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Results are presented of an investigation carried out at 3200 m above sea level at the Aragats
high-altitude laboratory during 1953 to 1956. The energy distributions of protons and p me-
sons were measured in the range up to 100 Bev. The proton and u-meson spectra can be
approximated by the expressions 3.2 X 1073 (2+E)™%8dE (E >3 Bev) and 0.5(5+E)°dE

(E >4 Bev) respectively. Data are given on the cross sections for inelastic nuclear inter-
actions of high-energy m mesons and protons in graphite, copper, and lead. The inelastic
nuclear interaction cross sections for protons and m mesons (oy) were found to be equal.
The following values were found for graphite, copper, and lead respectively: oy = 0.65 0y,
0.750y, and 0.90,, where oj=7m(1.4x 1071 A1/3)2 is the geometrical nuclear cross-section.

1. ENERGY SPECTRUM OF u MESONS AT
3200 m ABOVE SEA LEVEL

THE energy spectrum of the p mesons was de-
termined with the magnetic spectrometer shown
in Fig. 1. The accuracy of momentum measure-
ments was higher than in the previous experi-
ments.? The standard deviation amounted to 3,
10, 22, and 66% for 1, 5, 10, and 30 Bev/c re-
spectively.

Protons and m mesons were distinguished from
i mesons by the nuclear interactions which they
underwent in graphite absorbers A; to A; placed
below the gap. The energy distribution of the u
mesons was calculated subtracting the background
of nuclear active particles. The results are given
in Table I.

Nuclear interactions in the absorbers placed
below the gap were identified by scanning the tracks
of separate particles on special diagrams, which
consisted of scaled vertical cross-sections of the
apparatus, parallel and perpendicular to the lines
of forces (cf. Fig. 1). It was not possible to deter-
mine the particle sign for particles with 33 Bev/c
momentum. For the particles of this momentum
range we give therefore the total number of par-
ticles of both signs. The number 7 represents the
total number of nuclear interactions of protons and
T mesons with momentum > 33 Bev/c in absorbers
A1 to A5.

The total number of p mesons (Table I, column
8) was obtained by subtracting the number of the
nuclear-active particles present in the p-meson
flux from the sum of positive and negative particles;

the number of nuclear active particles was obtained
in turn by dividing the number of interacting par-
ticles by the interaction probability for protons and
m mesons in absorbers A; to Ag. The latter is
given by the expression W =1 — exp (—x/A) where
x = 43 g.em™2 is the total absorber thickness, and
A is the mean free path for inelastic nuclear inter-
actions in graphite. For protons and 7™ mesons

in the energy range E = 10 Bev, A =95 g-cm"2
(cf. Sec. 4). Accordingly, it was assumed for all
momentum intervals that W = 0.365.

The distribution of p mesons with respect to
their deviation in the magnetic field was deter-
mined and momentum distribution was then calcu-
lated. The following relation between the particle
momentum p and the deviation 6 was used:

p = 5.09/5. Absolute values of the differential
spectrum were obtained by comparing the mo-
mentum distribution with the differential spec-
trum of p mesons with p < 14 Bev/c found in
reference 2. It was found that the ordinates of
the observed momentum distribution have to be
multiplied by 5.47 x 107 to obtain absolute values.
Within the limits of the statistical errors of both
experiments, the above factor is constant in the
range p < 14 Bev/c. The ordinates of the differ-
ential energy spectrum of p mesons are given
in the last column of Table I.

The energy distribution of u mesons was
measured later again. The same array was used
(cf. Fig. 1) but the graphite absorbers A; to Ag
were replaced by 86.2, 28.6, 47.8, 77.5 and 57
g/cm? of lead respectively. Accounting for the
thickness of counter walls, the total amount of
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FIG. 1. Vertical cross-sections of the magnetic spectrome-
ter, parallel and perpendicular to the magnetic lines of force.
A,) lead 32 g/cm? thick for absorption of the electron-photon
component; A, — A, graphite, copper, or lead absorbers.

C, —C,) coordinate counter trays; G) graphite absorber; PC)
proportional counter; C and B (with indices and dashes) —~
Geiger counter trays.

matter below the gap was equal to 300 g/cm?.
The results of the measurements are given in
Table II. As in the first experiment, it was nec-
essary to subtract the flux of nuclear active par-
ticles from the total flux to determine the flux of
4 mesons. It was possible to find the number of
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nuclear interactions during the total time of ob-
servation by analyzing the particle trajectories.

In this series of measurements we considered

the interactions in the three first absorbers A;

to A; only, the total thickness of which was 156

g/ cm?. In the measurements of the U -meson
spectrum, misses occurred sometimes in the last
tray of counters Cy and Cj (counters did not
fire) and we decided therefore to exclude ab-
sorbers A, and A; from consideration in order
to avoid possible errors. It follows from our data
(cf. Sec. 4) that, in the measured momentum range,
the mean free path for inelastic nuclear interac-
tions of protons and m mesons in lead is approxi-
mately equal to A =195 g/cm?. The probability

of an inelastic nuclear interaction in absorbers

Aj to Az is W=1 —exp (—156/195) = 0.551.
Consequently, the actual number of protons and

T mesons is equal to the ratio of the number of
observed interactions to the value of the probability
W = 0.551. The numbers of positive and negative

i mesons obtained by subtracting the background
of protons and m mesons, are given in columns 8
and 9, and their total number in column 10 of Table
II. The momentum distribution of the particles
was calculated from the deviation distribution:

N (p) = N (3)dd]dp = N (3) ] 5.09.

Furthermore, the ordinates of the obtained dis-
tribution were multiplied by 3.0 x 1077 to obtain
absolute values. This factor was found by com-
paring the measured momentum distribution with
that given in reference 2. Corresponding ordinates
of the differential p mesons distribution are given
in column 11 of Table II. The obtained spectrum is

TABLE I. Energy distribution of yu mesons (first experiment)

Totalnum- | Number of & .
g ber of interacting é g Orv:imates.of the
Deviation Momentum | e 38| particles particles ES differential p
range range, g 5 2 o g meson spectrum
8, cm Bev/c = gm posi- | nega- | posi- | nega- ‘:‘.3 3 cm ‘-slec 1 .
E ltive |tive | tive |tive 2% sterad™ Bev
1 2 3 4 5 6 7 8 9

2.47—2.30 | 2.06—2.20 | 2.12| 416 | 285 21 1 641 (2.474-0.09).10-3
2.30—2.14 | 2.20—2.38 | 2.30| 434 | 325 23 0 702 (2 3940.0°)-10-3
2.14—1.97 | 2.38-2.58 | 2.48| 456 | 306 18 1 710 (1.98+0.07).10-3
1.97—1.81 | 2.58—2.82 | 2.70| 443 | 322 14 2 721 (1.704-0.06)-10-3
1.81—-1.64 | 2.82—3.09 | 2.95| 476 | 360 12 2 798 (1.534-0.0:)-10-3
1.64—1.48 | 3.09-3.45| 3.27| 525 | 366 17 2 839 (1.354+0.03)-10-3
1.48—1.31 | 3.45—3.88 | 3.65| 527 | 362 20 1 832 (1.074£0.03)-10-3
1.31-1.14 | 3.88—4.44 | 4.10] 530 | 375 18 2 848 (8.424-0.30)-10-1
1.14—0.980 | 4.44—5.20 | 4.8 | 574 | 370 15 1 900 (6.613:0.20)-10-¢
0.980—0.815 | 5.20—6.25 | 5.7 | 537 | 367 17 1 855 (4 .5040.15)-10~4
0.815—-0.649 | 6.25—7.8) | 7.0 | 528 | 376 12 1 869 2.9740.09).10-¢
0.649-0.484 | 7.8—10.4 | 9.0 | 559 | 327 10 2 853 (1 764+0.06).10-¢
0.484—0.319 | 10.4—16 12.7 474 293 8 2 740 (7.604+0.30).10-5
0.319-0.153 16 -33.2.121.5 | 363 | 203 6 2 545 (‘l 944-0.11)-10-5
0.153 —=0.000 | 33.2—o0 66.5 407 7 388 (1.5940.11)-10-¢
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TABLE II. Energy distribution of u mesons (second experiment)

Total num- | Total num-
' ber of ber of % & 5w
§ o| particles interactions & .2 o 0wy -g ¢ | Ordinates of the
Deviation |E3 Py =9 oglog| 359 differential p
range g2 > 2 §%> 5 a| 53| 2| meson spectrum
8,cm c“{ &g gsng 88| S0 ng £ g K 'a?i cm™?sec™
SE = 3 @+ AL f k] terad™ -1
H IR AN IR SR T INE i
1 | 2 3 4 5 6 7 8 9 10 11
2.47—-2.30 [2.12| 793 | 560 | 54 1 {0.551] 695 [ 538 {1233 (2.5640.07).10-3
2.30--2.14 [2.30] 730 | 539 | 44 2 10.551] 692 | 536 [1228] (2.1730.06).10-3
2.14--1.97 |2.48] 816 | 577 | 48 1 10,5511 760 | 575 {1335 (2.0330.06)-10-2
1.97—1.81 [2.70] 837 | 623 | 49 3 |0.551| 747 | 618 1365 (1.7530.05).10-3
1.81—1.64 [2.95 866 | 636 | 39 5 [0.551 796 | 627 | 1423 (1.523£0.04).10-3
1.64—1.48 [3.27| 913 | 668 | 34 3 0.551| 852 | 663 | 1515 (1.332-0.03).10-3
1.48 —1.31 [3.65] 971 | 722 33 4 (0551 911 | 715 [1626| (1.134-0.03)-10-3
1.31—1.14 |4.10] 983 | 709 | 30 5 [10.551 [ 931 | 700 {1631 | (8.764-0.22).10-4
1.14—0.9804.80[ 1017 | 705 | 29 3 |0.551| 965 | 700 [ 1665 | (6.7540.17)-10-4
0.980—0.815(5.70] 999 | 647 | 29 3 10.551] 947 | 642 [1589 | (4.63-0.12).10=%
0.815—0.649(7.0 | 944 | 642 | 25 5 10.551] 900 | 633 | 1533 (2.95%0.07)-10-¢
0.649—0.484(9.0 | 839 | 602 | 23 4 |0.551| 798 | 595 | 1393 (1.65+0.05)-10-4
0.454—0.31912.7| 707 | 561 | 20 3 [0.551( 670 | 556 | 1226 (7.14+0.2)-10-5
0.3i9—0.153]21.5] 555 | 458 | 12 2 10.551| 533 | 454 | 987 (1.9840.06).10-3
0.153 -0.0 {66.5 720 7 0.551 709 709 | (1.64F0.06)-10-6
. . . . n
in a good agreement with that measured in the first 0t
series of measurements. The energy distribution ﬁ: ™N
of the p mesons is shown in Fig. 2. The top curve 2 \
represents the integral distribution, and the lower 0 i
one the differential distribution. A portion of the ;:
curve, for E < 2 Bev, is taken from reference 2. /d \
In the range E > 4 Bev the obtained energy spec- A \
trum can be accurately described by the power m_ff'
- é‘_
ny (E)dE = 0.5 (E 4 5)°dE. (1) s \
. 2- -
1 1 11 1 11

2. ENERGY SPECTRUM OF PROTONS AT 3200 m
ABOVE SEA LEVEL

The energy distribution of the protons was de-
termined in four independent experiments.

Experiment 1. Three ordinates of the differen-
tial proton spectrum were obtained from the ex-
perimental data on the u-meson energy distribu-
tion given in reference 2, where the experimental
setup is described. In these experiments there
were no absorbers above the gap, with exception
of a light cover 7 g/cm? thick made of wood and
iron. Six absorbers A; to Ag were placed below
the gap. The absorber A; was made of lead 45.2
g/ cm? thick, the remaining ones were made of cop-
per, 8.9, 37.4, 16, 53.4, and 17.8 g/cm? respec-
tively. The relation between the particle momen-
tum in Bev/c and their deviation in the magnetic
field was p = 7/6. The projections of the trajec-
tories of all particles were plotted on diagrams
and carefully analyzed. This procedure made it
possible to establish whether a particle underwent
an inelastic nuclear interaction in absorbers A;
to Ag, or traversed them without interacting. Stars,
particles stopping without a visible effect, and

a6 2 46 1020 4060100
£ Bev

FIG. 2. Differential (lower curve) and integral (upper curve)
energy spectrum of p mesons at 3200 m above sea level. The
y-axis represents the intensity N in units of cm™ sec™ sterad™
Bev™* for the differential, and cm™ sec™ sterad™ for the in-
tegral spectrum.

large-angle (> 10°) scattering events were counted
as interactions. Interacting particles were assumed
to be protons and 7" mesons if positive and 7~
mesons if negative. The measurements were car-
ried out during 267 hours. The number of positive
particles recorded in the ranges 2.33 < p < 3.5,
35<p<7, and 7<p< « Bev/c was 1650, 1715,
and 1448 respectively. It was found in scanning
that 160, 111, and 57 of these particles, respec-
tively, underwent inelastic nuclear interactions.

In the corresponding momentum ranges, the num-
ber of particles was 1086, 1212, and 768 respec-
tively, of which 5, 9, and 6 underwent inelastic
nuclear interactions. It is reasonable to assume
that, at mountain altitudes, the number of m me-
sons of both signs in air is equal. The difference
between the numbers of positive and negative in-
teracting particles represents therefore the number
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TABLE III. Energy distribution of protons

% R é@ Ordinates of differential

g & |ak spectrum

] Momentum Ener; T |ge i

S g range, rangg £ 3 o9 g pi:gggﬁ]ﬁy Momentum Energy
£ Bev/c Bev e 18al £ cm?sec™? | cm™sec™

I S ES g sterad™ sterad™

a s |28 < (Bev/c)? Bev!

1 2 3 4 5 6 7 8 9
26—21|0.245—0.303| 0.03—0.05 | 0.04 |105] 0.732 1.00 42441 150415
21—17(0.303—0.376| 0.05—0.07 | 0.06|228] 0.815 1.00 65.4+4.3 193+13
17—14/0.376—0.455] 0.07—0.10 | 0.08 369} 0.875 1.00 93.2+4.9 221411
14—12]0.455—0.531} 0.10—-0.14 | 0.12436| 0.905 1.00 10845 234411
12—11)0.531—0.579} 0.14—0.16 | 0.15)284| .92 1.00 11046 220413
11—10y0.579—0.636{ 0.16—0.19 | 0.18]398 0.93 1.00 1284-6 252413
10—9 {0.636—0.707| 0.19--0.24 |0.21|506] 0.94 1.00 12946 208+9
9—8 {0.707—0.795 0.24—0.29 | 0.26 617/ 0.95 1.00 12645 209+8
8—7 10.795—0.91 | 0.29—0.37 | 0.34]731]0.96 1.00 114+6 16249
7—6 | 0.91—1.06 | 0.37—0.47 | 0.44827)0.97 1.00 99.74+6.3 14549
6—5 | 1.06—1.27 | 0.47—0.64 [0.60(772/0.98 | 0.9140.04 | 70.24+6.2 87+6
5—4 | 1.27—1.60 | 0.64—0.91 | 0.8)[562{0.99 | 0.664-0.06 | 44.64+3.8 | 54.5+5.0
4—3 | 1.60—2.10 [ 0.91—1.38 {1.20]503]1.0 0.4640.05 | 37.34+3.5 | 39.54+4.4
3-212.10—3.20 | 1.38—2.38 [1.9 }386/1.0 0.33+0.04 | 18.642.9 | 20.542.5
2—1 | 3.20—6.36 | 2.38—5.50 3.9 108/ 1.0 0.2340.04 | 2.534+0.46 | 2.564-0.44

1—0 | 6.36—c0 5.50—w0 14 13j1.0 0.1440.04 |0.0554-0.023|0.0554-0.023

of protons which underwent an interaction in ab-
sorbers A; to Ag. According to the results of

Sec. 4, the cross section for inelastic interaction
of nucleons in heavy elements, in the energy range

studied, amounts to ~ 75% of the geometrical

cross-section. Consequently, the probability that
the nucleons will interact in absorbers A; to Ag

is approximately equal to 1 — exp (-x/A) = 0.68

where x =45.2 g/cm™ Pb + 133.5 g/cm? Cu =
1.52\ is the total absorber thickness (Aq is the

mean free path corresponding to the geometrical

cross-section of the nucleus; A =2Ay/0.75 is the
mean free path of inelastic interaction). The ratio
of interacting protons to the interaction probability
0.68 yields the number of protons in the p-meson

flux. For the ratio of protons to p mesons we ob-
tained the following expressions:

N, (p)
N,(p)

0.0917 —+ 0.0061

0.0354 +0.0041 for p=14 Bev/c
=10.0546 4+ 0.0045 for p — 4.66 Bev/c
for p = 2.8 Bev/c

(2)

For particles with these momenta we find for the
ordinates of the differential u-meson spectrum

Ny (p) the values 4.7 x 10™* and 1.74 x 1073 re-
spectively. Accounting for Eq. (2) we thus obtain

ments, and 6852 protons with energy > 30 Mev
stopping in the absorbers were recorded during

the time of operation (t=1.77 x 10® sec). The
energy distribution of these particles is given in
Table III, column 5. Protons with p < 1 Bev/c
stopped in the absorbers as a result of ionization
losses, and those with p > 1 Bev/c were stopped
by inelastic nuclear interactions. The last tray of
counters, placed under absorber Az was con-
nected in anticoincidence and only the particles
which did not reach that tray, i.e., which stopped

in absorbers A; to Ag, were recorded. Thus,
from the observed number of protons with p<1
Bev/c, we can construct directly the spectrum

of these particles, while for the region p > 1 Bev/c
it is necessary to know the stopping probability of
the protons in absorbers A; to Az as a function

of energy. This probability was found in the course
of the first experiment, in which the conditions were
similar with exception of an immaterial difference,
namely that in the first experiment absorber P,
was made of lead, and in the second of copper. The
total thickness of absorbers A; to Ag, measured
in units of mean free path A; corresponding to the
geometrical nuclear cross-section, was equal to
1.52 in the first experiment and to 1.65 in the sec-

for the ordinates of the differential energy spec-
trum:

(1.66 +-0.23)-10~° for E = 13 Bev
N,(E)={(3.57+0.36)-107° for E = 3.9 Bev
(1.68 4-0.14)-10~* for E =2 Bev
(3)
Experiment 2. Six copper absorbers, A; to Ag,
with total thickness 178 g/cm? = 1.65, were
placed under the gap in this series of measure-

ond. As far as nuclear interactions and the stop-
ping of particles were concerned, the physical con-
ditions were therefore almost identical. The area
of the absorbers and of the counter trays placed
between them are also important, but in that re-
spect the conditions were identical.

It was found in the first experiment that, during
a total observation time, 84, 163, and 235 protons
with momenta in the ranges 7<p< o, 3.5<p< 7,
and 2.33 < p < 3.5 Bev/c, respectively, traversed
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TABLE IV. Energy distribution of protons

\ Number of | § 4 ! Number of X
g o interactions | o % . protons Ratio of ’thOr:i}x;ate:t ?fl
_— | H atio o e erential
M::xnegl;t’um EE vo | ez .g:‘.‘, g_‘é protonsto | proton energy
Bev/e |o®| 2% | 3 (%585 | . » pmesons | _spectrum
8-l ag wE o> 82 | 83 | Total in air cm™ sec™ sterad’
2E| 8% | % o¥| g2 BT Bev
=22 &a | fa (26 af=a
1 2 3 & 5 6 7 8 9 10
2.06—2.82 (2.38/ 76 4 11.62|0.365|724-7|197419|0.0714-0.007| (1.584-0.15)-10-*
2.82—3.88 (3.2 49 5 ]2.450,365}4446[1214-16,0.04940.006] (6.72+0.82)-10-*
3.88—95.20 |4.45| 33 3 3.6[0.365|3045| 824-14]0.0474-0.008} (3.764-0.64)-10-2
5.20—7.8 | 6.3] 29 2 5.4/0.365|2744| 74411]0.0434-0.006| (1.68++0.23).10->
7.8—16 |10.5] 18 4 9.6]0.365|144-4| 38411{0.0244-0.007{ (3.1240.91)-10-¢
16—co (32 15 3) |31 10.48 [124-3] 254-6 [0.0274-0.006] (2.740.7)-10-7
33.2—co |66 7 65 |0.48 0.032+0.012) (4.541.7)-10"%

the array. It was found in scanning the track dia-
grams of interacting particles that in 12, 37, and
71 cases respectively the protons were stopped in
.the absorbers together with their secondary prod-
ucts. We find thus that the stopping probability is
equal to 0.143 + 0.044, 0.227 £ 0.041, and 0.302
+ 0.041 for p=14, 4.7, and 2.8 Bev/c respec-
tively. The dependence of the stopping probability
on momentum was plotted using these points and
the point W =1 for p =1 Bev/c. The resulting
curve was used to determine the proton stopping
probability in the given experiment (cf. Table III,
column 7). To calculate the ordinates of the dif-
ferential energy spectrum of protons, it is neces-
sary to divide the number of stopping protons
(Table III, col. 5) by

SwtsfW (E) AL = 5.883W (E) AE- 108, (4)

where AE is the width of the energy interval,

t=1.77 x 10% sec is the period of observation,

S is the area of the lowest counter tray, w is

the acceptance angle of the airray, o is its aper-

ture, f=0.78 is the particle detection efficiency®

and W(E) is the proton stopping probability in

absorbers A; to Ag. In these measurements,

Sw= 4.26 cm?-sterad. The ordinates of the differ-

ential momentum and energy spectra of protons

are given in Table III, columns 8 and 9 respectively.
Experiment 3. The experimental data on the en-

ergy spectrum of p mesons given in Table I con-

tain as well all the material necessary to determine

the proton energy distribution (cf. Table IV). It

should be noted (cf. Fig. 1) that there is 32 g/cm?

of lead above the array to absorb the electron-

photon component. Five graphite absorbers A;

to As with total thickness equal to 43 g/cm? were

placed under the gap. Nuclear interactions in the

absorbers were identified by a careful scanning

of the trajectory projections of all particles in the.

diagrams. The proton interaction probability in

absorbers A; to Aj is given in Table IV, column

6. The interaction probabilityis W = 1 —exp (—x/A),
where x =43 g/ cm? and A is the inelastic inter-
active mean free path for protons. According to
the data of Sec. 4, it was assumed for the first
five momentum intervals that A = 95 g/cm? and
W = 0.365. For the two remaining ones (E > 16
Bev) it was assumed that the cross section for
inelastic nuclear interactions of protons in graphite
is equal to the geometrical cross section of the nu-
cleus and, accordingly, A =67 g/cm? and W =
0.48. The difference between the numbers of posi-
tive (column 3) and negative (column 4) interac-
ting particles are given in column 7 (Table IV).
The total numbers of protons present in the u -
meson beam are given in column 8.: These were
obtained dividing the values of column 7 by the
probability W. The ratio of protons to u mesons
is given in column 9. Multiplying these figures by
the corresponding coordinates of the u-meson
energy spectrum,? we obtain the ordinates of the
differential energy spectrum of the protons (col-
umn 10). For momenta = 33 Bev/c .it was not
possible to determine the sign of the charge. A
total of 388 particles, seven of which underwent
an interaction, was observed in this range. We
find thus, accounting for the interaction probabil-
ity, that the ratio of protons and 7 mesons to u
mesons in the atmosphere is 0.038 + 0.012. The
relative number of 7 mesons at the altitude of
Aragats was calculated from the production spec-
trum of the 7= mesons.! It was found that, at 66
Bev, the ratio of 7 to u mesons at that altitude
is approximately equal to 0.007. Consequently,
the ratio of protons to y mesons for p = 66
Bev/c is equal to 0.031 + 0.012.

Experiment 4. Table II contains data which
can be used to find the proton energy spectrum.
The total number of protons and 7" mesons
N(p + 7") is given in column 5, and the number
,of ¥~ mesons N (7~) which underwent inelastic
nuclear interactions in absorbers A; to Az is



938 KOCHARIAN, SAAKIAN, and KIRAKOSIAN

~
[\ &,Qsciﬁ o
T Q&¥
|

e

N Ay
T

S,
()

S
S as

Number of protons, cm™? sec™ sterad™ Bev™

NOAD
T
——1

~
T

3,

-

A g

N>

S

[

1 1 1 1 1 L 1 1 1
ot 0080 42 Q4510 2 4 610 20 4060 190 Bev

FIG. 3. Differential energy spectrum of protons at 3200 m
above sea level.

listed in column 6. It was assumed, as in the pre-
vious experiment, that the number of interacting
protons is equal to the difference N (p + 7r+) -

N (7~). To obtain the absolute number of protons
which traversed the array during its operation, it
was necessary to divide the number of interacting
protons by the stopping probability W = 0.551.
Further reduction of data was carried out accord-
ing to the method explained in the preceding ex-
periment. The final results are shown in Fig. 3.
The ordinates of the differential proton spectrum,
corresponding to experiments 1, 2, 3, and 4 are
denoted by rectangles, black and white circles, and
squares respectively. The energy distribution may
be approximated, for E > 3 Bev, by the expression

3.2.107%(2 4 E) %, (3

where E is the kinetic energy of the protons in
Bev.

3. ABSORPTION OF THE NUCLEONIC COMPO-
NENT IN THE ATMOSPHERE

We shall calculate now, on the basis of the data
given in the preceding section, the absorption mean
free path of a vertical flux of nucleons in the atmo-
sphere. We shall compare our data with those on
the primary intensity. The geomagnetic latitude
of the Aragats laboratory is 35°. The primary par-
ticle spectrum is cut off at that latitude at approxi-

mately 6.7 Bev/c. It is evident that the geomag-
netic cut-off will not influence nucleon intensities
for E > 3 Bev at mountain altitudes. One can as-
sume that the intensities of protons and neutrons
are equal in this energy range at mountain alti-
tudes. Such an assumption is confirmed by the
fact that for E > 3 Bev the number of proton and
neutron stars in emulsions is equal within the lim-
its of statistical error.’~7

The integral spectrum of primary nucleons can
be approximated with a good accuracy by the for-
mula®

N (0) = 6.1-(6.34 + E)™**.

According to Eq. (5), the corresponding nucleon
intensity at the altitude of Aragats (pressure equal
to 710 g/cm?, accounting for the small amount of
matter above the array) is N(710) = 3.56 X
10'3(2+E)'1'3. Consequently, the absorption
mean-free-path of a vertical flux of nucleons with
energy > E is

[ =710/In[N (0)/ N (710)]
—394/{4.13 4+ In[(E + 2)/(E + 6.34)]}.

It follows that for nucleon energies E =3, 5, 10,
30, 50, and 100 Bev we obtain 7=112, 108, 103,
99, 97, and 96 g/ cm? of air, respectively. The
results are in disagreement with those of refer-
ences 9 to 12, where it was found that for nucleons
with energy of the order of 1000 Bev, I =112 * 6;
116 + 9 g/cm? #12 and =120 g/cm?.!%!! To ex-
plain the discrepancy, one has to assume that either
the nucleon intensity is too low by a factor of two or
that the intensity in the primary flux is too high by
the same factor, or that the errors of the spectra
are such that their ratio may be wrong by a factor
of two. Such an error, however, seems to us im-
probable. Apparently, the discrepancy is due
mainly to the following reason: in the cited litera-

TABLE V. Cross sections for inelastic nuclear
interactions of 7~ mesons in graphite

Total Total
ener Mean Absorber number Number of Cross
gy N R . N
range, energy, | thickness, of interacting | section
Bev Bev g/cm? 77* me= 7" mesons | o0y, mbn
sons
i 2 3 4 5 6
0.36—0.55| 0.43 43 201 72 20622
0.55—0.79| 0.65 43 107 38 202152
0.79—1.15| 0.9 43 53 22 24813%
1.45—2.00| 1.5 43 39 14 206138
2.00—4.00| 2.8 43 33 12 210438
4.00—66.0| 15 43 11 4 208137,
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ture, the actual mean free path of the nuclear-
active component was determined while we meas-
ured the nucleonic component. The difference may
be considerable when a large amount of dense sub-
stances is present in the array.

4. CROSS-SECTIONS FOR NUCLEAR INTER-
ACTIONS OF m MESONS AND PROTONS IN
COPPER, GRAPHITE, AND LEAD

Under certain conditions, a magnetic spectrom-
eter may be used for measurement of the total
cross section for inelastic nuclear interactions of
m mesons and protons with matter. For that pur-
pose it is necessary to place an absorber over the
array and, by means of Geiger-Miiller counters,
to detect and study the charged particles produced
by neutrons in the absorber. The negative particles
are 7~ mesons only, and the positive ones are 7"
mesons and protons. We assume that heavy mesons
do not constitute an important fraction of the num-
ber of particles. The cross section for inelastic
nuclear interactions of 7 mesons and protons in
the absorber substance can be determined by study-
ing the nuclear interactions in the absorbers placed
below the magnetic gap.

For the study of the trajectories and their inter-
actions in the absorbers, we used scaled diagrams
representing the array in two perpendicular cross
sections (cf. Fig. 1). The projections of the tra-
jectories were plotted in these planes. If a particle
did not undergo a nuclear interaction, the projection
of its trajectory on the plane parallel to the mag-
netic lines of forceis a straight line passing through-
out the array. The projection of the trajectory of
such a particle on the plane perpendicular to the
lines of force consists of a circular arc within the
magnetic field, and in the absorbers outside the
field — of a straight line tangential to the circle
at the point where the particle left the field. When
a particle undergoes a nuclear interaction in the
absorbers, the following effects may be observed:
(1) visible star production, (2) nuclear scattering,
and (3) stopping.

Stars were defined as events in which multiple
discharges were observed in counter trays placed
between the absorbers. Such a criterion, however,
would have been too weak, since multiple discharges
could be caused by 6 electrons and chance coinci-
dences due to stray particles. Events involving 6
electrons may be recognized by the fact that dis-
charges occur always in two adjoining counters,
close to the trajectory of the particle, which is
then a straight line traversing all absorbers. In
the majority of stars, a deviation from a straight
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line may be observed in at least one projection of
the trajectory. In addition, for stars it is possible
to construct rays intersecting in one point, and
roughly the same number of rays is emitted into
the upper and lower hemispheres. It is also char-
acteristic for stars that the prongs directed back-
wards are generally shorter than those directed
forwards, which penetrate the next absorbers, and
sometimes traverse all of them. The number of
chance coincidences is in general small. In addi-
tion, tracks due to these do not intersect in one
point, i.e., do not form a star. In spite of the above
characteristics of stars, it is sometimes difficult
to decide in which absorber the interaction has
occurred.

We define as nuclear scattering a deviation of
one or both trajectory projections by an angle 6
& 10°. At the meson energies studied, the angle
of multiple Coulomb scattering is small. The
above criterion is therefore sufficient for the de-
tection of nuclear scattering events. Some of the
cases assumed by us to represent nuclear scatter-
ing of mesons, could have been stars, the products
of which but one were absorbed in the absorbers
and did not reach the counters placed above and
below the absorber in which the star was produced.

Finally, we define as particle stopping events
in which the particle emerging from the magnetic
field disappears in one of the absorbers. Up to
that point, the particle should not undergo any in-
teractions. A part of these events represents
charge-exchange phenomena and large angle scat-
tering events in which the particle left the apparatus.
It is also possible that a star consisting of slow
particles only is produced and the secondaries in
the same absorber in which they were emitted.
Evidently, the number of such cases tends to zero
with increasing meson energy.

The cross section for nuclear interactions of
7~ mesons was determined directly, since the flux
of negative particles consists of 7~ mesons only.
The cross-section was calculated according to the
formula

W= W= N N =N, ()

where N, is the number of positive particles, Nj
is the number of 7t mesons assumed to be equal
to the number of 7~ mesons,13 og') and crgr) are
the cross sections for inelastic nuclear interactions
of positive particles (7", p) and of 7 mesons
respectively. It was assumed that og"-'-) = Gg"_).
This method was used for determination of the in-
elastic nuclear interaction cross-section of 7~

mesons and protons in graphite, copper, and lead.
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TABLE VI. Nuclear interactions of positive
particles produced in graphite
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TABLE VII. Cross sections for inelastic
interactions of 7~ mesons in copper

Momen- |pean mo- | Absorber Total Number of Cross Total en- Mean Absorber Total | Number of Cross
ratn‘:'gne, néentum, thick.nezss '2;“;2:_’ interacting | section ergy range,| energy, thicknezss, 2?';’;?_’ interacting | section
Bev/c ev/c g/cm ticles particles [0, mbn Bev Bev g/cm’ ticles particles 0gy mbn
1 2 3 4 5 6
0.51—0.71 | 0.60 29 134 33 1030F}70
2—4 2.7 43 161 58 205427 .71—0.91 | 0.81 5 80 31 996117
3-4 1 33 43 59 20 9155 )e1—1.07 | 1.00 52 44 13 71212
4—16 | 6.7 43 S u 21256 18| 112 88.6 54 29 917+1%
1.28—1.60 | 1.50 88.6 46 25 93478
(a) Cross sections for inelastic nuclear inter- 1.60—2.12 | 1.85 88.6 51 23 712414
actions of 7 mesons and protons in graphite. In 2.12—3.18 | 2.6 141.3 50 30 6851139
this series of measurements five graphite absorb-  3.18—6.36 | 4.2 141.3 31 20 77545
ers A; to As, 10.1, 5.6, 7.1, 11.7, and 8.5 g/cm? 6.36—0 | 12 141.3 35 22 742158
respectively, were placed below the gap. The thick-

ness given include the walls of the counters placed
between the absorbers. The total thickness of walls
was equal to 3 g/cm? of copper which, for nuclear
interactions, is equivalent to 2 g/ cm? of graphite.
The 7~ mesons and protons were produced by neu-
trons in a graphite absorber (cf. Fig. 1) 32 g/cm?
thick.

Data one nuclear interactions of the negative
particles (7~ mesons) are given in Table V. Stand-
ard deviations of the cross sections for inelastic
nuclear interactions of 7~ mesons with graphite
nuclei, calculated according to the formula
VNW(1-W) , where N is the number of par-
ticles and W is the interaction probability, are
given in the table.

The angle of diffraction scattering in graphite
is of the order of 6 = ch/Rp ~ (3.5/p)°, where
R=3.2%x10"8 cm is the radius of the graphite
nucleus and p is the particle momentum in Bev/c.
Large angle (6 R 10°) scattering events were also
regarded as nuclear interactions. The diffraction
scattering angle amounts to 8, 5, and 4° for the
first three momentum ranges respectively. The

measured cross-sections for these ranges, given
in Table V, column 6, include therefore a certain
fraction of the cross section for elastic scattering
of 7~ mesons. For the remaining three energy
ranges the angles of diffraction scattering are suf-
ficiently small and the given cross sections refer
to inelastic interactions only. It can be seen that,
for mean energies equal to 1.5, 2.8, and 15 Bev
the cross section o in graphite is constant within
the limits of statistical errors, and approximately
equal to 0.650), where oj=3.22 %X 1072 cm? is
the geometrical cross-section of the graphite nu-
cleus.

Data necessary for calculating the cross-section
for nuclear interactions of positive particles are
given in Table VI. From a comparison of the num-
bers of m~ mesons and of positive particles we can
conclude that protons constitute the majority of
produced positive particles. The resulting cross
sections given in Table VI, represent oy of graph-
ite for a mixture of #* and p. This cross section,
within experimental errors, is equal to that for =~

TABLE VIII. Total cross sections for inelastic interactions
of protons in copper

Totalcross . .

Momentum | Absorber| Iotalnum- | Numberof | section for | Kinetic Cross
range, |thickness| Per of Po- | interacting |positivepar-| €Rergy section
Bev/c | g/cm? | sitive par- | oarticles ticles range of for protons

ticles o; , mbn protons, Bev| 0g, mbn
1 2 3 4 5 6 7
0.91—1.06 | 29 352 75 g72tith 1 0.37—0.47 | 893+

1.06—1.27 | 29 329 70 872F1le | 0.47—0.64 | 8671}4

1.27—1.59 52 305 102 825192 0.64—0.91 807+1i1

1.59—2.12 | 52 240 76 764100 1 0.91-1.38 [ 778+1%
2.12—-3.18 | 88.6 191 86 712183 | 1.38-2.38 | 718+118
3.18—6.36 | 141.3 11 69 727490 2.38—5.5 7144147
6.36—o0 141.3 67 42 737H%8 | 5.5—00 738135
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TABLE IX. Cross sections for inelastic interactions
of 7~ mesons in lead

Total

Total Absorb Number of Cross

energy Me anBen- thicslgxl\.ezg, 2;‘?:_" interacting section
range, Bev | €'Y Bev g/cm? ticles particles Og» mbn

1 2 3 4 5 6

2.65—3.98 3.18 242 37 29 18354197
'3.19—5.3 3.93 242 40 31 19604180
3.98—7.95 5.30 242 34 26 18404139 |
5.30—15.9 7.95 242 27 20 18154197
7.95—wo 34.4 242 29 24 18104215

mesons. One may conclude therefore that, for p =
2.7, 3.3, and 6.7 Bev/c, o{ =~ o{P) ~ 0.65 0.

The graphite nucleus is therefore semi-trans-
parent to protons and m mesons at proton energies
E < 6 Bev.

(b) Cross sections for inelastic nuclear inter-
actions of ™ mesons and protons in copper. For
the determination of oy in copper, absorbers
made of that material, 10, 18.3, 23.1, 36.4, 52.9,
and 35.6 g/ cm? thick, were placed below the gap.
The conditions of particle selection were similar
to those in the experiments with graphite. The
diffraction scattering angle in copper is less than
in graphite and is 6 = (2/p)°. The data on nuclear
interactions of 7~ mesons in copper are given in
Table VII. It follows from these that, in the energy
range above 1 Bev, the cross section for inelastic
nuclear interaction is constant within the limits of
experimental errors and equals 0.750,. Data nec-
essary to determine cr:(lp) from Eq. (6) are given
in Table VIII.

(c) Cross sections for inelastic nuclear inter-
actions of 7 mesons and protons in lead. In these
experiments interactions were studied in lead ab-
sorbers A; to A;, 86.2, 28.6, 47.8, 77.5, and
57.0 g/cm? in thickness. The diffraction scattering
angle for lead is 6 = (1.4/p)°, and the angle of
multiple Coulomb scattering for the first four ab-
sorbers taken together in which the interactions
were studied is approximately equal to (5/p)°.

To exclude the contribution of Coulomb scattering
we have limited our study to particles with p 2 3

Bev/c. All the data on nuclear interactions of w~
mesons and protons in lead are given in Tables IX
and X.

Let us compare our results with the data of
other workers. Lindenbaum and Yuan! obtained
for 0.59-Bev 7 mesons in graphite oy = (186
+ 22) millibarns which, within the limits of ex-
perimental errors, is in a good agreement with
our results. For 5-Bev 7~ mesons in aluminum
it was found!® that oa = 0.40 barns, which amounts
to ~72% of the geometrical cross section. In ref-
erence 16 it was found that o5 = 0.218 barns in
graphite at E; = 4.2 Bev, which is close to the
value obtained by us for that energy range. Our
result for graphite in the high-energy range does
not contradict the data of reference 16.

Data on the cross sections for inelastic interac-
tions of protons in graphite are available in the lit-
erature for low energies only. It was found!? that
0g = 0.25 barns for E = 0.87 Bev. In references
18 and 19 it was found respectively that the cross
section for 1.4-Bev neutrons in graphite is 0.200
and 0.231. Our results are in agreement with the
cited works.

For copper it was found! that oy = (0.73 + 0.11)
barns at a total 7~ meson energy of 0.59 Bev. In
reference 20 it was found that o4 = 0.7 barns at
3 Bev. For 4.2 Bev 7~ mesons produced in an
accelerator, it was found that oy = 0.794 barns.
The agreement is satisfactory within the limits of
experimental accuracy.

Our results are not in disagreement with the

16

TABLE X. Cross section for inelastic interactions
of protons in lead

Total | Nymber of Cr(:.ss Kinetic en- Cross

Momentum Absorber | number | jioracting ﬁs:c; ;:?_ ergy of pro- | _ section

range, thickne;ss of posi- | "o ticles tive par- tons, Bev | for P';tb°“s

Bev/c g/cm’ txtwgzlz:r- ticles, mbn N Tar n

1 2 3 L 5 6 7

3.19—-5.30 242.2 157 113 17804170 3.6 1791 4-220
3.98—7.95 242.2 111 84 18604-208 5.16 1850-4-260
5.30—15.9 242.2 64 46 17804230 7.46 17114-300
7.95—0 242.2 51 39 18304-280 24.6 17704360
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available data on the cross section for inelastic
interactions of nucleons in copper.”'“"21 Cross
sections in lead were measured up to 970 Mev.

At that energy it was found that oy = (1828 + 100)
millibarns.?? It was found, using the Brookhaven
cosmotron, that o, = 1730 millibarns (£5%) for
1.4 Bev neutrons. In another work?? it was obtained
for 860 Mev protons that oy = (1690 + 900) milli-
barns. For the low-energy range we have no data
to compare with the literature. It should be noted,
however, that the cross sections given in Table IX
and X for E > 3 Bev are, within the limits of sta-
tistical errors, identical with the cited values.

On the basis of the data obtained one can draw
the following conclusions:

1. The cross sections for inelastic nuclear in-
teractions of m mesons and protons in the energy
range R 1 Bev are, within the limits of experimen-
tal errors, equal and independent of energy.

2. If we assume that the geometrical cross sec-
tion of the nucleus is oy =7 (1.4 x 10713 A1/3)2, the
nuclei are partially transparent for 7 meson and
protons with E > 1 Bev. The transparency de-
creases with increasing atomic number. For graph-
ite, copper, and lead we have o4 = 0.650), 0.75 0,
and 0.90; respectively.
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