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Pion-to-proton ratio for unaccompanied high-energy cosmic-ray hadrons
at mountain altitude using transition-radiation detector
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A transition-radiation (TR) detector, consisting of 24 modules of styrofoam radiators and
multiwire proportional chambers, and an ionization calorimeter have been used to measure
the pion-to-proton ratio among the unaccompanied cosmic-ray hadrons at a mountain alti-

tude of 730 g cm . Using the characteristics of the TR detector obtained from calibrations
with particle beams at accelerators, the m/p ratio has been determined for cosmic-ray had-

rons as m/p =0.96+0.15 for hadron energy = 400—800 GeV, and m/p =0.45+0.25 for en-

ergy & 800 GeV. Monte Carlo simulations of hadron cascades in the atmosphere using the

approximate criterion of unaccompaniment suggest that the observed m-/p ratio as well as
the previously reported neutral-to-charge ratio can be understood by assuming a value of
about —, for the charge exchange in nucleon —air-nucleus inelastic interactions at energies

above 400 GeV.

I. INTRODUCTION

Measurements of the composition of high-energy
cosmic-ray hadron beams at various levels in the at-
mosphere provide important information about
characteristics of high-energy hadron interactions
and primary cosmic rays. These measurements are
also needed for proper interpretation of experiments
carried out at mountain altitude or sea level for
study of hadron interactions. Evidence' for increase
of proton —air-nucleus interaction cross section with
energy and thus the variation of the proton-proton
cross section with energy was obtained from the
measurements of the unaccompanied hadron fiux at
various altitudes in the atmosphere as well as from
the study of cosmic rays in the atmosphere. This re-
quired a knowledge of the pion-to-proton ratio for
the hadrons. Similarly a knowledge of the pion-to-
proton ratio is also required for interpretation of ex-
periments ' studying the variation of proton —iron-
nucleus interaction cross sections at high energies.
Since accelerator experiments cannot provide infor-
mation on the pion-interaction cross section for
various nuclei at high energies in the near future, a
measurement of the pion content of the hadron
beam is necessary for determining the pion-
interaction cross section ' at high energies. Many
workers have used an indirect approach for deter-
mining the pion-to-proton ratio. In this method '

the neutral-to-charged ratio for the hadrons has
been used to estimate the pion-to-proton ratio after
assuming a value for the ratio of neutrons to protons
in the hadron beam. However this latter ratio is
rather uncertain due to the lack of knowledge of
charge-exchange cross sections at high energies. A
direct determination of the trip ratio at low energies
((100 GeV) has been carried out using magnet
spectrometers ' or Cherenkov counters. ' The rela-
tivistic increase in ionization for pions relative to
protons for energies above 100 GeV has also been
used for measuring" ' the trip ratio. However, all

these methods become insensitive for distinguishing
between pions and protons for energies & 300 GeV.
For higher energies, detection of transition radia-

tion, which is emitted by a superrelativistic particle
crossing an interface between media with different
dielectric properties and which depends sensitively
on the Lorentz factor of the particle, is possibly the
only method currently available for distinguishing
between pions and protons.

We present here the details of an experiment car-
ried out at the Sacramento Ridge Cosmic Ray Labo-
ratory, Sunspot (2900-m altitude, 730 gem ), New
Mexico, during 1973—1976 using a transition-
radiation detector (TRD) for determining the pion-
to-proton ratio for unaccompanied hadrons of ener-

gy above 400 GeV. Preliminary results from this
experiment have been reported earlier. ' ' Since
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II. EXPERIMENTAL SYSTEM

The apparatus used in the experiment is shown in
Fig. 1. It consists basically of a calorimeter, which
is used to select the hadron and measure its energy,
and a transition-radiation detector which is used to
measure the transition radiation emitted by the had-
ron in the radiator modules.
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FIG. 1. A schematic diagram of the experimental sys-

tem.

this was the first cosmic-ray experiment attempting
to use transition-radiation phenomenon to distin-
guish between hadrons, the design of the TRD is
discussed in some detail in Sec. II along with a brief
description of other elements of the experimental
system. The expected response of the TRD for
cosmic-ray hadrons obtained from Monte Carlo
simulations using the response measured in accelera-
tor experiments is discussed in Sec. III. The experi-
mental results obtained from a comparison of obser-
vations with expectations are presented in Sec. IV.
Results on the pion-to-proton ratio obtained in this
experiment are discussed and compared with results
from other experiments and calculations in Sec. V.
Conclusions derived from this experimental study of
composition of unaccompanied hadron flux at
mountain altitude are presented in the last section.

A. Calorimeter

The calorimeter of area 2.29&(2.13 m had seven
layers of iron absorber. All layers were 120 gem
thick except the second (100 gcm ) and seventh
(240 gem ). Under each layer of iron were placed
two liquid-scintillator tanks side by side, each with
an active area of 2 m)& 1 m and depth of 7.4 cm (6.5
gem ) in the center. The scintillator in each tank
was viewed by a total of six photomultipliers (RCA
6655A}, three on each of the short sides. Vertically
the total absorber thickness was thus 940 gem of
iron and 45 gcm of liquid scintillator (mineral
oil}. Two plastic scintillators ( T&z and T& ~) each of
area 1.83&(0.91 m and thickness 1.28 cm were
placed just above the top iron layer of the calorime-
ter. Each of these two scintillators is viewed by two
photomultipliers (Philips 56 AVP) through Plexiglas
light guides placed at either end. In order to make
an unambiguous identification of unaccompanied
hadrons from hadrons associated with electrons,
muons, or low-energy hadrons (charged and neutral),
a set of wide-gap chambers (1.83X1.83 m area,
12.7 cm gap width} was placed in the calorimeter.
The beam spark chamber (SCB) having a double

gap, helped in the selection of hadrons unaccom-
panied by any charged particle over the area of this
chamber. Three spark chambers SC1, SC2, and SC3
located at depths of 120, 340, and 700 gcm
respectively, in the calorimeter, helped in rejection
of hadrons associated with neutral particles (had-
rons) and particles entering from sides of the
calorimeter. This set of spark chambers also per-
mitted an accurate (58-1') determination of the
hadron trajectory in space. Incident charged had-
rons are selected by requiring a coincidence between
a pulse due to a single particle in T~ (T,z or T, ~)
and the energy-sum pulse above a preset threshold
(100 or 300 GeV} from the calorimeter. The
energy-sum pulse (CAL) is obtained by linearly add-
ing the pulses from all the sampling layers of the
calorimeter. For each observed hadron event the
signal measured for each of the calorimeter tanks is
converted to an equivalent number (n&) of particles
using the calibration obtained with near vertical
muons traversing the calorimeter. The conversion '

of the sum N ( g' n&) of the signal from all the
tanks to hadron energy has been carried out using
results obtained from Monte Carlo calculations and.
accelerator calibrations' of similar calorimeters.
Calculations' incorporating the effects due to un-
sampled energy loss and leakage of energy show that
the hadron energy E can be related to N through the
simple relation E (GeV)=0.29N' . The energy
resolution is expected' ' to improve with increas-
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ing hadron energy from about 18% at 100 GeV to
about 15% at 1000 GeV.

B. Transition-radiation detector

The phenomenon of transition radiation, first
predicted by Ginzburg and Frank has been stud-
ied2' extensively both experimentally and theoreti-
cally and has been used for identification of particles
in accelerator experiments. Basically, transition
radiation is emitted when a charged particle
traverses the interface between media of different
dielectric properties as the Coulomb field of the par-
ticle has to readjust itself. For very high energy
(larger Lorentz factor y) the radiation appears most-

ly in the higher frequencies (x rays} and propagates
close to the direction of the radiating particle within
a narrow cone of angle 8-y '. The energy radiated
per unit solid angle per unit frequency interval can
then be approximated as

'2dS' a 8 8

y
—2+g2+( 2

y
—2+g2+g 2

be comparable to the signal expected from the parti-
cle itself requiring the use of a large number of foils
to produce TR and thin detectors to minimize signal
from ionization. Also the detector area has to be
large (for example, 1 m in the present experiment)
in a cosmic-ray experiment to observe a statistically
significant number of high-energy hadrons, which
places limitations on the type of TR radiator (foils
of various materials, styrofoam, etc.) that can be
used in the experiment.

For a TR radiator with a large number of foils the
self-absorption of the TR within the foil stack be-
comes an important consideration in the design
apart from the interference effects expected for radi-
ation emitted at different points in the foil stack.
For example, the expected TR yield for a stack of
100 mylar foils (12.5 pm thick each) separated by
vacuum gaps (1250 pm thick} is shown in Fig. 2.
Note that the interference effects at low energies in a
single foil have been suppressed by absorption in the
foils. The peak of the TR distribution for particles
with y of 2900 shown in Fig. 2 is at about 10 keV
with a significant fraction of radiation at energies
above 10 keV. Another important consideration for
a good design for a TRD is the type of x-ray detec-

where co is the radiated frequency, co& is the plasma
frequency of the medium, and a is the fine-structure
constant. For a thin foil in a medium, transition ra-
diation (TR) is emitted at both interfaces of the foil
with the medium. Since there can be destructive in-

terference between radiation emitted at the two in-

terfaces, the foil thickness should be larger than a
characteristic thickness, called formation zone tf,
which depends on the frequency of the radiation and
the energy of the particle as
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For a simple case of single interface the total energy
radiated can be obtained as E,= —,+cozy. This linear

dependence of TR yield on y is the characteristic
which has made TR so very attractive for use in ex-
periments at high energies. However, the energy ra-
diated is very small and it is necessary to use a large
number of interfaces to generate a detectable signal.
It is important to note that the design considerations
for a TRD for use in a cosmic-ray experiment are
very different than in an accelerator experiment be-

cause the TR energy has to be measured in any
detector in the presence of the signal due to the in-
cident hadron in the former case while the hadron
can be bent away from the detector in case of the
latter. Therefore, the TR yield necessary for a
meaningful use in a cosmic-ray experiment has to
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FIG. 2. Expected energy spectrum of transition radia-

tion after a radiator consisting of 100 mylar foils in vacu-

um due to a charged particle with a Lorentz factor of
2900. Foils of thickness 12.5 pm are assumed to be
separated by 1250 pm.
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filled proportional chamber.
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FIG. 4. A scatter plot of the expected signals from a
transition-radiation detector having 20 radiator-detector
modules, and the energy detected in the calorimeter
placed under the TRl3 for incident pions and protons.

tor to be used. Since solid-state detectors and also
inorganic scintillators (for example, NaI) are pro-
hibitively expensive for the large area required in a
cosmic-ray experiment, a natural choice is the gas
proportional chamber. The thickness of the
chamber is an important parameter due to the op-
posing requirements of a large absorption probabili-

ty for a TR photon and a smaller ionization
(dE/dx) due to the hadron traversing the chamber.

Monte Carlo simulations' were carried out for
various possible configurations for the radiator as
well as the detector, to optimize the design of the
TRD for separation of pions and protons of energies
above 300 GeV. The number and thickness of my-
lar foils in the radiator stack, the thickness of the
proportional chamber, and the number of radiator-
detector modules were varied to find the optimal
design. For this purpose it was assumed that the
pions and protons are in equal proportion in the
beam of unaccompanied hadrons detected by the
calorimeter and the energy resolution of the calorim-
eter was included in the simulation. The energy
resolution of the proportional chamber for x-ray
photons of various energies, including the effects
due to escape of fluorescent photons sometimes, was
taken into consideration in the calculations. The
ionization energy loss in the proportional chamber
due to the hadron was picked from distributions ob-
tained from accelerator experiments for high-energy
protons which give values in agreement with calcu-
lations of Sternheimer and Peierls~3 for most prob-
able and average energy loss. The distributions of
expected signals from a 10 module stack, each
module consisting of 100 mylar foils (12.5 pm thick)
as a radiator and a 5.1-cm-thick argon-rnethane-
filled proportional chamber as a detector, for

monoenergetic protons and pions of 600 GeV are
shown in Fig. 3. It is seen that such a TRD can
identify pions and protons efficiently. However, in
practice, unaccompanied cosmic-ray hadrons have a
steep energy spectrum at the mountain altitude with
a power-law spectral exponent ——3.0 and the ener-

gy resolution of the hadron calorimeter is about
15%. This leads to a wider overlap than shown in
Fig. 3. A scatter plot of the expected signal from a
TRD having 20 modules, of similar type as dis-
cussed above, against the energy of the hadron mea-
sured by the calorimeter is shown in Fig. 4. For ob-
taining this plot the energy of the hadron was
picked from a E dE spectrum and the hadron was
assigned to be a pion or a proton with equal proba-
bility. It is seen from this figure that the observed
signal for pions is considerably larger than for pro-
tons. Such scatter plots were obtained from the
simulations for various configurations of the TRD.
Based on this study a design for the detector consist-
ing of 24 modules was adopted for the experiment.
Simulations showed that a module consisting of 100
mylar foils of thickness 12.5 pm with interfoil
separation of 1250 pm followed by a 5.1-cm-thick
argon-methane-foil multiwire proportional chamber
offered an acceptable compromise between factors
such as radiation probability, self-absorption in the
radiator, x-ray absorption in the detector, dE/dx in
the detector due to hadrons, etc. A schematic dia-
gram of the TRD as used in the experiment is
shown in Fig. 5. It is to be noted that though the
simulations were carried out for mylar foils, Dow
styrofoam FR was used as the radiator in the actual
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FIG. 5. A schematic diagram of the transition-
radiation detector used in the experiment, located above
the double-gap beam spark chamber used for identifica-
tion of unaccompanied hadrons. Dow styrofoam FR was
used as the TR radiator.

experiment. This change was necessary for practical
considerations, because stretching a very large num-
ber of foils over an area of 1 m and holding such a
structure steady for a long period of time (-3 yr)
without distortions presented a formidable problem.
Calibrations carried out at CERN and BNL ac-
celerators with electron beams for the Dow styro-
foam FR, discussed in some detail in the next sec-
tion, have shown that a 13.75-cm-thick foam piece
is equivalent to 120 mylar foils in radiative power
for transition radiation (including self-absorption).
As shown in Fig. 5, the 13.75-cm-thick foam piece
was composed of three pieces, two with 4.5-cm
thickness and the third with 4.75-cm thickness. The
thinner pieces also served another important func-
tion. Since the cathode planes of the multiwire pro-
portional chambers (MWPC's 1—24) were made of
thin 25-IMm-thick aluminized mylar foil which
bulged outwards due to gas pressure inside, the foam
pieces were rigidly clamped on either side of the
chambers to minimize the bulge. Proportional
chambers, 1 m in area and 5.1 cm thick had 39
anode wires each. These wires, 50-pm diameter
stainless steel, were joined together on a printed cir-
cuit board outside the chamber. An argon-methane
gas mixture (P-10) was flown continuously through
the chambers at a slow rate. Gas consumption was
kept at a reduced level by connecting six chambers
in series which did not produce any undesirable ef-
fect on the gains of chambers. Typically the gas

fiow rate was 60 ml/min through a set of six
chambers. A long tube (-20 m) connected at the
gas output of the last chamber for blowing out the
gas into the atmosphere prevented sudden changes
in the gas pressure in chambers due to frequent and
sudden changes in the atmospheric pressure.

A charge-sensitive preamplifier was used for each
chamber and its output was digitized using
the LeCroy charge-integrating analog-to-digital con-
verters (ADC's) (LRS 2248). The gate to the ADC's
generated by the coincidence (T&.CAL) was delayed
by 500 ns after the pulse maximum. This was
necessary to avoid the effects due to the fluctuations
in the rise time of the pulse caused by the position
and angle of the track of charged particles relative
to anode wires. The entire TRD was located inside
a rf shield box made of aluminum sheets to mini-
mize the rf noise on the wires and electronics of pro-
portional chambers. However windows on the top
and bottom of the rf box permitted the hadrons to
enter and leave the stack without interaction in the
aluminum sheets. These windows were covered with
thin aluminized mylar foils. Further the rf noise
due to spark chambers located in the calorimeter
was prevented from interfering with data by delay-
ing the trigger to the spark chambers by 1.1 ps rela-
tive to the arrival time of the hadron. Extensive
tests were carried out to confirm the absence of ef-
fects due to spark-chamber noise on the data on
pulse amplitudes for various detectors.

III. TRANSITION-RADIATION-DETECTOR
CALIBRATION

As discussed in Sec. II, use of styrofoam as the
radiator for transition radiation in the present exper-
iment was dictated by practical considerations of
difficulties in making large-area stacks of mylar
foils. While the radiative power of mylar foils has
been measured in experiments, no comparable data
were available for this particular type of styrofoam.
It was felt necessary to obtain a quantitative esti-
mate of the radiative power for Dow styrofoam FR
to be able to compute the expected TR signal for
comparison with observed signal for high-energy
hadrons in the present experiment. The TR yield
from a 4-cm-thick piece of Dow styrofoam FR has
been measured by Fabjan in an electron beam of
energy 1.3 GeV (y-2650) at CERN using a solid-
state detector for measurement of energy of TR
photons. Since the electron beam was bent away be-
fore the detector, the experiment has measured the
TR yield directly without contamination due to
dE/dx of the particle. This distribution of detected
TR energy is shown in Fig. 6. In order to find the
equivalent configuration for mylar foils which
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only three modules, but otherwise identical to the
full-size detector used in the cosmic-ray experiment,
was constructed. This small TRD was exposed to
electrons of various energies (1, 1.8, and 2.8 GeV)
available as test beams at the Brookhaven Alter-
nating Gradient Synchrotron (AGS). The
(TR+ dE/dx ) yield was measured for these electron
energies for various thicknesses of styrofoam radia-
tor between proportional chambers. A high-
statistics measurement of the dE/dx distribution for
pions with y=13 was also made. A comparison of
the calculated (TR+dE/dx) yield using radiative
power measured in the CERN experiment with these
measurements at BNL showed a very good agree-
ment (better than 10%), thus confirming the accura-
cy of calculations for prediction of TR yield for
high-energy hadrons in the cosmic-ray experiment.

FIG. 6. A comparison of the expected distribution of
TR signals from a 3S-mylar-foil radiator for electrons of
energy 1.3 GeV, with the observed distribution for a 4-cm
thick styrofoam radiator. Electrons were bent away from
the solid-state x-ray detector used for measuring the TR
signal.

would give a similar distribution of detected TR en-

ergy, calculations were carried out for various con-
figurations for mylar foils and the expected distribu-
tion was compared with experiments. Figure 6
shows such a comparison for the expected distribu-
tion from a 35-foil (12.5 pm thick) stack. The inter-
foil separation in the stack was assumed to be 7SO

pm in this configuration of mylar foils, but the cal-
culations also showed that the interfoil separation is
not a sensitive parameter for the total yield, provid-
ed it is much larger than the formation zone in the
interfoil medium. For obtaining the configuration
which gave a good fit to the observed distribution X
was computed for each expected distribution. These
calculations showed that a 4-cm Dow styrofoam FR
radiator is equivalent to a stack of 35 mylar foils
(each 12.5 pm thick) in terms of TR yield and its
distribution.

The calibration described above gave the distribu-
tion of TR energy for the styrofoam. But the yield
measured in the present experiment also depends on
the detected probability for x-ray photons in propor-
tional chambers. This probability is a function of
the energy of photons. Also the fluctuations in the
ionization (dE/dx) due to the particle itself play a
significant role in determination of TR energy.
Therefore, in order to calibrate the complete system,
a sinall-size (30 cmX30 cm) TR detector having

IV. EXPERIMENTAL RESULTS

The determination of the pion-to-proton ratio for
high-energy cosmic-ray hadrons using a transition-
radiation detector depends crucially on the relative
amount of energy deposited in proportional
chambers due to ionization (dE/dx) and TR pho-
tons. Large fluctuations in dE/dx in a single
chamber for individual hadrons make it almost im-
possible to distinguish between dE/dx and the ener-

gy deposited by TR photons on an event-by-event
basis. However the distribution of detected energy
does show the contribution due to TR photons for
particles with Lorentz factors large enough to pro-
duce detectable TR x rays. In Fig. 7(a) is shown the
distribution of energy deposited in a single propor-
tional chamber of the TRD by near-vertical
cosmic-ray muons of average energy E~ -4.5 GeV.
Figure 7(b) shows a similar distribution for pions of
energy 1.8 GeV observed during calibration runs
with the AGS test beam at Brookhaven. These dis-
tributions, as expected, are very similar to each other
and represent ionization energy loss only. For com-
parison, the distribution for monoenergetic photons
of energy 5.9 keV from a 5Fe source is also shown
in Fig. 7(a). The distribution of the energy deposit
in a chamber by cosmic-ray unaccompanied hadrons
of average energy EI, -120 GeV is shown in Fig.
7(c). It is seen that this distribution is slightly wider
and has a long tail compared to the distributions for
low-energy muons and pions shown in Figs. 7(a) and
7(b). While protons of such low energies would not
emit practically any TR photons, there is expected
to be a small signal due to pions. This contribution
due to TR photons emitted by high-energy pions is
very clearly seen in the distribution shown in Fig.
7(d) for high-energy hadrons with average energy
E~ -600 Gev.



27 PION-TO-PROTON RATIO FOR UNACCOMPANIED HIGH-. . . 2047

IOOO g I, (
- (o)

55
BOO Fe x toys

—- MUONS

600 —' E+- 4.5 GeV
I

I

I I

~ 400—
LLJ

I

IQ - I

I
\

~ 200 —
Iz

O~~i ~i t & I i I

0 IO 20 30 40 50
SIGNAL FROM CHAMBER (keV)

IOO

-(b)

80— BNL- PIONS

E ~ 1.8 GeV

20—

0 I WI ni I i I

0 IO 20 30 40 50
SIGNAL FROM CHAMBER (keV)

IOO
(a)

60—
O

40—
Kl
X
X

.. (b)
MUONS

E„-4.5 GeV

N~& 20

HADRONS

E & 400 GeV

N 8

20—

I a%i n I i I a I i I s I I

0 IO 20 50 40 0 IO 20 50 40 50
AVERAGE SIGNAL FROM CHAMBER (keV)

250 '
I

(c)
200—

IJJ

Iso—

I
I

I I I
I

I

HADRONS

E-120 GeV

1004J
m

zD

0 IO 20 30 40 50
SIGNAL FROM CHAMBER (keV)

IOOO

(d)
800—z
600—

O
400—

uJ
m

200—

SIGNAL

I
I

I I I I I

HADRONS

E-600 GeV

20 30 40 50
FROM CHAMBER (keV)

FIG. 8. Observed distributions of the average signals
per chamber from multiwire proportional chambers for
(a) cosmic-ray muons of average energy 4.5 GeV travers-
ing a string of & 20 chambers, and (b) cosmic-ray hadrons
of energy & 400 GeV traversing a string of & 8 chambers.

FIG. 7. Observed distributions of signals from a 5.1-
cm-thick argon-methane-filled multiwire proportional
chamber for traversal due to (a) cosmic-ray muons of
average energy of 4.5 GeV, (b) pions of energy 1.8 GeV,
(c) cosmic-ray hadrons of average energy of 120 GeV, and
(d) cosmic-ray hadrons of average energy of 600 GeV.
For comparison the distribution observed due to monoen-
ergetic 5.9-keV x rays is also shown in (a).

The contribution of TR photons to the energy
deposit observed in proportional chambers can be
seen more clearly if the fluctuations in the ioniza-
tion energy deposited by the charged particle can be
reduced by summing the signals from many
chambers through which the particle traversed. Fig-
ure 8(a) shows the distribution of the average energy
deposit per chamber for muons which traversed a
string of 20 consecutive proportional chambers of
the TRD. Note the reduction in the number of
events with signal larger than about 15 keV. Figure
8(b) shows the distribution of the average energy
deposit per chamber for high-energy (E~ & 400 GeV)
hadrons traversing eight or more chambers. It is to
be noted that the average energy loss per chamber
for high-energy hadrons [Fig. 8(b)] is 16.1 keV
which is about 1.7 times larger than the value of 9.3
keV for muons [Fig. 8(a)]. For comparison, the
average energy loss per chamber for low-energy had-
rons with EI, —120 GeV is 12.9 keV. While the dis-
tribution shown in Fig. 8(b) for high-energy hadrons
is broader than for muons, it does not show any
double-peak structure which might be ideally ex-
pected for a mixed beam of pions and protons.
However, the observed increase in the average ener-

gy deposit per chamber and the width of the distri-
bution clearly suggest the presence of a significant
number of pions among the observed hadrons. In
order to obtain a quantitative estimate of the m/p
ratio among observed hadrons it is necessary to
compare the expected distribution of signals from
the TRD, for various values of this ratio, with the
observed distribution. Since the distributions for
dE/dx as well as TR for particles of various ener-
gies have been obtained from accelerator calibra-
tions, as discussed in Sec. III, for the type of radia-
tor and detector used in the present experiment, it is
relatively straightforward to simulate the response
of the TRD for pions and protons of various ener-
gies using Monte Carlo techniques. These simula-
tions have taken into consideration the "string-
length" distribution since most of the observed had-
rons did not traverse all the proportional chambers
of the TRD. This was done by simulating the
response from n chambers for incident protons as
well as pions corresponding to each event observed
to give a signal in a string of n chambers.

A. Single-chamber signal distributions

The expected signal distributions for individual
chambers traversed by monoenergetic hadrons are
shown in Fig. 9 for three values of Lorentz factors
showing the presence of TR energy and its increase
with increasing Lorentz factor. The distributions of
signal expected in a single proportional chamber of
the TRD due to pions and protons of energy -400
GeV (energy spectrum -E dE) are compared'
with the observed distribution in Fig. 10(a). This
comparison shows that the unaccompanied hadron
beam is neither a pure proton nor a pure pion beam.
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FIG. 9. Expected distribution of signals from mul-

tiwire proportional chambers of the TRD used in the ex-
periment for three different values of the Lorentz factors
for the particles.

In order to determine the m/p ratio, the distributions
expected for various values of the n/p ratio were
computed using the distributions shown in Fig. 10(a)
and compared with the observed distribution. Only
events giving a signal in ten or more chambers were
used for this analysis. The expected distribution for
a value of 0.6 for the n/p ratio is. shown in Fig.
10(b) along with observations. However this
analysis does not use the information from the com-
plete stack of detectors for individual events and is
therefore not very sensitive to the m /p ratio.

B. Average chamber signal distribution

The average signal from a string of proportional
chambers traversed by a high-energy hadron is ex-
pected to have a better sensitivity to the m. /p ratio
since the effects due to large fluctuations in dE/dx
in individual chambers are reduced when the aver-
age is taken over ten or more chambers. The distri-
butions of average signal expected for pions and pro-
tons traversing a string of ten or more chambers are
compared with observations in Figs. 11(a) and 11(b),
respectively. The distribution expected for a value
of 0.6 for the n/p ratio is compared with the ob-
served distribution in Fig. 11(c). It may be noted
that the distributions shown in Figs. 11(a)—11(c)
have not taken into account the contribution due to
the cosmic-ray background discussed later. The
average signals expected for pions and protons [Figs.
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FIG. 11. A comparison of the observed distribution of
the average signal from a string of ten or more multiwire
proportional chambers of the TRD with the expected dis-
tribution for (a) pions, (b) protons, and (c) a mixed beam
of pions and protons in the ratio (m. /p) of 0.6. The ob-
served distribution in (a) and (b) has been scaled up to nor-
malize with the number of simulated events.
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FIG. 10. A comparison of the observed distribution of
the signal from a multiwire proportional chamber of the
TRD, with the expected distributions for a cosmic-ray
hadron beam with energy )400 GeV consisting of (a) ei-
ther only pions or only protons, and (b) a mixture of pions
and protons in the ratio (m/p) of 0.6.
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11(a) and 11(b)] are 16.3 and 12.1 keV, respectively.
These values increase to 17.0 and 12.9 keV, respec-
tively, when the contribution due to cosmic-ray
background is also considered. For comparison, the
experimentally measured value for the average sig-
nal is 15.0 keV.

C. Normalized-likelihood-ratio distribution

The methods discussed above for obtaining a
value of the m/p ratio, have not used the informa-
tion on correlations between signals measured in dif-
ferent proportional chambers in individual events.
While the fluctuations in dE/dx are nearly indepen-
dent for various chambers, there are expected to be
correlations between signals from various chambers
due to detection of TR photons emitted by high-
energy hadrons. In order to utilize the information
from all chambers in individual events, probabilities

P~(x; ) and P&(x; ) for observing a signal x;, for each
chamber (i =k, t ) in the string of chambers
traversed by the high-energy hadron, are computed
assuming the incident hadron to be a pion and a
proton, respectively. The Lorentz factor y needed
for this computation was obtained from the energy
measured by the calorimeter. Then the "normal-
ized" likelihood ratio for a detected hadron to be a
pion can be computed as

FIG. 12. A comparison of the observed distribution of
the likelihood ratio R (see text for definition) for hadrons
of energy 400—800 GeV, with the expected distributions
for (a) pions, (b) protons, and (c) a mixed beam of pions
and protons in the ratio (m. /p) of 0.96. The expected dis-
tributions with and without inclusion of the signal due to
cosmic-ray background (CRB) (5 rays, shower particles,
backscattered particles, etc.) are shown separately in each
figure.
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FIG. 13. A comparison of the observed distribution of
the likelihood ratio R for hadrons of energy & 800 GeV
with the expected distribution for a mixed beam of pions
and protons in the ratio (m/p) of 0.45.

1

R=gg(x)

The expected distribution of the ratio R for pions of
energies between 400 and 800 GeV (E~ —520 GeV),
with the same traversal configurations as observed
hadrons, is shown in Fig. 12(a). A similar distribu-
tion expected for protons is shown in Fig. 12(b).
The distribution of the ratio R for observed hadrons
is shown in Fig. 12(c). Various values of the m. /p ra-
tio were tried to find a good fit between the expected
and observed distributions. The best fit was ob-
tained for the value 0.96+0.15 for the n /p ratio for
hadrons of energy 400—800 GeV. The distribution
expected for the likelihood ratio R for this value of
the m/p ratio is shown for comparison in Fig. 12(c).
A separate but similar analysis was carried out for
hadrons of energies &800 GeV (E~-1300 GeV)
and it was found that a value 0.45+0.25 for the n. /p
ratio gave the best fit between the expected and the
observed distributions of the likelihood ratio R (Fig.
13). For all hadrons of energy above 400 GeV, a
~/p ratio of 0.83+0.14 gave the best fit to the ob-
served distribution. Each of the Figs. 11(a)—11(c)
show the expected distributions, with and without
inclusion of the contribution due to the cosmic-ray
background (discussed later). The vr/p ratio deter-
mined without including the effects of the back-
ground is expected to be larger since the background
signal simulates the TR signal expected only for
pions. It has been seen that the m. /p ratio deter-
mined from the minimum-X fit to the observed R
distribution is lower by about 20% when the contri-
bution due to the background is included in the ex-
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FIG. 14. A distribution of the observed signals in the
multiwire proportional chambers missed by the incident
hadrons.

pected distribution. For the same value of the n/p
ratio the P is lower by almost a factor of 2 (2.54
versus 5.82) for the expected distribution which in-
cludes the contribution due to the cosmic-ray back-
ground.

The analysis of experimental data to obtain the
m/p ratio, discussed above has taken into considera-
tion some of the effects expected due to interactions
of particles in the TRD, e.g., production of energetic
knock-on electrons in the radiator material. These
effects are included in the distribution of signals ob-
served during accelerator calibrations of the TRD
modules which have been used to compute the ex-
pected signals for high-energy hadrons. However,
there are processes which are specifically relevant
for the cosmic-ray experiment and which may have
infiuence on the measurements of the m/p ratio.
The background effects are (i) signals due to accom-
panied charged particles which escaped detection by
the beam spark chambers due to their inclined tra-
jectories, and (ii) signals in the proportional
chambers due to particles emitted upwards from
hadronic and electromagnetic interactions in the
calorimeter. The first effect was studied experimen-
tally by looking at the distribution of signals from
proportional chambers for high-energy hadrons
(E~ &400 GeV) which did not traverse the TRD.
This distribution, shown in Fig. 14, is rather similar

to that expected due to minimum ionizing particles.
These observations show that the probability of a
signal in a chamber due to a particle other than the
incident hadron, for events classified as an unac-
companied charged hadron on the basis of data
from the spark chambers, is about 8%. This addi-
tional energy loss in the TRD modules has been tak-
en into consideration while computing the expected
signals in the proportional chambers for comparison
with observations discussed earlier. It has been ob-
served that this background signal due to accom-
panied particles does not depend sensitively on the
hadron energy. The probability for observing a sig-
nal in a chamber due to a particle other than the in-
cident hadron, is about 6% for low-energy hadrons
(E~ —100 GeV) compared to about 8% for high-
energy hadrons (E~ &400 GeV). The signal distri-
bution is very similar at all energies. The effect of
backscattered particles on the estimate of the n./p
ratio has been studied by selecting events which
showed tracks due to such particles in the beam
spark chamber. It was noticed that for such events,
the signals from only one or two bottommost pro-
portional chambers, which are nearest to the
calorimeter, were larger showing the contribution
from these particles. Therefore, events with visible
backscattered particle tracks in beam spark
chambers were included in the data analysis for ob-
taining the m/p ratio after rejecting signals from
three MWPC's closest to the calorimeter. It may be
noted that neutral backscattered particles or pho-
tons, undetected in the beam spark chamber, are ex-
perimentally undistinguishable from accompanied
particles which contribute to the signal shown in
Fig. 14. Their contribution to the observed signals
is therefore included in the expected signals as men-
tioned above.

It is expected that the larger TR signal would be
detected for pions traversing a larger number of
TRD modules. Therefore, better discrimination be-
tween pions and protons could be expected for had-
rons traversing the entire or almost entire TRD. In
terms of the normalized likelihood ratio R, a hadron
yielding a value less than 0.1 for R is most likely a
proton, and a hadron with a value larger than 0.9
for R is most likely a pion. Events with relatively
larger fluctuations give a value of R between 0.1 and
0.9. For hadrons traversing a larger number of
TRD modules the effects of fluctuations are reduced
and a larger number of hadrons can be expected to
have values of R either less than 0.1 or larger than
0.9. This expected behavior is clearly seen in Fig.
1S, where the variation of the fractional number of
hadrons with values of R in the range 0.1—0.9 is
plotted as a function of the number of TRD
modules used for computation of the value of R.
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However events with number of triggered TRD
modules larger than 20 constitute a relatively small
fraction of the total number of hadrons detected in
the experiment. It has been seen from the present
analysis that the estimated n/p ratio ob.tained using
the normalized-likelihood-ratio method, is indepen-
dent (within errors) of the number of TRD modules
for events which have traversed six or more
modules. For this reason, the results quoted here
[Fig. 12(c)] refer to all events which have traversed
ten or more TRD modules.

V. DISCUSSION

The pion-to-proton ratio for unaccomp" nied had-
rons has been measured at mountain altitudes and
sea level using a variety of techniques. Conventional
techniques, for example, magnet spectrometers,
Cherenkov counters, and ionization measurements,
have been used for lower-energy hadrons. These
techniques lose their sensitivity for distinguishing
between pions and protons for hadrons of higher en-

ergy (E& )300 GeV). Transition-radiation measure-
ment offers a possible method to distinguish be-
tween pions and protons for higher energies and has
been used in the present experiment and also by
Avakyan et al. 5 All the measurements of n/p ratio
at mountain altitudes are summarized in Table I. It
is seen from this table that the measured n. /p ratio
for most of the experiments is less than unity. The
measurements at higher energies using TRD's are
consistent with each other and suggest a decrease in
m/p ratio with increasing hadron energy. It is in-
teresting to note that these two experiments have
also reported ' their measurements of neutral-to-
charged ratio for high-energy unaccompanied had-
rons which agree well with each other. These mea-
surements of neutral-to-charged ratio show this ratio
to be independent of energy in the energy range
-100—2000 GeV and to have a value of 0.4.

It is of interest to compare these measurements
with the expected ratio of pions and protons in this
energy range. The measured flux of unaccom-
panied charged hadrons is much larger than the ex-
pected flux of surviving protons at energies —1000
GeV suggesting that many of the primary protons
have suffered interactions in the atmosphere. A
large n/p ratio as measured in the present experi-
ment and a large neutral-to-charged (N/C) ratio
measured with basically the same detector system,
both indicate the presence of many secondary parti-

TABLE I. Pion-to-proton ratio among unaccompanied hadrons at mountain altitude.

Experiment

Lal et al. (Ref. 10)
Denisova et al. (Ref. 11)
Bashindjhagyan et al. (Ref. 12)
Anoshin et al. (Ref. 13)
Vardumyan et al. (Ref. 9)
Avakyan et al. (Ref. S)

Ellsworth et al.
(present experiment)

Altitude

(gem )

800
700
700
700
800
700

730

Hadron energy
(GeV)

20—40
& 100
& 300
& 100

34—320
300—500
500—1000
1000—2000
400—800
800—2000

Technique

Air Cherenkov counter
Ionization measurement
Ionization measurement
Ionization measurement
Magnet spectrometer
Transition radiation

Transition radiation

m/p ratio

0.51+0.09
0.56+0.16
0.75 +0.25
1.5 +0.5
1.4 +0.25
1.34+0.4
0.81+0.18
0.53+0.24
0.96+0.15
0.45+0.25
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cles among the observed unaccompanied hadrons.
Therefore it is necessary to simulate in detail the
hadronic cascade in the atmosphere to obtain the ex-
pected m /p and N/C ratios for unaccompanied had-
rons. It is rather difficult to put the criterion of
unaccompaniment into this type of calculation since
that requires the calculation of lateral distribution of
electrons for every photon created in the atmo-
sphere. In order to simplify the calculation the con-
tribution of all the created photons is summed to-
gether and an estimate of the size of the accom-
panied shower is obtained. Assuming the lateral dis-
tribution function of Nishimura-Kamata-Greisen
(NKG) type for these small showers, it is easy to see
that the shower particle density would be less than
about 0.1 m for showers of size less than about
1000 particles at 730 g cm altitude. Since the ex-
periment requires, on the average, an accompani-
ment density of less than 0.25 m, all showers of
size less than about 3000 particles would be effec-
tively unaccompanied for the observed hadron.
Therefore air showers have been simulated for pri-
mary protons of energies larger than 400 GeV and
all hadrons arriving at the observational level ac-
companied by showers of size less than 3000 parti-
cles have been accepted as unaccompanied hadrons.
However, this criterion can be easily changed to any
other threshold for shower density as would be clear
from the results of simulation presented below. The
primary proton energy spectrum has been assumed
to be of the form

Ã(E)dE =EE ~dE, y= —2 65

throughout the energy range of interest. It may be
noted that the steepening of the proton energy spec-
trum around 1500 GeV observed in satellite experi-
ments need not be considered here because it has
been shown that such a steepening can arise due to
backscattered particles. Also, recent direct measure-
ments with nuclear emulsion chambers do not
show any discontinuity up to energies &10 GeV.
The presence of other nuclei in the primary cosmic-
ray flux is not important for the present purpose be-
cause of the relatively small proportion of these nu-
clei at the same energy per nucleon.

The particle-interaction model assumed in the
simulations is the independent-particle-emission
model discussed in detail elsewhere and as-
sumes Feynman scaling of the inclusive particle
cross sections measured at Fermilab and CERN ISR
energies. Simulations have been carried out for a
narrow band (a factor of 2) of primary energies in
order to make it possible to study the dependence of
the contribution of various energies to the observed
flux. %ithin this narrow energy band, individual
primary proton energies have been picked randomly
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FIG. 16. Expected yield of unaccompanied hadrons of
energy )400 GeV at the observational level of 730
gcm due to primary protons of various energies, ob-

tained from Monte Carlo simulation of the hadron and
electron-photon cascades in the atmosphere: (a) unaccom-
panied protons, and (b) unaccompanied pions.

using the probability distribution given by the as-
sumed form of the energy spectrum. In Fig. 16(a) is
shown the yield per primary proton in terms of the
number of nucleons of energy p 400 GeV arriving at
the observational level for various primary energies.
A similar plot of the yield of charged pions per pri-
mary protons as a function of primary proton ener-

gy is shown in Fig. 16(b). As expected, the yield in-
creases with increasing primary energy. Also, as ex-
pected, the yield of pions increases faster than the
yield of nucleons and most of the observable pions
are produced by primary protons of much larger en-

ergies compared to observable nucleons. Integrating
the product of the yield and the primary flux from
400 to 1.28)& 10 GeV gives the values of the expect-
ed m /p ratio as 0.44.

These simulations have not assumed any charge-
exchange probability for proton and pion —air-
nucleus interactions. Since the observed n /p ratio is
near unity, it is clear that the charge-exchange prob-
ability plays an important role in determining the
m/p ratio. This is, of course, also expected from the
large value of 0.40 for the neutral-to-charged ratio
observed7 for unaccompanied hadrons. The expect-
ed values of n/p and N/C ratios, therefore, depend
on the charge-exchange probabilities for nucleon and
pion —air-nuclei interactions and on the number of
interactions in the atmosphere for the observable
hadron. Phenomenologically, charge-exchange cross
sections correspond to reactions of the type
p+A~n+X, n+A —+p+X, and m' —+A~m' +X
in the diffractive region of inelastic interactions. In
Table II are given the fluxes of different species of
particles expected on the basis of different assump-
tions. The expected m/p and X/C ratios are also
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TABLE II. Expected fluxes of' unaccompanied protons, neutrons, and pions of energy &400 GeV at 730 gem and
charge ratios.

Assumptions in calculations Proton flux Neutron flux Pion flux

(m sr 's ') (m sr 's ') (m sr 's ')

Charged-hadron
flux

(m sr 's ')

m. /p
ratio

N/C
ratio

Primary protons only,
charge-exchange
probability zero

Charge-exchange (n+ p)
probability =0.33;
average of one interaction
per primary proton

Average of two interactions

per primary proton
and one interaction per
secondary (n, m. ) particle

8.6X10-4

5.8 X 10

4.8X10-'

2.8X 10

3.8X 10-4

3.8X10-4

3.8X10-4

3.8 X 10

12.4X 10-4

9.6X 10

8.6X 10-'

0.44

0.66

0.80

0.30

0.44

Observations 5.3 X 10 0.83+0.14 0.40+0.04

given in this table. In the first row of Table II are
given the expected fluxes of protons and pions as-
suming the charge-exchange probability to be zero.
Under this assumption practically no neutrons are
expected in the unaccompanied hadron flux at
mountain altitude, ignoring the contribution due to
nuclei in the primary-cosmic-ray flux. If it is as-
sumed that most of the hadrons detected at the ob-
servational level have interacted, on the average,
only once in the atmosphere and that the charge-
exchange probability for nucleon interactions (p~n)
is 0.33, then the expected flux and charge ratio for
unaccompanied hadrons are as given in the second
row of Table II. On the other hand, if it is assumed
that the primary particles interact, on the average,
twice before reaching the observational level and the
secondary particles (n, n. ) interact only once, then
the expected flux and charge are as given in the
third row of Table II. The calculations, in fact, sug-
gest that for observable unaccompanied hadrons at
730 gcm altitude, the assumptions made for the
third row in Table II are more appropriate. It is in-
teresting to note that the expected charge ratios
given in the third row are in good agreement with
observations. Further the expected charged hadron
flux

8.6)& Io 4 m-'sr-'s-'

is also in reasonably good agreement with the ob-
served flux

-5 3)&10 m sr 's

considering the basic uncertainty caused by the cri-
terion of unaccompaniment for the calculations,

These ratios would not be altered by consideration
of the presence of nuclei in the primary flux though
the expected unaccompanied-charged hadron flux
would be increased by about 10%. However, as dis-
cussed by Siohan et al. , the absolute flux of unac-

companied charged hadrons is sensitively related to
the criterion of unaccompaniment and indeed there
are differences of about a factor of 2 between results
obtained by different experiments. It may also be
noted that the flux and charge ratios would also
change slightly if the charge-exchange probability in
pion —air-nuclei interactions (n+ +n)are -a—lso. in-

cluded in the calculations. Kaon production was in-

cluded in these calculations but for purposes of flux
and charge ratios; the charged kaons have been in-
cluded in the proton flux. However, due to their
short lifetimes, kaons constitute less than about Sgo
of the observable hadrons in the unaccompanied
flux at 730 g cm altitude. It should be pointed out
that since observed pions are all secondary particles,
the m. /p ratio among unaccompanied hadrons is ex-

pected to decrease with increasing hadron energy be-
cause of the increasing probability of shower accom-
paniment, as is indeed observed experimentally.

VI. CONCLUSIONS

These first measurements of the pion-to-proton
ratio among high-energy (&400 GeV) hadrons in
the unaccompanied-charged-hadron flux at moun-
tain altitude have demonstrated the usefulness of the
phenomenon of transition radiation for distinguish-
ing between particles of different masses in a
cosmic-ray experiment. The observed m/p ratio for
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hadrons of energy larger than 400 GeV is 0.83+0.14
indicating the presence of a significant number of
pions in the unaccompanied-hadron flux. The nip
ratio decreases from 0.96+0.15 for hadrons of ener-

gy in the range 400—800 GeV to 0.45+0.25 for had-
rons of energy larger than 800 GeV. These observa-
tions, combined with our earlier observations of a
large and energy-independent ratio of neutral to
charged hadrons of 0.40+0.04, require that the
phenomenological charge-exchange (p~n) process
in nucleon —air-nucleus inelastic interactions plays a
significant role in determining the composition of
the beam of unaccompanied hadrons at mountain al-
titude at energies larger than 400 GeV. Our Monte
Carlo simulations show that charge-exchange proba-
bility of about —, per interaction gives a good agree-

ment between expected and observed composition of
the unaccompanied-hadron flux.
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