PHYSICAL REVIEW

VOLUME 95,

NUMBER 1 JULY 1, 19514

Meson Showers and High-Energy Interactions in Light and Heavy Nuclei

R. W. Parsons, FrRANGOISE A. BrisBout, anp V. D. HopPER
Physics Department, University of Melbourne, Melbourne, Australia

(Received October 27, 1953 ; revised manuscript received March 4, 1954)

A study has been made of nuclear disintegrations produced in electron-sensitive emulsions exposed to
cosmic radiation at 80 000 ft. Of 93 stars containing more than three shower particles, 29 were interpreted as
being induced in the light nuclei C, N, O, and 64 in the heavy nuclei Ag and Br. The low-energy tracks
appear to be emitted isotropically from a slowly moving nucleus and the forward collimation of the re-
maining tracks is discussed. The average numbers of shower particles from the heavy and light nuclei are
7.7 and 6.4;, respectively, and it is shown that these figures are consistent with multiple processes of meson
productlon The difference between the angular distributions of shower particles from heavy and hght
nuclei is discussed on the assumption that it is mainly due to scattering.

INTRODUCTION

STUDY has been made of stars containing meson

showers in 400u Ilford G5 nuclear emulsions ex-
posed at altitudes between 80 000 and 90 000 feet.! In
order to be certain of the primary direction, stars with
three or more shower particles were selected and a few
of these, which were close to the air or glass surface or
whose primary directions were steeply inclined to the
emulsion surface, were omitted. Using this method of
selection, 93 stars, 12 produced by neutral primaries
and 81 by singly charged particles, were analyzed. In
addition, several stars giving meson showers produced
by alpha particles and heavier nuclei were studied.
The primary directions of large showers produced by
neutral particles were estimated as the mean of the
shower particle directions. In no case was it assumed
that a collimation of nonshower particles was related
to the primary direction.

MEASUREMENTS OF TRACKS AND IDENTIFICATION
OF TARGET NUCLEI

By measuring the azimuth and dip angles of the
tracks, the latter angles being corrected for the shrink-
age factor which varied from plate to plate, the angle 8
of each track relative to the primary direction in the
original undeveloped emulsion was calculated. As the
grain density of the tracks also varied with develop-
ment, the minimum grain density of each plate was
measured and grain densities in grains per S0u were
standardized to a minimum of 12. Tracks with grain
densities up to 25 percent above minimum were classed
as shower particles. The grain density of a completely
black track parallel to the emulsion surface was taken
as 120, a proton track of range 100y therefore having a
grain density of about 115, corresponding to 5 gaps
per 50u, and an o track of range 100x having a grain
density of 117, corresponding to 3 gaps per 50u. Checks
were made to insure that different observers obtained
the same value of grain density for a given track, and
graphs were drawn relating these estimated grain
densities to the ranges and energies of charged particles.

! Darby, Hopper, Laby, and Wilson, Australian J. Phys. 6,
471 (1953).

From the lengths of tracks which ended in the emul-
sion and from their grain or gap densities, the particles
which produced the tracks could often be identified.
Where possible, scattering measurements and delta-ray
counts were made on long tracks which did not end in
the emulsion and these combined with grain density
measurements gave a means of identification. Where
identification was not possible it was assumed that
tracks of range greater than 100u, excluding shower
particles, were protons, those with ranges between
100p and 30u were alpha particles, between 30u and
10y, lithium nuclei, and recoils less than 10y were
assumed to have a charge 4.

From the above measurements, the total charge Z of
the nonshower tracks was estimated. Figure 1B shows
the number of stars with a given Z plotted against Z
for stars without recoils, and Fig. 1A shows the number
of stars with recoils. It is seen from this latter figure
that there are no stars with recoils with Z<13. The
assumption of 4 units of charge for the recoils is prob-
ably an underestimate but it is seen that even so no
stars were obtained with Z between 8 and 12, and there
is a separation between stars having Z<8 and Z2>12.
It is concluded that the stars with Z< 8 are due to the
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Fic. 1. The number of stars with a given Z is plotted against Z
for stars with recoils (4), and without recoils (B), showing the
separation of the stars into those produced in light and heavy
nuclei.
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194 PARSONS,
disintegrations of C, N, and O nuclei in the emulsion,
and those with Z>12 are due to Ag and Br.

Of 29 light nuclei events, 25 of which had charged
primaries, only two stars have Z<6. From this, it is
inferred that practically all the charge of a light nucleus
goes into the nonshower tracks since scattering meas-
urements show that these are very seldom due to
mesons, and hence the shower tracks must be mainly
mesons. (Camerini, Fowler, Lock, and Muirhead? have
shown that the small admixture of protons amongst the
shower tracks is approximately compensated by the
number of # mesons of energy less than 150 Mev
among the nonshower class.) If this is also true of
showers from heavy nuclei, there must in general be
for these a residual nucleus, which in some cases may
be the observed recoil, while in others would be of too
short range to be detected.

ANGULAR DISTRIBUTION OF TRACKS

In Fig. 2, the number of tracks per 0.1 interval of
cosf is plotted against cosf for seven intervals of grain
density, the results for the shower tracks being dis-
cussed later. From this it is seen that a considerable
fraction of the high-energy protons is emitted from
heavy nuclei in the backward hemisphere, and this
supports the contention that the primary direction
should not be deduced from any collimation of a group
of nonshower particles.

The tracks would be expected to fall into three main
categories: (1) The shower tracks created in nucleon-
nucleon collisions which should be strongly collimated
in the forward direction; (2) knock-on tracks, mainly
due to protons that have not suffered many collisions
before escaping from the nucleus and should therefore
be collimated but to a lesser extent; and (3) lower-
energy tracks due to particles which have evaporated
from the remaining excited nucleus, and which, but for
the slight forward movement of this nucleus, should be

HEAVY NUCLE! LIGHT NUCLE!

20
s GRAIN
DENSITY
ot
sk no - 20
o
s M 100 - 10 I_‘_I'W—f—rLr—] J
K] ol
g
g s 80 -100 g
= OH—'—L"*‘H\M S 1 P S U
w
S
« S 60 - 80
B o [ —_— .
3
E ‘Lr-\_\_\_u_\_—’_'_’_\_’\‘ 40 - 60
° P | =0
10
20 - 40
st
. gL o o
Sk 15 - 20
o N =
) os o -os ) 0 o5 ) -0 -r0

cos ©

F16. 2. The number of tracks per 0.1 interval of cosf is plotted
against cosf for seven intervals of grain density.

( 2 Camerini, Fowler, Lock, and Muirhead, Phil. Mag. 41, 413
1950).
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isotropically emitted in the laboratory system. A critical
test for isotropy is found in the excess forward fraction
of tracks (F— B)/T, where F and B are the numbers of
forward and backward tracks in a given energy range
and 7'=F+ B. Values are listed in Table I.

Tracks with Grain Density Greater than 60

It is seen from Table I that there is very little de-
parture from isotropy for proton energies up to 50 Mev,
the values of (F—B)/T for all tracks up to this energy
being 0.11+0.04 and —0.04=0.1 for heavy and light
nuclei, respectively. These figures are reasonably con-
sistent with isotropic emission from a moving nucleus.
If a very high-energy particle passes through a nucleus
which as a result is excited to an energy E, the forward
momentum of the excited nucleus will be E/c. If E is
taken as the total energy of all the particles, including
neutrons, emitted with energies less than 50 Mev, it is
estimated from the data given in Table I to be 500 Mev
and 130 Mev for the average heavy and light star,
respectively. The mean proton energy in this region is
10 Mev and using this value the calculated ratio
(F—B)/T is 0.04 and 0.06 for heavy and light stars,
respectively.

From Fig. 2, it is seen that even above 50 Mev there
is a considerable number of nonshower tracks emitted
almost isotropically in the backward hemisphere from
heavy nuclei, and a few tracks emitted backwards from
light nuclei. If E also includes these tracks, plus an
equal number emitted in the forward hemisphere, the
values of E for the average heavy and light nucleus
are 1270 Mev and 220 Mev and the corresponding
values of (F—B)/T are 0.10 and 0.11, respectively.
Some of these tracks may therefore be due to evapora-
tion particles, but there is still an appreciable forward
component which cannot be explained on this hypothesis
and which must be associated with knock-on particles.

Tracks of Grain Density Between 15 and 60

Scattering measurements indicate that these tracks
are almost always heavier than mesons. The measured
forward excess (F— B)/star is 2.1 and 1.0, while the total
number of these tracks per star is 4.5 and 1.3 for heavy
and light nuclei, respectively. The numbers of tracks
per star for increasing numbers of shower particles are
given in Table II.

It is observed that the number of tracks of grain
density 15-60 per star is nearly independent of the
mean number 7, of shower particles for values of 7
from about 4 to 8 for both heavy and light nuclei.
There is however a slight increase for large showers
(7,=13.5) for heavy nuclei. Only two events were
observed for light nuclei with #,>9. The results for
the heavy nuclei are in good agreement with those
plotted by Camerini et al.? in their Fig. 7 which show

3 Camerini, Lock, and Perkins, Progress in Cosmic Ray Physics,

edited by J. G. Wilson (North-Holland Publishing Company,
Amsterdam, 1952), first edition.
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TaBLE I. Excess forward fraction of tracks for different energy regions for light and heavy nuclei.

Grain density 120-110 110-100 100-80
Proton energy (Mev) 0-8 8-15 15-30
(F=B)/T
Heavy 0.09 0.17 0.24
+0.05 +0.10 +0.10
Light 0.0 —0.2 0.1
+0.1 +0.2 +0.3
Tracks/star
Heavy 7.8 2.7 1.2
Light 2.1 1.3 0.4

80-60 60-40 40-20 20-15 <15
30-50 50-85 85-300 300-800 >800
0.14 0.26 0.50 0.93 0.90
+0.10 +0.10 +0.10 +0.2 +0.05
0.1 0.6 0.8 0.5 0.94
+0.3 +0.3 +0.2 +0.5 +0.07
1.2 1.6 2.7 0.4 7.7
0.3 0.4 0.8 0.1 6.45

an almost constant number of protons of energy 25-800
Mev for 71 from 3 to 6 with a rise of about 2 for 7,=14,
although Camerini et al.* show a slight rise also for
fi,=6 in the equivalent Fig. 5 of that reference. The
inference drawn from Table II is that only a very small
fraction of the tracks in this grain density range can be
due to meson-nucleon collisions.

If some of these tracks in the grain density region
15-60 are the result of knock-on particles, it might be
expected that their number would depend on the num-
ber of collisions suffered by the primary nucleon. If the
primary particle produces mesons in several successive
collisions in the nucleus, the number of knock-on tracks
would depend on the number of shower particles #,.
The results thus suggest that in either light or heavy
nuclei the primary particle has about the same number
of meson producing collisions for 77,=4 and 7,=8 with
a slight increase for 7,=13.5 for heavy nuclei. In other
words a pluro multiple rather than a plural mechanism
is favored for the production of mesons, large showers
differing from small ones in the number of mesons
produced per collision rather than in the number of
collisions of the primary nucleon.

Although the number of tracks in this region of grain
density 15-60 might be expected to be proportional to
the number of collisions suffered by the primary particle,
the constant of proportionality is not likely to be the
same for heavy as for light nuclei. Fast nucleons re-
sulting from meson producing collisions of the primary
would knock out more fast particles from heavy than
from light nuclei because the average distance traveled
before escaping from the former is greater. It follows
that the ratio of the average number of collisions of the
primary nucleon in heavy and light nuclei would be
less than 4.5/1.3 and this is confirmed by the analysis
in the next section where the average numbers of pri-
mary collisions in heavy and light nuclei are estimated
as 1.64 and 1.3, respectively. That fast nucleons have
more collisions in escaping from heavy than from light
nuclei is also suggested by the greater degree of forward
collimation of the tracks in the grain density region
15-60 for light nuclei.

4 Camerini, Davies, Fowler, Franzinetti, Muirhead, Lock,
Perkins, and Yekutieli, Phil. Mag. 42, 1241 (1951).

Also evidence given by Camerini et al.? suggests that
even for stars where only one meson is produced, the
number of tracks of grain density 15-60 will be about
2.5 for heavy nuclei. If the number of tracks is propor-
tional to the number of meson producing collisions in
the nucleus, 1.8 collisions would be sufficient to pro-
duce the observed number 4.5 tracks of grain density
15-60 for heavy nuclei as stated above.

Tracks of Grain Density <15 (Shower Particles)

For the stars studied, the value of #, ranged from 3
to 19 for the heavy nuclei, the mean being 7.7/star, and
from 3 to 14 for the light, the mean being 6.4;/star.
Assuming as a first approximation, that the showers
consist entirely of mesons, the ratio of the values of #,
for the average heavy and light stars, viz., 1.19+40.10,
can be explained by two quite different models. In the
first, the incident particle may have meson producing
collisions so frequently on passing through the first
half of a heavy nucleus (corresponding in distance to the
diameter of a light nucleus) that it has insufficient
energy to produce many more mesons in traversing the
remainder of the nucleus. This would correspond to a
mainly plural interaction. In the second model, corre-
sponding to a mainly multiple interaction, the incident
particle has a small cross section for meson producing
collisions in nuclear matter and produces several mesons
per collision, the number of collisions in heavy nuclei
being only slightly greater than the number in light
nuclei.

Assuming that the average energy of the primary
particles for light and heavy stars is the same, the two
solutions can be derived from the following crude

TasrE II. Number of tracks per star related to shower size
for heavy and light nuclei.

Heavy nuclei Light nuclei

Ns 3-5 6-9 10-19 3-5 6-9 10-14
s 3.8 7.5 13.5 4.0 7.9 13.52
Grain
density Tracks/star Tracks/star
15-60 4.6+04 4.14+04 5.5409 1.5+0.3 1.1+0.3 1.0
>60 12.54+0.7 11.840.8 14.5+1.0 42405 4.3+0.5 3.0

nMegm of two stars 7s=13 and ns =14 having the same numbers of
tracks in the two grain density ranges.
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model. The nucleus is assumed to consist of nucleons
randomly distributed throughout a sphere of radius
1.44%X 107 cm and the primary particle is supposed
to interact with any nucleons in a cylinder of cross
section o which traverses the nucleus. In its first collision
with a nucleon in the nucleus it is assumed that m
mesons are created, gm in the second, ¢ in the third,
and so on; the chance of a given number of collisions
depending on the probability of that number of nucleons
being present in the cylinder. It is assumed that no
mesons are produced in meson nucleon collisions inside
the nucleus. (Camerini et al.* give evidence from which
they infer that only a very small fraction of the mesons
can interact with nucleons before escaping.) With this
model for the average heavy and light star, values of
¢=0.75 and m=35.1 will give the required ratio of 1.19.
The average numbers of collisions for heavy and light
nuclei are 1.64 and 1.3, the corresponding cross section
o being 16 millibarns. For the same value of ¢, another
solution is obtained corresponding to a mainly plural
process but this gives the extremely high value of
o=170 millibarns, and an incident particle would have,
on the average, six collisions traversing a light nucleus
and twelve collisions traversing a heavy nucleus, the
number of mesons created in the last six collisions for a
heavy nucleus contributing only (0.75)¢X the number of
mesons created in the first six collisions. The ratio 1.19
can be satisfied for any value of ¢ between 0.5 and 1.0,
and for any value of ¢ in this region there are two values
of m, the higher corresponding to mainly multiple meson
production and the lower to mainly plural production.

Fic. 3. Star produced from disintegration of a light nucleus
giving fourteen shower particles. (Z is estimated as 6 from the
nonshower particles.)
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Fi1c. 4. An oxygen nucleus with energy ~60 Bev/nucleon inter-
acts with a nucleus in the glass backing of the emulsion and does
not produce a meson shower.

No solutions for the latter case were acceptable since o
and hence the number of collisions would be too large
to explain the apparent independence of the number of
nonshower tracks on the number of shower particles
as is seen in Table II. Lock and Yekutieli® estimate that
for stars produced by protons of energy up to 800 Mev,
the mean value of the scattering cross section is 30
millibarns. For protons of energy several Bev, which
produce stars with meson showers, the higher value of
o which corresponds to plural production thus seems
unlikely. It is concluded that meson production is
mainly a multiple process and for the stars considered
the average multiplicity is 4 to 5 charged mesons per
collision.

The hypothesis of multiple meson production is also
supported by consideration of some individual stars.
Figure 3 shows a star from a light nucleus with an
estimated value of Z for the nonshower particles of 6,
and 14 shower particles. The evaporation prongs were
most probably two alpha particles and a proton, and
there was in addition one fast proton of energy 250
Mev. If the nucleus was correctly identified as a light
one, a maximum of six nucleons can take part in the
meson producing collisions, and several mesons must
therefore be produced at single collisions.

The fact that very high-energy particles can interact
without meson production also contradicts the assump-
tion that o is high and that a nucleon suffers many
collisions in passing through a nucleus. An example of
an event which illustrates this is shown in Fig. 4, where
a primary particle with charge 8 and an energy of about
60 Bev/nucleon interacts with a nucleus in the glass
backing of the emulsion and produces no meson shower.

5W. O. Lock and G. Yekutieli, Phil. Mag. 43, 231 (1952).
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Scattering of the Shower Particles

Although the average numbers of shower particles
from heavy and light stars are almost the same, there
is a considerable difference in the angular distribution
of their tracks. The half-angle, viz., that angle con-
taining half the shower particles, for the average showers
of multiplicity #, is given for heavy and light nuclei in
Table III. It should be pointed out that for any given
value of 7, for a light atom or for a heavy atom there
are considerable fluctuations about the mean half-angle
and on the mainly multiple hypothesis these can be
explained by different degrees of inelasticity at the
nucleon-nucleon encounter.®

It is seen that the half-angles are consistently larger
for heavy than for light nuclei. In order to study the
effect in more detail, P, the fraction of tracks per unit
interval of cos @ emitted at an angle 6 to the primary
direction, is plotted against cos @ for heavy and light
nuclei in Fig. 5, and this confirms the wider distribution
of shower particles from heavy nuclei. If we make the
assumptions that the difference is solely due to scatter-
ing, and that there is twice as much scattering in a
heavy nucleus as in a light one since the former has
twice the diameter of the latter, then the average dis-
tribution of mesons from nucleon-nucleon interactions
will be as shown in the figure. This curve is obtained by
adding to the light curve the difference between the
curves for light and heavy nuclei.

If this explanation is correct and mesons are in fact
scattered before escaping from the nucleus in which
they are produced, it will be of interest to speculate
how such scattering occurs. If the scattering takes
place with nucleons, an increase of the number of tracks
in the grain density interval 15-60 with increasing #,
would be expected, and this is not in accord with the
results of Table II. An alternative suggestion might be
that the mesons are scattered by alpha groups or larger
combinations of nucleons. This interpretation, requiring
the temporary existence of nuclear aggregates inside the
nucleus, is similar to that suggested by Camerini et al.?
to explain the emission of high-energy fragments from
nuclei. In this case the energy per nucleon imparted to
the scattering center may not be sufficient for it to
escape and would then be added to the thermal excita-
tion energy.

TasLE III. Dependence of mean half-angles on number
of shower particles.

s 3,4 5,6 7,8 9-12 13-19

Heavy 25° 35° 27° 27° 17°
Light 23° 17° 13° 13° 15° |

Half-angles

8 W. Heisenberg, Z. Physik 126, 569 (1949).
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T16. 5. P, the fraction of tracks per unit interval of cos 8 emitted
at an angle @ to the primary direction, plotted against cos@ for
the shower tracks from light and heavy nuclei. The estimated
angular distribution of shower tracks from the average nucleon-
nucleon collision is also plotted.

CONCLUSION

For high-energy interactions such that at least three
shower particles are produced, stars induced in light
nuclei C, N, O can be separated from those induced in
heavy nuclei Ag, Br. In both cases, the low-energy
tracks can be explained on the assumption of evapora-
tion from a moving nucleus, but there is a forward
collimation of tracks in the grain density interval of 15
to 60 grains/50u which cannot be explained in this way.
This forward component must be related to the primary
event and the apparent independence of the number of
tracks in this interval on the number of shower par-
ticles show that they are not due to meson nucleon
interactions and also suggests that the number of
primary collisions does not depend to any marked
extent on the number of shower particles. This, coupled
with the observations of the average number of shower
particles from heavy and light nuclei, favors a multiple
rather than a purely plural mechanism for meson pro-
duction. To explain the independence of the number of
tracks in the nonshower group on the number of shower
particles, it is suggested that the meson scattering
inside the nucleus is from nuclear aggregates.

ACKNOWLEDGMENTS

The authors wish to acknowledge the assistance
given by the members of the Melbourne cosmic-ray
balloon team, Mr. G. R. Trefry of the Commonwealth
Meteorological Branch, and the Supply Department.
Miss Jean Laby and other members of the group also
assisted with some of the measurements. We wish to
thank Professor L. H. Martin for his continued interest
and support.



