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Abstract. The trends in the energy dependence of strong interaction characteristics that 
reveal themselves when an attempt is made to bring about a closer agreement between 
experimentally observed size dependence of several properties of high energy hadrons in air 
showers and the corresponding Monte Carlo simulations, are discussed. The discussion 
shows the need for an increase in the inelasticity and interaction cross section of both pions 
and nucleons at  ultra-high energies, as also an increase in the cross section for the production 
of nucleon-antinucleon pairs and also the need for postulating a process similar to the 
gammaization process of Nikolsky according to which a considerable fraction of energy is 
transferred to the soft component by-passing the normal pionization. 

1. Introduction 

In two earlier papers (Vatcha and Sreekantan 1973a, b, to be referred to as I, 11) we have 
presented experimental results on the high energy hadron component of extensive air 
showers and from a comparison of the results with expectations based on Monte Carlo 
simulations have come to the conclusion that several properties of air showers cannot be 
explained in a consistent manner within the framework of the characteristics of ultra- 
high energy interactions extrapolated from low energies. We have also shown that a 
change of primary composition alone in the energy range 10'4-10'6 eV is unable to 
explain the observations and that certain drastic changes are essential in strong inter- 
action characteristics at ultra-high energies. In particular, we have demonstrated from 
the behaviour of the charge to neutral ratio of hadrons at high energies, that there has to 
be a considerable increase in the cross section for the production of NN's and also 
from the behaviour of the fractional hadron energy spectrum either the inelasticity or 
interaction mean free path or both have to change necessarily at very high energies 
compared to machine energies. 

In this paper we present a discussion ofthe trends in the characteristics of interactions 
at ultra-high energies (2 a few TeV) that reveal themselves when an attempt is made to 
adjust the parameters of high energy collisions in such a way that there is a better 
agreement between the expectations on the basis of Monte Carlo simulations and 
experimental results on high energy hadrons. In adjusting these parameters, we have 
been governed by the other properties of air showers also, like the size variation of the 
low energy hadrons and muons, and of the ultra-high energy muons and the relation 
between the primary energy and the shower size. Obviously such an adjustment is a 
synthetic one and cannot be claimed to be unique. It may turn out that all the changes 
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visualized are not strictly necessary or even that all of them may not be entirely sufficient 
and also all the properties of air showers may not be fully explained. In fact we find that 
while it has been possible to achieve, on the basis of these adjustments of parameters, a 
much closer agreement in certain properties and the right trends, regarding certain 
other properties discrepancies still remain, though they do  not widen. The exercise has in 
the main shown that the directions in which changes are introduced are the right ones 
and calculations with further adjustment of parameters should result in a much better 
over-all agreement. To pursue further the adjustment of parameters, the limitation is 
really the computer time required, which is enormous. Also experimental results of 
much higher precision are necessary before further refinements of calculations are 
attempted. 

2. Guidelines for adjustment of collision parameters 

The experimentally observed features of high energy hadrons which have shown con- 
siderable departure from the predictions of simulations based on ‘normal models’ of high 
energy interactions are : (i) the hadron energy spectrum is very steep and there is evidence 
for a further steepening of the spectrum with increasing size ; (ii) the absolute numbers of 
hadrons observed experimentally are less by almost an order of magnitude ; (iii) the 
charged to  neutral ratio of hadrons in EAS has a rather low value ( -  6) and decreases 
further ( -  3) at higher sizes ; (iv) the fractional hadron energy spectrum falls below the 
calculated spectrum of survivors and is different for different sizes. 

While these features suggested the broad directions in which changes had to be 
introduced in collision parameters, it was necessary to go through a number of trial and 
iterative stages of calculations before a set of parameters could be arrived at, which, 
when adopted, gave a closer agreement between the Monte Carlo simulations and the 
experimental results. The steepening of the hadron spectrum at high energies sug- 
gested an increase of inelasticity and a reduction of the interaction mean free path. 
For energies up to  100 GeV, the study ofthe detailed cascade profiles ofboth charged and 
neutral induced hadron cascades in the multiplate cloud chamber had shown identical 
features and required an inelasticity less than 0.5 (Vatcha et a1 1972). Since at these 
energies, the charged hadrons are mostly pions, this result also meant that at energies up 
to  100 GeV, the interactions of pions also should be treated as partially inelastic. A 
value of I], = I], = 0.35 was therefore adopted. Since the steepening of the hadron 
spectrum was apparent from 100 GeV onwards and since the C/N ratio showed a rapid 
depletion of pions at energies greater than 200GeV, both 2, and I], were radically 
changed over the narrow interval 10” to  2 x 10” eV. q,  was linearly increased from 
0.35 to 0.9 and ,In was decreased from 130 gcm-’ in air to 70 gcm-’. In the case of 
nucleons it was not necessary to change the parameters over a narrow interval. The 
inelasticity of nucleons qN was increased from 0.35 to 0.5 over the energy range 10’ to 
10” eV which is not in conflict with most of the experiments on hadrons in this energy 
range. q ,  was further increased from 0.5 to  0.9 over the energy interval 10l2 to 5 x 1014 
eV and was held at this high value for higher energies. This increase was dictated by the 
consideration that the fractional hadron energy spectrum is different for showers of size 
less than and greater than 3 x lo5. The interaction mean free path for nucleons I ,  was 
changed from 80 gcm-’ at E < 10” eV to 65 gcm-2 at E 2 10” eV from similar 
considerations. I t  may be mentioned that there is some indication from the distribution 
ofthe points of interactions in the cloud chamber plates ofcascades ofenergy greater than 
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10l2 eV, for an interaction mean free path smaller than at lower energies. The proton 
satellite experiments of Akimov et al(1969) also show an increase in the cross section for 
protonxarbon interactions at energies greater than 6 x 10’ eV. From a comparison 
of the unaccompanied hadron energy spectra at various depths in the atmosphere Yodh 
er a1 (1972) have shown that the op-air (inelastic) increases from 250mb at 10” eV to 
350 mb at E 2 3 x 1013 eV. These drastic changes in inelasticity and interaction mean 
free path resulted in the depletion of high energy muons and contradicted experimental 
observations unless a rapid increase of multiplicity was employed at very high energies. 
For this reason the multiplicity was taken at all energies to be proportional to E”’, 
since at lower energies it makes very little difference whether the multiplicity is In E, Ell4 
or E’”, as far as the present calculations are concerned. A large multiplicity is indicated 
at ultra-high energies also because a rapid fragmentation of energy is expected at such 
energies. However, because of the rapid fractionation of energy, and to  explain the 
rather slow rate of increase of high energy muons with shower size observed in the KGF 
experiments, it was necessary to reduce the probability of formation of isobars at 
E > 10” eV. When trials were made incorporating these changes it turned out that 
the relation between the primary energy and the shower size at the observational level 
was seriously affected. For a given primary energy the shower size was much too small 
compared to what was found by a direct comparison of the primary spectrum derived by 
the satellite experiment and the size spectrum determined at Ooty. In order to restore 
this relation it became essential to introduce a process similar to that of the gammaiza- 
tion process of Nikolsky (1967) according to which a considerable fraction of energy is 
transferred directly into the soft component by-passing pionization. The possibility of 
gammaization is also indicated from the feature of a rapid absorption of cascades of 
energies greater than 1 TeV which has been observed by Vatcha et a1 (1972). 

The rather low value of the charge to neutral ratio observed by us for hadrons of 
energy greater than 25 GeV in showers of size greater than 3 x lo5 when the number of 
hadrons is of the order of several hundred clearly demonstrates, as pointed out in the 
earlier paper, the presence of a large number of NN’s among the hadrons. The time 
structure experiments of hadrons in air showers carried out at Ooty (Tonwar and 
Sreekantan 1971) have shown that there is a considerable increase in the cross section 
for the production of ”’s at energies of the order of a few hundred GeV. There is 
confirmation for this trend from the recent ISR experiments. If such an increase in the 
cross section for the production of NN’s is taken into account, then as shown by Murthy 
(1967) the rather low value of the C/N ratio can be explained even in conventional models 
of high energy interactions. However, our observation that this ratio decreases further 
to a value of 3.2 f 0.5 in showers ofsize greater than 3 x lo5 has very important implica- 
tions and cannot be explained in the framework of the conventional models even taking 
into account increase of N N  production. I t  is obvious that such a size dependent effect 
has to be traced to collisions which occur in showers of size greater than 3 x lo5 and are 
not present in showers of smaller size, which means collisions of energy greater than 
about 5 x 1014 eV. Such high energy collisions take place only in the early stages of the 
hadron cascade and therefore high up in the atmosphere. In order to influence the C/N 
ratio of hadrons of energy as low as 25 GeV at 800 gem-' considering the very steep 
hadron energy spectrum, it is necessary that in these collisions a large fractionation of 
energy takes place and a large number of Nm’s of sufficient low energy are produced 
to  take care of the attenuation in the intervening atmosphere. Under these circumstances 
the contribution to the hadrons from NN’s produced in collisions of energy a few TeV 
and less turns out to be small even if we consider the increase in cross section. We have 
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therefore used the relations of the type 

where E is the incident energy in eV, 

7Fr F. = ~ 

' 1 + 6Fr' 

where F, is the fraction of NN's produced and Fi is the fraction of energy going into NN's 
in collisions of energy E.  

Thus the parameters of high energy collisions for the final Monte Carlo simulations 
of the hadron cascades used are : 

(i) Inelasticity 
(a)  Nucleons: q N  = 0.35 for E 6 10" eV 

= 0.35 to  0.05-linear rise for E = loL1 to 10l2 eV 
= 0.5 to 0.9-linear rise for E = 10l2 to 5 x 1014 eV 
= 0.9 for E > 5 x 1014 eV. 

(b)  Pions: q,  = 0.35 for E 6 10" eV 
= 0.35 to 0.9 linear rise for E = 10" to 2 x 10" eV 
= 0.9 for E > 2 x 10" eV. 

(c) Fluctuations : Ifthe average value is q,  the probability distribution is given by a 
sine function normalized between extreme values of )(3f - 1) to )(ij + 1) 
corresponding to argument values of 0 and 71 of the sine function. 

(ii) Interaction mean free path 
Nucleons: 2, = 80 gcm-2 for E 6 10'' eV 

= 80 g cm-2 to 65 g cm-2-linear decrease from E = 10'' to 

= 65 gcm-2 for E > 10" eV. 
Pions: I., = 1 3 0 g ~ m - ~  air for E < 10'' eV 

10l2 eV 

= 130 g cm-2 to 70 gcmP2-linear decrease from 10' to 2 x 10' eV 
= 70 g cm-2 for E > 2 x 10" eV-fluctuations by Monte Carlo 

methods. 
(iii) Multiplicity 

In collisions of nucleons: ,U, = 2.0+0.2E''2. 
In Gollisions of pions: M ,  = 2.0 + 0.3E'I2. 
Fluctuations are box type from M / 2  to 3M/2. 

30% of available energy is distributed into 6 y rays of equal energy on the 
average. The probability of gammaization increases from zero for E < 10l2 eV 
to 1 for E 2 1013 eV. 

The probability of formation is 50 % for E 6 10l2 eV and decreases linearly to 0 
at E 2 5 x 1014 eV. When an isobar is formed, 20% of the total energy is 
available to a single fireball, and the remaining 80% is divided between a 
surviving nucleon (whose energy is determined by q,) and three decay pions of 
equal energies on the average. The nucleon retains at least 16% of the total 
energy on the average even at the highest energies. 

(iv) Gammaization 

(v) Isobar formation 
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(vi) Energy and pT distribution of secondaries 
At E > 8 x lOI4 eV there is equipartition of energy. At lower energies the same 
as Murthy et a1 (1968a, b). 

(vii) Nucleon-antinucleon production 
The fraction of NN’s is given by 

1 
1 + (4 1014/~)3 

F, = 

where E is the incident hadron energy in eV. The fraction of energy given to NN 
pairs is 

3. Results of Monte Carlo simulation and comparison with observation 

In order to compare the results of simulations of EAS with experimental results, the 
simulated showers were generated from a primary energy spectrum from 1014 to loL6 eV 
and the resulting showers classified according to their size at 800 gcm-’ as in the 
experimental data. Full details are available in Vatcha (1972). The effects of a mixed 
composition have not been considered as the objective of the calculations is only to 
understand trends. 

3.1. Relation between primary energy and shower size 

The present calculations led to a conversion factor of 4.3 GeV per particle between the 
primary energy and the shower size at 800 g cm-’. A value of about 2 Ge V per particle 
is obtained from a comparison between the primary energy spectrum directly measured 
in the proton satellite by Grigorov et a1 (1971) and the size spectrum measured by us at 
Ooty. Considering the uncertainties in flux due to solid angle factors which depend 
upon angular distribution of showers as well as the statistical errors in the determination 
of size etc, and also the uncertainties in the derivation of the primary spectrum in the 
satellite experiment, the discrepancy may not be very significant. The agreement can be 
improved by a readjustment of parameters especially the extent of gammaization, and 
energy fractionation. 

3.2. Integral energy spectrum of hadrons in E A S  

The integral energy spectrum of hadrons obtained on the basis of simulated showers is 
plotted in figure 1 corresponding to average weighted primary energy values of 1.6 x IO5 
GeV, 5 x lo5 GeV, 1.6 x lo6 GeV and 5 x IO6 GeV. In the same figure the simulations 
of Murthy et a1 (1968a, b) and of Greider (1971) are also shown. The notations have been 
described in paper 11. The experimental spectra obtained for the two size groups of 
3.2 x lo5 or above and less than 3.2 x lo5 corresponding to average primary energies of 
4 x lo5 GeV and 3 x lo6 GeV (using a conversion factor of 4.3 GeV/particle) are also 
shown. Even the lowest values given by Murthy et a1 for hadron numbers are larger than 
observed by at least an order of magnitude. The calculations of Greider give a slightly 
better agreement in number at energies of about 100 GeV or less, but because of the 
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Figure 1. The integral energy spectrum of hadronL .n us initiated by primaries of different 
energies. Average weighted primary energy values of 1.6 x lo5 GeV (e), 5.0 x lo5 GeV ( x ), 
1.6 x lo6 GeV (O), 5.0 x lo6 GeV (U) are plotted. The results from the present Monte Carlo 
simulations indicate a steepening of the spectra with increasing primary energy. The results 
from the simulations of Murthy et al (curve M) and Greider (curve G) are also shown for 
primaries of energies of lo6 GeV. The experimental values obtained from an earlier paper 
are also indicated: average weighted primary energy values of 3 x lo6 GeV (8) and 4 x lo5 
GeV (H) are shown. 

flatter spectrum the discrepancy increases at larger energies. There is fair agreement 
between experimental results and the predictions from the present calculations which 
also show the tendency for the energy spectrum to steepen with increasing primary 
energy. 

In figure 2 the exponent y of the integral energy spectrum of hadrons for different 
shower size groups is plotted and it is seen that the trend of steepening of the hadron 
spectrum with increasing size is reproduced to  some extent although it is slower than 
experimental results indicate. This feature is a reflection of the hypothesis of strong 
energy fractionation at ultra-high energies with increasing dissipation of energy in the 
soft component, and can be adjusted further. 

3.3. Size uariation of the number of hadrons 

In figure 3(a) the calculated number of hadrons for specific sizes is compared with 
experimental results shown by curves for different hadron energies. There is reasonable 
agreement at lower hadron energies but the calculated rate of increase of number is 
steeper than experimental ones especially at higher energies. The calculated rates are 



1084 R H Vatcha and B V Sreekantan 

t 

l. 
1 ,  I 8  

105 I 06 
1.0 

S i z e  

Figure 2. The variation of the exponent 7 of the integral energy spectrum of hadrons with 
shower size in the range E = fo -800 GeV. The experimental curve A is obtained without 
considering the effects of systematic errors whereas the experimental curve €3 is obtained 
assuming maximum possible systematic errors. The points refer to the results of the present 
simulations. 

Figure 3. The variation of the number of hadrons of different threshold energies with shower 
size. The results of the present simulations are shown by points and the curves are obtained 
from experimental values given in an earlier paper. Figure 3(a) presents the results for 
hadrons with threshold energies from 25 GeV to 400 GeV. In figure 3(b) a comparison is 
made between the experimental results for hadrons of energies greater than 100 GeV (full 
line) with the present simulations ( x ) as well as earlier simulations of Murty er a l ( 0 ,  without 
NN, 0 with NN). 

slower for hadron energy thresholds of 800 GeV and 1600 GeV. It is significant that the 
present calculations give absolute numbers much closer to experimental numbers 
(within a factor of 2 at all hadron energies) than the previous calculations shown for 
hadrons of energy greater than 100 GeV in figure 3(b). The present calculations however 
do not indicate any break in the slope at a size of about 3 x lo5 even for the highest 
hadron energies for which there is some experimental evidence. 
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3.4. The charge to neutral ratio of hadrons 

In figure 4 the charge to neutral ratio obtained from the simulations as a function of 
energy for various size groups is plotted. The experimental points for two size groups (ie 
2 3.2 x lo5 and < 3.2 x lo5) are also shown. While the trend for the ratio to decrease 

I I I I 

I o2 
Hadron energy (E)(GeV) 

Figure 4. The variation of the charged to neutral ratio of hadrons with hadron energy for 
showers of different sizes. The five curves are obtained from the present simulations corre- 
sponding to different size groups: A 5.6 x 104-105; x 105-14 x lo5 ; 0 1.8 x 105-3,2 x lo5 ; 
a 3.2 x 105-5.7 x lo5 ; 5.7 x 105-106. The experimental values for two size groups are 
also shown: >3.2 x 10’; @ <3.2 x lo5. 

with increasing size is reproduced in the present calculations the values are slightly 
higher for energies greater than l00GeV compared to the experimental values. The 
introduction of a small amount of NN production at energies of 1 TeV or less as dis- 
cussed earlier would possibly reduce this discrepancy. 

3.5. Variation of the number of muons with size 

The calculated number of muons of different energy thresholds (ie 20 GeV, 220 GeV and 
640 GeV) for different shower sizes are shown in figure 5. The experimental results of 
Sivaprasad (1971) with the KGF array for muons of energy greater than 220and 640 GeV 
and those of Vernov et a1 (1968) for muons of energy greater than 20 GeV (extrapolated 
from > 10 GeV muons) are also shown. For low energy muons the agreement is reason- 
able whereas for high energy muons the calculated size variation is slightly steeper. 
However, for muons of energies of about 220GeV or more, the discrepancy in the 
numbers at any size is less than 50%. The maximum discrepancy is in the number of 
muons of energy greater than 640 GeV at a size of the order of lo5, which is a factor of 
three. These discrepancies could perhaps be reduced by further adjustments of para- 
meters. 
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Figure 5. The variation of the number of muons of different threshold energies with shower 
size. The results of the present simulations are shown by points without error bars. The 
experimental points with error bars are for high energy muons obtained from the experiment 
at the Kolar gold fields: > 220 GeV; 4 > 640 GeV. The full line is the experimental 
curve slightly extrapolated from the data of Vernov et al. 

3.6. The transverse momentum distribution of very high energy hadrons 

In normal models of EAS development the transverse distribution of hadrons from the 
axis may be regarded as essentially determined by the height of the previous interaction 
with respect to the observational level and the transverse momentum acquired by the 
hadron in this interaction. This is because, in the normal models the number of hadrons 
that leak through from large heights without undergoing interactions is negligible, 
compared to those coming from interactions further down. In this case the transverse 
distribution of hadrons can be calculated without going through detailed Monte Carlo 
simulations. It is convenient to calculate the distribution of the parameter Y = r E ,  
where r is the distance from the axis and E ,  is the energy of the hadron. The distribution 
of Y is the result of the distribution of the height of previous interaction and the distribu- 
tion of the transverse momentum. Thus the differential distribution of 'Y'  is given by 

F(Y)  dY = JJfW dR@@,) dP, 

subject to the condition Y = rE,  = pTR, where r is the distance of the hadron from the 
core, E ,  is the hadron energy, R is the distance from the last interaction to the observation 
level and pT is the transverse momentum given to the hadron. The distribution of R 
is given by 

dX 
f(R)dR = e-xi'- A 

where A is the hadron interaction mean free path and X is th: amount of matter equivalent 
to the distance R. The distribution of pT is assumed to be 
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Then 

F ( Y ) d Y = d Y  f - exp -- 2. JOm (PY,) ( ;:I: 
Using the relation? X = G - X ,  exp[- { ( R + H ) / Z , } ]  between X (g cm-2) and R (km), 
where X o ,  Zo and G are constants, the differential distribution of Y reduces to the form 

whereX, = 1 0 7 5 g ~ m - ~ , Z ,  = 7.5km,G = 8 0 0 g ~ m - ~ , I  = 80gcm-’andH = 2.2km. 
In figure 6 the expected distribution of Y is plotted for p o  = 0.25, 1.0, 5.0 as curves 

A, B, and C from the above calculations. 

102, 

10-2 10-1 I 10 10-2 

Y ( T e V  m )  

1-3 

Figure 6. The lateral distribution of cascades of energy greater than 1 TeV associated with 
EAS. The variable Y is the product of the cascade energy (TeV) and its distance from the 
shower core (m). The curves A, B and C are obtained for different average pT values (0.5, 
2.0, 10.0 GeV/c respectively) based upon calculations assuming a normal development of 
EAS. The curves D, E and F are similar curves for average pT values (0.5, 2.5, 10.0 GeV/c 
respectively) obtained from the present simulations. The experimental points which are 
also shown as well as all the curves are normalized at Y = 0. 

In our case, when we have radically changed the parameters of collisions and intro- 
duced large fractionation of energy in the first few collisions at the top of the atmosphere, 
most of the high energy hadrons at the observational level are due to ‘leak throughs’ 
from various levels and especially from the first few interactions in the atmosphere. 
Because of this reason, it is necessary to obtain the distribution of the transverse 
displacement or  alternatively of the parameter Y only through detailed Monte Carlo 
simulations. The curves D, E and F in figure 6 are those obtained from such Monte 
Carlo calculations for primaries in the energy range 106-3.2 x lo6 GeV, weighted 
according to the primary spectrum. All the curves are normalized at Y = 0. 

It is seen from figure 6 in which the experimentally obtained distribution of Y is 
also given for TeV cascades (table 1 of paper I), that in the normal models, the closer 

t This approximate relation is obtained from the curve given by Rossi (1965) near the depth of 800 g cm-2. 
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fit to the experimental points is given by curve B which corresponds to a (pT) value of 
2.0GeV/c, rather than curve A which corresponds to the usually accepted value of 
0.5 GeV. However, according to our calculations in which the interaction characteristics 
are radically different, within errors even the value of 0.5 GeV/c could be accommodated. 

In paper I1 we have seen that the absolute number of high energy hadrons obtained 
in our experiment is lower than the numbers obtained in other experiments. We would 
like to remark at this stage that if this difference i s  attributed to any systematic under- 
estimate of energies, say, by a factor of five, then the experimental distribution of figure 6 
would move to the right by this factor and would indicate a mean average transverse 
momentum of 10GeV/c even in a normal model of strong interactions. Thus any 
systematic bias in the hadron energy estimate, if it exists at all, cannot be used to explain 
away all the changes in the interaction characteristics which have been introduced at 
ultra-high energies ; either (pT) increases very drastically or the inelasticity increases 
and/or the interaction mean free path decreases. 

A reasanably good fit is obtained even with a value of 0.5 GeV/c for (pT) because 
of the fact that according to our calculations, for the reasons already discussed, high 
energy hadrons essentially come as ‘leak throughs’ from higher levels of the atmosphere 
and are thus effectively spread out. Such a picture also explains the observation that 
the C/N ratio for hadrons of energy greater than 100GeV decreases from a value of 
2.3f0.5 at r < 8 m to 1.3k0.5 at r > 8 m since the effective production height of high 
energy nucleons is higher than that of pions, due to enhanced production of NN’s in 
ultra-high energy collisions. 

4. €onclusions 

I t  is clear from 0 3 that the adjustment of various parameters of high energy collisions 
has led to  a closer agreement between the experimental results on high energy hadrons 
and muons and the Monte Carlo simulations. I t  is significant that this adjustment 
which is mainly guided by the behaviour of the high energy hadrons and muons has not 
led to any serious contradictions with respect to other properties of air showers. While 
it is clear that with further adjustment of parameters and more intensive calculations it 
may become feasible to bring much closer agreement, it is not warranted at the present 
stage considering the available accuracy of the experimental results. What can be 
claimed at this stage is that the various changes introduced may be inaccurate in detail, 
but the general trend is in the right direction. The over-all picture regarding the 
behaviour of ultra-high energy interactions and the development of hadronic cascades 
in the atmosphere that emerge from the present study may be stated as follows. 

At energies less than 100 GeV, the hadron interactions are only partially inelastic. 
A large fraction of the energy is still maintained in a ‘surviving’ hadron which emerges 
often in an excited isobaric state. As the energy approaches the TeV region, the in- 
elasticity increases slightly and the cross section also increases as more channels become 
available for interaction. Nucleon-antinucleon pair production starts becoming im- 
portant at these energies. At the same time, a considerable fraction of the available 
energy is occasionally given to the soft component by-passing pionization ; the prob- 
ability of this ‘gammaization’ component (a terminology introduced by Nikolsky) 
increases with energy. As the energy increases still further the probability of isobar 
formation reduces so that large fractions of energy are not available to a few secondaries. 
At the highest energies of about 5 x lo5 GeV or more, strong energy fractionation takes 
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place and isobar formation is not significant. As the inelasticity increases, the fraction 
of energy available to ‘gammaization’ also increases. A drastic increase in the production 
of nucleon-antinucleon pairs occurs around the same energy, and long before this 
energy is reached, the multiplicity increases proportional to El l2 .  However, any apparent 
increase in (pT) at such energies inferred from EAS data is explicable on the basis of an 
increase in the level of production of high energy haeons  rather than an actual increase 
in the value of (pT>. 
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