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The production of neutrons and protons in various substances by the cosmic radiation was
investigated with proportional counters at the Mt. Evans Laboratory (barometer 46 cm).
Neutrons were studied with counters filled with BF; and cadmium absorbers. The neutron
counter was surrounded by water, so that nearly all the neutrons should be slow, and also so
that the neutrons measured should nearly all have been produced in the water, very few of
those produced elsewhere reaching the counter. Protons were observed in counters filled with
CH,. The size distribution of ionizing events was determined. Coincidences between neutron
counts and shower counts were observed, suggesting a connection between the neutrons and the
soft component. Estimates are given of the rates of production in various substances, these be-
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ing of the order of 10723 to 10~ per gram per second on Mt. Evans.

INTRODUCTION

HE presence of neutrons and protons in the

cosmic radiation has been the subject of
much investigation. The neutrons have been
studied with the aid of photographic plates,’
proportional counters,? and induced radioac-
tivity,® while the protons have been investigated
with cloud chambers,* photographic plates,® and
proportional counters.® The particles are believed
in the main to be of secondary origin, and to
have been produced by the cosmic radiation.
Some theories regarding the origin of these par-
ticles have been put forward.”® In an attempt
to throw further light on the process of produc-
tion, the several experiments described below
were performed during August, 1941, at the
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Mount Evans Cosmic Ray Laboratory. This
laboratory is located at 14,125 feet, just below
the 14,260 foot summit of Mount Evans,
Colorado. The mean barometer during our stay
was 46 cm, and the altitude may be taken as
roughly six meters of water equivalent below the
top of the atmosphere.

NEUTRON OBSERVATIONS

Neutrons were observed with the aid of a pro-
portional counter, filled with boron trifluoride
gas. Several counter tubes were used, of various
sizes and various gas-pressures. Those to be dis-
cussed here, had volumes of 3551 cc and 1450 cc,
with pressures of 41.5 and 75 cm, respectively,
of BF;. Several smaller counters were used as
checks. The counter of volume 3551 cc and
pressure 41.5 cm was also equipped with a thin
glass window, through which alpha- and beta-
particles could be projected into the gas of the
counter, for the purpose of calibrating the pulse
sizes. It will be recalled that proportional
counters can be calibrated through the use of
particles of known specific ionization,® and that
the pulse sizes obtained under certain conditions
can be computed,!® and related to the size and
gas-pressure of the counter and the amount of
energy lost by the particle as ionization within

9S. A. Korff, Rev. Sci. Inst. 12, 94 (1941).
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Fi1G. 1. Counting rate of neutron counter filled with BF; at 74 cm on Mt. Evans. Curve 4 without, curve B with
cadmium shield over counter. Curve C is difference due to cadmium shield. Curves E and F are pulse-size distributions,
being differentials of A and C, respectively, E representing the total number of pulses observed, and F due to neutrons.
The very largest pulses are due to giant showers and contamination alphas, and hence are not affected by the cadmium.

the counter. It will also be recalled? that at any
voltage, the counter and recording circuit detect
all pulses greater than a certain minimum size,
and that therefore the differential with respect
to voltage of the curve of counting-rate as a
function of the voltage gives the pulse-size
distribution.

The neutron counters were surrounded with
water. This was accomplished by standing a
sufficient number of 5-gallon cans filled with
water around the counter, so that any particle
from the outside had to pass through 30 to 80 cm
of water. Whereas the amount and geometrical
arrangement of the water were by no means
ideal, the arrangement of the water has been
found by several observers to make little experi-
mentally detectible difference, a fact again noted
in the present work. The purpose of the water
was to insure that most of the neutrons reaching
the counter would be slow, and further, the
thickness was such that practically no neutrons

reached the counter from the outside, all those
counted having been produced in the water. A
thin (0.7 mm) cadmium shield could be slipped
over the counter, and the counting rates were
determined with and without this cadmium
shield. Such a thin shield had a very small mass
compared to the other matter around the counter,
and presumably only had the effect of absorbing
slow neutrons from the water. It would have no
appreciable effect on other components of the
radiation.

The observed counting rates as a function of
voltage found with the counter of 1450 cc men-
tioned above, are shown in Fig. 1, with and
without cadmium, in curves 4 and B. Curve C
is the difference between 4 and B, and hence
represents the neutrons which did not get
through the cadmium. Curve E is the pulse size
distribution, being the differential of A4, for all
the pulses. It will be seen that there are a few
(2) very large pulses (mostly giant showers), a
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few pulses (x) somewhat larger than those due to
neutron-disintegration alphas (mostly contami-
nation alphas from the counter cylinder), and
quite a number of about the size of the neutron
induced pulses (w) and smaller. Curve F is the
differential of C, or the pulse-size distribution
among the neutrons. Unfortunately the process
of differentiation tends to accentuate errors, and
hence the accuracy of the pulse-size distribution
curve is not as good as that of the integral
counting-rate curve.

The same counter was also operated at Denver
University, barometer 63.1 cm, for the purpose of
obtaining comparable data to permit the estima-
tion of the increase of the neutron intensity as a
function of elevation. The same geometrical
arrangement was used. The cadmium shield
reduced the counting rate from 12.0 to 8.5
counts per minute, thus indicating about 3.5+0.5
counts per minute owing to slow neutrons at this
elevation compared to 1541 at the top of Mount
Evans. Since the difference in elevation cor-
responds to nearly 2 meters of water equivalent,
the neutrons are seen to increase with elevation
by a factor of about 2 per meter of water in this
interval. This increase is faster than that of the
total intensity of the radiation, but roughly equal
to that of the soft component. It may be pointed
out again that because the neutrons do not
travel through large fractions of the atmosphere
before they are absorbed, one would expect the
altitude dependence of the neutrons to be the
same as that of the producing agency. Hence the
altitude dependence suggests an association of
the neutrons with the soft component.

COINCIDENCE EXPERIMENTS

The second experiment consisted of observing
coincident discharges between the neutron
counter and a tray of ordinary Geiger counters
arranged to detect showers. The tray comprised
25 counters 1 cm in diameter and 30 cm long,
arranged side by side in a horizontal plane and
so connected! that at least two had to discharge
simultaneously in order to record as a shower.
The neutron counter could also be connected, and
neutron-shower coincidences were recorded. The
resolving time was adjusted to 10~ second, so
that neutrons formed in any process could have

"'W. E. Ramsey, Phys. Rev. 57, 106 (1940).
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time to be slowed down before being captured.
Because of the slow counting rate, accidentals
within this time-limit were negligible. Water was
arranged around the neutron counter in the same
way as described above, and a cadmium shield
could be slipped over the neutron counter.
Directly above the shower tray were two 1-cm
Pb slabs, for the purpose of producing additional
showers. The neutron counter was placed above
the lead, to minimize the counts due to large
showers produced in the lead which might cause
the neutron counter to discharge. The counting
rates of neutron-shower coincidences were ob-
served, with and without the cadmium shield.

It was found that the coincidence counting
rate with the cadmium shield was 0.22 per
minute while without the shield it was 0.396
+0.03 per minute. It appears improbable that
the cadmium shield could influence the counting
rate in any way except through absorption of
slow neutrons, and the count with the cadmium
in place thus permitted the background rate to
be determined. The background will evidently
include accidentals, contributions due to large
showers, counts produced by faster neutrons,
and other highly ionizing events. The difference
between the two observed counting rates is
therefore that due to neutrons which were actu-
ally produced in some process connected with the
shower.

PROTON OBSERVATIONS

Several proportional counters were also oper-
ated, with methane, for the purpose of studying
the protons produced by the cosmic radiation.
One counter was identical with the large neutron
counter described above, being 3551 cc in volume
and filled to 41.5 cm with CH,. The other two
counters had cylinders 25.4 cm long and 9 cm in
diameter, and were filled to 21.4 cm with CH,.
Each was equipped with a thin window for the
admission of alpha- and beta-particles for cali-
bration. The cylinders of the latter two were
made of lead and of aluminum, all other counter
cylinders being of copper. These elements were
used in order to ascertain whether any difference
in the rates of production of particles in the
various different elements could be observed.
Since the lead and aluminum counters are other-
wise identical, their counting rates can be
compared directly. The quantitative interpre-



PRODUCTION OF NEUTRONS AND PROTONS

425

: 3
W
7Y
y 3 < d20
© Ae)
NS © )
ht; N
&b st 478
st |
x 3 S
W 3+ Pulse size distribution 4/6
P
I 2t
N
R It /4
P
SZEN
N
b3
~
470 3
Q
- a l“
Counting-ratfe curve Q
Proton counter CHgy »
4/.5 cm pressure ~
416
N
Q
(€]
14
42
P Ray starting potential
A 1 1 I i 1 1 1 1 1 0

2200 2300

2400 2500 2600 2700 2800 2900 3000 3/00 3200
voLTsS

F1G. 2. Counting rate of proton counter, filled with CHs on Mt. Evans. Upper curve is differential of observed curve
below, and shows size distribution of ionizing events. This counter does not detect slow neutrons.

tation in terms of rates of production is discussed
below.

The counting rate of the copper cylinder
counter is shown in Fig. 2, as is the pulse-size
distribution observed in this counter. Because of
the different counter lengths, the counting rate
of the copper cylinder counter was reduced to a
value per unit length before comparing with the
other counters. Under comparable conditions,
the counting rates of the several counters were
NAL: Mou - Mpp=7 :45:7

+0.5 counts per minute,
where the metal of which the cylinder is made is
indicated by the subscript. The cylinder, about
1 mm of lead or equivalent, was thick compared
to the range for most of the protons observed.

DISCUSSION

It will be recalled” that a detector surrounded
by water will be activated at a rate » counts per

second, related to ¢, the rate of production of
neutrons per gram per second in the water,
through

qe=(n/V)(ow/op)(1245/p), (1)

where V is the volume of the counter, p the
pressure of the gas in it, 1245 is a constant equal
to the standard volume 2.24X10*/18, the 18
being the molecular weight of water, o, is the
capture cross section of water for slow neutrons,
and op that of boron. Using this relationship, and
the observed counting rate of the counter n=0.1
counts per second (corresponding to the dif-
ference between the counts with and without
cadmium), V=1450 cc, p=74/76 atmos., and
taking o, and gp as 0.5 and 550X 10—, respec-
tively, we find the rate of production of neutrons
in water at the level of the top of Mount Evans
to be 2X10~* per gram per second; while at
Denver it is 5 X 10~ per gram per second. It must
be pointed out that Eq. (1) assumes that all the
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disintegrations occurring in the volume V are
recorded. Thus V is the effective volume of the
counter, a quantity smaller than the volume of
the cylinder by an amount equal to the end and
side corrections, since alpha-particles produced
near the ends or sides may collide with the walls
before expending all their energy as ionization in
the gas. Thus the effective volume corrections
depend on the pressure and may be calculated
for any given arrangement. By applying this
active volume correction, V in the case cited is
about 900 cc, and the values of ¢ for neutrons
become 3X10~* and 8 X 10~® per gram per second
in water at Mount Evans and Denver, respec-
tively.

The coincidence experiments also indicate a
connection between the neutrons and the soft
component. We may inquire what fraction of the
total showers S are showers in which a neutron
is produced. Let E, be the efficiency of the
neutron counter, which counts neutrons at the
rate C,. Then the total number of neutrons will
be C./E.,, passing through the counter per unit
time. If neutron-shower coincidences are ob-
served at a rate C,, and if Z is the total number
of events in which both a shower and a neutron
was produced, then

Z/S=C./E.C,. (2

In this case, C. was 0.2, C,, the counting rate for
showers, was 100, and E,, for thermal neutrons,
is given by

E.=NpsL, 3)

where N is the Loschmidt number, p the gas
pressure in atmos., L the average path length for
neutrons passing through the counter, and ¢ the
capture cross section of the detecting gas
molecule for the neutrons to be measured. In the
counters used, L was 7 cm, ¢ was taken as 550
X10~%, a figure which has the isotope ratio
already included, and which assumes, as is the
case here, that substantially all the neutrons are
thermal, E, was about 0.1. Hence Z/s is about
0.02, or about two percent of all the showers are
events in which a neutron is produced also.

The rate of production of the protons Q per
gram per second can be related, as has been
shown,® to the counting rate N,, through the
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expression
Enux
N,=S f I(E)dE=SQR(En.), (4)
0

where S is the effective area of the counter, I(E)
is the flux of protons per cm sq. per sec. with
energies in the interval dE, and R(Em.y) is the
range corresponding to the maximum value of
the proton energy E which can be detected in the
particular counter used. It is evident that if Q is
to be in grams, R must be in grams. There were
about 0.1 count per second due to protons in
the counter and its cross-sectional area S was
about 500 sq. cm. In this case, R(Em.x) was about
400 cm of standard air, or dividing by the
density, 0.4 g; and hence Q is about 5X10~* per
gram, which is of the same order of magnitude as
the rate of production of neutrons.

In the counters with lead and aluminum
cylinders, the rates of production per gram in
Pb and Al, Qp, and Qa1, will be related to the
respective counting rates N in the ratio

Qa1/Qp=(Na1/Npy) - (Sar/Sev) - (kpv/ra1)
=1.86+03, (5)

where u is the atomic weight and S the relative
stopping power per atom of each substance
indicated by its subscript. Hence Qp, and Qai
may be expressed in terms of production cross
section ¢ which will have the ratio

oar/opb=(Na1/Npp): (Sa1/Sep)=0.3.  (6)

The counting rate of the copper cylinder
counter may be similarly considered, and the
ratio of oa1 ! oc, obtained. It is found that the
results may be expressed in the ratio

oAl Ocu s opn; 1:140.2:340.3.

(7

It will be noted that ¢ increases more slowly than
Z, the ratios of the Z's being roughly 1 : 2.2 : 6.5,
which suggests that possibly in heavier nuclei
some screening occurs, decreasing the probability
of proton emission below a direct proportionality
with the number of protons Z.

Some protons will also be produced in the gas
(CHy) of the counters. If the volume of gas
within the cylinder is 1416 cc at 0.28 atmos.
pressure, the s.t.p. density of CH, being 0.00072
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g/cc, then the total mass of gas is 0.285 gram,
and if Q is about 10~ per gram, we would expect
a contribution of about 1.7X10~2 count per
minute, or about one percent of the observed
counting rate. Most of the protons will be
produced in the walls or gas, for it would require
a proton of about 80 Mev to penetrate through
the thick cylinder and glass envelope to reach
the interior from any region of production out-
side the counter. The protons producing the
counts must be within the last 30 Mev of the ends
of their ranges in passing through the counters
in order to lose enough energy per traversal to
count.

Giant showers will trip the neutron-shower
coincidence arrangement, since they cause two
or more of the shower counters to discharge, and
might easily also cause several hundred electrons
to pass through the neutron counter, thus pro-
ducing as much ionization as a disintegration-
alpha. In order to set a limit to the number of
counts due to such showers, we took advantage
of the opportunity provided by the presence on
Mt. Evans of a cloud chamber belonging to
Wilson Powell. The neutron-shower arrangement
was set up directly above his cloud chamber and
neutron-shower coincidences caused to trip the
chamber. The resulting photographs showed one
to two giant showers per hour, a figure which
may be seen to account for ten to twenty percent
of the observed ‘‘neutron-shower coincidence’
counts.

The background counting rate of the neutron-
shower coincidences, found when cadmium sur-
rounded the neutron counter was 0.22 per min.
But the giant shower rate, capable of tripping
this arrangement was found to be of the order
of 0.03 per min. It is clear that there are some
additional processes taking place in which large
amounts of ionization are liberated but a small
number of particles are involved, which may
possibly be protons produced by events con-
nected with the soft component.

Some attempts have been made to explain
the production of heavy particles by the cosmic
radiation on the basis of various hypotheses. The
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possibility that the neutrons are in part produced
by photons has been discussed.” Such processes
are known for photons of 17 Mev and less,”? but
the cross sections at these energies are not large
enough to enable the known density of photons
in the cosmic radiation to be considered as having
produced all the observed neutrons. Yet it must
be recalled that the cross section for the pro-
duction of photo-neutrons is known to increase
with energy up to the present observable limit at
17 Mev and may reasonably be assumed to
increase further up to several times this energy.
A cross section of about 102% sq. cm will suffice
to explain all the neutrons on this basis.

The suggestion has been made?® that electrons
produce ‘‘star’” explosion processes, and that
these may be the origin of the neutrons. While
it is quite evident that an electron of, say 10° ev
has ample energy to penetrate a nucleus and
cause it to ‘“‘explode,” yet it is necessary to
postulate a fairly large cross section if this
process is to account for all the neutrons. We are
aware of no process by which the abundant low
energy cosmic-ray electrons may produce nuclear
disintegrations; yet the equally abundant low
energy photons are known so to do. It seems
probable that in actuality several processes are
involved and that the cross section for each is a
different function of the energy.
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