"SOVIET PHYSICS JETP

VOLUME 13,

NUMBER 6 DECEMBER, 1961

INVESTIGATION OF LARGE IONIZATION BURSTS FRODUCED BY COSMIC RAY

PARTICLES AT SEA LEVEL

J. BABECKI, Z. BUJA, N. L. GRIGOROV, J. LOSKIEWICZ, J. MASSALSKI, A. OLES, and

V. Ya. SHESTOPEROV

Institute of Nuclear Physics, Moscow State University

Submitted to JETP editor December 20, 1960

J. Exptl. Theoret. Phys. (U.S.S.R.) 40, 1551-1561 (June, 1961)

An array consisting of 128 ionization chambers with total area 10 m? was employed to study
ionization bursts equivalent to the traversal of 1000 or more relativistic particles through
the chambers. The exponent of the integral spectrum of bursts recorded by the large-area
array ¥ = 1.71 £ 0.04. For the individual particles the spectral exponent is 7y

=1.96 £ 0.03. The causes of this disparity and the nature of the large ionization bursts

are discussed.

INTRODUCTION

INTERACTION processes in the 1022 —10% ev re-
gion have been studied during the last few years
mainly by two methods, exposure of emulsion
stacks to cosmic rays at great altitudes and by
means of ionization chambers. A sharp disparity
in the results of investigations by these methods
has been observed. This disparity involves the
following.

The emulsion method indicates that y quanta
(and consequently, 7° mesons, too) are produced
in air with a rapidly dropping spectrum [integral
spectrum exponent ~ 3 (see reference 1) in the

This array was recently assembled at
an altitude of 3200 m above sea level on Mount
Aragats. Before its installation on the mountain,
a simplified version of this array was used
in experiments in Moscow at a height of 50 m above
sea level. In the experiments at sea level, data was
obtained on the character of the ionization bursts
produced by high-energy particles, on air showers
associated with high-energy particles, and on the
energy of the nuclear-active components in exten-
sive air showers.

Comparison of the results of the measurements
at sea level with the analogous results obtained at
mountain altitudes with the same equipment is un-

region of energy = 1012 ev]. At the same time, it
follows from the ionization method that the spec-
trum of ionization bursts, which should coincide

with the spectrum of nuclear-active particles in-

doubtedly of interest, since later on in the analysis
of the experimental data, it is possible to eliminate
effects due to apparatus factors, which sometimes

cannot be taken into account correctly when a com-

cident on the apparatus from the air, has an ex-
ponent of 1.5 — 1.6 (see references 2 and 8).

In our opinion, the experimental results pre-
sented below can explain the reason for this dis-
parity.

The present work was performed on an array
designed for the study of interaction proc-
esses involving particles of energy 1012 — 108 ev
with the aid of photographic emulsion.? A large
number of ionization chambers in this array,
along with a combination of lead-graphite
filters, acted as an ionization calorimeter,4 and
at the same time was designed to determine the
coordinates of the shower passing through the
emulsion.

parison is to be made of data obtained at different
altitudes on nonidentical arrays.

1. APPARATUS

The array used in Moscow is shown schemat-
ically in Fig. 1.

It consisted of four rows of ionization cham-~
bers I-IV (32 chambers in each row) between
which were lead and graphite filters (the filter
thicknesses are shown in Fig. 1). Each chamber
consisted of a brass cylinder 330 cm long, 10 cm
diam, and 2 mm wall thickness. The collecting
electrode was made from a brass tube of 4 mm
diam.? The chambers were filled with pure argon
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FIG. 1. Schematic diagrams of the arrange-
ment employed. I-IV cylindrical ionization
chambers.
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to a pressure of 5 atm and operated with a poten-
tial difference of 1000 volts between electrodes.
Special control measurements showed that satu-
ration in the collection of electrons in the cham-
ber occurred at a potential difference of 200 — 300
volts. During operation, the volt-ampere charac-
teristics of all the chambers were taken periodic-
ally, and when contamination of the gas was de-
tected (manifested by an increase in the poten-
tial at which the saturation of the ionization cur-
rent occurs ), the chambers were refilled with
pure argon. Over the entire 7 months of opera-
tion, 26 of the 128 chambers in the apparatus
were refilled.

The chambers of rows I and II, as well as the
chambers of rows III and IV, were placed perpen-
dicularly to one another. This arrangement of the
chambers made it possible to determine the co-
ordinate of the shower produced by the recorded
bursts.

Each chamber was connected to an amplifier
which permitted the measurement of the pulse
amplitude for the individual chambers over a 300-
to 400-fold range.

For rows I and II, the minimum registrable
ionization pulse corresponded to the traversal of
200 relativistic particles. For the chambers of
rows III and IV, the minimum pulse corresponded
to 50 relativistic particles.* The pulse amplitudes
were recorded on photographs of the screens of
four single-sweep oscillographs to which each am-
plifier was connected, in turn, by means of mechan-
ical commutators.’

The oscillograph was triggered by a special
circuit which was actuated only if the total ioni-
zation exceeded a given threshold value simulta-
neously in each of any two rows.

These threshold values corresponded to a total
ionization of 1200 relativistic particles for rows I

*Here and in what follows the magnitude of the ionization
pulse J is expressed in terms of the corresponding number of
relativistic particles traversing simultaneously a path of length
equal to the chamber diameter.

ﬂ2¢me

and II and 2400 relativistic particles for rows III
and IV.

To sum up the ionization pulses within each
row, the pulses from each amplifier were fed to
a summation unit and then to a summation ampli-
fier. The pulses from the summation amplifer
were fed to the control circuit of the apparatus
and, at the same time, their amplitudes were re-
corded along with the pulses from the individual
amplifiers.

The apparatus was installed in a special loca-
tion with ~ 2 g/cm? of material of low atomic
weight above it. A total of about 3 g/cm? of mate-
rial, including counter units, was located above
the apparatus.

During the operation of the apparatus, all am-
plifiers were calibrated electronically twice daily.
Experience showed that the amplification of the
great majority of amplifiers (=90%) changed by
less than 2 — 3% during one day.

To check the stability of the apparatus, the op-
erating frequency distribution for each chamber
was plotted during the entire period of measure-
ments. It turned out that, within the limits of sta-
tistical accuracy, all chambers of a given row
operated the same number of times.

The operating rate of the apparatus during the
entire period of the experiment also remained
constant. During the first half of the entire pe-
riod of measurement, the frequency of bursts of
size Jy = 1200 relativistic particles in row I was
(1.27 £ 0.03) x 10~ hr~! m~? and during the sec-
ond half of the period, the frequency of such bursts
was (1.25 + 0.03) x 10" hr~t m 2,

2. RESULTS

a) Nature of ionization bursts in chambers
under 60 g/cm? of graphite. Data on the ionization
bursts in chambers under 60 g/cm? of graphite
(chambers of rows I and II) were obtained during
2640 hours of operation of the apparatus.

The system of recording the ionization bursts
(it was required that pulses from two rows of
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chambers be in coincidence and exceed 1200 rela-
tivistic particles in each row) practically ex-
cluded the recording of bursts from nuclear disin-
tegrations in which the ionization in the chambers
is produced by strongly ionizing particles of small
range.

The recorded bursts could be produced only by
cascade showers developing in the lead filters lo-
cated over the chambers and between the cham-
bers of rows I and II. One of the characteristic
signs of electron-photon showers is the shift in
the maximum of the showers to the region of
larger thickness with an increase in the energy
of the “primary’’ photons (electrons) producing
these showers, i.e., with an increase in the size
of the burst. Three centimeters of lead (~6
shower units) was above the second row of cham-
bers and five centimeters of lead (~ 10 shower
units) was above the first row; it should therefore
be expected, firstly, that for the selected bursts
with 1200 or more relativistic particles (which
corresponds to an energy of =2 x 10!! ev for the
electron-photon component of the shower) the size
of the burst in the first row will be bigger on the
average than in the second row (J; > J,), and,
secondly, that the mean value of the ratio (J;/J,)
will increase with the size of the recorded bursts.

The experimental data obtained actually give
(Jy/Jdy) = 1.5 £ 0.1 for showers with 1200 to 2400
relativistic particles and (J17J2) =3.4 + 0.8 for
showers with more than 12 000 particles.

The same data indicate that the electron-photon
component responsible for the bursts in the first
and second rows of chambers is generated inside
the apparatus and, in any case, does not come
from the air. In the latter case, rows I and II
would record showers far from the maximum of
their development (a total thickness of ~ 22 shower
units of lead was placed above the second row from
the upper boundary of the apparatus) and the ratio
(J;/J3) would be ~0.5.

At sea level, the following two processes can
lead to the production of an electron-photon com-
ponent in the apparatus.

1. Interaction of high-energy nuclear-active
particles in the graphite block (partially in the
lead filters) of thickness ~ 0.8 — 0.9 of the inter-
action mean free path. Produced as a result of
such an interaction are 7° mesons whose decay
gives vy quanta responsible for electron-photon
showers in the lead.

2. Electromagnetic interactions of high-energy
u mesons in the filters of the apparatus (brems-
strahlung and high-energy 6 electrons) can also
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FIG. 2. Integral spectra of ionization bursts recorded in the
lower rows of chambers: circles with errors —in row I with the
control system operating at a threshold 2 1200 particles and
O —at a threshold 2 600 particles; A—in row II with a thres-
hold 2 1200 particles. The quantity J for the measured burst
is laid off on the abscissa axis (without corrections); the num-
ber of bursts of size 2 J is laid off on the ordinate axis.

lead to the production of showers containing a
large number of particles.

Despite the small probability of the latter proc-
esses, a considerable excess of high-energy u-
meson flux over the flux of nuclear-active par-
ticles at sea level leads to a considerable contri-
bution from p mesons to the recorded bursts.
However, some conclusions on the properties of
the interaction of high-energy nuclear-active par-
ticles can also be drawn from an analysis of the
experimental data obtained by us.

b) Spectrum of bursts recorded by arrays with
large area and spectrum of individual particles.
To construct the spectrum of ionization bursts, we
took the total ionization recorded by all chambers
in a given burst for the first and second rows,
separately.

Figure 2 shows the integral spectra of the bursts
recorded in the first and second rows of chambers.

If the obtained distribution is represented in the
form of an exponential law of the type N (=J)
= AJ”Y, then we obtain for the exponent vy, by the
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method of least squares, the values: yy = 1.71

+ 0.04 for the first row and yy; = 2.00 + 0.04 for
the second row. The steeper spectrum for the
second row of chambers reflects the fact that with
an increase in the size of the burst the electron-
photon showers do not have time to attain their
maximum development in the filter of 3 cm Pb
above the second row of chambers.

A deviation of the spectrum of bursts from the
exponential law in the region of J ~ 10° relativ-
istic particles is an apparatus effect associated
with the recording threshold of 1200 particles in
both rows I and II. The apparatus operated with
a recording threshold of 600 relativistic particles
in rows I and II for 600 hours. The intensity of
bursts with 1200 or more particles obtained dur-
ing this period is denoted by the circles (without
the errors) in Fig. 2.

Using the cascade curves for lead,6 one can es-
tablish that, for a wide energy interval of electron-
photon cascades, the showers recorded by the first
row of chambers will be close to their maximum
development. Therefore the further analysis of the
bursts will refer to the first row of chambers.

The exponent of the spectrum obtained by us for
the first row of chambers yy= 1.71 £ 0.04 is in
good agreement with the results of other authors,?
despite an important difference in the areas of the
apparatus employed. It should be noted that the
data obtained by us do not confirm the change in
the exponent in the region of large bursts which
was observed by Murzina, Nikol’skii, and Yakov-
lev.”

Usually, the spectrum of ionization bursts is
identified with the spectrum of nuclear-active
particles at the level of observation (if the con-
tribution from g mesons in the recorded bursts
is small). But the correctness of this identifica-
tion essentially depends on the type of array em-
ployed. If the area of the array is so small that
the nuclear-active particles recorded by it never
arrive in groups, then in this case the spectrum
of the bursts will correspond to the spectrum of
the particles.

If the array has a large area, groups of nuclear-
active particles will pass through it quite fre-
quently and produce ‘‘bursts with a structure;’’
in this case the spectrum of the bursts will no
longer reflect the spectrum of the individual
nuclear-active particles. Then, with an increase
in the energy, the distance between particles in
such a group diminishes,? and, consequently, the
probability that the apparatus is recording sev-
eral particles or an entire group of particles and
not the individual particles of the group increases.
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FIG. 3. Distribution of the ionization in chambers of rows
I and II in one of the cases of a burst with ‘‘structure.”” The
number of the chamber is laid off on the abscissa axis and the
amount of ionization in the chambers, on the ordinate axis.

Owing to the large number of chambers in our
array and independent recording of the ionization
in each chamber, we were able to obtain experi-
mental data on the influence of groups of nuclear-
active particles on the shape of the spectrum of
the bursts.

When ionization occurred in several chambers
of row I or II, and was absent in chambers between
them or was significantly less than in the neighbor-
ing chambers, we assumed that in these cases sev-
eral nuclear-active particles were incident on the
apparatus. Since these cases differed by a non-
monotonic distribution of the amount of ionization
in the chambers, we say that such bursts have a
‘‘structure.’”’ A typical example of one such burst
is shown in Fig. 3.

The contribution of bursts with structure to the
total number of bursts of different size is shown
in Table I (the data refer to the first row of cham-
bers).

A similar picture occurs for bursts recorded
by the second row of chambers.

In order to see how the mean distance between
particles of a group varies with their energy, we
determined the mean distance ! between chambers
recording the maximum bursts due to the individ-
ual “‘structures’’ in the bursts with structure. Here

Table I
Total Number of Percentage
Burst size (in number | pnumber | bursts with of bursts
of rel. particles) of bursts | structure with
structure
1.2.103<CJ <2,4-10° 1177 79 7
2,4-108< J <3,6-108 526 70 13
3.6-103< J <6,0-103 408 83 20
6.,0.103< J <8,4-108 144 39 27
8.4-103 J <1,2-10¢ 80 17 21
1.2-100C J <2,4-104 62 19 32
2.4-100 J <3,6-104 11 6 55
3.6-100 J <6,0-104 6 5 84
J>6,0-10¢ 6 5 84
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Table II
Burst size 7, cm Burst size 7, em
1.2103C J<C2.4-108 97 1.2.100C 7 2,410 56
2.,4.103<C J<3.6-108 105 2,4-100C J <3.6.104 49
3,6-103<C J<6.0-1038 93 3.6-100C J <6.0-10 42
6,0-103<C J<(8.4-103 72 J>6.0-10¢ 36
8.4-108C J <1.2.104 58

we considered the two largest structures under the
condition that the amount of ionization of one was
less than twice the other.

The dependence of I on the size of the total
burst with structure is shown in Table II (the data
refer to the first row).

A similar dependence of the distance 7 on J
also occurs for bursts recorded by the second row
of chambers.

Since with an increase in the size of the burst,
the transverse dimensions of a shower of nuclear-
active particles decreases (see Table II), i.e.,
an increasing fraction of the energy of such a
shower is incident on the apparatus, then the spec-
trum of the bursts is gradually transformed (with
an increase in J) from the energy spectrum of
particles into the energy spectrum of nuclear show-
ers (showers of nuclear-active particles).

In order to obtain the spectrum of bursts pro-
duced by individual particles, we proceeded as
follows. Each burst with structure was subdivided
into the individual bursts of which it was com-
posed (‘‘structures’’). These individual bursts
were added to the single bursts (without structure)
of corresponding size.

The spectrum of bursts from individual par-
ticles obtained in this way is shown in Fig. 4 (for
the first row). As is seen, it also can be described
by the law

N (>J) = BJ

with v = 1.96 + 0.03 (the value of y and its error
were obtained by the method of least squares).

As is seen from the obtained data, the spectrum
of the bursts (y = 1.71 = 0.04) measured by an ap-
paratus with a large area differs significantly from
the spectrum of individual particles (y = 1.96

+ 0.03) observed at a given level in the atmosphere.

The obtained exponent of the integral spectrum of
bursts from individual particles may be somewhat
lowered, since owing to the finite diameter of the
ionization chambers (10 cm) it was possible to
record a large burst as one without structure, al-
though it was produced by a group of nuclear-
active particles traveling at distances of < 10 cm
from one another.
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FIG. 4. Integral spectrum of bursts from individual parti-
cles. Axis of abscissas —size of burst J; ordinate axis — num-
ber of bursts of size > J.

3. DISCUSSION OF RESULTS

As we have shown, the spectrum of the ioniza-
tion bursts measured by an array with a large area
does not reflect the true spectrum of the individual
particles at a given level in the atmosphere. This
is connected with the fact that if the ionization
burst is of a sufficiently large size, the recorded
burst is produced by a group of nuclear-active
particles incident on the apparatus simultaneously.
The size of the burst is then proportional to the
total energy of the particles in the group.

The experimental data shown in Table I indicate
that the large bursts (under conditions of an ap-
paratus with an area of the order of several square
meters) are produced by several nuclear-active
particles, i.e, by a shower of nuclear-active par-
ticles. Of course, for a burst of sufficiently large
size, practically the entire energy of such a shower
will fall on the apparatus. Consequently, in this
case, the size of the burst J will be proportional
to the energy of the nuclear shower reaching the
level of observation, i.e., the depth X g/cm? in the
atmosphere. The altitude curve of such large bursts

will now be determinedby the altitude curve of the show-

ers of nuclear-active particles with a given total
energy and not at all by the altitude curve of the
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individual nuclear-active particles. What will be
the altitude curve of the bursts in this case?

We assume that 1) the primary particles inci-
dent on the boundary of the atmosphere expend all
their energy on the production of T mesons in a
single interaction with the nuclei of the air atoms;
2) in each interaction, ™t mesons give up an av-
erage of 1/3 of their energy to m° mesons; 3) the
interaction mean free paths of the primary par-
ticles and ™ mesons are the same and are equal
to L; 4) the spectrum of the primary particles
is exponential:

F(>E,) = AJE;.

We denote the energy flux of all nuclear-active
particles reaching the level X g/ cm? by S(E;X).
This energy flux will consist of the energy flux of
the primary particles S,(Ej); X) not experiencing
any interactions in a layer of X g/cm? of the at-
mosphere and ofthe m-meson energy flux Sp(X).

Let N, particles of energy E, be incident on
the boundary of the atmosphere. An average of
N (X) particles reach the layer X, where N (X)
= Noe'X/ L (since their inelasticity coefficient
can be taken equal to unity).

Since

Su (Eo; X) = N(X)Eo = NoEge—¥L, (1)
then
Sn (Eoi X) = Sp(Eo; 0) e=X/L, (2)
The change in the m-meson energy flux in the layer
dX will be (we neglect decays) '
iS5, (X) = —=S- X0+ 25, 0%, @)
from which we have
Sz (X) = Su (Eq; 0) (e—X/3L — e=XIL). (4)

Hence the total energy flux of nuclear-active
particles resulting from primary particles of en-
ergy E, will on the average vary with the depth X
according to the law

S (X) = Sn (Eo; X) + Sz (X) = Sn (Eg; 0) e=X3L,  (5)
or
S (X) = NoEge=XILE = Spe—XILE (6)

where LE is the mean free path for the absorption
of the energy flux in a nuclear shower and is equal
to 3L.%

If it is assumed that, at a depth of X g/cm? in
the atmosphere, the number of showers with a
total nuclear-component energy =E is equal to
N(=E; X), then, since these showers were pro-
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duced by primary particles of energy = EeX/ LE,
we have
N (>E; X) =F (> Ee X'r)

=A/(Ee XI* E)Y = (A/EY) e—XvIL. ™

From this expression it follows, first, that the
shape of the spectrum of larger bursts resulting
from the recording of showers of nuclear-active
particles coincides with the shape of the spectrum
of primary particles incident on the boundary of
the atmosphere. Second, the number of bursts
with total energy = E decreases with an increase
in the depth of the atmosphere as e'X/ La, where
the absorption mean free path Lg = Lg/y = 3L/y
does not depend on the energy of the burst if this
energy is sufficiently large. Thirdly, we have the
numerical value Ly = 3L/y ~ 200/1.7 ~ 120 g/cm?,
i.e., the same as in the region of low-energy bursts
when the bursts are produced by individual par-
ticles hitting the apparatus.

Hence, in the regions of small and sufficiently
large ionization bursts, all the characteristics of
these bursts are the same: the spectrum is expo-
nential with the same exponent as for the primary
particles and the variation of the number of bursts
with altitude also does not depend on the size of
the burst (at least, for the two extreme groups of
bursts: very small and very large). This fact led
some authors!®!! to conclude that the elementary
act of interaction of primary cosmic particles in
the energy range from 10 to 10% ev is invariant.

However, as was shown above, the fact that the
shape of the spectrum and the absorption mean
free path Ly are independent of the size of the
bursts can be explained even with the basic change
in the character of the elementary act: a low in-
elasticity at energies of ~ 10! ev and complete
inelasticity at energies of ~ 10! ev.

It thus follows that the conclusion on the in-
variance of the elementary act over a wide range
of energies based on an analysis of bursts without
taking into account the above-mentioned proper-
ties of large bursts is, at least, ambiguous.

As is indicated by the data of Table II, the av-
erage distance between particles in a group de-
creases with an increase in the total energy of the
particles of the group (size of the burst), and,
consequently, the effect of recording groups of
particles arriving from the air will be inherent
in apparatus of any size. The difference between
different arrays reduces only to the value
of the ‘‘critical’’ energy of the group of particles
E, beginning with which a given energy release
in 7 mesons within the apparatus (for a burst
of given size) involves, with a probability close
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to unity, a group of particles and not a single
particle.

If bursts with structure are recorded and the
nuclear-active particles are 7* mesons, then the
entire discussion above should also refer to m°
mesons, i.e., to y quanta reaching the apparatus
from the air; hence both the spectrum of nuclear-
active particles and the spectrum of y quanta will
reflect not only the spectrum of primary particles,
but also the conditions of production of these par-
ticles in the shower.

Under certain assumptions, which seem to us
to be natural ones, it is found that, only owing to
the increase in the multiplicity of the secondary
particles in the shower with the energy of the pri-
mary particles, the spectrum of individual par-
ticles will be softer than the primary particle
spectrum for a constant inelasticity coefficient.

In fact, we assume that the mean number of
particles n of energy € in a shower whose total
energy is E depends on E in the following way:

n ~ EM where € = E/n.

The spectrum of showers at a given depth in

the atmosphere has the form

F(E)dE = BE"+" dE.

From this we readily find that the observed
spectrum of individual nuclear-active particles
has the form

N(e)de ~ePde,  B=(r+1—2m)/(1—m). (8)

The exponent of the integral spectrum of the
particles is

*=B—1=(y—m)/(l—m), (9)

where vy is the exponent of the integral spectrum
of the showers, or, what is the same thing, of the
primary particles. Therefore

m=(y* —y)/(v* —1). (10)

The data obtained by us indicates that the spec-
trum of individual nuclear-active particles is
steeper than the shower spectrum. Unfortunately,
we cannot make a quantitative estimate of the
value of m from our measurements, since at sea
level the main contribution to the number of re-
corded bursts comes from p mesons. Owing to
this, the exponent y does not coincide with the
spectrum of nuclear showers. But if we draw
upon the mountain altitude data obtained by the
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Japanese group,!? and assume that the integral
spectrum of the showers at mountain altitudes

has the exponent vy ~ 1.7 (in the energy region
> 10 ev), then one would have to take m = 0.5
to explain the softness of the spectrum of indi-
vidual nuclear-active particles.

It should be emphasized that m is not the mean
multiplicity of particles produced in an elementary
act, but associates the particle multiplicity in a
shower with the shower energy at a given depth
(the inappropriateness of the value m = 0.5 can
be seen only after accurate calculation of the par-
ticle spectrum for a nuclear shower at various
depths).

The authors thank V. Trush for his great help
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