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The charge ratios of muons produced by the interaction of 400-GeV protons with thick
copper targets were measured and the +/ —ratios were found to be much larger than sim-
ilar ratios for muons in the secondary cosmic rays. The difference between these charge
ratios is taken to indicate that the neutron/proton ratio in the primary cosmic rays is
quite large: i.e. , of the order of 25:75.

It should be possible to derive the characteris-
tics of secondary cosmic-ray fluxes on knowing
the composition of the primary flux and the de-
tails of the hadron-hadron interactions. Con-
versely, the composition of the primary flux
might be determined through such calculations
and the results of measurements of the secondary
fluxes. In this spirit, a large number of calcula-
tions have been conducted in an attempt to deter-
mine the quantitative relation between the second-
ary cosmic-ray muon charge ratio and the pri-
mary cosmic-ray neutron-proton ratio using in-

formationn

derived from high-energy accelerator
experiments to describe the character of the had-
ron shower.

Although the calculations of the relation between
the muon charge ratios and the primary composi-
tion are reasonably straightforward, some ques-
tions concerning nuclear effects and the treat-
ment of cascades remain, and different authors
have reached different conclusions. ' ' lt then
seemed essential to investigate the problem ex-
perimentally by observing the charge ratios of
muons produced by the interaction of high-ene= gy
nucleons with a thick target simulating the inter-

action of the primary cosmic-ray nucleons with
the thick atmosphere. We describe here such a
set of measurements, conducted at Fermilab,
where we determined the charge ratio of muons
of various energies produced in a thick target by
the interaction of 400-GeV protons.

Secondary cosmic-ray muons are derived from
the decay of mesons from hadron showers. At en-
ergies such that the probability of meson decay is
smaller than the interaction probability, the char-
acter of the hadron shower would not change ap-
preciably if the atmosphere were made uniformly
denser, but the probability of meson decay would
be reduced by the ratio of densities: The muon
intensity would be reduced but the charge ratio
would be unchanged. If the real atmosphere, with
a density which varies exponentially with altitude,
were replaced by an atmosphere of constant den-
sity, the relative importance of primary to sec-
ondary hadron interactions would be somewhat re-
duced and slightly smaller charge ratios would be
observed as the charge asymmetry derived from
the secondary interactions must be smaller than
from primary interactions, inasmuch as charge-
exchange processes act to equalize initial charge
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{orT,) imbalances.
Some of the measurements reported here, which

serve the purpose of determining the muon charge
ratios derived from the interactions of protons
with a thick target, have been reported previous-
ly4' in connection with other goals, and more de-
tailed descriptions of the character of the mea-
surements may be found in those reports. In gen-
eral, measurements of the charge ratios of mu-
ons produced at different energies were made by
determining the intensities of positive and nega-
tive muons produced by the interaction of 400-
GeV protons with copper targets of different mean
densities. For technical reasons, we used copper
rather than {solid) air targets. The charge of the
muons was determined by magnetic analysis; the
muon energies were measured by determining
their range through steel and earth absorbers.
Ideally, we might have simulated the cosmic-ray
nucleon energy spectrum by varying the energy
and intensity of the protons from the accelerator.
Instead, we held the proton energy a,t 400 GeV,
measured the muon charge ratio at different val-
ues of muon energy, and trusted to scaling in the
fragmentation region to allow the necessary inter-
polations and extrapolations to deduce the cosmic-
ray results. Ideally, we might have made mea-
surements with neutron beams to determine the
charge ratios from incident neutrons. In prac-
tice, we deduced the charge ratio for incident
neutrons from the proton measurements using as-
sumptions bayed on charge independence.

For a very dense target, the intensity of muons
from meson decay is so greatly suppressed that
sources of muons which do not scale with "atmos-
pheric" density cannot be neglected. The intensi-
ty of prompt muons from vector-meson decay and
from other internal electromagnetic effects and
the intensity of Bethe-Heitler muon pairs from &'

y rays will be important for a copper target but
negligible in the atmosphere. We eliminate the
contribution from such sources by measuring the
intensity of positive and negative muons as a func-
tion of target density. The target assembly con-
sisted of three targets which could be interchanged
easily. One target consisted of a 1-m-long sec-
tion of copper; a second section consisted of a 2-
m-long region of l-in. -thick sections of copper
separated by 1 in. of free space; the third section
was made of l-in. -thick copper sections separat-
ed by two inches of space. The three targets then
presented an effective density to the photon beam
of 3, &, or 1, in terms of the density of copper.
The whole target assembly was backed by 5 m of

steel and by a 6-m steel-fiQed magnet used to de-
fine the charge of the detected muons. Since the
decay probability of the mesons is inversely pro-
portional to the target density, the muon flux from
meson decay varies inversely with the density
while the large contributions from direct proc-
esses and from Bethe-Heitler production are un-
changed. If the intensities are then plotted as a
function of inverse target density, the intensity
from meson decay is proportional to the slope of
the straight line defined by the measurements
while the intercept, at inverse density zero {or
infinite density) is a measure of the various di-
rect processes as w'ell as certain backgrounds.
The graph of Fig. 1 shows a typical measurement
and illustrates the simplicity of the data analysis.
Measurements were made of the muon charge ra-
tios at effective muon energies of 53, 105, 180,
and 230 GeV. The graph of Fig. 2 presents the
measured ratios as a function of x =E&/E~ where
the solid curve shows the interpolated values tak-
en for the analysis which related these measure-
ments to results expected from an incident proton
spectrum like the primary cosmic-ray flux.

0
0

FIG. l. The variation of intensity with respect to in-
verse target density of 180-GeV mucus produced by the
interaction of 400-GeV protons. The target is copper;
the density-1 point refers to a solid copper tax'get.
The relative intensities of the muons from meson decay
are indicated by the symbols I and I and are propor-
tional to the slopes of the lines. No corrections are re-
quired to the raw data pictures here.
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Here E(x) represented the differential muon flux
from the thick target which we could not measure
reliably. However, the calculated ratio depends
critically on the ratio E,/E, which we do mea-
sure, and less sensitively on the variation of F
with x. We then use a calculated value for E+(x)
and take E (x) =E+(x)/R (x), where R„(x) was
taken from the curve of Fig. 2. Numerical calcu-
lations of the variation of muon flux with energy
were made in a manner similar to that described
previously' using the measured meson spectrum
from lower-energy proton-copper interactions.
The calculated fluxes were fitted by the analytic
form

E,(x) =(A/x) exp(-ax),

1

0 0.2 0, 4

FIG. 2. The measured values of A~=I /I plotted
against x =E„/E& where I, represent the intensities of
positive and negative muons from the decay of the mes-
onic component of the hadronic shower initiated by the
interaction of 400-GeV protons with copper. The solid
line represents the interpolation between points used in
the calculations.

The muons from secondary cosmic rays repre-
sent muons from the decay of mesons produced
at all transverse momenta. Although our detec-
tors were placed in the forward direction, the
large multiple Coulomb scattering in the target
assembly gives the muons a mean transverse mo-
mentum of about 600 MeV and then we detect mu-
ons which represent a reasonable sample of the
total cross section rather than production at 0 .

In order to deduce the results of a muon charge
ratio measurement for the cosmic-ray energy
spectrum, we assume that the charge ratios, de-
fined as a function of x, do not depend apprecia-
bly on the proton energy and then we calculate the
muon charge ratio for an incident proton spec-
trum weighted according to our knowledge of the
primary cosmic-ray nucleon spectrum which we
describe as d&/dE~ = A E 7, where y is taken as
2.7+ 0.1 and the value of the normalization con-
stant A is not important. %'ith this formu1. ation
of the incident nucleon spectrum, the muon charge
ratio will be independent of muon energy and can
be written as R =I,/I where

with a =10+ j.. With this relation, we calculate
R =1.625+ 0.09 where the error includes our es-
timates of the uncertainties in our measurements
and the uncertainties in the parameters a and y.
This number then represents the muon +/- charge
ratio to be expected if a thick copper target with
a small average density were bombarded by pro-
tons with an energy spectrum equivalent to that
measured for the primary cosmic rays.

For a thick target of air, we should expect a
slightly larger charge ratio. If we use the exten-
sive data of Eichten et a~.' on meson production
from proton interactions with nuclei, we can es-
timate that the value of ~ -1would be increased
for air by (5+ 2)%, to give a value of 1.66+ 0.09
for R. If the muon flux were due entirely to pion
decay, the charge ratio for neutron interactions
will be just 1/R from charge independence. How-
ever, about 20% of the muon flux is derived from
the decay of charged E mesons, and since the E'
and K are not members of the same isospin mul-
tiplet, the simple argument applicable to pions
fails for K mesons. Since the cross section for
hyperon production in nucleon-nucleon interac-
tions is sizable, we can expect that the produc-
tion of the l =+1 E-meson doublet mill be appre-
ciably greater than for the Y =-1 doublet. As-
suming, conservatively, that this ratio is ~2 in
the fragmentation region and that the ratio of in-
tensities for the T, =~ and —~ states will be about
the same for the two doublets, a charge ratio of
2.0 for K-meson production by protons leads to a
value of 1.0 for production by neutrons; it is un-
likely that the ratio will be smaller than 1.0; it
may well be larger. Taking the muon charge as
asymmetry for proton interactions as 1.66~ 0.09,
we deduce a charge ratio for neutrons of 1/1.44
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= 0.695+ 0.05.
In these considerations we have made no cor-

rection for the reduced role of secondary proc-
esses in the atmosphere compared to that for a
homogeneous thick target. Such a correction is
model dependent: We believe that the correction
is small, ~ 0.04. For any model, the correction
is such that a homogeneous target must give too
small a charge ratio and then our neglect of this
factor is conservative. We have also assumed
that the mean free path for decay of the mesons
is large compared to the collision path. In the
atmosphere, this is a good approximation for mu-
on energies greater than critical energies of
about 100 GeV for muons from pions and about
500 GeV for muons from E mesons. The compar-
ison of muon charge ratios from copper with
charge ratios from the atmosphere will then be
adequate for muon energies above 500 GeV if
scaling is valid in the fragmentation region. For
muon energies between 100 and 500 GeV, the rel-
ative contribution of muons from &-meson decays
will be less for the exponential atmosphere than
for experimental targets. Since the charge ratio
for muons derived from K-meson decays is, in
general, larger than for muons from pion decays,
this effect, taken alone, would lead to a slightly
smaller charge ratio from cosmic rays than the
ratios from a solid target. The relation between
the solid-target accelerator measurements re-
ported here and the charge ratio for cosmic-ray
muons below 100 GeV is not at all straightfor-
ward, and we do not consider that our experi-
ments are relevant to that problem.

Considering here only the flux of muons over
100 GeV (and then the flux of primary nucleons
with energies in excess of 1 TeV), we use the
charge ratio of 1.66+ 0.09, derived from our mea-
surements, and the commensurate value of 1/1.44
=0.695+ 0.05 for neutrons, to find that neutrons
must make up 0.25+ 0.05 of the primary flux to

account for the measured +/- muon charge ratio
of 1.30+ 0.03.' Conversely, the muon charge ra-
tio predicted if the proportion of neutrons in the
primary flux were 0.11, as found at much lower
energies, ' would be 1.50+ 0.08, in poor agree-
ment with the measured values but in good agree-
ment with the value of 1.53 which we calculated
previously' from the known hadron inclusive spec-
tra and conservative estimates of nuclear effects,
and in good agreement with the value of 1.45 de-
rived similarly by Hoffman. ' The conclusion dis-
cussed previously, "that the flux of heavy nuclei
in primary cosmic rays at energies in excess of
1 TeV/nucleon is much larger than that observed
at lower energies, is then supported by these
measurements.
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