
PH YSI CAL REVI EW VOLUME 92, NUMBER OCTOBER 1, 1953

The Variation of the Ratio of Positive to Negative Cosmic-Ray ts Mesons with
Momentum and Altitude*f

H. A. MOREWITZ|' AND M. H. SHAMOS
Physics Department, washington Square College, Eem York University, Xenr Fork, Kern York

(Received January 16, 1953)

I. The mean lifetime of pP mesons in carbon and sulfur has been
measured by the delayed coincidence technique. Data for decay
times &2psec were analyzed by the statistical method of Peierls
and yield v,+=2.09+0.05psec for the mean life of the y+ meson
in sulfur and ~, =1.92+0.04@sec for the mean lifetime of the
p, meson in carbon. v,+ compares favorably with values found in
material of low atomic number, but there appears to be a sig-
nihcant di6'erence between these values and those obtaiaed in
high Z materials. Assuming a Z4 dependent capture probability
for p mesons, r, is compatible with other lifetimes determined
in materials of higher Z.

II. The integral time distributions of the delayed coincidences
obtained above were extrapolated to zero delay time and allow-
ance made for those p mesons which are captured in carbon.

These data were used to obtain the p+/y ratio at a momentum
of 325&70 Mev/c at sea level: p+/y = 1.06%0.03. This ratio is
compared with other experiments (which also provide good identi-
fication of the y mesons) by plotting all ratios as a function of
momentum at the top of the atmosphere (TOA). The best 6t to
the experimental points is given by the exponential expression

P=Po exp++/II, /E j
where

P(4 Bev/c (TOA), Po—0 165 Bev/c {TOA), and E—0.38.

The decrease of the p+/y ratio with increasing altitude appears
to be well established, although the exact values of Po and E
are uncertain.

I. INTRODUCTION
' ~OR more than a decade it has been known that

there is an excess of positive particles in the "hard
component" at sea level. According to the best esti-
mates' ' this excess amounts to 20 percent of the
total penetrating radiation. Early studies gave no in-
formation regarding the distribution of the excess in
the differential sea-level spectrum, but recent experi-
ments' r have shown that in the region 1—+2 Bev/c
the positive/negative ratio increases, reaches a broad
maximum at 2—+5 Bev/c and then falls off more slowly
at high momenta.

Still less detailed information is available concerning
the positive excess of p mesons at altitudes above sea
level. Most cloud-chamber data' " show that the
positive/negative ratio of the "hard component" in-

creases with altitude, especially at low momenta. How-
ever, this increase can be related directly to the large
increase of the proton intensity with altitude rather
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than any increase in the relative number of p+ mesons.
Similarly, a magnetic lens experiment" showed that
the ratio increased from sea level to 3.5 km, but did
not change substantially from this latter value in going
up to 7.6 km. To further complicate matters, delayed
coincidence experiments'~" (in which p mesons were
identified by their characteristic decay) showed that
the p+/lc ratio of 1.20 was fairly evenly distributed in
the sea-level spectrum but dropped to ~1 in going to
2.1 km and then increased with altitude.

Other experiments"" in which the mesons were
identified accurately by range-momenta criteria, showed
no positive excess at 3.4 km.

Positive/negative ratios obtained from w mesons
stopped in photographic emulsions" "exposed at vari-
ous altitudes and identified by their characteristic
endings have generally exhibited ratios between 0.2
and 1.2.

It is the purpose of this paper to report an experi-
mental determination of positive/negative ratio for low-
energy p mesons at sea level, and to compare this result
with other experimental data in an attempt to resolve
the major discrepancies which exist.

The delayed-coincidence technique was used in con-
junction with absorbers of carbon and sulfur. A com-
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parison of the lifetimes obtained in the experiments
with the characteristic values for p mesons in these
materials serves to identify the observed particles as p
mesons. Since essentially both positive and negative
p mesons decay in carbon, while only p+ mesons decay
in sulfur" it is possible in principle to obtain the p+/p
ratio from the delayed coincidence rates, provided that
the lifetimes of the p mesons are known accurately for
the two absorbers. This is a technique originated by
Shamos et al."and later used by Piccioni" and Conversi. "
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II. APPARATUS

A. Counter Telescope

The counter telescope used in this experiment is
shown in Fig. 1. Counter trays A and 8, each consisting
of five Geiger-Mueller counters, defined the incident
beam. These two trays were connected to a special two-
fold coincidence circuit. Tray C was connected in anti-
coincidence, delayed-coincidence. The side trays labeled
C were connected in anticoincidence. In this arrange-
ment, a meson was required to traverse trays A and 8,
come to rest in the absorber and then give rise to a
decay electron in the interval 1.1 to 7.38@sec later.

The carbon absorber was in the form of graphite
slabs (density 1.73 g/cm') and the sulphur was in the
form of bricks (density 1.87 g/cm'). The size of both
absorbers was 42 in. )& 14 in. &36 in. A 10-cm thick lead
filter cut out most of the incident electrons and photons.
This filter was always in position.

The apparatus was operated at a height approxi-
mately 200 ft above sea level under a thin roof of glass
and iron, the total thickness being 0.7 g/cm'.

The brass Geiger-Mueller counters were filled with a
self-quenching mixture of argon and ethyl acetate. The
A and 8 tray counters were 1 in. in diameter and 23 in.
long while the C tray counters were 1 in. in diameter
and 28 in. long. The side counters were 2 in. in diameter
and 36 in. long. The high voltage for each of the
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Fxo. 2. Block diagram of the electronic apparatus. The time
delay between C and the earliest signal from either A or B is
recorded in four adjacent time channels provided there is an AB
coincidence within 1psec and that there is no signal from C'.
C channel is dead for ~12psec following each signal.

counters was individually adjusted by means of poten-
tiometers across a regulated 300-volt supply which
fIoated on a fixed high-tension supply. With the excep-
tion of the C' tray, all counters were operated at the
upper end of their plateaus to minimize inherent lags."
The counter pulses were 75 volts in amplitude (at the
cathode-follower output) with an over-all rise time to
full height of 2psec. The pulse amplitudes of all
tubes were adjusted to the same height. The output of
each counter was taken off through short leads to indi-
vidual cathode followers and then mixed to provide
tray outputs. Due to the individual coupling of each
G-M counter, the dead time of a single counter could not
block the entire tray.

B. Circuits

FIG. 1. Experimental ar-
rangement. A, B, and C
G-M counters are 1 inch in
diameter. C' counters are 2
inches in diameter.

C'

A'
B'

Pb.

Pb.
OOQCO A
QOOoO B

ABSORBER

0' C'

FRONT

An ove-rail block diagram of the apparatus is shown
in Fig. 2.

The timing circuit generally followed a design re-
ported by Sands. ' However, the inputs were ringing
circuits of a type proposed by Elmore. "The special
twofold coincidence circuit differs in detail from that
proposed by Sands, but is designed to accomplish
essentially the same purpose, namely, to reduce the
effect of spontaneous counter lags by starting the timing
cycle from the earliest signal obtained in a twofold
coincidence.

The channel widths in the delay discriminator were
derived from fixed delay lines driven by blocking oscilla-
tors whose bias was controlled by a highly regulated
power supply. All bias voltages were monitored daily.

SIDE
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TABLE I(a) . Differential data.

Channel

Width (at)
Edges (from t =0)
N, (1408.9 hr)
N, (1609.7 hr)
Na (822.2 hr)

No. 1

1.07@sec
1.10-2.17psec
12 816~113
11 380~107

2392~49

No. 2

1.80psec
2.17-3.97@sec
10 281&101

7862+88
1676~41

No. 3

2.00@sec
3.97—5.97psec
4865~69
4068~64
1042&32

No. 4

1.41@sec
5.97-7.38@sec
2022+45
1805~42
595w 24

TABLE I(b) . Differential data reduced to equal channel widths (At = 1.10psec) .

Channel

Calculated
"center"

(hr ')
dt

dN8-a (h,)dt
dN, ,

(h
dt

No. 1

1.58@sec

6.19~0.10

4.16&0.09

No. 2

2.95ysec

3.21~0.06

1.74&0.03

1.47~0.06

No. 3

4.83@sec

1.20~0.06

0.69&0.03

0.52+0.04

No. 4

6.57psec

0.56&0.03

0.31&0.03

0.25&0.04

Due to these precautions, the shift in the channel widths
over the period of observation was &0.02psec. Average
values for the time widths of the channels reported in
Table I(a) were used in all calculations. This average
was computed from weekly calibrations made with a
delay line controlled double pulse generator developed
in this laboratory'8 —"and used in previous delayed
coincidence experiments.

All of the critical power supplies were either of the
degenerative feedback type or were controlled by VR
tubes.

III. EXPERIMENTAL PROCEDURE

plotting Fig. 3. Alt other information was obtained from
the rave data listed in Table I(a).

IV. MEAN LIFETIMES OF p MESONS

A. Genera1

The mean lifetimes reported here were calculated
from the data in Table I(a) by the statistical method of
Peierls. "This procedure allows the mean lifetime and
standard statistical error to be computed from an ob-

20

The apparatus was operated for a total of 3840 hours.
Of this time, 3018 hours were foreground and 822 hours
were background (no absorber). The results are sum-
marized in Table I.

Individual tray counting rates and the twofold and
threefold prompt coincidence rates were monitored
daily. In order to minimize any eGects due to Quctua-
tions in the incident intensity, runs with each of the
two absorbers were alternately sandwiched in time
with background runs. The measured background was
subtracted so that all 6nal results are based upon the
true delayed coincidence rate for each absorber. Thus,
delayed counts due to accidental coincidences and spon-
taneous counter lags are cancelled out. Mesons stopping
in the support material or Geiger-Mueller counter walls
are likewise eliminated from the results.

The diGerential time distributions plotted in Fig. 3
were obtained by reducing the .data from each channel
to correspond to equal widths (At= 1.1psec) and calcu-
lating the weighted "center" of each reduced channel.
This procedure )see Table I(b)j was used only in

I.C

3 4 5

SECONDS ~ fO

M. H. Shamos and M. G. Levy, Phys. Rev. 73, 1396 (1948).
29 M. H. Shamos and A. Russek, Phys. Rcp, 7$, 1546 (1948).~ J. L. Zsr, Phys. Rev. 83, 761 (1951).

FIG. 3.Di6'erential time distribution of delayed coincidence counts.
All channels reduced to equal widths (ht = 1.1psec) .

+ R. Peierls. Proc. Roy. Soc. (London) A149, 473 (1935).
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served set of individual delays. Since the various delay
channel widths were in all cases greater than 0.3v.

(r= mean lifetime), Peierls series expression could not
be used and his more general integral form was required.
The resulting calculations were more accurate since no ap-
proximations were involved. As a further consequence
of using the general expression, it was not necessary to
reduce all channels to the same width, thus eliminating
a source of error in the handling of the data.

In computing the lifetimes involving the sulfur data,
the results for delay times earlier than 2.17p,sec were
omitted, since there is in this region an appreciable
counting rate due to the p, mesons decaying with a
shortened mean life. The contribution of p, mesons
in. the succeeding channels is completely negligible"
provided that v, &0.54@sec. Ke 6nd

Lifetime of p+ mesons in sulfur:
(S 8, less No—. 1 channel)

Lifetime of p mesons in carbon:

Composite lifetime of the nat-
ural mixture of both p+ and

mesons in carbon under
~11 cm of Pb at sea level
(c'—&):

r,+= 2 09+0 0. 5psec.

v,—= 1.92&0.04@sec.

r.+=2.06~0.03psec.

The errors associated with the above lifetimes are the
standard statistical errors computed by Peierls' method.

"Ticho's p, meson lifetimes include a 4 percent correction for
assumed magnetic lens ine%ciency. The lifetime in sulfur required
by the present data as well as the lifetime in aluminum recently
obtained by Valley are more compatible with Ticho's uncorrected
lifetimes. This leads to the suggestion that Ticho's correction may
have been unnecessary and that r, =0.66~0.05@sec is more
nearly the true lifetime.

"G. K. Valley, quoted by B. Rossi, High Energy Particles
(Prentice-Hall Publishing Company, New York, 1952), p. 68.

'4Alvarez Longacre, Orgen, and Thomas, Phys. Rev. 77, 752
{1950}.

'~ J. Steinberger and A. S. Bishop, Phys. Rev. ?8, 39 (1950)."W. K. Bell and K. P. Hincks, Phys. Rev. 84, 1243 (1951).

B. Lifetime of the p+ Meson

Ticho" has used magnetic separation in conjunction
with the delayed coincidence technique and found that
the average p+ meson lifetime in absorbers from oxygen
to sulfur is v+=2.11~0.1psec. Valley" using a similar
method and an aluminum absorber found v+=2.06
+0.08@sec. Alvarez et al.'4 observed the decay of the
p+ mesons derived from artificially generated m+ mesons
and found v+=2.09&0.03@sec for the p+ lifetime in
stilbene (carbon). This is in good agreement with
Steinberger and Bishop, "who used a similar technique.

The p+ meson lifetime determined in the present
experiment compares favorably with values found in
materials of low atomic number, but disagrees with a
measurement recently reported by Bell and Hincks, "
who used an iron absorber (in which 1i mesons do not
decay) and obtained: r +2. 22& 002' ecs. The results

TABLE II. Mean lift:time of the p+ meson at rest.

Author

Valley (1952)'
Alvarez et al. (1950)b
Present experiment (1952)
Steinherger and Bishop (1930)'
Ticho (1948)"
Nereson and Rossi (1943)'
Maze et al. (1945)
Bartman, Harrison, and Reynolds

(1949)g
Bell and Hincks (1951)h
Rossi and Nereson (1942)'
Conversi and Piccioni (1946)i

13
6

16
6

8-16
26, 29, 82

26
82

26
82
26

@sec

2.06&0.08
2.09~0.03
2.09~0.05
2.10~0.10
2.11&0.10
2.15~0.10
2.2 ~0.2
2.2 ~0.2

2.22~0.02
2.3 ~0.2
2.33&0.15

4 See reference 33.
b See reference 34.
& See reference 35.
~ See reference 24.

e See reference 37.
f See reference 38.
I See reference 39.

& See reference 36.
' See reference 40.
& See reference 41.

C. Comparison of p
—Lifetimes

Vgheeler and Budini4' have shown from theoretical
considerations that the capture probability for p,

—

mesons should vary as Z4 for Z(29. Thus, the stopped
p- meson falls into a E orbit and either is captured by
the nucleus or decays spontaneously. ~ The mean life-
time for a p meson depends, therefore, upon the com-
petition between the relative probabilities for capture
and for decay, and should (in elements of high Z) differ
markedly from the free-space lifetime. This is not the
case for p+ rnesons, which (because of electrostatic
repulsion) cannot approach sufficiently close to the
nucleus for capture to take place.

The predicted Z dependence of p, meson lifetime has

"N. Nereson and B.Rossi, Phys. Rev. 64, 199 (1943); recalcu-
lated by B.Rossi, reference 33, p. 160.

's Maze, Chaminade, and Freon, J. phys. 4, 202 (1945).
39 Bartman, Harrison, and Reynolds, Princeton University

Technical Report No. 2, Chap. X, 5, 1949 (unpublished}.
'0 B.Rossi and N. Nereson, Phys. Rev. 62, 417 (1942)."M. Conversi and O. Piccioni, Phys. Rev. 70, 859 (1946).
4~The standard statistical errors assigned to these weighted

values were obtained by assuming that the ith experiment con-
tributed X; events to the final result and then using BrA„/rAy
=1/(Z;X;)&, where X,= (r;/Sr;)'

43 J.A. Wheeler, Revs. Modern Phys. 21, 133 {1949);P. Budini,
Nuovo cimento 8, 901 (1951).

44 H. K. Ticho and M. Schein, Phys. Rev. 72, 248 (1947).

of all pertinent experiments'4" 4' are summarized in
Table II.

It is diAicult to draw Arm conclusions in this respect
at the present time, but the data might be considered
consistent with the view that v+ increases with Z. The
various lifetime determinations appear to fall into two
groups, according to the Z of the absorber. ~ The
weighted means from Table II become

r+= 2.09&0.03 p,sec for Z& 16;
r+= 2.22&0.02 psec for Z& 26.

This trend takes no account of possible systematic
errors in the lifetime determinations reported by the
various authors, and hence the indicated eBect may
not be real.
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TABLE III. Mean lifetime of the p meson at rest.

Author

Hincks and Bell
(1952)

Present experiment
(1952)

Ticho (1948)
Ticho (1948)
Ticho (1948)
Valley (1949)
Valley (1949)
Ticho (1948)

Cathey (1952)
Ticho (1948)

Conforto and Sard
(1952)

KeuBel et at. (1952)

+oapa X106
2 Z(ef j) T pksec sec 1

3 3 2.15 ~0.09b &0.035b
4 3.93 2.05 ~0.06b 0.037 &0.015b
6 5.78 1.98 ~0.08b 0.055 ~0.021b
6 5.78 ' 1.92 +0.04 0.043 ~0.010

1.89 ~0.15
1.28 ~0.12
0.96 &0.06
1.1 ~0.2
0.81 ~0.06
0.75 ~0.07
0 82 ~0 05o
0.60 &0.09
0.54 +0.12
0.66 ~0.05e
0,81 &0.24d

8 7.56 0.051
10 925 0.304
12 10.83 0.562
12 10.83 0.431
13 11.58 0.76
13 11.58 0.853

0.74
14 12.33 1.19
16 13.7 1.377

1.04
20 16.1 0.77

~0,043
~0.073
~0.065
~0.166
~0.09
+0.124
~0.09 '

~0.25
~0.413
~0.13
~0.35

26 19.5
29 20.6

0.163~0.027e 5.66 ~0.94e
0.116~0.009e 8.15 &0.63e

been confirmed experimentally by Ticho, '4 and by
Valley" and by Cathey4' for 8(Z&16, and by Keuffel
et a/."for copper and iron. The latter group has recently
shown that an anomaly, which is attributed to the
inQuence of the shell structure of the nucleus, 4' occurs
for large Z.

At the time of the present experiment no reliable
evidence existed concerning the capture of p mesons
in materials of Z&8. Conversi et u/. ,

"who were the
first to observe the Z dependence of the p, meson
capture process, found that all p mesons decay in
carbon. Similar results have been obtained by Kissinger
and Cooper, "and Valley. "All of the references cited
above have large statistical errors. Nereson, "however,
found that in carbon only 76~17.6 percent of the p
mesons decay. In their experiments on the range of
decay electrons in carbon, Shamos and Russek" ob-
served that their results did not tend toward unit yield
(i.e., one decay electron per stopped meson) at zero
thickness of absorber. The general trend observed in
both of these experiments is consistent with Wheeler's
theory, which predicts that 90 percent of the p
mesons decay in carbon.

Recently, Hincks and Bell" have reported a series
of measurements somewhat similar in principle to the
present one in absorbers of lithium, beryllium, and
carbon. Their v, compares favorably with the value
reported in the present paper. However, capture prob-

'~ Le Conte Cathey, Phys. Rev. 87, 169 (1952).
4'Keuffel, Harrison, Godfrey, and Reynolds, Phys. Rev, 87,

942 (1952).
4~ J. M. Kennedy, Phys. Rev. 87, 953 (1952).
4 Conversi, Pancini, and Piccioni, Phys. Rev. 71, 209 (1947).

C. W. Kissinger and D. Cooper, Phys. Rev. 74, 349 (1948).
50 G. E. Valley, Phys. Rev. 73, 1251 (1948).
"N. Nereson, Phys. Rev. 73, 569 (1948).
~2E. P. Hincks and W. E. Bell, Phys. Rev. 88, 168 (1952);

88, 1424 (1952).

a Under the assumption that T+ =2.09+0.02 unless otherwise indicated.
b Calculated from the unseparated delayed-coincidence data under the

assumption: p, +i@, =1.22 and T+ =2.22 ~0.02@sec.
o Less the correction for 4 percent magnetic lens ineKciency included by.

Ticho (see footnote 32).
d Computed graphically from the data given by these authors. They

attribute the large lifetime as compared to that obtained from a Z4 law
to magnetic lens ineKciency, although data taken with other absorbers in
the same apparatus do not confirm this view.

e Obtained by detecting the capture neutrons and gammas.

abilities computed from their rp,+, vB, , and ~L; are
not in agreement with other experiments'4" extra-
polated to low Z by means of Wheeler's theory. "

The various experimental values of the lifetime of
the p, meson as a'. function of Z are tabulated in
Table III.

Under the hypothesis that the shortened p meson
lifetime is due solely to the competition between capture
and decay processes, 44'4 the fraction of p mesons which
undergo spontaneous decay is given by"

f= r r+.

From the values of p+ and p lifetimes determined in
the present paper, it is seen that 92~3 percent of the
p, mesons decay in carbon. This confirms previous esti-
mates"" as to the magnitude of this effect.

Using a similar hypothesis, the capture probability
is given by

A„o= 1/r —1/r+, where r+ = 2.09&0.02iisec.

The results of this calculation are plotted in Fig. 4 using
the effective Z computed by Wheeler. 4' The slope of
the resulting plot closely corresponds to the Z' effective
law. However, one should expect to find local Quctua-
tions in p, meson capture probabilities due to nuclear
"shell structure" effects. This problem has been ex-
amined theoretically by Tiomno and Wheeler" for 0"
and by Kennedy ' for Ca~ and Pb" . These authors find

+Q16= 2.29)( 10M1g2 sec—1

Aca40= 2.7)( 10"'g

gpb208= 1.$6)(', 10M4g~ sec-1

h.pb= 1.6)(10"'g' sec '

Kennedy has compared his calculated capture prob-
ability for Pb with the experimentally derived value
obtained by Keuffel et al." and finds g~3)&10 ' erg
cm' with a probable error of 25 percent. Substituting
this value in the expression for 0"and Ca'0, one obtains

A.Q16= 2.06&(104 sec '

Aca4o= 2.43)&10' sec '.

These agree, within the experimental error, with the

5'In calculating their lifetimes, Hincks and Bell assume that
the p+/p, ratio is 1.24 at 500 Mev/c at sea level in order to Md
the fraction of decays in each absorber which are due to p+ mesons.
(As is shown by Fig. 6 of the present paper, p+/p —1.1 at 500
Mev/c at sea level. ) Furthermore, they choose 2.22@sec as the
p+ meson lifetime, and this may not be the correct lifetime of the
p+ in materials of low Z (see Table II). Both effects combine to
give r lifetimes which are of the proper order of magnitude, but
result in capture probabilities which are too large.

~'A. M. Conforto and R. D. Sard, Phys. Rev. 86, 465 (1952).
"Several authors Lsee reference 24 and P. Budinig Nuovo

cimento 9, 445 (1952); N. Dallaporta, Nuovo cimento 9, 450
(1952)] have suggested that the nucleus may emit an energetic
charged particle directly after capture of a p meson. In this case
the fraction (f) of p mesons which decay would not be equal
to r /r+."J.Tiomno and J. A. Wheeler, Revs. Modern Phys. 21, 144
(1949).
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capture probability of p, mesons in oxygen'4 but not
with that of p mesons in calcium~ (see Table III).

Recently, "shell structure" sects have also been
found for the capture of x mesons in oxygen, ' al-
though the much higher energy transfers which occur
in this case should greatly weaken the selection rules. "
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FIG. 4. Capture probabilities vs Z,«of Wheeler theory. Solid
line represents Z,« law. Dotted line shows experimental devia-
tions near closed shell nuclei. Double circles represent calculations
from shell model of nucleus for charge-exchange type of interaction
with a coupling constant of g~3X10 "erg cm'. The lower point
at sulfur results from neglecting a correction originally given by
Ticho (see reference 32).

~7 Camac, McGuire, Platt, and Schulte, Phys'. Rev. 88, 134
(1952).

A. M. Messiah and R. E. Marshak, Phys. Rev. 88, 678 (1952).
"The momentum of the observed p, mesons is determined by

the 10-cm thick lead 61ter, the thickness of the roof and counter
walls (1 g/cm'), and the egecti'ee thickness of the absorber (see
Sec. VI). The filter is increased by the cos intensity distribution

V. p+/p RATIO

Since only positive mesons decay in sulfur for delay
times )2p,sec, and both positive and negative mesons
decay in carbon (see Sec IV), the p+/p ratio may. be
obtained by extrapolating the time distributions of the
decay electrons in the two absorbers to zero delay time.
The lifetimes of the p mesons affect the calculated p+/p
ratio in two ways: first, the fraction of p, mesons which
decay in carbon is given by the ratio r. /r, +, and
secondly, the value of the delayed coincidence counting
rates, extrapolated to zero delay is dependent upon
both ~, and v, . By utilizing the lifetimes and delayed
coincidence counting rates obtained in the present
experiment we have computed the y+/p ratio for
mesons of 325+70 Mev/c momentum at sea level, "
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obtaining
p+/Iu = 1.06&0.03.

The error quoted above is the pure statistical error
alone and does not include any estimate of the sys-
tematic error, which will be discussed in the next
section.

VI. SYSTEMATIC ERROR

A possible source of systematic error in the present
experiment lies in the implicit assumption that the
relative efficiencies of the two absorbers for stopping p
mesons and allowing their decay electrons to be detected
is the same. A 10 percent change in the ratio of the
relative eKciencies (E) causes a 16 percent shift in the
lr+/p ratio and a 7 percent change in r, .

This ratio (E) has been calculated for the geometry
of the present experiment by a semi-empirical method.
It can be shown that (E) depends only on the product
of the ratio of the number of mesons stopped in each
absorber (X,/E, =0.89&0.02), and the ratio of the
ranges of the decay electrons. In each case the thickness
of absorber which was eGective for stopping the de-
tected p mesons (see Fig. 5) was determined by the
maximum range of the decay electrons. These ranges
were obtained from the theory recently proposed by
Wilson" and include corrections for radiation losses
and multiple scattering. Under the assumption that the

of the incident mesons and by multiple Coulomb scattering in the
lead PH. Koenig, Phys. Rev. 69, 590 (1946lj.~ R. R. Wilson, Phys. Rev. 84, 100 (1951).

IO 20 30
STOPPER THICKNESS (GMiCM )

Fio. 5. Delayed coincidence counting rate as a function of
absorber thickness. The curve saturates at ~16 g/cm' indicating
that the top portion of the absorbers in the main experiment are
not useful in producing detectable decay electrons. Thus, the
effective thickness is determined by the range. of the decay elec-
trons in each absorber.
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FIG. 6. p+/p ratios vs momenta at the top of the atmosphere
{TOA) for the selected experiments. Those points labeled (m) are
obtained from x mesons stopped in photographic emulsions exposed
above 60 000 ft.

7. =0.66%0.05lesec (see reference 32), then one obtains

u+/u =0.94+0.20.

When this is compared to Eq. (1) it implies

E=0.96+0.15.

These three estimates indicate that (E) is approxi-
mately unity, but do not permit an accurate evaluation
of this quantity. It is for this reason that no corrections
for this effect are included in the p+/p ratio LEq. (1)].
While a more accurate evaluation of the present data
awaits a better determination of (E), it will be shown in
the following section that the value obtained under
the assumption that E= 1 is in good agreement with the
results obtained by other methods.

VII. COMPARISON WITH OTHER EXPERIMENTS

A. General

stopped mesons are evenly distributed throughout each
absorber" one Ands that

E= 1.01~0.10.

p+ delayed coincidences in carbon
(E)=

p+ delayed coincidences in sulfur
= 1.08~0.10.

Another approach to this question can be obtained
from the sulfur data alone in the present experiment.
The data for decay times between 1.1 and 2.17@sec can
be corr cted for p+ mesons in this channel by extra-
polating from the following channels. This procedure
yields only one point on the decay curve for p mesons
in sulfur, but has the advantage that no questions of
relative eKciencies are involved. If one assumes that

'Both the main experiment and the auxiliary experiment
(Fig. 5) are performed in an approximately "Rat" region of the
sea-level momentum spectrum. This means that the stopped
mesons are to a first approximation distributed evenly throughout
the absorber. The indication of a dip at 26 g/cm' may be caused
by a characteristic anomaly in the spectrum at 400 Mev/c /see
A. Rogozinski and A. G. Voisin, Compt. rend. 230, 2092 (1950);I. Eisen, Masters thesis, New York University, 1952 {unpub-
lished); E. W. Kellerman and K, Westerman, Proc. Phys. Soc.
(T.ondon) A62, 356 (1949)j.

The estimated uncertainty in the computed ratio (E)
is due in part to the uncertainty in the theoretical
expressions for the average electron ranges, which are
only good to about 5 percent. Such phenomena as
backscattering, etc., were neglected. The geometrical
correction for edge effects (which is included) is (2
percent.

An experimental value for the ratio of relative effi-

ciencies of carbon and sulfur has been obtained by
Piccioni" for the delayed coincidences from p+ mesons
observed in hard showers. When his data are corrected
for spurious showers actually produced by knock-on
electrons accompanying incident p mesons, the ratio
of the eSciencies becomes

An attempt has been made to resolve the ambiguities
concerning the variation of the le+/lr ratio as a function
of meson momentum and as a function of the altitude
at which the ratio is determined. It is possible to cor-
relate both variations in a consistent way by studying
the p+/p ratio as a function only of meson momentum

(P) referred to the top of the atmosphere (TOA)."
Experiments sefected ou the basis that they provide good

identification of the u mesoms have been compared in this
manner; Fig. 6 shows the result of this compilation.
The "selected" experiments can be 6tted quite well by
an expression of the form

P= Poexp
E

(2)

where P&4 Bev/c (TOA), Pe 0.165 Bev/c (TO——A),
and E=0.38.

The fact that the experimental data seem to be only
a function of momenta (TOA) implies that there is no
appreciable meson production in the lower atmosphere
as has been suggested by recent experiments. ""How-
ever, it will be necessary to obtain data at diGerent
altitudes which overlap in momentum (TOA) before this
can be confirmed. Furthermore, although the decrease of
the lr+/IJ, ratio withiucrerJsing altitude appears fo be well

established, the exact values of both Po and E in Eq. (2)
are uncertain in the region below 2 Bev/c (TOA) be-
cause of the large statistical errors in the da, ta obtained
at altitudes above sea level.

62 In the discussion that follows, all momenta labeled (TOA)
are given at the top of the atmosphere. We use the NACA stand-
ard atmosphere Lsee W. G. Brombacher, National Advisory
Committee for Aeronautics Report. NACA-538, 1935 (unpub-
lished)] which approximates the yearly average of altitude as a
function of prkssure for latitude 40'N in the United States. All
range (altitude in g/cm2) to momentum conversions are made by
means of the Princeton tables [E. P. Gross, Range Energy-
Ionisateon Curses (Princeton University, Princeton, 1947)j.
These are based mainly upon the theoretical work of G. C. Wick
(Nuovo cimento 1,310 (1943).j,which includes polarization effects.

"W. I.. Kraushaar, Phys. Rev. 76, 1056 (j.949).



COSM I C —RAY p, M ESONS 142

Nevertheless, it is instructive to sketch in the alti-
tude variation of the p+/p ratio by extrapolating
Eq. (2) to high altitudes where it can be compared to
the s.+/rr ratio obtained in the production region. In
this region the s.+/s- ratio appears to have a constant
value of ~0.26 (see Table IV) ' "" ' Since p mesons
are the daughters of m mesons, then this ratio could be
considered to be that of low-energy p mesons at produc-
tion. Therefore, if one assumes that the momentum
dependence of the p+/p ratio )as given by Eq. (2)$ is
the same as that of mesons at production, the curve
may be extrapolated to p+/p =0.26 to obtain a value
for the average atmospheric depth of the production
layer. This value is 115 g/cm', in agreement with
most conventional estimates. '

From available cloud-chamber data, ' " the altitude
dependence of the p+/y ratio deduced above allows
the proton component at various altitudes to be com-
puted. Such spectra show that a much larger fraction
of protons exists at low momenta than most p'revious
estimates infer. "

B. Discussion of the Selected Experiments

Owen and Wilson' using an air-gap magnetic spectro-
graph have investigated the p+/p ratio for six momenta
at sea level. These ratios were carefully corrected for
included protons by an auxiliary absorption experi-
ment" performed with the same apparatus, The ap-
paratus provided good discrimination against electrons
by shower production in a 2-cm lead plate. The results
were not subject to multiple scattering corrections
because no iron was in the path of tht; mesons. This
series of measurements provides the most reliable deter-
mination to date of the p+/y

—ratio at sea level in the
momentum region above 3.25 Bev/c (TOA).

A magnetic lens (iron) coincidence telescope in which
the counters were vertically out-of-line was developed
by Brode. '7 This design was free of the large corrections
which had characterized previous "magnetic lens" ex-
periments. Brode's apparatus counted both positive
and negative particles simultaneously, thus reducing
the systematic errors associated with variations in the
incident intensity. Geometrical eGects were eliminated
by alternately reversing the magnetic Geld and invert-
ing the telescope during the course of the measurements,
so that each channel in turn counted positive and then
negative mesons. The eGect of side showers was elimi-
nated by using counters in adjacent channels as anti-
coincidence protection. Protons did not contribute to
the measured ratio, because protons of the energy
required to penetrate 60 cm of iron do not exist in
appreciable numbers at sea level. "

"C. F. Powell, ColstqrI, Papers (Interscience Publishers, Inc. ,
New York, 1949), p. 83.

6~ G. Puppi and ¹ Dallaporta, Progress ie Cosmic Ray Physics
(Interscience Publishers, Inc. , New York, 1952), Chap. VI, p. 360.' M. G. Mylroi and J. G. Wilson, Proc. Phys. Soc. (London)
A64, 404 (1951).

'r R. B.Brode, Nuovo cimento 6, Supplement ¹.3 465 (1949l.

TABLE IV. w'+/s ratios for s mesons above 60 000 feet.

Author

Yagodaa
(1952)

Yagodaa
(1952)

Powello (1949)

Peyrou et al.e

(1949)

I ryf (1951)

Method

~ mesons (produced in air
by primaries) stop in
emulsion (Ilford G-5);
corrected for starless
mesons.

mesons (produced in
gelatin (H, C, N, 0) of
emulsion by primaries)
stop in emulsion (Ilford
G-5); corrected for star-
less ~ mesons.

mesons (produced in
gelatin (H, C, 0, N) and
AgBr of emulsion stop in
emulsion; uncorrected for
geometry; corrected for
starless m mesons.

m mesons (produced in air
by primaries) stop in
emulsion; corrected for
starless ~ mesons.

vr mesons (produced in air
by primaries) stop in
emulsion; (Kodak NTB-
3); corrected for starless
vr mesons.

Altitude

~14 g/cm~ 0.69 ~0.04b

~14 g/cm~ 0.276 ~0.151
(0&@&6 Mev)

~27 g/cmm 0.023 ~0.023d

58 g/cm~ 0.28 ~0.064

73 g/cm' 0.25 ~0.045

a See reference 23.
b Since m+~y+ decays are more easily recognized than one prong 0 stars,

sr+ mesons will have a higher detection ef5ciency than ~ mesons if 100
percent scanning is not employed in the search for characteristic endings.
Yagoda estimates that the over-all detection efficiency is &80 percent in
the thick emulsions employed in determining this ratio. Note that this ratio
(n+/~ =0.69) can be compared with the ratio for mesons produced in-
ternally in the gelatin (H, C, 0, N) of the emulsion. Those internally pro-
duced mesons for which an identical method of scanning was employed,
exhibit a ratio of 0.73, while those which were traced from their parent
stars give ~+/m =0.28. This latter group was presumably scanned with
almost 100 percent eKciency. However, J. Y, Mei and E. Pickup LCan. J.
Phys, 30, 430 (1952)j assume that all of the m mesons are generated locally
(including those which are apparently externally incident). The change in
the ratio with meson energy is then attributed to a Coulomb e8ect.

6 See reference 64.
d This ratio would be higher for stars produced in the gelatin of the emul-

sion alone, and would be increased still further if the ~ mesons were corrected
for those which escape detection because of geometry. This latter correction
becomes important for thin emulsions such as 'were employed here.

e See reference 21.
f See reference 17.

Brode's published data contain a further correction
based on the counting rates determined by reversing
the lower half of the magnet with respect to the upper
half; these rates were ascribed to Geld-insensitive par-
ticles and were subtracted from the average values of
the normal rates before the p+/p ratio was computed.
Owen and Wilson' have pointed out that this represents
a severe overcorrection since the probability that
scattering will simultaneously reverse the particle tra-
jectory in the upper and lower halves is negligible. We
have therefore recalculated the p+/p, ratio from Brode's
data, neglecting the reversed half-magnet correction.

Although this was a coincidence measurement, the
momentum resolution of the apparatus was such that
the bulk of the p, mesons which contribute to the meas-
ured ratio had. momenta between 3.25 and 5.75 Bev/c
(TOA). Since the momentum interval is not defined

precisely, an average momentum is used in plotting this
point. This experiment has low statistical error and

good identiGcation.
Groetzinger and McClure, "using a telescope similar

in principle to that developed by Brode, measured the

68 G. Groetzinger and G. W. McClure, Phys. Rev. 77, 777
(1950).
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p+/p ratio at ~0.8 Bev/c at sea level and at 4 km.
They determined the y+/p, ratio at two zenith angles
in both the east and west azimuths. Using their raw
data we have averaged" over both angles and azimuths
and computed a single p+/y ratio for each altitude.
Their sea-level measurement contains no protons be-
cause the 40 cm of iron in the lens effectively attenuates
those protons of 0.8 Bev/c momenta which were
present in the incident beam. Unfortunately this is not
true at 4 km where protons constitute 28 percent of
the total incident beam at this momentum or 18
percent of the positive particle beam capable of causing
a coincidence. As a result this determination at 4 km
indicates 20 percent more positive particles than do the
selected experiments (see following section).

Leighton e1 a/. "have observed 75 p—+P decays in a
cloud chamber with a magnetic field at sea level. Of
these events, 12 occurred in an absorber (a mixture of
paragon and copper) whose atomic number (Z) could
not be stated precisely, and one occurred in brass. (In
the discussion that follows these 13 events are not
considered. ) The remaining decays occurred in carbon
and Bakelite (54 events) or in glass and argon (8 events).
Lagarrigue and Peyrou" have observed 150 p—+P decays
under 20 cm of lead at sea level by means of a cloud
chamber and magnetic field. All of their decays occurred
either in carbon or glass; but the majority took place
in carbon.

The data of the two experiments were combined
under the assumption that all of the decays occurred
in carbon. Thus, allowing for those p mesons which
would be captured in "carbon, "we compute the p+/p
ratio to be

p+/p = 1.04&0.14 at 2.5 Bev/c (TOA).

This ratio is based on excellent identification, but
only indicates the trend at low momenta at sea level
because of the assumption involved and the poor
statistical accuracy.

A cloud chamber in a magnetic field wit'h an absorber
placed below the chamber was used by Correll" to
determine the p+/p ratio for mesons of 125 to 250
Mev/c momenta at 3.5 km. Electrons were eliminated
by shower production in three 1-cm lead plates (two
were inside the chamber); protons were eliminated by
range-momenta criteria. In this momentum region
confusion with mesons is extremely unlikely. Although
this measurement has a statistical precision of only 11
percent, the identification is good.

Franzinetti" exposed vertical photographic plates in
a 30-kilogauss magnetic field at 1j. 000 ft and identified
the particles which stopped in the plates both by their
mass (momentum and residual range) and by their
characteristic endings. Since he was primarily interested

"The ratios determined at the two zenith angles were not
statistically diferent.

701eighton, Anderson, and Seri8', Phys. Rev. 75, 1432 (1949).
"A. Lagarrigue and C. Peyrou, Compt. rend. 253, 478 (1951).

in a mass spectrum of the cosmic radiation at these
altitudes, he included in his p+/p ratio eight p+ mesons
resulting from x+—+p+ decay in the plates. In using his
results we have omitted these eight locally-produced
p+ mesons. A histogram of the entrance angles of the
stopped p mesons shows that they were deflected by the
magnetic field before entering the plates; the angles of
incidence are consistent with the hypothesis that these
mesons were not locally produced. Recently, Merlin
et ul. ~' have essentially repeated Franzinetti's experi-
ment at sea level. The statistical errors of both experi-
ments were large, but the identification was excep-
tionally good.

Piccioni" has performed a delayed coincidence ex-
periment at 3.5 km under 19.5 in. of lead. Carbon and
sulfur absorbers were used in a manner similar to that
employed in the present experiment. Most locally pro-
duced p+ mesons were eliminated by not counting those
events in which more than a single counter was dis-
charged in the first tray of his telescope. (This precau-
tion is necessary at mountain altitudes. ) Since his ex-
perimental arrangement and the present one are similar,
the same considerations employed in reducing the
present data apply.

We have recomputed" from Piccioni's raw data the
p+/p ratio for those delayed coincidences unaccom-
panied by hard shower events and find that

p+/y —=0.97&0.05 at 2.09 Bev/c (TOA).

Because of the possibility that locally generated hard
showers can contribute extra p+ mesons to the data,
this ratio must be considered only as an upper limit.

There are two other experiments which tend to point
up the various eGects mentioned above, although they
do not do this directly. In one of these experiments,
Ticho74 has measured the composite lifetime of the
natural mixture of cosmic-ray mesons in aluminum both
at sea level and at 3.5 km. Since the p, mesons decay
with a considerably shortened lifetime in aluminum, a
decrease in composite lifetime with altitude is consistent
with a decrease in the p+/p ratio with altitude, al-

though the precision of this experiment does not permit
definite conclusions to be drawn. In the second, Brode
has reported a continuation of his sea-level magnetic
lens experiments at 3.5 km altitude. ' Although the
reported ratios are diluted by an overcorrection (see
the discussion above) they show that the ratio decreases

with altitude, and that the altitude variation can be
represented as a momentum variation, since the addi-

~ Merlin, Vitale, and Goldschmidt-Clermont, Nuovo cimento
9, 422 (1952).

"Piccioni assumed that the mean lifetime of p+ mesons in
sulfur as well as the composite lifetime of p mesons in carbon was
2.2psec. The carbon/sulfur ratio thus obtained corresponds to
p+/p = 1.2. This is actually the ratio for delay times greater than
1.3psec and only corresponds to the zero-time extrapolated value
provided that the lifetimes are the same.

'4 H. K. Ticho, Phys. Rev. 71, 463 (1947)."R.B Brode, Phys. .Rev. 78, 92 (1950).
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tion of 45 cm of lead'6 at altitude results in the same
ratio obtained at sea level.

C. Other Experiments

The experiments which were not selected for this
compilation fall into two categories; first, those which
cover the same momentum region as the "selected"
group, but which have poor statistical precision, and
secondly, those in which the p, mesons are not diGer-
entiated completely from other particles in the incident
cosmic radiation. In the latter group are included most
of the cloud-chamber and magnetic lens experiments
performed at altitude. This follows from the large in-
crease in the proton component (relative to the meson
component) with altitude, and is considered in detail
in the following discussion.

Caro et al. ' using an air-gap magnetic spectrograph
have investigated the variation of the tl+/p ratio as a
function of momentum at sea level. The statistical
precision of this experiment is not as good as that of
Owen and Wilson. ' Furthermore, no correction was
made for included protons. Nevertheless, the results
generally indicate the same trend as the "selected
experiments" at momenta below 4 Bev/c (TOA).

An air-gap magnetic spectrometer has been used by
Bassi et cl. to investigate three points in the sea-level
momentum spectrum below 4 Bev/c (TOA). They do
not correct for included protons although the anti-
coincidence method of event selection which they used
is very sensitive to protons. Their ratios (corrected by
the sea-level proton spectrum of Mylroi and Wilson" ),
agree with the "selected" experiments, but the sta-
tistical precision is much poorer than that obtained in
the experiment of Owen and Wilson. '

Bassi et al."have performed a measurement at 2 km
using the same apparatus as that used in the above
experiment. The method of selection in this case was
changed to a coincidence system in an attempt to
eliminate protons. The two points which were obtained
at this altitude contain 20 percent more "positive
mesons" than do the "selected" experiments. . Their
lowest momentum point agrees with the ratio obtained
at the same momentum (TOA) by Groetzinger and
McClure, which experiment, according to the discus-
sion in Sec. VII (B) was contaminated by ~18 percent
protons. .

An experiment which has been widely reported with
other sea-level results is that of Nereson. "However, his
experiment was performed in the basement of a building

( 18 in. of concrete)r' at an altitude of 5000 ft. An
out-of-line magnetic lens telescope was used to observe
the positive/negative ratio for those particles which
stopped in ~~ in. of lead after traversing 28 in. of iron.

7~ The lead equivalent of the atmosphere between 3.6 km and
sea level.

V~Bassi, Filosofo, Manduchi, and Prinzi, Nuovo cimento 8,
469 (&95&).

's V. H. Regener (private communication).

Since this ratio is 10 percent higher than that ob-
tained in plain coincidence at the same time, then
either p+/p decreases with increasing momentum or the
protons reust have made a considerable contribution to the

measured ratios.
Background runs in which the iron lens was not

magnetized were reported but were not used in calcu-
lating the ratios (both coincidence and anticoinci-
dence). Thus, no corrections for multiple scattering are
included. If the appropriate backgrounds are subtracted
one finds

Coincidence:

Antic oincidence:

plus/minus = 1.38+0.03
at 3.1 Bev/c (TOA).

plus/minus = 1.48+0.03
at 2.9 Bev/c (TOA).

These coincidence values computed above compare
favorably with the altitude experiments of Groetzinger
and McClure ' (4 km) and Bassi et al. (2 km), but
do not agree with the "selected" experiments. It is
apparent that these experiments (magnetic lenses in
out-of-line coincidence) were contaminated by protons.

Barbour' has reported a series of stratosphere experi-
ments with vertical photographic plates in the fMld of
a permanent magnet. The identification of the particles
observed in this series of experiments should presumably
be as good as the results obtained in Franzinetti's
experiment;" and these ratios should be comparable to
the ones in Table IV; however, the magnet in this case
was suspended in such a manner that 69 kg of iron was
available for the local production of mesons directly
above the plates. Consequently, the observed v+/v.
and u+/y ratios bear little relation to the ratios existing
in the free atmosphere at those altitudes. In fact,
Barbour was able to 6nd a production mean-free-path
for x mesons from the separate experiments of this
series performed at di8erent altitudes.

Conversi' has described an iron-core magnetic lens
experiment which he and Nappo performed at sea level
in Rome. The counter system used in this experiment
defined those particles which, after deflection in 28 cm
of iron, stopped in 7 cm of lead. No correction was made
for included protons, and sufIicient details are not
available to enable one to evaluate other systematic
errors which might be involved.

A series of measurements similar in principle to that
of the present experiment has also been reported by
Conversi. " These measurements, which cover a wide
range of momenta at sea level and several altitudes,
were not absolute ratios but were normalized to the
magnetic lens experiment reported above. No correction
was made for those p mesons which decay in carbon,
and all data were extrapolated to zero delay time with
an assumed lifetime of 2.2psec. The ratios were re-
normalized to the "selected experiments" at one point,
and in general (except the 9-km point) exhibit the same
momentum variation as the "selected" experiments,
within the large statistical errors ()20 percent).
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Nonnemaker and Street7' have used a cloud chamber
at sea level to study the momenta of singly occurring
particles which traversed 140 g/cm' and stopped in an
additional 88 g/cm' below the chamber. This apparatus
is somewhat similar to that of Correll's, " but no
"shower plates" were provided in the chamber. The
momentum cutoff is that of p, mesons; however single
electrons could not be distinguished from y mesons
over most of the region of momentum considered.

VIII. COMPARISON WITH THEORY

Interpretation of the well-known 20 percent excess
of positive mesons observed at sea level is generally
based" on the model of a primary radiation consisting
exclusively of protons which produce charged mesons
upon colliding with air nuclei. Charge conservation
then leads to the generation of more positive than nega-
tive mesons. That the simultaneous production in the
primary collision of charged nucleons may upset the
charge balance is not usually considered. Thus, it is
not surprising that this simple picture is not entirely
compatible with the results reported in the present
paper. In fact, no theory of meson production is success-
ful in accounting for the variation of the tt+/tt ratio
at momenta below 4 Bev/c (TOA).

One theory, based on plural production of mesons"
has been proposed recently by Caldirola et al. '2 The
theoretical variation of the tt+/tt ratio at sea level does
riot fit the experimental points too well below 4 Bev/c
(TOA). This theory also predicts that the tt+/p, ratio
should increase with altitude, which is distinctly at
variance with the present results.

Other models, based upon multiple-production
theories"" give distributions of the ratio which vary
with the inverse square root " ' of the meson energy.
The poor agreement between the experimental results
and these theories probably lies in the fact that they
are applicable only at su%.ciently high energies.

"G. M. Nonnemaker and J. C. Street, Phys. Rev. 82, 564
(1951).

80 J. F. Carlson and M. Schein, Phys. Rev. 59, 840 (1941).
s' W. Heitler and L. Janossy, Helv. Phys. Acta 23, 417 (1950).
's P. Caldirola et al. , Nnoyo cimento 9, 5 (1952).
83 W. Heisenberg, Nature 164, 65 (1949).
~ E. Fermi, Prog. Theoret. Phys. 5, 570 (1950).
"M. Cini and G. Wataghin, Nuovo cimento 7, 135 (1950). -

Lewis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 124
(1948).

Uri Haber-Schaim, Phys. Rev. 84, 1199 (1951.).

Puppi and Dallaporta' have attempted to construct
a phenomenological theory to describe the momentum
dependence of the ratio at sea level. They assume that
the positive excess of mesons generated by the pri-
maries is either uniformly distributed, or a slowly vary-
ing function of meson momentum. According to their
picture, the initial excess is diluted by mesons produced
throughout the atmosphere by secondary nucleons.
These secondaries consist of approximately equal num-
bers of protons and neutrons, and, as a consequence the
second generation of mesons shows no excess. Sy using
Sands"' data for the production of slow mesons as a
function of altitude and choosing 55 g/cm' as the mean
free path for inelastic collisions of the nucleonic com-
ponent, they obtain a rough 6t to the experimental
points at sea level. They conclude that better agreement
would be obtained if they considered the small excess
of neutrons in collisions after the erst; this would
diminish slightly the computed values at low energies
and bring them more into agreement with the experi-
mental ratios. Despite the good agreement at sea level,
this theory must be treated with reserve since the dilu-

tion parameter would require the positive/negative
ratio to increase with altitude or at least remain rela-

tively constant.
The preponderance of negative mesons in the region

below 2.25 Bev/c (TOA) can be attributed to the action
of the incident neutrons contained in the heavy particle
primaries. " (These neutrons constitute 25 percent of
the incident elcleoes and are predominantly of low

energy. ) It is difficult to obtain more than a qualitative
explanation of the observed momentum dependence of
the tt+/y, ratio since little is known about the relevant

cross sections and modes of interaction, even at those
values of momenta which are accessible to present day
accelerators. "
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