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. There is presented the b~sis of the ho~oscopic delayed coincidence method of study
mg the processes of formatiOn of slow TT -mesons by the nuclear-active component of the 
cosmic radiation. Aside from describing the apparatus, an analysis of the various instru-
mental ~ffects is carried out •. An estimate is made of the effective energy of formation of 
the particles and also of the mstrumental corrections, which must be taken into account in 
order to determine the energy spectrum and absolute intensity of formation of slow rr!mesons. 

FOR the study of the elementary acts of inter-
action of high energy nucleons (109- 10 1 0 ev) 

with atomic nuclei, the most reliable and detailed 
information which cluracterizes this interaction 
has been obtained by the method of the thick pho
tographic emulsions. However, along with its 
undoubted values, this method has a set of dis
.advantages which in certain cases limit consider
ably the possibilities of the experimenter. The 
most serious disadvantage is the laborious pro
cessing of the material and the difficulty of connect
ing the observed processes to nuclei with a definite 
atomic number, and also of determining the signs 
of charged particles. All of the specified diffi
culties can be overcome to a considerable degree 
by working with a controlled Wilson chamber, lo
cated in a magnetic field and provided with a plate 
of a given composition. However the latter method 
suffers from its own specific disadvantages, which 
combine with the usual large distortions, and the 
controlling system introduces errors into the ob
servations of the numbers of particles and the en
ergies and scattering angles of the particles. 

We therefore go to indirect methods of inves
tigating nuclear interactions which permit the de
tection of certain special phenomena which escape 
direct observation. The clearest example of this 
type was given by Grigorov 1, where the method 
was used for an analysis of the latitude and alti
tude dependence of the primary component of the 
cosmic rays and it was shown that in the inter
action of nucleons of high energy with light nuclei 
the nucleons retain, on the average, 70% of their 
original energy. The ionization method can be ap
plied to the investigation of the integral proper
ties of the radiation and may be used in certain 
cases for direct, although not entirely well-defined, 

1 N. L. Grigorov, Dokl. Akad. Nauk SSSR 94, 835(1954). 
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studies of the characteristics of elementary pro
cesses. One of the possible methods of this type 
is offered by the hodoscope, where, under the proper 
conditions, one is permitted not only to observe the 
trajectories of individual particles, but also to 
measure the energy ~nd to identify the nature of 
the particles, as is given in particular by use of 
the well known mass spectrometer svstem of 
Alikhanov and Alikhanian. In spite 'of its weak
nesses, the hodoscope has advant~es over the 
Wilson chamber or photographic emulsion, com
bining both a large "luminosity" and a small 
cl.ead time of the a.pparatus. The latter penn its 
use of the simplest control system of counters 
which will essentially only reduce the discrimi
nntion and introduces a statistical regularity 
into the sturly of the phenomena. 

As examples of various successful uses of the 
method of counters for investigating individual 
aspects of the elementary acts of nuclear inter
a::tions it is possible to cite experiments carried 
out in the course of a series of flights, on an ex
tensiv.e at,mospheric scale, by the group of Zatsepin 
and N1kol skov bv the method of the "correlated 
hodoscope" (see Ref. 2) and also the first experi
tcents on the study of the decay electrons from 
11-mesons 3 and the investigation of the spectrum of 
formation of rr-mesons in the mass spectrometer of 

Alik~ani~n. 4In the case of the decay of fl"mesons,a simple 
ap?lrcatwn of the method of delayed coincidences 
(Without a hodoscope) permitted one to make a 
satisfactory reliable identification of the pheno-

2 
N • A. Dobrotin, G. T. Zatsepin et al Usp. Fiz Nauk 

49, 185 0953). ' . " 

3 V. Kama1ian and A. Alikhanian, Dokl. Akad. Nauk 
SSSR 97,425 (1954). 

4 G. B. Zhdanov and A. A. Khaidarov, Dokl. Akad. 
Nauk SSSR 65, 287 (1949). 
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menan above the background of a considerable 
number of possible instrumental effects. 

The decay of 11-mesons is by no means the only 
phenomenon in the study of which it is possible 
to use the method of delayed coincidences; Be
ginning in 1947, this method was used by us to 
~tudy the processes of formation of slow mesons 
in the depths of the atmosphere (for example, see 
Be. 5). The clarification of the ncture of these 
processes, in particular, the determination of the 
number and average energy of formation of these 
particles and also- the energy of the mesons in the 
backwards stream (from below upwards) is of great 
interest from the point of understanding the mech-· 
anism of interaction of fast nucleons and nuclei. 
So, for example, if they emerge from the interaction 
of two virtually free nucleons, then, in view of the 
relatively high speed of the combined center of 
gravity, the appearance of slow mesons in electron
nuclear showers can be principally the result of 
secondary processes, depending to a great degree 
on the atomic number of the nucleus. In order to 
study directly the processes of formation of slow 
mesons it is natural to supplement the usual method 
of delayed coincidences with a special counter 
hodoscope. Such a hodoscope was constructad in 
1950-1951 by Korablev, and was used by us in work 
done in 1951-1952 6 • 

Unlike other hodoscopes, which use the combi
nation of the delayed coincidence scheme (see 
Ref. 7), in the hodoscope system of Korablev (which 

we call GK-5) the delay of the coincidences is 
accomplished in every hodoscope cell, whereupon 
the output of the cell in the form of a single cas
cade is collected on the negative electrode of the 
thyratron MTX--90, allowing us to operate the sys
tem with a very high "luminosity" and to detect 
the processes .of slow meson formation with a fre
quency of the order of 10 per hour. 

2. DESCRIPTION OF THE APPARATUS 

The hodoscope of the type GK-5 makes it pos-
. + 

sible to investigae the formation of slow 77 -

mesons in thick substances from the ensuing TT

JL-e decays with in the confines of the apparatt~s · 
For this purpose the apparatus can be set up m 
one of two ways: on the one hand, with the help 

5 A. Abdullaev, G. Zhdanov et a!, J. Exptl. Theoret. 
Phys. (U.S.S.R.) 20, 673 (1950). 

6 A. A. Abdullaev, G. B. Zhdanov, L. N. Korablev and 
A. A. Khidarov, J. Exptl. Theoret. Phys. (U.S.S.R.) 21, 
1078 (1951). 

7 A. 0. Vaisenherg, J. Exptl. Theoret. Phys. (U.S.S.R.) 
24, 545 (1953). 

of certain detectors we select nuclear interactions 
of a definite class (in particular, electron-nuclear 
showers) where it is possible to determine how 
often and with what energy or angular distribution 
slow rr •-mesons are generated in a given inter
action; on the other hand, we have a detector 
which operates only in the presence of any ft-e 

decay, and it is possible to investigate how often 
a stopped meson is formed within the confines of 
the apparatus, and what kinds are characteristic 
of nuclear interactions which are accompanied 

by such generation.Consequently,there are two specific prob
lems to be treated and two types of experimental arrangements 
(GK-5A and GK-SB),characteristic types of which are shown 
in Fig. laand lb. In both cases the arrangerrent consists of 
the following principle parts: a)a control counter system(row 
VU and NU) in Fig. la and lb, designed to detect mesons 

and other particles which accompany their genera
tion; b) another series of counters, a stratified 
filter d, which,combined with the rows of the GK-
5 hodoscope, are so designed as to detect directly the 
stopping of mesons as well as electronic decays; 
c) a side group of counters (BG not shown in Fig. 
lb) designed for selecting wide angle showers; 
d) the hodoscope GK-3, which;combined with the 
control and side counters, is intended to specify 
the character of the processes of meson formation; 
e) an electronic amplifier which accomplishes the 
selection and detection of the necessary delays 
from the control system and also controls the ho
doscope. 

The thickness of the filter d usually conforms 
to the range of the decay electron so that the effi
ciency of any layer of the hodoscope is small and 
depends on the presence of other filters in the 
arrangement. 

The principle of operation of the apparatus in 
each of the variations A and B is easy to explain 
with the help of the block diagrams shown in Fig. 
2a and 2b respectively. The pulse from the control 
counters (VU and ~U) enters the corresponding 
cell of the hodoscope GK-3 and simultaneously 
enters the delay block through the preliminary 
shaping block (arrangement A) or cathode follower 
(arrangementS). In the first case, the amplitude 
of the pulse from the control group is proportional 
to the number of counters that were fired which 
permits one to assign a definite lower li~it to the 
number of particles in the shower being studied. 
The operation of the delay block invol~es the for
mation of three s_quare master-pulses (M 1, M 2 , and 
11~3 ) whose amplitude and duration determine 
which hodoscope section is allowed to function. 
The pulse M 1 (duration T 1 "-' 0.711 sec) feeds the 
upper series of cells of the GK-5 hodoscope which 
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serves to rletect non-delayed particles, i.e., slow 
mesons and accompanying particles. The pulse 
M 2 (T 2 = 1.31( sec) is formed with a delay (~t = 1.5 
sec) and goes to the lower series of cells of GK-5, 
which can detect only particles which are delayed 
for a time relative to the original meson, comparable 
to their own lifetime. A sufficiently high resolving 
power of the neon lamps of the hodoscope is 
achieved by means of proper shaping of not only 
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the master pulses but also the pulses entering froiP 
the counters. The details of the scheme of both 
(upper and lower) of the c ;us of the hodoscope 
GK-5 for detecting either non-delayed or delayed 
discharges in one uf the counters are shown in Fig. 
3. Finally the pulse J1 3 (T 3 = 311 sec) goes to the 

neon lamp hodoscope of fhe usual type GK-3, having 
a low resolving power. · 
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FIG. l. Two variations of the arrangement of the hodoscope for studying the process of slow 
meson formation by the delayed coincidence method. a - arrangement of type GK-5A, b - arrange
ment of type GK-5B; VU and NU- control group of counters (upper and lower), BG and SG- sup
plementary group of counters (upper and side) for examining the role of air showers, I - VI ~ series 
of counters combined with the double cell of the GK-5 hodoscope, d- filter, designed to slow down 

mesons and act as a source of decay electrons. 

Following the master pulse block is the auto
maton unit whose task it is to start the camera and 
later to extinguish the neon lamps. In arrangement 
B !Fig. 2b) the automation has a double stage, -
it starts the c amara and later permits the admission 
of the auxiliary pulse from any of the lo~r hodo
s~ope cells of GK-5 i.e., from the delayed dis
charge of any of the counters of the hodoscope. 

In connection with the usual scheme of operating 
with neon lamps we have the characteristic ob- . 
stacles to achieving high resolving power, i.e., the 
lag of the gas discharge and the instability of the 

lamps, so it is interesting to point out here the 
main parameter of our apparatus,which characterizes 
its resolving power and (in part) the stability of 
operation. The resolving power of the GK-5 hodo
scope for non-delayed particles is T~ = 1 sec, for 
rlelayed particles 72 = 3 sec ± 10% ~we can choose 
a time interval of l-4 sec for non-delayed particles). 

The resolving power of the GK-3 hodoscope is 
3011Sec. The range of operation of the cells of GK-5 
for feeding the control anodes of the neon lamps is 
60-80 volts (i.e., ± 15%) and for feeding the main 
anodes "'5 volts ( ± 2.5%). 
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FIG. 2. Block diagram of the electronics of the experimental arrangement: 
a) GK-SA, b) GK-SB, VU, NU - control counters, GS, Gla- hodoscope coun
ters and cells, FB - shaping block, BS- delay block, BMI -Master pulse 
block, AV- automaton, FR- camera, Kl- control pulser, UP- constant 

current amplifier. 

We will conclude by saying a few words concern
ing the control and regulation of the resolution 
of the GK-5 hodoscope. The adjustment of each 
of the tubes was checked once a day and in case 
it was necessary, it was changed by means of the 
special trimmers (see Fig. 3) at the entrance to 
the condenser which serarates the circuit from the 
master pulses M 1 and tl 2 • The control of the reso
lution of the cells of GK-5 was done weekly, for 
which special pulses from the control pulser K' 
(which satisfaetorily regulated the delay from one 

unit to the next) were supplied to the coincidence 
block and the entrance to the appropriate tube of the 
hodoscope. 

3. ANALYSIS OF INSTRUMENTAL EFFECTS 

AND CORRECTIONS 

In order to studv the processes of formation of 
slow IT-mesons by. the n~ethod of the delayed coin
cidence hodoscope it is necessary to take into 
accovnt the following instrumental effects and 



HODOSCOPIC DELAYED COINCIDENCE METHOD 327 

!OOC 

KG 

MTX
.90 ~~====~~~~ 

t-=-:---+--o~ 

Ch 

FIG. 3. Principle of the double cell scheme of the 
GK-5 hodoscope. Ch- counter; V , Vy- input supply 
t h . 0 -o t e mam and control anodes of the lamp MTX-90; in-
put for master pulses: M 1 - delayed; M2 -non-delayed; 

KG - control connection 

corrections: a) apparent decavs, connected with 
the appearance of -delayed coi~cidences due to 
a.~cidental particles and delayed discharges of the 
counters (we will call these events accidentals 
and false coincidences); b) decay of stopped 
mesons which are not connected ~ith the formation 
of these mesons by nuclear action of particles in
side the apparatus; c) correction for the efficiency 
of detection of various processes, connecteti with 
the formation, stopping and finally the decay of 
mesons within the limits of the apparatus; d) er
rors in determining the point of formation of the 
mesons, connected with imperfection in the hodo
scopic !Tlcthod, in particular, secondary interaction 
of particles in the electronic-nuclear shower; e) 
different values for the relation between the range 
and original energy of 17-mesons, connected with 
the processes of nuclear absorption and scattering 
of these particles, and the circumstance whereby 
we detect only the projection of the range onto the 
plane of the hodoscopic photograph. 

The relative importance of accidental coinci
dences can be estimated with the aid of the relation 

N - (V ' ll.r' I N ace- 1 stop[ 1 Ystop 't2 3> (l) 

where N t is the frequency of events connected 
with the 8stci'ppin o- of the mesons N' is the 

" ' stop 
frequency of events which imitate the stopping 
events, N 3 is the total of all pu :Ses from c amters 
which surround the stopping point, 72 == 3 x I0-6 sec 
is the resolving time of the hodoscope for delayed 
particles, N ace is the frequency of accidental coin
cidences that is being sought. 

We compare the derived frequency N with the-
~ ace 

frequency of true de cays that are detected by the 

apparatus N de t: 

1~et = /Vstop"'lo· (2) 

where ry 0 is the efficiency for detecting decays. 
As will be shown below, the efficiency under our 

conditions was nsually not less than O.l. If we 
take into account the fact that the point at which 
the meson stops is in the immediate neighborhood 
of 5-7 cour:.ters, each having a cross section* of 
100-160 cm 2, then the total load is N <50 sec- 1 

and in the absence of the "backgro;nd" phenom-
enon, which imitates stopped mesons (N ' == 0), 
h . . . . stop 

t e accidental comcidences constitute a small part 
of the true decays. Unfortunately, such ideal condi
tions are practically impossible for two reasons: 
first, because of the presence in the shower of non
mesonic particles, which are connected with the 
stopping of particles which do not decay and only 
in crease the "background" of accidental coinci
dences (this factor applies only in arrangements of 
class B, which have a sufficiently "soft" control 
system); second, because of the imperfect geometric 
conditions of the experiment (particularly in the 
arrangements of class A), when there are fast par
ticles which are moving laterally (in the direction 
perpendicular to the plane of the hodoscope photo
graph); these give the appearance of particles which 
are stopped between two rows of the hodoscope. 
Owing to the influence of the factors just mentioneq 
the total background of accidental coincidences in 
certain experiments with the arrangements of class 
B turns out to be comparable to the frequency of 
the decays being studied. This circumstance de
prives us of the possibility of making a simple in
terpretation of each hodoscope photograph; however, 
for the statistical treatment of the data (in parti
cular, for the study of the energy spectrum of the 
mesons) it is sufficient to determine the number of 
accidental coincidences with the aid of a special 
controlled experiment. For this purpose we made 
use of the usual experiment with the additional 
time displacement of the delayed master-pulse M 2 , 

in which the apparatus did not detect any decays, 
but detected accidenta coincidences at the same 
rate as in the primary experiment. 

In contrast to the accidental coincidences, the 
dangers of false coincidences (caused by delayed 
discharges of the counters) did not enter into the work. 
This is explained by the fact that the experimen
tally selected displacement of our delayed master-

* Experiment showed that the passage of decay elec
trons through the more remote counters did not, as a rule, 
have to be taken into account. 
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pulse was already sufficiently larger than the time 
for the delayed discharge of the counters. Actually, 
if the delayed discharges were essential, then one 
would need not only the end of the "track", but 
also the middle, which is practically not observable. 

We investigate the effects of processes which 
may imitate the local formation of slow mesons by 
nuclear action of particles. Here we are con
cerned with various types of electromagnetic pro
cesses, and also nuclear splittings without emis
sion of mesons. A share of these processes (elec
tron-photon showers, 0-showers, from fast mesons 
and particles of non-mesonic nature) may imitate 
the formation and decay of me sons only because 
of the appearance of accidentally delayed par
ticles, and also when one takes account of the con
trolled accidental delayed coincidences. In all 
cases, we have the point of the actual decay of the 
meson in the apparatus, but this meson either 
comes into the apparatus from the air (8-showers 
from slow mesons, air showers) or is generated 
by nuclear-inactive particles (photogene ration)**. 

An estimate of the possible portion of the mesons 
which come from the air was made by us by a com
putation made with the help of a special control 
experiment. The calculation of this estimate 
starts with the data on the flux from, on the one 
hand, slow mesons and mesons from wide air show
ers of a given density (several particles over the 
area of the apparatus), and on the other hand, nu
clear-active particles with energies that are suffi
cient for efficient meson formation. The control 
experiment was designed to determine the role of the 
8-showers and was based, first, on the height of 
passage through the apparatus at which the shower 
was detected, and second, on the study of the pene
trating power and spatial distribution of the shower 
particles. The role of the air showers was deter
mined both with the use of the special group of 
side counters, as well as by the method of analyz
ing the penetrating power of the shower particles. 

The result of all of the mentioned estimates and 
control experiments consisted of the following. 
The contribution of 8-showers comprised no more 
than 5% in set,ups of class A (in this case the 
apparatus can only operate from twofold 0-showers), 
in set-ups of dass B - 10% of the frequency of 
occurrence of local meson forming showers. The 
contribution of air showers in arrangements of class 
A was rv 10% of the number of showerswhich genera
ted mesons in the apparatus, whereupon the mai:J 

** In both cases, the particles which accon>pany the 
meson may somcti;l'es imitate local si:wwcrs and appear 
as a source of for,·~ation and decay of onesor_f! in the 
apparatus. 

part of these processes is dependent on nuclear
active particles, which go along with low density 
air showers, and they are distinguished from show
ers of the local type only by the very large average 
energy of the particles which form slow mesons in 
the apparatus**~ The air showers in the arrange
ment GK-5B cause 25% of the total number of de
layed coincidences that are detected from showers. 
Powever the majority of similar events are attri
buted to accidental coincidences, which is easy to 
understand. Uecause of the ''softness" of the control 
system of counters the apparatus separates efficiently 
nuclear-active particles which have comparatively 
low energies, and hence may not have much air 
accompaniment. 

The possible contribution of processes of photo
generation of mesons may only be estimated by cal
culation. We proceed from the flux of photons with 
energy > 200 mev in the atmosphere where as is 
well known (from accelerator data) we have the maxi
mum effective coss section for photogeneration, and 
obtain a value of the order of 5% (in comparison 
with the frequency of generation by the nuclear
active component) as an upper limit for the relative 
frequency of photogeneration of mesons in our appa
ratus. 

We pass now to the estimate of the efficiency of 
detection of slow mesons which are generated in 
the apparatus. This estimate is of interest from 
various points of view: for example, it permits one 
to make a comparison between the true decays and 
the "background" of accidental events, and also 
between the intensities of slow meson formation 
from various nuclei; by means of a comparison of 
the well known flux and energy spectrum of nuclear
active particles, it permits one to determine the 
efficiency of formation of the mesons under study over 
a range of energies. Aside from this, an analysis of the 
question of the efficiency of detection permits one 
to go into the corrections that are necessary to de
termine the true form of the spectrum for meson 
formation. 

The problem of the efficiency of the apparatus, 
i.e., the relation between the number of generated 
and detected slow mesons, can be broken down 
into two independent parts: first, the determination 
of the probability with which the nuclear-active 
particles of a fixed energy create in the filter of 

*** As was shown in the experiments of Liubimov et 
als, an increase in the energy of the particles which 
generate electron-nuclear showers, is accompanied by 
an increase in the probability of concomitant air showers. 

8 N. L. Korablev, A. L. Liubimov and A. T. Nevraev, 
Dokl. Akad. Nauk SSSR 68, 273 (1949). 
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+ f . **** the apparatus a rr -meson o a given range , 
which is confined within the limits of the apparatus; 
second, the probability of detection of electrons, 
which originate as a result of the decay of a meson 
which stops in one of the filters of the apparatus. 
For a single meson, proceeding into the apparatus 
from the air, only the second possibility re
mains. This is the simpler part of the problem at 
which we begin our calculation. 

If we denote by d the thickness of the filter 
between the rows of the counters of the GK-5 
hodoscope which detect the decay electrons, and 
by F[E(X)] - the integral energy spectrum (X is 

the range of these electrons), then the average 
efficiency for detecting isotropically emitted de
cay electrons is to a first approximation of the 
form: 

d emox (X) 

(- t~ )\~ \ dX \ F[E(__!!_)\]d(cos8). 
\ '1' "-' J d • . cos 8 

(3) 

In this expression t 1 and t 2 are the limits of 
the time interval in which the hodoscope can de
tect delayed particles, TJ-L = 2.15 f.1 sec- the 
mean lifetime of the p-meson and e is the max 
limiting angle at which there can emerge from the 
filter the electrons which originate at a depth X 
and which possess the maximum possible length. 
The scattering of the electrons in the layers of 
the filter and at the ends of the filter (in a direct
ion perpendicular to its thickness) is thereby not 
taken into account; however, it cannot intro
duce any essential error into the calculation of T/ 0 • 

For a practical calculation of the efficiency it is 
expeditious not to use the energy spectrum of the 
decay electrons, which was determined with great 
precision by use of the Wilson chamber or photo
graphic plates, but to go directly from the integral 
ran$e spectrum, i.e., the absorption curve, deter
mined for various substances by the method of de
layed coincidences from counters (see, for example, 
Refs.4 and 9 and 10). The efficiency Tf calcu-

0 
lated from this data for several variations of our 
apparatus is presented below. 

Thickness of filter ,d 
Efficiency for de

tecting decays, Tf 0 

2 em Ph 2 em Fe 2 em C 

0.14 0.20 • 0.30 

The derived value lacks certain corrections 
which are connected with the fact that a part ~f 
the counters, which detect decay electrons, may 
appear to be "busy" with discharges from non-de-

****In order to simplify the problem we will, for the 
present, assume that the range has a vertical component 

onlv. 
9 ]. Steinberger, Phys. Rev. 75, 1136 (1949). 
10E. P. Hincks and B. Pontecorvo, Phys. Rev. 77, 102 

(1950). 

() (I 

layed particles. For a single meson, such par
ticles may appear only from the stopping of mesons, 
and in this case (when only one counter near the 
point of decay is busy) the average correction for 
the effect of the busy counters is a constant fac-
tor Tf. = 0.8. In order to check experimentally the 
effie fen cy for detecting the decay of such 
mesons, we carried out a special control 
experiment in an underground installation (i.e., 
under the conditions when the penetrating particles 
consist only of mesons). The experiment was 
arranged so that the control system of the arrange
ment GK-5A was "adjusted" to select single pene
trating particles, going in a narrow solid angle, and 
arranged under one of the rows of the GK-5 hodo
scope which detected all stoppings of these par
tides as well as the accompanying decay el~ctrons. 
We determined by this ex:periment a value of the 
efficiency which agreed well with the value deduced 
above (from the calculation of the correction due to 
the counters being "busy"). 

For mesons which strike the filter of the hodo
scope accompanied by other particles, the correctioo 
for the occupied counters is calculated and the 
average value depends on the scattering from the 
point of formation of the original local ~bower to the 
meson track. In this case the correction to the 
factor Tf i .is determined purely experimentally, by 
means of utili zing the hodoscope pictures and de
termining the average probability ~f counters being 
occupied by various scatterings from the point of 
formation of the shower + • 

After determining the efficiency for detecting 

+In contrast to the case of the single meson the posi
tion of the occupied counters relative to the point of 
decay is no longer essential and hence the correction 
factor Tf i can be taken as simply equal to the number of 
occupied counters of the hodoscope. 
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decays we turn to the calculation of what is called 
the'' luminosity" of the apparatus, i.e., the fre

quency N det' of detected slow mesons, produced 

00 

by the nuclear-active component and stopped inside 
the same apparatus. The expression for the lumi
nosity can he written in the following form: 

Ndet = ~ [1-exp( -~~~))] S(E) Wil(E)~"'i (E)dE 
E, (4) 

where E 0 is the threshold energy for generation of 
slow mesons by nucleons, !1R is the sum of the 
thicknesses of all of the filters of the apparatus, 
whose number is denoted by 1, fl;r is ,the thick
ness of each separate filter, 'A(E) is the average 
path for generating mesons by nuclear-active par
ticles of energy E, S(E) is the energy spectrum of 
the nuclear-active component in the atmosphere, 
U? p(£) is the mean probability of detection of 

showers by the control system of counters, the 
showers bein11 formed with a fixed energy, Vr.+ (£) 
is the average multiplicity of generation of the 
slow rr +-mesons in such showers, ''io'YJi is the 
previously determined efficiency for detecting de
cays and the correction for the occupied counters, 
<D,(r 8 ) is an average over the primary integr~l 

energy spectrum of the meson range (actually, the 
vertical component of the range), D;;(r8 ) is 
called the "geometrical factor", i.e., the correc
tion taking into account the finite size of the hodo
scope filters. 

We note that in the average over the primary 
meson energy spectrum (in order to normalize the 
spectrum, we must determine the energy depen
dence of the factor V1t+) we must take care of the 
circumstance that the true dependence of the spec
trum on the energy E appears in the form of the 
function under the integral in expression (4) which 
cannot be calculated compared to such functions 
as 'A (E), S(E) and W (E)++. 

There is no possibility of examining in detail 
all of the quantities which enter into (4), so we 
limit ourselves here only to some short remarks, 
after which we will give ,for various cases derived 
by us, the function under the integral, which may 

++rf the multiplicity 1 u+ is not a monotonically in
creasing or rapidly decreasing function of the energy E, 
then the three functions also determine the effective 
range of primary energies for the given arrangement. 

be called "the energy generating function" of 
slow mesons by the nuclear-active component. 

The threshold energy "E 0" and the total range 
of energies for an efficient generation of mesons 
can be obtained by combining the data, determined 
with accelerators, on·the generation cross section 
for heavy nuclei and photographic plate data on the 
probability of "inelastic" nuclear collisions for 
various energies of the nucleons in the cosmic ra
diation+++. The differential energy spectrum S(E) 
of the nuclear-active component in the atmosphere, 
in particular at mountain altitudes (where we carried 
out our experiments) is known at the present time 
from a whole series of works, carried out by various 

methods 8*, and can be represented satisfactorily 
by a function of the form p -2 •5 (p is t..\!:e momentum). 
The probability of detecting showers Wp(£)for an 
actual system of control counters may be calcu
lated to a satisfactory approximation only in cases 
when the operation of the system is determined by 
penetrating shower particles; then we may use 
the photographic plate data for multiple formation 
of relativistic particles (see, for example, Refs. 
12 and 13}. As an average energy spectrum of 
slow mesons we can use the spectrum of Camerini 
et al.12 , which was determined with an arrangement 
in which the average energy of the nuclear-active 
particles was not too different from the energies at 
which our apparatus is efficient. The least obvious 
point arpears to be the question of the function 
~1t (£), i.e., the multiplicit.y of generation of slow 

mesons. The fairly meager photographic plate 

+++Suitable data were considered by us in the survey 
Re£.11. 
8* The similarity of the conditions of observation 

is explained by the energy estimate made below. 
11 

G. B. Zhdanov, Usp. Fiz. Nauk 54, 435 (1954). 
12 U. Camerini, P. H. Fowler et al, Phil. Mag. 41, 413 

(1950). 
13 

U. Camerini, ]. H. Davies et al, Phil. Mag. 42, 1241 
(1951). 
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data on the generation of slow mesons (with ener
gies of tens of mev) in the stratosphere l4 shows 
that this multiplicity, does not apparently increase 
with the primary energy, and if it decreases, then it 
does so very weakly. Therefore, in carrying out 
our calculation, we start from two alternative as-

r(E) 

!,0 

sumptions about the form of the function ~,-+-(E): 
a) ""+(E)= constant; b) V"+ (E)'"-'1/ns (for 
E > 2 bev ), where n s is the number of relativistic 
particles in the shower. 

In Fig. 4 are shown the results of our calcula
tion of the energy generation function of slow 

0~~~~--~~~~--~-~-~=-=--~-~-~-~ 
s m M w 

E, BeV 

FIG. 4. Dependence of the output of slow mesons G(E) on the 
energy of the generating particle E for various arrangements and 
assumptions about the multiplicity of formation: a) arrangement 
GK-5A, 'V,+ = const .. J>) arrangement GK-5B, ~ -;;_+ = const., 
c) arrangemnet GK-5B, '1,.,+,...., 1 jn8 (for E > 2 be-~). 

mesons for three different cases: a) Arrangement 
GK-5A, Yr-:+ (E)= constant, b) Arrangement 
GK-5B, v"+ (E)= constant, c) arrangement 
GK-5R, v,.,+ (E) ~llns withE> 2 bev. 

With the help of these curves, it is possible in 
each case to determine characteristic energies -
the threshold energy E 0 and the average energy of 

the generated component 'E . These values can 
be determined from the energy limits to whose 
left there is respectively 5 and 50% of the total 
ar~a, within the limits of the curves of Fig. 4. In 
th1s manner we obtain the "thresholds" and average 
energies (for each of the three cases): -

Arran~ement and 
multrplicity of GK-5A GK-5B GK-.SB 
meson generation v,.,t-= const v,.,+= const \l';"t+ -..... 1/ns 

Threshold Energy, 
E0 in bev 

Average Energy 
Eav in bev 

By using the expression (4) we determined not 
only the energy dependence of the "output" of 
slow mesons, but the overall frequency of detect
ing decays by the apparatus (the "luminosity" of 
the apparatus). A comparison of the calculated 

.number with the experimental observations showed 

14 
H. Yagoda, Phys. Rev. 85, 891 (1952). 

1' 1 

2,9 

1,0 0,9 

3,0 2,0 

that both of the initial assumptions about the de
pendence of the value of -;;-,.,+ on the initial 
energy are in accord with experiment (within the 
limits of error of the experiments and the calcu
lations), as well as the assumption about the in

crease of the "output" of slow mesons with tht 
primary energy E, for example according to the 
law v77 +"' n 8 (E) which leads directly to an es-
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tim ate of the •·• luminosity" of the apparatus. 
We will consider methodically the question of 

the connection of the observed spectra and the 
energy of the mesons. In order to analyze the ho

doscope picture of the appropriate shower, the terminus 
of the meson path is fixed by the appearance of the decay 
electron, and the average error is determined by measure
ment. Obviously, half the thickness of the filter separates 

two rows of the hodoscope counters. Errors in 
fixing the beginning of the track are connected 
with two factors: the inaccuracy in determining 
the point of formation of the initial shower in the 
filter of the hodoscope, and the possibility of 
generation of mesons by secondary nuclear-active 
particles in the shower. To explain the role of 
the first factor,, we plot the distribution curve of 
the number of fired counters in the rows of the 
hodoscope, reading off the number of the row each 
time for the filter in which the shower was sup
posedly generated (absolute numbers are read off 
vertically downwards). The character of these 
curves plotted in Fig. 5 for two concrete arrange
ments (the hodoscope with graphite and lead fil-
ters each 2 em thick), shows that the average 
error in determining the point of formation of the 
shower, apparently does not exceed half the thick
ness of the filter by virtue of the strong dependence 
of the number of counters that are fired on the 
number of the row.As a rule, nothing can be said 
about the effect of processes of secondary mesons 
on the shape of the hodoscopic pictures. It is 
possible, however, to take into account these pro
cesses with the aid of the following discussion. 
As is well known, the average ranges for absorp-
tion and interaetion of the nuclear-active compon
ents in substances A b and A. t are connected Jl s 1n 
by a simple relation \see, for example, Ref. 15): 

).,. / Aah= 1 -:;sec 
lOt S 

(5) 

where v is the average over the spectrum of the sec -
number of secondary nuclear-active particles. 
Taking into account the fact that,according to the 
data of Ref. 15, A. t/A b == 1/3 (independent of 

1n a s 
the atomic number of the nucleus), we obtain v sec 

== 2/3 and, consequently, the probability of form
ing secondary showers in each of the filters at a 
depth f:..r located under the point of formation of the 
initial shower, is, on the average, 2/3 f:..r/\nt" 

In order to go over from the distribution in 
range to the initial energy spectrum of TT +-mesons 

15 
S. A. Azimov, N. A. Dobrotin and A. L. Liubimov, 

Izv. Akad. Nauk SSSR, Ser Fiz. I 7, 80 (1953). 

it is necessary to introduce corrections of two 
kinds. First of all it is necessary to take into 
account the fact that the hodoscope photograph 
does not permit one to obtain a representation of 

-I 

FIG. 5. Average number n of fired counters of the 
hodoscope through various scatterers from the point of 
supposed formation of the shower. The number of the 
hodoscope row is read from the vertical-positive down
wards and negative upwards. Ph, C - are the curves 
for the arrangement GK-5B with lead and graphite fil-

ters respectively. 

the complete meson track in space, and in the best 
case it is possible to rep-esent only the projection 
of this track on the plane of the photographic plate. 
However, if we neglect the effect of the finite size 
of the hodoscope filters and the scattering of 
mesons in these filters, then the distribution of the 
vertical component of the track rb can be converted 
into the distribution of the total range without dif
ficulty, and conversely, if we know the angular dis
tribution of the mesons relative to the vertical. 
Actually, the question in this case can be resolved 
by the method of generalization of the well known 
relation of Gross between the vertical absorption curve 
and the global intensity of cosmic rays. For an 
angular distribution of the radiation, incident within 
the limits of a certain plane area, of the form of 
cosn e (e- the angle with the vertical), the rela
tion, which connects the vertical h (X) arid the 
global F g/X) intensity of the radiation at a depth 
X has the form: 

0 
,m ( X\ 

Fgl (X) = lim \ fa - 8) cosn 6 d cos 6; 
Om~ rt/2 .) cos 

(6a) 

0 

(6b) 
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For slow mesons we assume n = 3 (see 16), where
upon we can calculate the production with the he-lp 
of the relation (6a) for the function fb (X), corre
sponding to the meson spectrum of Camerini 12 , and 
show that the distribution from complete tracks and 
from the vertical components of the tracks differ 
very little in this .cas.e_(considerably less than for 
isotropic radiation). 

The other type of correction to the meson spec
trum is connected with the calculation of the nuclea
interactions with matter. All nuclear interactions in 
which the meson is absorbed, not reaching the end of its 
i<:mization range are taken into account by the 
Simple method of multiplying the ordinate of the 
range spectrum with an exponential factor of the form 

exp (X/A b ), where A b is the mean range for nu-
a s a s 

clear absorption. A calculation of the nuclear scat-
tering of rr-mesons, inelastic as well as from elastic 
(at large angles), appears to be a considerably more 
complicated problem; however, over our range of 
energies, the effective scattering cross section is 
not large, and therefore to a first approximation one 

need take into account only pure absorption. Thus, 

for example, on the basis of a series of a large 
number of investigations, using various methods 
(see, for example, Refs. 17-20), it is proved that 
for energies up to 150 mev, the cross section for 
nuclear absorption of rr +-mesons constitutes 60-

16 
W. L. Kraushaar, Phys. Rev. 76, 1045 (1949). 

1 7 
G. Bernardini and F. Levy, Phys. Rev. 84, 610 

(1951). 
18 H. Bradner and B. Rankin, Phys. Rev. 87, 547 and 

553 (two papers) (1952). 
19 J. F. Tracy, Phys. Rev. 91, 960 (1953). 
20 

R. L. Martin, Phys. Rev. 87, 1052 (1952). 

80% of the total (equal to the geometrical) cross 
section, and the cross section for processes which 
are accompanied by a large change of energy and 
angle does not exceed 15% of the geometrical 
cross section, although with increasing energy this 
cross section increases markedly. 

CONCLUSIONS 

We presented above an analysis of the hodoscope 
method with delayed coincidences and used this 
method to study the processes of generating slow 
mesons, which per:mits one to settle the following 

three questions: 
l. We determined the range of the energy spec

trum of nuclear- active particles, which gives the 
main contribution to the generaion of slow mesons 
(under the conditions of our experiments this ener
gy is on the average 2-3 bev ). 

2. We introduced all of the necessary instrumental 
corrections for determining the intensity of gen
erating slow mesons from va-ious nuclei (in above 
specified range of energies). 

3. We introduced the instrumental corrections 
necessary to determine the energy spectrum of slow 
mesons from the point of generation. 

The experimental results, which were obtained 

by us by use of the method considered above, were 
described in the second part of this paper. 

In conclusion the author would like to thank for 
their great help L. 1\\f. Korablev, V. F. Tulinov, 
A. A. Abdullaev and A. A. Khidarov for adiusting 
the apparatus and for the time spent in making mea
surements. 

Translated by B. Hamermesh 
87 


