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ABSTRACT

Using a combined set-up of a multiplate cloud chamber, an air
Cerenkov counter and a total absorption specirometer, the ratio of pions
to protons not assectated with large air showers has been determined
to be 0-50 | -07 in the energy region 20040 GeVooat an altituge of
800 gm/em?,  In the same energy region the ratio of neutral o charged
particles is found to be 0:66 1 -07. From the ratio of neutrons to pro-
tons deduced from these measurements (de., 0099 -1 -11), it is concluded
that most of the charge excess of nuclear active particles of enercies
2+ 20 GeVoat mountain altitudes and sea-level s due 1o pion,

. INTRODUCTION

EXPERIMENTAL determination of the relative proportion of neutral to charged
particles among the nuclear interacting particles at mountain altitudes and
ses-level and the determination of the ratio of pions 1o protons is of particular
interest in understanding the development and absorption of the nuclear
cascades initiated by high encrgy cosmic ray primarics in the atmosphere,
These ratios depend on various characteristics of high energy  collisions
in air like inclasticity, multiplicity, interaction crossssection, the extent of
regencration of pions by pions, probability of charge persistence of nucleons
and pions, etc.. - parameters which enter into the diffusion equations describing
the development and absorption of the nuclear cascades in the atmosphere,
Since many of these parameters are not yet determined at high energics from
a direct study of nuclear interactions, knowledge of the ratio of neutral to
charged iateracting particles, the ratio of pions to protons and the variation
of these ratios with encrgy and altitude would help considerably in fixing at
least some limits on the values of some of the parameters,
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While severa] sxperiments have been corricd out before to determine
the ratio of neutial to charged particles, there has been no cexperiment
reported so far in which the proportion of pions 1o profons has been deter-
mined at mountain altitudes. There exists a considerable amount of dis-
parity in the value that has been obtained for the ratio of neutral to charged
particles by different workers.! The value varies from 0-04 to 1-0. Jnnone
of these experiments the energy of the nucleur interacting particles hos been
determined reliably.

Using a combined set-up® of a multiplete cloud chamber, an air
Cerenkov counter and a total zbsorption spectrometer, we have determined
the ratio of neutral to charged interacting particles and also the ratio of
pions to protons at an altitude of 800 gm/cm?.

2. EXPERIMENTAL DETAILS

The experiment was principally designed to study the detailed charecter
istics of nuclear interactions produced by pions and nucleons of cnergy
greater than 20 GeV and has been described clsewhere.®?  The experimental
arrangement consisted of a multiplate clond chamber with an air Cerenkov
counter above and a total absorption spectrometer below. The cloud chamber
was 1iriggered with a selection system which sclected only charged
interacting particles for part of the run and made no distinction between
charged and neutral interacting particles for the rest of the operating period,
Triggering of the cloud chamber by nuclear interacting particles associated
with large air showers or by particles in the cores of small air showers was
prevented by a system of anti-coincidence counters of total cffective arca
about a square meter placed by the side of the cloud chamber. The nuclecr
interacting particles were identified by the interzctions they produced in the
clovd chamber or by the characteristic development of nuclear cascadcs
initiated in the spectrometer.* The air Cerenkov counter® which was
operated at atmospheric pressure and had a threshold value of 45 for the
Lorentz factor of the charged particles, enabled the classificetion of the
charged interacting particles into pions and protens in, the cnergy range
20-40 GeV. The energy of nuclear interacting particle was determined in

indtiviciual cases to an accuracy of 4- 209, with the total absorption spectro-
meter.

* . - . .
_ The latter criterion of selection was used only in the determination of the ratjo of
_bions to protons (Sec. 3 a).
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3. EXPERIMENTAL Rrsurrs

(«) Rutio of pions 1o protons.--During the period (4500 hours) when the
cloud chamber was triggered exclusively for nuclear interacting particles
427 cevents were recorded for which the charged primary was well within
the solid angle of the air Cerenkov counter above the cloud chamber and
for which the estimated energy from the total absorption spectrometer was
in the encrgy range 20 40 GeV.  Out of these, in 91 cases the air Cerenkov
counler gave pulses indicaling that the particles were pions.  This number
has to be corrected for spurious association of pulses from the Cerenkov
counting system. A correction of about 1% arises from chance coincidence
and another 19 from other background pulses duc to knock-on clectrons
produced in the air column of the air Cerenkov counter passing through
the front glass of the photomultiplier producing Cerenkov radiation there.
This latter correction was determined by observing coincidences associated
with the passage of p-mesons through the Cerenkov counter while its photo-
multiplier woas covered with black paper. These corrections reduce the
number of pron events to 82, The air Cerenkov counter had an efficiency
for extreme relativistic particles of 821 6); there was an additional in-
eflicicncy of about 10°) due to saturation cflects in the recording system.
Taking cecount of these facts we finglly obtain the number of pion events
to be 113 in a total of 427 cvents.  This gives the rotio of pions to protopg
as 0-50 ¢+ -07 in the cnergy region of 2040 GeV.

(b) Rativ of neutral to charged particles (N]C).. During the period of
4650 hours when the chamber was triggered for both charged and neutral
interacting particles 567 (above 20 GeV) nueleer interactions were recorded
in the chamber for which one could unembigrovsly determine whether the
interaction was produced by a charged or a neutral particle.  Out of the 567
cases in 412 cases the energy of the inferaction as determined with the total
absorption spectrometer was in the range 20 40 GeV.  In these 412 cases
it was found that 248 were due to charged primarics giving a value of
0-66 + -07 for the N, ratio at cnergies 20 40 GeV. In the remdining
155 cases for which the cnergy was higher than 40 GeV (median encrgy
60 GeV), 103 interactions were due to charged primaries leading to a value
of 0-52 4. -09 for the N/C ratio.

(¢) Rativ of neutrons to protons and probability of charge persistence.—
Using the ratio of neutral to charged particles and the ratio of pions
to protons we could determine the ratio of neutrons to protons in the energy
range 20-40 GeV, The valuc of this ratio comes Qut to be 0-99+£-11,
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Assuming that the cosmic ray primaries are all protons, the ratio of neutrons
to protons at an atmospheric depth of X gm/cm? can be written as

N 1~6XP-[‘2€X(7(};;“/\;}1;5] (1)
Pt exp. [~2€X(>r:,‘,; . Al})J

where

¢ = probability of charge exchange in an inelastic collision of a nucleon
with an air-nucleus, assumed to be energy independent;

A, = interaction mean free path of nuclear inferacting particles in air;

). = the absorption mean free path of nucleons in the atmosphere.

abs
Tn Table I we have given the expected ratio of N/P 4t an altitude
of 800 gm/om? for various values of the parameters ¢ and A, using
value for A, as 120 gm/cm?®
If we take into account the presence of heavy nuclel in addition to
protons in the primary cosmic ray beam and consider the frigmentition of

these nuclei at the top of the atmosphere, then formula (1) needs to be
replaced by the approximate formula (727 protons &nd 287 neutrons).

TaBLE I

Expected ratio N/P at 800 gm/cm?

Mg =72 Ay = 8C Mgy = 85 Ay 90
gm/cm? gm/cm? gm/cm? gm/cm?

0-5 0-98(0-99) 0-94 0-87 0-80

0-4 0-94(0-96) 0-88 0-80 0-71

0-3 0-87(0-89) 0-78 0-68 0-58

0-:2 0-71(0-79) 0-60 0-50 0-43

n_Om2|t—ew (—2ex{y — 0 )] o8
Foom|ttep (—2eX |~ AL})J +0-28

int abs

(2)

1
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In Table I values for the N, P ratio coleulated onthe basis of formuly (2)
are given In the second column within brackets. It is seen that the values
obtained according to formula (2) arc always higher than those uccording
to formula (1).

It 1s seen from Table I that the observed value of 0499 - -11 for N/P
excludes the probability of charge persistence, 7e., (1 ¢) being higher
than 80%, and may as well be close to 50% if A, is taken 90 gm/em? for
nucleons of encrgics ~ 100 GeV (nucleons in the observed energy range of
20-40 GeV are expected to arise from the collision of nucleons of energy
~ 100 GeV in the atmosphere).

4. COMPARISON WITH OTHER EXPERIMENTS AND DISCUSSION

(a) Ratio of pions to protons. - There are no experimental results on the
ratio of pions to protons at mountain altitudes with which we can compare
our results. However, it may be pointed out that the evaluation by
the Durham group® with magnetic spectrograph of the vertical intensity of
pions and protons ot sea-level indicates a ratio of »/P 0-5 | 11 at an
energy of 27 GeV. This compares well with our value of 0-50 | -07 at
800 gm/cm?=,

(b) Neutral to charged ratio.  As stated in Section 1, the ratio of neutral
to charged infcracting particles has been determined  carlier by many
workers! at different altitudes.  The experimental systems used by different
workers to identify nuclear interacting particles are diflerent (see Tables 1]
and 1), Brown eral. used nuclear emulsions; Greisen and Walker, and
Farrow used ionisation chambers in conjunction with GM counter trays:
Cervasi et al. and Khrimian used arrays of GM counters alone: Gottlieh,
Deutschmann and Lal ef «/. have used multiplate cloud chambers,

In all cxperiments in which visual detectors like nuclear emulsions or
cloud chambers have not been used, it must be emphasised that the identi-
fication of both the charge and the interacting nature of the particles are
subjected to large uncertaintics, The identification of charge in these
experiments is based upon the presence or absence of a pulse from an array
of hodoscoped GM counters placed over the apparatus meant for detecting
nuclear interacting particles. Corrections due to (7) inefficiency of GM
counter arrays, (ii) backward projected sccondarics and (iii) association
of air showers will be necessary and these corrections are quite appreciable
(see Greisen and Walker). Since the association of air showers increases -
with energy, in these experiments, only part of the data will be usefu] for
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evaluating the N/C ratio. For example, in the experiment of Farrow at
energies greater than 200 GeV, only ~ 109 of the interactions recorded
could be used for the determination of the N/C ratio.

TaBLE TI
%
Altitade Detectar for
of nuclear Criteria for classification N/C
Authors observation ‘interacting (energy or multiplicity)
gm/cm?® particles
Greisea and Walker (1953) 680 Ton chamber () O-5a—14- 4a 0:8240-17
1-40-4a
4a-CO
a=>55 GeV based
on median energy
estimate
Farrow (1957) .. 626 Ion chamber 200 GeV 0-7440-15
. 703 o 0:65%0:15
790 v 0-560-36

Cervasi ¢f al. (1955) . €80 GM counters 10 GeV 07740035

Khrimian (1959) .. 720 GM counters 30 GeV 0-53+0-11

Brown ¢t al, (1949) . 670 Nuclear emulsions 125> 0-72£014

Gottlieb (1951) . 650 Cloud chamber =100 GeV 0-04 to 0-16

Siddheswar Lal ¢ a/. (1962) 800 Cloud chamber 20-150 GeV (median | 0:-69+0+13

" energy 5 GeV)

Present expérir'nent . 800 Cloud cbamber 20-40 GeV 0-66+0-07
with total absorp- >40 GeV (median| 0-52£0-09
tion  spectro- energy ~60 GeV)
meter
TABLE IIJ

Results obtained by Deutschmann'
Altitude : 730 gm/cm?® (Cloud Chamber)
Ep, | 0:0- | 0e5- 1-0- 2:0—- - 8.0~ 4-0~ 5-0~ 9.5~ ! 16-5- | 30~
i : !
GeV | 0-4 | 0-9 1-9 2-9 3-9 4-9 LRK 164 ; 29-9 o0

N/C | 0-435 | 0-435 | 0-635 0-416 | 0-416 | 0-37 | 0-416 | 0-37 | 0-167 | 0125

£0-00 |+0e10 |£0-11 |£0:08 [£0-08 [£0-10 |£0-08 |[£0:12 | (}/12) | (*/s)

|
|
|
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Because of these considerations, it s evident that particularly from
the point of view of determination of the neutral to charged ratio of nuclear
interacting particles and e variction ol this ratio with energy, onc cannot
place much reliance on experiments in which visval detectors have not been
used.  Therefore, for purposes o discussion we consider only experiments
in which cither cloud chembers or nvclear emulsions have been used.

Jnoexperiments in which cloed chambers have been uvsed, there is
absolutely no uncertainty regarding the identification ol the charge or the
interacting nature of the perticles, However, partiel rejection of data due to air
shower association will stll crise cither due to the seeetion system inzorpo-
rating anti-comeidences to remove strong associalion with air showers (as
in the present experiment) or duee to the rejection of cloud chamber photo-
graphs in which associated porticles are seen (s in the analysis of Gottlich).
It is to be expeeted that the ratio of neutral to charged particles determined
by rejecting the ussociated cases will represent the upper fimit of the ratio for
all nuclear interacting particles since pions should be more in concentration
ift at all, in the associated than in the unossociated cvents.

In the experiment of Gottlich no attempt was made to estimate the
energy of the nuclear interacting particles using the cloud chamber photo-
graphs themsehes.  From considerations of the flux of nuclear interacting
particles reported. Gresen and Walker have pointed out that the mean
energy of the interactions recorded in Gottlieh’s experiment should be higher
than 100 GeV. Therefore, the value of less than 0-2 obtained by Gottlich
probably corresponds to cenergies cbove 100 GeV. In the experiment of
Lal eral. the energy of nuclear interacting particles has been estimated
using the angular distribution method of Castagnoli ¢7 ¢/.%  From our cxperi-
ment in which we have compared the energy ostimates obtained by the
angulor distribution method with that obtained from the total absorption
spectrometer, we lind that the energy estimales in the angular distribution
method are overestimated by o fector of about 1-4 (at encrgics of the order
of 50 GeV). Thercfore, we feel that the ratio of 069 | -13 reported by

al et al. for o median encrgy of 55 GeV oactually corresponds to ¢ median
energy of about 40 GeV and is therefore in agreement with, the present experi-
ment. In the experiment of Deutschmann, the cevents have been grouped
according to the energy going into the #"-<component and the variation of
N/C ratio with cnergy studied. It becomes therefore difficult to compare
the results of Deutschmann with the present experiment.  Nevertheless,
there is a clear indication of @ decrease of the neutral to charged ratio with
incredsing cnergy in the experiment of Deutschmann also.  The low value
of 0-435 reported by Deutschmann for energies of = “-mesons less than 0-9



220 S. LAL AND OTHERS

GeV is probably due to biases introduced in the triggcying system. The
triggering system required at least one charged penectrating particle to go
through the array of shielded counters below the chamber. At very lqw
snergies the multiplicity is small znd, therefore, there can be a preferential
selection of inferactions produced by charged primaries. The results  of
Brown ef al. obtained with nuclear emulsions in which the critecrion for
selection was besed on the multiplicity of fast particles (i.¢.. g = 3) probably
correspond to the ratio of nuclear interecting particles «t cnergics of the
order of & few tens of GeV. Since in this experiment therc is absolutely no
bias introdvced by either the selection system or association with air showers,
the ratio corresponds to that of the nuclear interacting particles at 670 gm/

cm.2

It can, therefore, be concluded from a comparison of all the cloud
chamber and emulsion experiments that the ratio of ncutral to charged
particles not associated with large air showers is about 0-7 at encrgies of the
order of a few tens of GeV aid decreases toa valuc perhups of the order
of 0-3 or less at energies more than 100 GeV.

Any model for the development and absorption of the nuclear inter-
acting component should, therefore, account for this variation of the N/C
ratio with energy. From our result that nearly 33% of the charged inter-
acting particles are pions even at emergies 20-40 GeV, it appcars that the
decreasing value of the N/C ratio is pobably due to an increasing propor-
tion of pions with increasing energy. This increase in the contribution of
pions with energy may perhaps be due to the regeneration of pions by pions
as pointed out by Subramanian and Verma.’

(¢) Ratio of protons to mneutrons and probability of charge persistence.--
There are no experimental results on the ratio of protons to neutrons
at mountain zltitudes or sea-level with which we can compare our resu'ts.
The deduced value for the ratio of neutrons to protons is close to unity and
suggests that the charge excess in the nuclear interacting particles is almost
entirely due to pions. A further test of this conclusion would be to study
the variation of the neutral to charged ratio with altitude. If the charge
-excess is due to the charge persistence of nucleons, then the neutral to
charged ratio should increase with atmospheric depth and approach unity.
If, on the other hand, the charge exce:s is due to pions, then one would
expect the ratio to decrease with increasing atmospheric depth. A recent
compilation of data by Hayakawa® indicates a decrease consistent with our
findings regarding the composition of nuclear active particles.

. The upper limit of 0-8 for the charge persistence probability of nucleons
which we have deduced from the observed ratio of neutrons to protons can
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be compared with other observations. Vorobiev® has set a limit of 0-7-0-8
for the charge persistence probability in collisions of nucleons with air
nuclei at energies 3-10 GeV; Daniel ef ¢/ have reported from a study of
nuclear interactions in emulsions that the charge persistence probability is
not likely to be higher than G-6 at 6 GeV, whereas at encrgics ~ 10'2¢V a
figure of 0-74, (i.c., 14/19) results from their data.t!

5. CONCLUSIONS

From the present study the following conclusions may be drawn regarding
nuclear interacting particles not associated with large air showers:

(«) The relative proportion of pions to protons is appreziable at mountain
altitudes and sca-level at cnergics above 20 GeV; this ratio is as high as
0-50 -- -07 in the energy region 2040 GeV at 800 gmjcm?.

(b) The ratio of neutral to charged particles seems to show a decrease
with increasing energy of the particles. From our medsurements in the
energy region 20-40 GeV, it is found to be 0:66 -- G-07 and at about
60 GeV it is 0-52 -0-09. Such a trend has been found more strongly in
carlier measurements quoted.  This feature suggests that at energics of about
100 GeV pions are comparable or even more than profons among the
nuclear interacting particles ¢t mountain altitudes and sea-level.

(¢) The ratio of neutrons to protons in the energy region 20-40 GeV
deduced from the ratio of neutral to charged particles is 0-99 -|- 0-11 which
leads to an upper limit of 807, for the probability of charge persistence of
nucleons at cnergies ~ 160 GeV in collisions with air nuclei. This rutio of
neutrons to protons which is close to wunity implics that the charge excess
among nuclear interacting particles ot mountain alfitude is almost entircly
due to pions.
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