
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1t follows from Table II that the form of the
burst spectrum depends greatly on the area of the
measuring apparatus and on its power to discrimi-
nate laterally the individual particles in groups. In
order to test this conclusion on a different setup
we reworked our older experimental results ob-
tained with a setup of area 0.6 mz, (4] which was
used to unvestigate bursts in the range from ~ 103
to 10% particles. This setup consisted of two rows
of ionization chambers under a lead absorber (and
part of the time under a composite lead-graphite
absorber). Each row consisted of 22 chambers
90 cm long and 4 c¢m in diameter. This work was
done in 1956—1958 at 3200 m above sea level; the
total operating time was about 2000 hours.

The data obtained with this apparatus were used
to plot the spectrum of bursts registered by the
entire area of the setup as well as the spectrum
of bursts registered in individual chambers. These
spectra are shown in Fig. 4, where the numbers of
bursts registered by both rows are plotted. The
figure reveals the considerable difference existing
in this case also between the spectra obtained by
different treatments of the data. The spectrum of
bursts registered in the entire area 0.6 m? has the
exponent y = 1.67 £ 0.05, while that for individual
chambers (each having an area ~ 0.04 m? and an
effective area ~ 0.004 m?) is characterized by
v=1.90 + 0.05.

N(2J)

FRAN

FIG. 4. Spectra of bursts
registered by a setup having the
area 0.6 m*. O —bursts in entire
area; X —bursts in individual
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5. Investigation of irregularities in the spec-
trum of large ionization bursts. In connection with
some investigations conducted at mountain heights
[7.8] it has been stated that a sharp increase of y
is observed for bursts of ~ 3 x 10 particles. Other
authors did not observe this change of the exponent,
because a setup having a large working area is re-
quired for the registration of such large bursts.
However, it is very important to confirm reliably
the change in the exponent, since this could pos-
sibly indicate a change in the characteristics of
elementary events at high energies.

The setup of 10-m? area operated at 3200m
furnished sufficient statistics to show the afore-
mentioned spectral irregularity for bursts of ~3
x 10% particles. It follows from the experimental
data in Fig. 3, independently of the method of treat-
ing the data (bursts in the entire area, bursts tak-
ing structures into account, and bursts in individual
chambers) that our burst spectra exhibit no ‘‘bends”’
in the entire range of bursts from 103 to 10° par-
ticles.

In order to improve the systematic accuracy we
summed the data obtained in chambers of rows III
and IV. In addition, in order to permit a more
valid comparison of our data with the results given
in [":%] we introduced a correction for the lead-to-
brass transition effect and expressed the size of
bursts as the number of particles passing simul-
taneously through the mean chord of a chamber,
as in [H81, Figure 5 shows the spectra obtained
in this manner; no bends are observed up to bursts
of 2 x 10° particles.

N(2J)
0*
H
3 s\\
10 N
FIG. 5. Spectra of bursts \
in chambers of rows III and "\
IV. e—bursts registered in '\°
. 10°
the entire area of the setup; x
O —bursts taking structures \* A
into account; X — bursts in \ b\\‘
individual chambers. 10 i\ ° \
T3 4 5! [
10 10 10 10°7

We also obtained the integral spectrum of large
ionization bursts (up to 10° particles) at sea level,
121 without observing any irregularities.

DISCUSSION OF RESULTS

The foregoing experimental data confirm our
previous result (4,9,12] that several nuclear-active
particles often impinge simultaneously on a setup
having a large working area. The probability of
such events grows with the size of the bursts; the
mean number of simultaneously incident particles
also increases. While a single nuclear-active
particle is usually responsible for a small burst
(~ 10° particles), several incident particles are
usually associated with the registration of large
bursts (~ 104 particles). Therefore the size of a
large burst does not indicate the energy of any
single nuclear-active particle. Under these con-
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ditions the burst spectrum does not, of course,
represent the spectrum of individual nuclear-
active particles at a given height.

The results show that when a setup of large
dimensions is used a very large difference can be
observed between the burst spectrum and the spec-
trum of individual nuclear-active particles, because
of the incident particle groups. Thus the spectra
registered in areas of 10 m? and 1 m? have the ex-
ponents y = 1.38 + 0.03 and 1.58 + 0.03, respec-
tively, while the spectrum of bursts in individual
chambers, where group incidence has its smallest
effect, has the exponent 1.92 + 0.05. It must be
mentioned that all these data on the spectra of
bursts registered by setups having different areas
were obtained by us with the same apparatus and
differ only in the treatment of the experimental
data. The configuration of the setup, the system
used to select events, the operating time, the alti-
tude, and uncontrolled changes, if any, of instru-
mental parameters were identical in all cases.

It follows from the foregoing experimental re-
sults that correct measurements of the energy
spectrum of high-energy nuclear-active particles
using ionization chambers require apparatus of
small dimensions. In this way one reduces the
probability that several particles will impinge on
chambers simultaneously; the spectrum of meas-
ured bursts then approximates the energy spec-
trum of nuclear-active particles.

Let us consider the case in which cylindrical
ionization chambers of radius r are used. We in-
troduce the function f(t)dt, representing the frac-
tion of the shower particles striking an infinitely
long strip of width dt separated by the distance t
from the shower axis, i.e., dn = Nyf(t)dt with
f°° f(t)dt = 1, where Nj is the total number of

shower particles.
_assume that the lateral distribution of particles
in the electron-photon shower is independent of
its intensity (the total number of particles). In
unit time under 1 cm? of the absorber there can
be generated F(N;)dN showers having a total
number of particles in the mterval Ng» No+dN,,
where F(N,)dN, = AdN,/NJ"'. We now wish to
determine the burst spectrum that will be regis-
tered by a chamber of length I with width 2r,
assuming ! to be long enough so that the effect
of the chamber ends can be neglected.

If the shower axis passes at a distance x from
the center of the chamber and the shower contains
Ny particles, n particles will enter the chamber:

x+4r x+r

n=N, | fdt= =\ roa

X—r X—r

This equation denotes that we

Nob(x), b(x

21

The burst spectrum in the chamber (the size of a
burst being given by n) for a fixed value of x will

be
dn _ Ab* (x)dn
b pYt1

I

®(n, x)dn=F (NO = %)
Electron-photon showers can be generated by
nuclear-active particles passing at different dis-
tances from the center of a chamber, i.e., x can
assume any value from —« to +«. Therefore
the total number of cases when from n to n+dn
particles will enter the chamber will be
¥ (n)dn = dn \ D (n, x)dx = f‘i’f \ b" (x)dx = Ac

oo o

Y+l

Thus the spectrum of bursts in a narrow chamber
will duplicate the spectrum of electron-photon
cascades generated by individual nuclear-active
particles if the lateral distribution does not de-
pend on Nj.

When cylindrical ionization chambers having
diameters 2r = 1 cm are used, the function f(t)
will depend mainly on the angular distribution of
the electrons emerging from the lead absorber
above the chamber, i.e., the function will depend
on the ‘‘age parameter’’ of the shower. If the lead
layer is sufficiently thick for an electron-photon
cascade to develop to its maximum (even for show-
ers having the largest number of particles Nj in
the investigated range ), then the great majority
of showers will be registered (because of the
steep spectrum F(N;)dN,) near the maximum of
their development, i.e., with an angular and there-
fore a lateral distribution of particles that is in-
dependent of Nj.

In order to obtain confirmation that for bursts
induced by single particles the spectrum meas-
ured by a single chamber coincides with the spec-
trum of bursts in which the total number of cas-
cade particles is determined we proceeded as fol-
lows. The spectrum was plotted for bursts regis-
tered over the entire area of the setup in the cases
of single incident particles (structureless bursts).
The spectrum of the same events in individual
chambers was then plotted, adding the data for all
four lowest rows (I—IV). Figure 6 shows that the
two spectra are practically parallel, with y = 2.3
(for the entire area) and 2.4 (for individual cham-
bers). This confirms experimentally the hypothe-
sis'that the registration of bursts by a single cham-
ber (measuring only part of the ionization induced
by a cascade) results in the same spectrum that
would be obtained by measuring all of the ioniza-
tion if bursts were induced only by single particles.
We therefore conclude that the data obtained by
treating bursts in individual chambers represent
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FIG. 6. Spectra of bursts
induced in setup by single
particles. e@—in entire area
of apparatus; 0O —in individ-
ual chambers.
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most closely the spectrum of bursts induced by
single nuclear-active particles and that the spec-
trum of bursts (in the range 2 x 10—10° relativ-
istic particles) has the exponent y = 1.92 + 0.05.
These bursts were registered by a setup having
an effective area of only a few hundredths of a
square meter (individual chambers of rows III
and IV). Our experimental results obtained with
an effective area ~ 0.003 m? show that in the range
of small bursts (5 x 10% to 5 x 10° particles) the
exponent has the same value (Fig. 4). In [2:3]
spectra were measured in the range from 2 x 102
to 6 x 10° particles with setups of 0.1-m? area,
yielding y = 1.9—2.0.

In order to convert to the spectrum of bursts
induced by single nuclear-active particles it must
be taken into account that at mountain heights some
bursts are induced by muons. As already indicated
muons contribute ~ 10% of bursts having =2 x 103
particles; this contribution diminishes as the size
of bursts increases. Therefore practically all
bursts having =2 x 103 particles are induced by
nuclear-active particles and our experimental
spectrum represents the spectrum of nuclear-
active particles. The muon contribution is quite
large for bursts having less than 10° particles.
Thus, when we extrapolate our spectrum of muon-
induced bursts[®J to the region of smaller bursts
we find that muons contribute ~ 30—40% of bursts
having =2 x 102 particles. Accordingly, we obtain
v ~ 1.8 for the spectrum induced by nuclear-active
particles in the range from ~ 2 x 102 to 2 x 103
particles. We note that the energy spectrum of
nuclear-active particles (protons) having ener-
gies of a few BeV was measured with a magnetic
spectrometer at 3200 m. (18] The results indicate
that the exponent of the integral energy spectrum
of nuclear-active particles in the given energy
range is close to 1.8.

For bursts having =2 x 103 particles the expo-
nent of the spectrum due to individual nuclear-
active particles is 1.92 + 0.05. However, it must
be taken into account that even when bursts are
registered in individual chambers we cannot en-
tirely exclude the possibility that several nuclear-
active particles will impinge on a single chamber,
especially when large bursts are registered. There-
fore the result vy = 1.92 + 0.05 for large bursts is
evidently somewhat too small. We can thus as-
sume that for large bursts (~ 10° particles) the
exponent for individual nuclear-active particles
at mountain heights could approach 2.0 or an even
larger value. It follows that if the spectrum in-
duced by individual nuclear-active particles in the
entire investigated range from 2 x 102 to 10° par-
ticles at mountain heights is described by a power
law, the exponent will vary from 1.8 for bursts of
2 x 102—2 x 103 particles to ~ 2 for bursts of
~ 10° or more particles.

The foregoing data indicate that at mountain
heights the simultaneous incidence of several
nuclear-active particles inducing bursts regis-
tered by setups having areas ~ 1 m? is significant
for bursts of more than 10° particles. In recent
years all investigations [3-91 of large ionization
bursts have been conducted with setups having
working areas of at least about one square meter.
It is interesting to return to Table I, where the
last column gives the areas of the setups used in
the different investigations. The value of y is
seen to decrease as the area is enlarged; data ob-
tained when setups having approximately equal
areas are used exhibit satisfactory agreement. We
believe that the spread of y in the different re-
ports can be associated entirely with the incidence
of particle groups. In addition, the data in Table I
represent another proof that the burst spectrum
depends on the area of the setup and that this de-
pendence becomes stronger as the area increases.
Therefore the spectra measured in (37?3 do not
represent the spectrum of nuclear-active particles
at mountain heights, because group incidence was
not taken into account in these investigations.

Our data show that the spectrum of bursts de-
pends on both the size and configuration of the
setup. In the lower rows of our arrangement,
under a carbon absorber 210 g:/cm2 thick, a con-
siderable fraction of the bursts resulted from the
electron-photon component coming from the air.
The exponent of bursts in individual chambers of
these rows (1.57 + 0.03) is considerably smaller
than the exponent for individual nuclear-active
particles (1.92 = 0.05). A similar effect (the
registration of the electron-photon component
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passing through the sides of the setup) can appear
in other arrangements having a height comparable
to the lateral dimensions, as in (8], We must note
the following fact. It has now been established that
the spectra of extensive air showers with respect
to both density and number of particles exhibit a
very sharp change of the exponent in the vicinity of
Ng ~ 2x 10® particles (at mountain heights). A
similar fundamental change can be observed in the
spectrum of bursts induced by an incident electron-
photon component. It is therefore conceivable that
the change of the exponent of the burst spectrum
observed in [%] (see Sec. 5) can be accounted for
by the changed exponent in the spectrum of the
number of particles in extensive air showers.
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