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I. INTRODUCTION
" 'T has been known for some time that part of
" . the electronic component of cosmic rays arises
from the decay of mesons and from other
secondary processes of these particles. It has also
been pointed out repeatedly that while these
phenomena can account for all of the electrons
and photons present at sea level, an additional
source of electronic radiation is necessary to ex-
plain the variation of the number of electrons and
photons with altitude. Two possibilities have
been considered, namely, (1) that high energy
electrons or photons are incident upon the top of
the atmosphere and (2) that high energy electrons
or photons are created in the atmosphere by a
primary radiation which is rapidly absorbed.

Lately some experimental results have been ob-
tained which strongly support the second hy-
pothesis. It is the purpose of the present paper
briefly to describe these results and to discuss
their intrinsic significance as well as their bear-
ing on the general interpretation of cosmic-ray
phenomena.

II. PRODUCTION OF ELECTRONIC RADIATION IN
NUCLEAR INTERACTIONS

Occasional reference is found in the literature
to cloud-chamber pictures which indicate the
simultaneous appearance of electrons and of
heavily ionizing or penetrating particles. ' Only
recently, however, has the fact been recognized
that the production of electronic radiation is one
of the main results of high energy nuclear
interactions. The experiment which first led to
this. conclusion was performed by Bridge, Rossi,
and Williams, ' by means of the arrangement
shown in Fig. 1.A tray of Geiger-Mueller counters
and a cylindrical ionization chamber were placed

*Assisted by the joint program of the Ofhce of Naval
Research and the Atomic Energy Commission.' See, for instance, M. J. Daudin, Comptes Rendus 218,
830 (1944); G. D. Rochester, Proc. Roy. Soc. 187, 464
(1946).

2 H. Bridge, B. Rossi, and R. W. Williams, Phys. Rev.
72, 25/ (1947).

one above the other with a 15-cm thick lead ab-
sorber between them. Pulses of the ionization
chamber, which were greater in size than a given
amount and which occurred simultaneously with
the discharge of one of the Geiger-Mueller tubes,
were recorded photographically so that, from the
size of each pulse, the amount of ionization re-
leased in the chamber could be computed. At sea
level, with the instrument described, about 0.25
coincidence per hour was recorded, in which the
ionization pulse was greater than the pulse pro-
duced by the passage through the chamber of 55
lightly ionizing particles. The coincidence rate
increased to almost one hundred per hour when
the instrument was operated at 30,000 feet,
aboard a B-29.

We shall first discuss the possibility that the
observed coincidences were produced by high
energy electrons traversing the upper tray and
initiating in the lead shield a shower which dis-
charged the chamber underneath. The energy re-
quired for this process is about 5 )& 10" ev.
Electrons of this energy produce showers of about
5000 particles in traversing 3 cm of lead. Thus, if
high energy electrons were responsible for a large
fraction of the coincidences observed with 15 cm
of lead, one should obtain a number of coinci-
dences comparable with that observed under 15
cm of lead by reducing the lead thickness to 3 cm
and increasing the bias by a factor of about 100.
An experiment carried out at 14,000 feet showed
that this is not the case. Actually, an increase of
the bias by only a factor of three was required to
bring the number of coincidences observed with
3 cm of lead back to the value observed at the
original bias with 15 cm of lead. ' This proves that
the number of high energy electrons in the
atmosphere is not sufficiently large to explain the
observed coincidences.

Let us consider next the possibility that the
coincidences were caused by mesons which pro-
duced in the lead either high energy electrons by

3 H. Bridge.
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collision processes or high energy photons by
radiation processes. Events of these kinds might
possibly account for the coincidences observed at
sea level. However, they cannot account for any
appreciable fraction of the coincidences observed
at high altitude because the number of coinci-
dences increases by a factor of several hundreds
from sea level to 30,000 feet while the total
number of mesons increases by only a factor of 5
or 6, and the number of high energy mesons
presumably increases by an even smaller factor.

It thus appears that the coincidences observed
at high altitude must be attributed either to
ionizing particles which are capable of producing
bursts after traversing large thicknesses of lead
and increase with altitude much faster than ordi-
nary mesons, or to air showers, incident at large
zenith angles, which strike the ionization cham-
ber without traversing the entire thickness of
lead placed between the chamber and the
counters.

To obtain further information on the origin of
the coincidences, an experiment was carried out
by Bridge, Hazen, and Rossi at 14,000 feet. ' In
this experiment the lower part of the lead ab-
sorber was replaced by a number of lead plates
placed inside a cloud chamber, which was trig-
gered by the coincidences between the Geiger-
Mueller counter tray and the ionization chamber.
The experimental arrangement is shown in Fig. 2.
With this instrument many pictures were ob-
tained showing ionizing particles which initiate
showers in one of the lead plates inside the cloud
chamber, after traversing uneventfully five inches
of lead placed between the Geiger-Mueller
counters and the cloud chamber as well as some
of the lead plates inside the cloud chamber. Most
of the shower particles appeared to be electrons.
However, in about two-thirds of the pictures
either heavily ionizing particles (presumably low

energy protons) or penetrating lightly ionizing
particles (presumably high energy protons or
mesons) were observed. It is quite possible that
particles of this kind were present as well in the
pictures classified as pure electron showers, but
were not detected.

Other cloud-chamber pictures were obtained,

G-M Tubes

lan Chambt:r

FIG. 1. Experimental arrangement used by Bridge,
Rossi, and Williams to investigate burst productio»y
penetrating particles.

VX.~X.~X& %
IX X X C X X X XI

VVX)' VXIVV'X/V'~~ VV Vxi v'V~
IX A X X X 7 x A X X X x A X X x X 4 X Xl

cd%""'N

CLOUD

CHAMBER

ION

CHAMBER

indicating events in which air showers were ap-
parently responsible for the coincidences between
the ionization chamber and the Geiger-Mueller
counters. Events of this type were about equally
as frequent as those in which shower production
by penetrating particles apparently caused coinci-
dences. The number of coincidences caused by
penetrating particles as compared with the num-
ber of those produced by air showers was pre-
sumably much greater in the original Geiger-
Mueller counter-ionization chamber experiment
than in the Geiger-Mueller counter-cloud-cham-
ber-ionization chamber experiment, since, in the
former. , the ionization chamber was more effect-
ively shielded by the lead absorber. Thus the
rapid increase with altitude of the coincidence
rate observed with the arrangements shown in
Fig. 1 can be explained only by a rapid increase
with altitude of the shower production by pene-
trating particles.

H. Bridge, %.E. Hazen, and B. Rossi, Phys. Rev. 'D,
179 (1948), see also H. Bridge and W. E. Hazen, Phys. Rev.
74, 579 (1948).

FIe. 2» Experimental arrangements used by Bridge,
Hazen, and Rossi to investigate burst production by
penetrating particles.
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FIG. 3. Four pictures obtained by C. Y. Chao at M.I.T. by means of a cloud chamber containing 8 lead plates —, inch
thick. (a) An ionizing penetrating particle undergoes a nuclear interaction in which several heavily ionizing particles,
several penetrating particles, and an electron shower are produced. (b) A large shower containing electrons and penetrating

The experimental evidence presented above
results in the following picture.

(1) There exist particles capable of producing one or
more electrons or photons after traversing uneventfully
several inches of lead.

(2) The interactions in which this production of electrons
or photons takes place are of nuclear rather than of
electromagnetic character, as shown by the simultaneous
appearance of heavily ionizing and/or penetrating particles.

(3) The frequency of occurrence of these interactions in-
creases with altitude much more rapidly than the number
of ordinary mesons. Hence most of the interactions ob-
served at high altitude are produced by particles different
from ordinary mesons.

It is reasonable to assume that the particles in
question are mainly high energy protons, either
belonging to the primary cosmic radiation or re-
leased in collisions of primary cosmic rays with
atomic nuclei in the atmosphere. Interactions of a
kind similar to those produced by high energy
protons should be prouced also by high energy

neutrons, if such neutrons are released in the
collisions of primary cosmic rays with matter.
Finally, the possibility must be mentioned that
"heavy mesons" of the kind detected in photo-
graphic emulsions by Occhialini, Powell, and
their collaborators may be partly responsible for
the nuclear interactions in which high energy
electrons or photons are produced.

Evidence for secondary processes in which
electron showers and particles heavier than elec-
trons are produced simultaneously has also been
obtained by Fretter, ' and by Chao with cloud
chambers operated at sea level and triggered by
various arrangements of Geiger-M ueller counters.
Some of the pictures obtained by Chao are shown
in Fig. 3.

An important question is whether nuclear
interactions give rise to single electrons or pho-

s W. M. Fretter, Phys. Rev. '73, 41 (1948).' C. Y. Chao.
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type. This arrangement is believed to detect the
occurrence of nuclear interactions in which
showers of penetrating particles are produced.
Some of Tinlot's data are plotted in I'ig. 4 along
with the results of the ionization chamber experi-
ment on burst production by penetrating par-
ticles. One sees that the two phenomena show a
very similar altitude dependence, as one should
expect if they are both the result of high energy
nuclear interactions.
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FIG. 4. Hard showers and burst production by pene-
trating ionizing particles as a function of atmospheric
depth.

' J. Tinlot, Phys. Rev. 'V3, 1476 (1948).' M. Schein, W. P. Jesse, and E. O. %o11an, Phys. Rev.
59, 615 (1941).

III. PRIMARY ELECTRONS AND PHOTONS

It was stated by Schein et al. , as a result of
some Geiger-Mueller counter experiments carried
out at high altitude with balloons, that high
energy electrons or photons do not appear to be
present in large numbers in the primary cosmic
radiation. ' Recently this conclusion has been

submitted to a more quantitative test by Hulsizer
and Rossi. ' The instrument used by these ex-
perimenters consists of an ionization chamber
covered with a 1-inch thick lead shield and borne
aloft by balloons. A high energy electron or
photon incident upon the lead produces a shower
which can be detected by the resulting ionization
burst in the chamber. Kith this instrument, some
preliminary data were obtained at an altitude of
90,000 feet, where the residual atmospheric depth
is 20 g cm '. The bursts observed at this altitude
can be explained by the nuclear interactions of
primary protons discussed in Part II. If one as-
sumes, however, that they are produced by high
energy electrons or photons, one Ands an upper
limit of one percent for the number of these
particles at 90,000 feet relative to the total num-
ber of primary cosmic rays. The bias setting was
such as to place a lower limit of about 10"ev for
the energy of the electrons or photons which
could be detected. " In further experiments now
in preparation, an attempt will be made to detect
electrons and photons of lower energy and to
determine the effect of shower production by
nuclear interactions of primary protons. Since,
however, the detectable energy in the present
experiments is of the same order of magnitude as
the average energy of primary cosmic rays, it
already appears that primary electrons or pho-
tons are not the main source of the electronic
radiation observed in the atmosphere. In what
follows we shall assume that no electrons or
photons are present in the primary radiation and
that the electronic component of cosmic rays arises
entirely from the decay of ordinary mesons, from
the hnoton electromagnetic interactions of mesons

and protons, and from the nuclear interactions dis
cussed in Part II.
IV. ANALYSIS OF THE ELECTRONIC COMPONENT

IN THE ATMOSPHERE

The experimental data on the electronic com-
ponent in the atmosphere will now be analyzed to
investigate whether or not they are consistent

~oR. I. Hulsizer and B. Rossi, Phys. Rev. V3, 1402
(1948).

~'The value for the minimum energy stated in the
original paper (4.5 X10' ev) had been computed from the
shower theory as presented by Rossi and Greisen )Rev.
Mod. Phys. 13, 240 (1941)7. The value quoted here
(10'0 ev) derives from the more accurate calculations of
Belenky (see reference 17 below).
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with the hypothesis stated above and, if so, to
obtain more information on the phenomenon of
the production of electronic radiation by nuclear
interactions. We shall consider 6rst the data con-
cerning the total intense'ty of the electronic radia-
tion at various altitudes and shall discuss next
the data relative to the number and energy dis-
tribution of high energy electrons and photons. In
this analysis it will always be understood, when
not differently stated, that the particles con-
sidered are those incident Per second and per unit
solid angle in nearly vertical directions. The
data presented refer to geomagnetic latitudes
around 50'.

(1) The Total Intensity of the
Electronic Component

The experimental data, from which the number
of electrons at various altitudes can be computed,
have been analyzed by the writer in a recent
article. "The result of this analysis is shown by
the curve marked k" in Fig. 5. The abscissa
represents atmospheric depth in g cm '. The ordi-
nate represents, on a logarithmic scale, the energy
dissipated at the depth x in one gram of air by
electrons of all energies incident in the vertical
direction. In the evaluation of the data presented
in Fig. 5 the computed number of electrons
arising from the collision processes of meson has
been subtracted from the total number of elec-
trons observed. (This represents a small correc-
tion at all depths. ) Since radiation processes of
mesons and collision or radiation processes of
protons are negligible compared with the other
sources of electronic radiation, k&'), according to
our assumptions, represents the intensity of the
electrons which arise from the decay of mesons
and from nuclear interactions. One may estimate
that the uncertainty in the value of k&'(x) varies
from about 10 percent in the lower atmosphere to
about 30 percent at depths around 100 g cm '.
The total energy dissipated in a column of
atmosphere of one cm' cross section by electrons
incident in the vertical direction (exclusive of
collision electrons) is obtained by integrating the
function k'&(x) and has the value:

W'=285 10'ev cm 'sec. ' sterad "'

where x is the atmospheric depth, p the density of
air, c the velocity of light, p the mass and 7- the
mean lifetime of mesons, and I,& & the vertical
intensity of the meson beam (number of mesons
per cm', second and steradian). Equation (1)
shows that the computation of k & ) requires
knowledge at the total intensity of mesons, but
does not require knowledge of their energy
distribution.
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FrG. 5. The contributions of electrons from meson decay
(ks'&) and from nuclear interactions (k„&'&) to the total
electron intensity (k &'&).

The contribution of electrons from meson de-
cay processes to the total electron intensity
may be computed with the following procedure:"

(a) One first computes the energy kz&~& lost
through decay by the meson beam in one gram of
air at the various depths. This quantity is given,
with good approximation, by the equation

kg&"&(x) = (»,c/rp) I„&"&(x),

"B.Rossi, Rev. Mod. Phys. 20, 53 "/ (1948). "B.Rossi and K. I. Greisen, Phys. Rev. 61, 121 (1942)
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FIG. 6. Integrated intensity of high energy electrons and
photons arising from meson decay (D) and from nuclear
interactions (N). The ordinate represents number of par-
ticles traversing a sphere of 1-cm' cross section per second.

(b) One then computes the fraction cs of the
energy kg& ' which goes into decay electrons (it
is assumed that no photons are produced by the
decay of mesons). If one takes into consideration
the fact that the decay electrons are emitted in
random directions in the frame of reference in
which the meson is at rest, one can easily show
that the fraction o. is equal to the average energy
of the electrons arising from the decay of mesons
at rest, divided by the rest energy of mesons pc'.
Unfortunately, the average energy of decay
electrons is not yet known experimentally. In the
calculations presented here a was taken as equal
to 4. This value was considered as the best guess
at the time that the calculations were made, but
more recent experiments" indicate that the
actual values of n is probably larger than 4.

(c) The function rskqc~&(x) represents the energy

"R.W. Thompson, Phys. Rev. 'N, 490 (1948).

of the decay electrons produced in one gram of air
at the depth x. From this function one must now
obtain the function k~&'1 (x) representing the
energy dissipated in one gram of air by electrons
arising from the cascade multiplication of decay
electrons produced at higher levels. This is done
by means of a mathematical transformation
which involves the application of the shower
theory and requires knowledge of the energy
distribution of the electrons arising from the dis-
integration of mesons in Right. Fortunately the
results of the computation do not depend critically
on the assumed shape of the electron spectrum.
Thus the existing uncertainty in this spectrum
does not represent a serious source of error. In the
calculations presented here, the energy spectrum
of decay electrons was computed by making use
of the energy distribution of mesons at various
altitudes given by Sands" and by assuming that
all electrons arising from the decay of mesons at
rest have an energy equal to pc'/4.

Computed values of the function kdc'(x) are
shown in Fig. 5. By subtracting kdi' (x) from
k"(x), one obtains a quantity k &'&(x) which, ac-
cording to our assumptions, represents the energy
dissipation of electrons arising from cascade
multiplication of electrons or photons produced in

nuclear interactions. In the lower part of the
atmosphere these electrons should be in equilib-
rium with the radiation from which they originate
and therefore k„&'&(e) should vary with depth as
exp( —x/125), as shown by the dashed line. The
deviation of the function k„"(x) from this
exponential behavior is not considered as sig-
nificant, because of the large uncertainties of the
analysis.

According to the assumption made, the total
energy of the decay electrons produced in a
column of air of 1-cm' cross section, 8 q(', is one-

quarter of the energy released in this column by
the decay of mesons. The latter has been esti-
mated to be 1.90 10' ev cm ' sec. ' sterad '."
Consequently, 9'&') has the value W&('& =47 10'
ev cm ' sec. ' sterad '. The total energy of the
electronic radiation arising from nuclear interac-
tions is then given by

8' &') = S'&') —8'g('
=238 10' ev cm ' sec. ' sterad —'.

~~ M. S. Sands, M.I.T. thesis (1948).
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It is interesting to note that this energy is of
the same order of magnitude as the total energy
which goes into mesons and for which the
following value has been found"

S'&~~ = 289.10' ev cm ' sec. ' sterad '.

(2) Electrons and Photons of High Energy

Very little experimental data on electrons and
photons of high energy in the atmosphere are
available until now. Some information can be ob-
tained from an experiment carried out by Bridge
and Rossi, "who observed the rate of occurrence
of bursts in an ionization chamber operated at
various altitudes both unshielded and under a
2.5-cm thick lead shield. At all altitudes the
counting rate was considerably greater with than
without the lead shield. Separate experiments
showed that practically all bursts observed in an
unshielded ionization chamber of the type used
were due to nuclear disintegrations and that the
lead above the chamber did not affect appreciably
the number of these disintegrations. Therefore,
apart from a small correction due to shower pro-
duction by penetrating particles, the increase in
burst rate caused by the lead may be taken as a
measure of the number of electrons and photons
incident upon the instrument and having suffi-

ciently high energy to produce showers of the
size indicated by the observed ionization bursts.
The experimental results, expressed in number of
particles per cm' and second, are shown by the
circles in Fig. 6. Since the instrument did not have
a pronounced directional selectivity, the data
may be interpreted to represent the integrated
intensity, rather than the vertical intensity, of
electrons and photons. The difhculty in de6ning
the "effective area" of the detector, while it does
not affect the relative values of the intensity at
the different depths, introduces a considerable
uncertainty in the absolute value of the intensity
at any particular depth. From the size of the
pulses and from the shower theory, as modified

by Belenky, " the minimum energy of the elec-
trons and photons detected in this experiment
was estimated to be 1.1 10' ev. It is dificult to
evaluate the accuracy of such an estimate.

's H. Bridge end B. Rossi, Phys. Rev. '7l, 379 (1947).
'r S. Belenky, J. Phys. U.S.S.R. 8, 305 (1944).
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FIo. 7. Preliminary data on the integral energy spectrum
of high energy electrons and photons at 10,000 feet. The
ordinate represents number of particles per cm', second
and steradian in the vertical direction.

The curve marked D in Fig. 6 represents the
integrated intensity of electrons and photons of
energy larger than 1.1 ~ 10' ev arising from the
decay and from collision processes of mesons. In
the computation of this curve, it was assumed
that the electrons arising from the disintegration
of mesons at rest have an energy equal to pcs/4
and that the intensity of electrons and photons
depends on the zenith angle 0 according to a cos'tIt

law. It appears that the relative contribution of
electrons and photons from decay processes is

important only near sea level.
The curve marked N represents a tentative

estimate of the integrated intensity of high

energy electrons and photons arising from nuclear
interactions. It is computed on the assumptions
that the radiation responsible for the nuclear
interactions varies with depth according to the
law exp( —x/125) and that in these interactions
electrons with an integral energy spectrum of the
type const. /E" are produced. (The shape of the
curve Xdepends mainly on the absorption law of
the primary radiation and only slightly on
whether electrons or photons are created and on
the form of the energy spectrum of these par-
ticles. ) The curve X is adjusted to the experi-
mental data at a depth of about 300 g cm ', at
which the contribution of decay electrons is

negligible.

I
P-3
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The curve D+X is the sum of curves D and N.
Comparison of this curve with the experimental
points shows that our assumptions regarding the
origin of the electronic component do not lead to
any contradiction when their consequences are
compared with the experimental data on the
altitude variation of high energy electrons and
photons.

In Fig. 7 some experimental data on the integral
energy spectrum of electrons and photons at
10,000-feet altitude are presented. The point
marked with a square represents the results
of cloud-chamber observations of showers by
Hazen. "The dashed line through this point indi-

cates the energy dependence suggested by Hazen's
observations. The points marked with circles are
obtained from the ionization chamber experi-
ments of Bridge and Rossi mentioned previously.
Within the large experimental uncertainties, the
integral energy spectrum of electrons and photons
may be represented by a power law: const. /2&,
with a value for y between 1.6 and 2. Since most
of the electronic radiation at 10,000 feet originates
from nuclear interactions, the energy spectrum of
this radiation reQects the energy spectrum of the
electrons or photons produced in these interac-
tions. In fact, in the high energy region the two
spectra have identical shapes if the production
spectrum is represented by a power law. Thus an
accurate measurement of the energy spectrum of
electrons and photons in the atmosphere is of
great interest.

Another interesting quantity is the ratio of
electrons to photons, because, from the knowledge
of this ratio, it may be possible to determine
whether electrons or photons are directly pro-
duced in the nuclear interactions. The results re-

ported by Hazen, if taken at face value, would
indicate that electrons are more numerous than
photons, which would necessarily imply that
electrons are the direct products of nuclear
interactions. However, Hazen's results may be
falsified by the fact that most photons of high

energy follow paths very close to the paths of
parent electrons and therefore may fail to be
detected as separate shower-producing entities.

"&P. E. Hazen, Phys. Rev. 65, 67 (1944).

V. FINAL REMARKS

The analysis presented in Section IV shows
that the hypothesis, according to which the
electronic component of cosmic rays arises entirely
from nuclear interactions and from secondary
effects of mesons, does not lead to any obvious
contradiction. It is necessary, however, to point
out that some of the experimental data on which
this analysis is based are still very crude. In
particular, the computation of the intensity of
the electronic radiation arising from the decay of
mesons has an uncertainty which reHects the
uncertainty in the experimental value for the
average energy of decay electrons of mesons at
rest. Actually, the value of this average energy on
which our calculations were based does not coin-
cide with the value that one would probably
choose today, on the basis of the latest ex-
periments.

It is reasonable to assume that the nuclear
interactions which, according to our hypothesis,
give rise to part of the electronic component of
cosmic rays are the same in which mesons are
produced. In fact, it is possible that the produc-
tion of electronic radiation takes place through
the intermediary of some kind of short lived
mesons. Since the decay and other secondary
effects of ordinary mesons are responsible for the
rest of the electronic radiation, the origin of all
electrons and photons is traced back to the same
primary rays which are the origin of the meson
component. These primary rays are generally
assumed to be high energy protons. Here one
encounters a difficulty already noted elsewhere,
namely, that the east-west effect of the total
cosmic radiation at high altitude seems to be
smaller than one would expect if both electrons
and mesons originate from a positively charged
primary radiation. This conclusion is, of course,
based upon the assumption that direction is
preserved to a large extent in the chain of
secondary processes that lead to the production
of electrons. Theoretical and experimental argu-
ments indicate that nuclear interactions give rise
to secondary particles with a large angular
spread. It is, however, still uncertain whether or
not this effect affords a quantitative explanation
of the difhculty mentioned above.






