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Studies of high energy hadrons in air shower cores at 
mountain altitude 

R van Staa, B Aschenbacht and E Bohm 
Institut fur Reine und Angewandte Kernphysik der Universitat Kiel, Kiel, West Germany 

Received 16 July 1973 

Abstract. At the Pic du Midi (730 gem-') in France an air shower array has been operated 
to study high energy hadrons in air shower cores. The array consists of 13 scintillation 
counters of 0.25 m2 each and a 14 m2 high energy hadron detector. 2050 showers with a 
total of 1600 hadrons of energy E > 100 GeV have been analysed. 

The energy spectrum of hadrons ( E  > 300 GeV) is H( > E )  - E - ' p  with y = 1.7 0.2 
independent of shower size in the size range lo5 < N < lo6. It is compared with results 
of different air shower simulations. The lateral distribution can be expressed by 
p ( > E ,  r )  - exp(-r/r,(>E)) with ro = 24(E/200 GeV)-0'3*0'04 independent of shower 
size. It is not necessary to claim for large transverse momenta. 

1. Introduction 

A primary cosmic ray particle of energy greater than 1014eV falling onto the earth's 
atmosphere produces a cascade of elementary particles, a so-called extensive air shower 
(EAS). It consists of hadrons, muons, electrons and photons. Among these particles 
the high energy hadrons are mainly direct progeny of the primary. Consequently the 
hadronic component of EAS is closely related to the properties of the incident particle 
and to the features of the strong interactions, which are responsible for the development 
of the hadronic cascade: 

Therefore studies of high energy hadrons in air shower cores can provide information 
to answer the following questions: 

(i) At energies of around 1015 eV there is a break in the primary energy spectrum, 
which usually is attributed to a rigidity cut-off in our galaxy for primaries of different 
mass. It is of great interest to check this hypothesis by determination of the chemical 
composition of the high energy primary cosmic radiation. 

(ii) It seems to be well established that the total inelastic cross section and the 
inelasticity in nucleon-nucleon collisions are constant up to energies of E ,  = lo7 GeV 
(Trumper 1967), but it has not yet been possible to determine exactly the energy depen- 
dence of the multiplicity and to reach agreement about the mean transverse momentum 
at high energies (Feinberg 1972). 

In order to investigate the high energy hadronic component in EAS, a special hadron 
detector has been used in the Kiel air shower experiment for several years (Bagge et ai 
1965, Fritze et a1 1970). We have operated similar equipment at mountain altitude for 
the following reasons: 

t Now at Astronomisches Institut der Universitat Tubingen, Tubingen, West Germany. 

135 



136 R van Staa, B Aschenbach and E Bohm 

(i) The number of hadrons of fixed energy per shower is increased by one order of 
magnitude. 

(ii) A better determination of the primary energy is possible, since the observed 
showers are nearer to the maximum of development. 

(iii) The similarity of the two equipments provides a good comparison of measure- 
ments in two different depths of the atmosphere. 

Therefore, at the Pic du Midi (2800 m = 730 g cm-2) in the French Pyrenees we 
have built up an air shower array with a hadron detector of large area. This work 
presents results on the integral energy spectrum and the lateral distribution of high 
energy hadrons in EAS at mountain altitude. Comparing our results with air shower 
simulations we derive information on multiplicity and mean transverse momentum in 
high energy collisions. A brief report of our results has been given at the 13th Inter- 
national Cosmic Ray Conference at Denver (van Staa et a1 1973). 

2. Apparatus and methods 

The equipment designed in analogy to the Kiel experiment consists of a conventional 
air shower array and a special hadron detector. Figure 1 shows the air shower array of 
13 scintillation counters with an area of 0.25 m2 each. The four counters on top of the 
hadron detector serve as triggering devices. The counters 1-4 in addition are equipped 
with fast timing multipliers. The air shower array enables one to determine arrival 
direction. core location and size of the recorded showers. 

0 10 2Om Hadron target 0 Scintillation counter - 
@ fast timing cquipmont 

Scintillatitm camtor with added c: Neon hodoscope 

Figure 1. The air shower array at the Pic du Midi. 
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The hadron detector is shown in figure 2 :  a layer of 100 cm of sand and 25 cm of 
concrete serves as a target, in which cascades are produced by high energy hadrons. 
These cascades can be recognized as bursts in a 14 m2 neon hodoscope fixed underneath. 
The hodoscope (Samorski 1973), consisting of about 80000 neon tubes, has good 
spatial resolution and provides the coordinates of the individual burst with an error 
of a few centimetres. 

Sc counter Sc counter 

Dm L d I h  cmZ,19-5 rI,C-6 mfp) 

Figure2. The hadron detector 

By measuring the burst size nb we get information on the energy E of the incident 
hadron. In order to minimize the error in energy determination the thickness of the 
target was chosen to be ten radiation lengths (rl), so cascades of 100 GeV hadrons will 
be observed at the maximum of their development. 

On top of the target, in order to absorb the electron-photon component of EAS, 
there is 10 cm of lead shielding. 

3. Results and discussion 

2050 showers with a total of 1600 hadrons of energy E > 100 GeV have been analysed 
for the integral energy spectrum and the lateral distribution of hadrons. 

3.1. Integral energy spectrum of hadrons 

The energy spectrum has to be derived from the number of hadrons, detected in the 
hodoscope, which is given by 

G( > 4 N) = IF,, JF,,, K ( N ,  x, Y)P(  > E ,  N, x, Y )  dx dy, (1) 

where F,, is the hodoscope area, K ( N ,  x, y )  is the number of showers with size N ,  
which are recorded per square metre (‘shower core density’), p( > E, N ,  x, y) is the 
lateral distribution of hadrons, and F ( N )  is the effective area for showers with size N .  
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Assuming that: (a)  the linear dimension of the effective area is much larger than 
the mean distance of hadrons of energy E from the shower axis (this is correct for high 
energy E and large shower size N )  ; and (b)  the shower core density is constant for fixed 
shower size (which is not correct only at the border of the effective area); we can write 

C( > E,  N )  = K(N)FNH p( > E ,  N ,  r ) 2 m  dr $,v 
and obtain the integral spectrum H( > E, N )  = J," p( > E ,  N ,  r)2xr dr as 

In the following we investigate how errors in the measurement of the hadron energy E,  
the shower size N and the shower core density K ( N )  influence the slope of the energy 
spectrum and the determination of the absolute number of hadrons per shower. 

3.1.1. Energy calibration. The hadron energy determination is based on Monte Carlo 
calculations performed by W V Jones of the Louisiana State University (Jones 1970, 
private communication), which describe the development of hadron-initiated cascades 
in concrete. They provide the mean relation between hadron energy E and burst size n b  : 

nb(E) = kE""' (4) 
where the exponent ct is a function of the target thickness t .  Our target consists of a 
layer of 100 cm of sand and 25 cm of concrete, which together corresponds to t o  = 10 rl. 
With ct(l0 rl) = 1.0, we get 

nb = kE k = 1 (particles/GeV). ( 5 )  

However, this value of to is not very precise, because the Monte Carlo calculations have 
been performed for concrete, while we use a layer of sand, the weight of which is not 
well known in our case. Supposing that t o  is accurate within 20%, we have a corre- 
sponding error in a of Act = k0.08. For a power law spectrum H ( > E )  - E - ?  with 
y > 1, this uncertainty in t leads to an error in y of 

Ay = k0.08~. (6) 

3.1.2. Fluctuations in burst deuelopment. The fluctuations in burst development can be 
expressed by a logarithmic gaussian distribution (Tanahashi 1965). They influence the 
slope of the measured energy spectra only, if the standard deviation o of that distribution 
depends on the hadron energy. The function o(E) can be derived from the Monte Carlo 
calculations of Jones (see 0 3.1.1), which give the mean fluctuations in burst development. 
For our target the resulting logarithmic standard deviation is 

(7) 

That energy dependence of U is so weak (since most of the cascades are in, or a little 
bit behind, the maximum of development, when they reach the hodoscope), that no 
important change in y results. 

However, the fluctuations in burst development lead to an overestimation of the 
measured hadron intensity by a factor m (Murzin 1967): 

o(E = l00GeV) = 0.42 o(E = 1 TeV) = 0.44. 

m = exp[+02(p- (8) 
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where c is the standard deviation of the logarithmic gaussian distribution, and ,!3 is the 
exponent of the differential energy spectrum of hadrons. 

Supposing the exponent of the integral energy spectrum of hadrons to be y = 1.7, 
as derived as an experimental result in 0 3.1.6, we get fi  = 2.7 and m = 1.2. 

3.1.3. Absorber. With a probability of about 50% the first interaction of the hadron 
happens in the lead absorber. In order to estimate the resulting influence on the energy 
calibration, given in equation (9, a rough model has been used. 

If a hadron interacts the first time in lead, it transfers the energy K,E ( K ,  = 0.2) 
into a ‘lead cascade’. In the hodoscope this electromagnetic cascade provides a burst 
of size n , ,  which we can calculate using cascade curves (Rossi 1952) and taking into 
account the transition effect (Pinkau 1965). The next interactions of the hadron happen 
in sand, where they initiate a cascade with burst size n, = (1 -K,)E (see equation (5)). 
The total burst size detected in the hodoscope is n = n ,  + n 2 .  

If the first hadron interaction happens in the sand we take the energy calibration of 
equation (5 ) .  Then the new conversion factor k is given by 

where W ( x )  is the probability that the first interaction happens in the depth x. In the 
range 300 GeV d E d 5 TeV we get values of k between 0.90 and 0.96. 

The reason for the small change in k is the fact that (because of the transition effect) 
n ,  2: 0 in the case of interactions near the top of the absorber and n ,  > (E/1 GeV) - n, 
in the case of collisions at the lower border of the absorber. The fluctuations, which 
are produced additionally by hadron interactions in lead, should be smaller than K , .  
Therefore they are negligible compared with those of 0 3.1.2. 

3.1.4. Non-hadronic particles. In the layer of lead and sand high energy muons, electrons 
and photons can produce cascades, which we are not able to distinguish from ‘hadronic‘ 
bursts in the individual event. 

With respect to the transition effect one can estimate that an electron needs an 
energy of about 10TeV to initiate a cascade with burst size nmin = 100, which is the 
lower limit of the observed burst size range. Extrapolating the integral energy spectrum 
of the electron-photon component of EAS (Toyoda 1962) we find the number of electrons 
and photons with E 3 10 TeV: 

(10) 
N 

10 
H,,(E 3 10 TeV) = 0.06, (particles/shower) 

which is less than the number of hadrons of energy E 2 100GeV by a factor of the 
order lo-,. 

The number of muon initiated bursts n, can be estimated in comparison with 
measurements performed at the Kiel air shower experiment (Fritze et a1 1970), where a 
ratio n,/n, = 0.16 has been found for a lower limit of hadron energy Emin = 1.5 TeV. 
This value should be considerably smaller in the Pic experiment because of two reasons : 

(i) At  mountain altitude the number of hadrons per shower is greater by one order 
of magnitude, while the muon intensity does not change significantly. 

(ii) The lower limit of recorded hadron energies is smaller : Emin = 100 GeV. 
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3.1.5. Determination of shower size and core location. We have investigated the influence 
of the configuration of our apparatus on the determination of shower size and core 
location by simulating the incidence of showers with given size N o ,  given lateral distri- 
bution of shower particles and random core location (xo, yo). The exact particle density 
pi in each of the scintillation counters has been calculated. By means of the Monte 
Carlo method poissonian density fluctuations Api have been added. These artificial 
showers have been analysed like real shower data. 

Comparing the resulting values N and (x, y )  with N o  and (xo, yo) respectively, 
we come to the following conclusions: 

(i) Near the trigger level of our apparatus ( N  = lo5) the shower size is overestimated 
by a factor 3. 

(ii) Cores of showers near to the hodoscope are shifted to the centre, while the other 
ones are analysed to be at a greater distance from the centre. This effect becomes 
significant for N o  2 lo6. 

(iii) Correlated with effect (ii) there is a bias of the calculated shower size. A shift 
of the calculated core location to the centre leads to an underestimation of the shower 
size and vice versa. So the mean calculated size N of showers, which hit the centre of 
the apparatus, is less than the given size N o : m  < N o ,  while the value N of showers 
with core location within a distance of several metres from the hodoscope is greater 
than N o : m  > N o .  

The consequence of (i) is an overestimation of the primary energy by a factor of 
about 3 in the range lo5 < N < lo6. The effects (ii) and (iii) cause an uncertainty of 
the shower density of about 30 %. In addition they give rise to a steepening of the integral 
energy spectrum of hadrons with increasing shower size, since the mean distance of 
the hadrons from the shower axis is a function of hadron energy. The fact that the slope 
of the hadron energy spectrum is independent of shower size has been confirmed by 
introducing instead of the shower size N a new parameter z ,  which is the mean particle 
density detected in the counters 5-8. On the average z depends linearly on the real 
shower size N o ,  but is not influenced by any computational method. So if there is any 
shower size dependence of the slope of the energy spectrum, it must be found as a 
dependence of the steepness of the spectra H( > E,  z )  on z. The result of our analysis 
is that the slope of H is really independent of z. 

3.1.6. The experimental integral energy spectrum of hadrons. Disregarding showers 
with size N 2 lo6 (with respect to effect (iii) of 9 3.1.5) we can give the integral energy 
spectra of hadrons in the range lo5’’ < N < (figure 3). Above E = 300 GeV they 
can be expressed by a power law : 

H( > E,  N )  = A ($)’ (L) -’ (hadrons/shower) 
1 TeV 

A = 1.0k0.3, N ,  = 3 105 

p = 0.9 5 0.2, 7 = 1.70f0.15 

where the error limits are consequences of the effects discussed in # 3.1.1-3.1.5. 
In figure 4 our integral energy spectrum for a shower size range 3 x lo5 < N < lo6 

is compared with spectra which have been measured at Mt Chacaltaya (Hasegawa et a1 
1965), Mt Norikura (Miyake et a1 1970, Yoshii 1971), Mt Ootacamund (I : Chatterjee et a1 
1968, I1 : Sreekantan 1971) and Mt Pamir (Dovzenko et a1 1959). There is good agree- 
ment with the Norikura spectrum, while the other distributions are too flat (Pamir, 
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Hadron energy E (GeV) 

Figure 3. Integral energy spectra of hadrons for different shower sizes. A, 5.7 Q Ig N Q 5.9;  
B, 5.4 Q Ig N Q5.6 ;  C, 5.1 Q Ig N Q 5.3. 

Chacaltaya, Ootacamund I) or too steep (Ootacamund 11) from our point of view. 
Moreover, the author of Ootacamund I1 finds a shower size dependent slope of the 
energy spectra in the range lo5 < N < 3 x lo5, which cannot be confirmed by our 
results. From our point of view there are three important problems of measurement 
causing the differences, which become obvious in figure 4 :  (a)  accuracy in the deter- 
mination of the hadron energy ; (b) spatial resolution of the hadron detector ; (c) specific 
properties of the air shower array (see 5 3.1.5). 

3.1.7. Comparison with air shower simulations. With special regard to the slope we have 
compared our energy spectrum with computer simulations of air showers. Bradt and 
Rappaport (1967) and Thielheim and Beiersdorf (1969) have performed Monte Carlo 
calculations for sea level, which are based on a multiplicity law n - EP (/? z 0.25). The 
resulting energy spectra are represented by power laws with an exponent y 2 1.2 in 
the energy range 100GeV < E < 2TeV. They are significantly flatter than our 
experimental result. 

A direct comparison with Monte Carlo calculations for the same observation level 
is shown in figure 5. The models SFB ( n  - E l l 2 )  and IDFB (n - E318) computed by 
Grieder (1972, private communication) and the model HL (n - E ’ / * )  of Murthy et a1 
(1968) lead to a good agreement of the slope with our measurement, while the model 
DFB (n - Ell4) of Grieder and the other models of Murthy (not shown in this figure) 
produce spectra which are not steep enough from our point of view. 

All these Monte Carlo calculations .are performed for protons as primary particles. 
A mean atomic weight of the primaries A > 1 steepens the energy spectrum of hadrons. 
The amount of steepening can be estimated from the calculations of Thielheim and 
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Beiersdorf (1969) : an increase from A = 1 to A = 64 is correlated with a rise of the mean 
slope of the integral hadron energy spectrum from y = 1.2 to y = 1.35 in the energy 
range 100 GeV < E < 10 TeV. This seems to indicate that even a pure heavy particle 
composition would not be able to explain the steepness ofthe measured energy spectrum. 

The experimental spectrum corresponds to a primary energy Eo = (3  f 1) x lo5 GeV, 
assuming the relation Eo = 2N (GeV) between shower size N and energy E , .  In spite 
of the uncertainty, which is involved in this relation, our distribution seems to favour 
the model IDFB, if in addition we take into account the absolute intensity. 

Summarizing these arguments, we conclude that a comparison of the measured 
integral energy spectrum with the above considered Monte Carlo calculations at fixed 
primary energy indicates that the mean multiplicity in high energy collisions increases 
more rapidly than El l4  (supposing that the inelastic cross section and the inelasticity 
are not significantly dependent on collision energy). 

On the other hand, calculations performed by Capdevielle (1972), using the 'step- 
by-step' method, lead to an integral energy spectrum 

H , ( > E ,  N )  - N"07E-',7 ( E  > 300GeV) (12) 
in good agreement with our measurement, although based on a quarter law of the 
mean multiplicity. Apparently there is a difference between the results derived by 
Capdevielle and by the authors of the Monte Carlo calculations. One possible explana- 
tion could be that the first one is presenting his energy spectrum at fixed shower size, 
while the other ones give spectra at fixed primary energy. Furthermore it is to be noted 
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Figure 5. Comparison of the integral energy spectrum of hadrons with Monte Carlo 
calculations. Full curves: Grieder (1972, private communication), E ,  = lo5 GeV (720g 
cm-2) ;  broken curve: Murthy et al (1968), E ,  = lo5 GeV (800 g cm-2);  experimental 
points: present work, E ,  = (3+ l ) x  lo5 GeV(730gcm-'). 

that in the calculations of Capdevielle fluctuations are allowed only for the first inter- 
action. This may lead to an underestimation of the probability of a hadron reaching 
the observation level with rather high energy, and therefore it may result in a steepening 
of the integral energy spectrum. 

Nevertheless the conclusion we have drawn concerning the mean multiplicity must 
be somewhat restricted, until the differences between the results of both methods of air 
shower simulation are completely clarified. 

3.2. Lateral distribution of hadrons 

In order to get the lateral distribution of hadrons we have subdivided the neon hodoscope 
into 100 subareas of 0.14 m2 each, which can be interpreted as individual burst detectors. 
Then the lateral distribution is given by 

where bi( > E ,  N ,  r) is the number of showers with size N ,  incident at a distance r from 
the ith detector, which are accompanied by a hadron of energy greater than E recorded 
in the ith detector. m i ( N ,  r )  is the number of all showers with size N falling in at the 
distance r from the ith detector. 

Figure 6 shows the lateral distribution of hadrons for a shower size range 
lo5" < N < 106'5. It can be expressed by an exponential law: 

p( > E ,  r )  = A( > E )  exp( - r/ro( > E)) .  (14) 
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Distance from the shower core (ml 

Figure 6. Lateral distributions of hadrons for different hadron energies, and energy depen- 
dence of the parameters A and r o  in the shower size range 5.1 6 Ig N 6 6.5. A, E > 200 
GeV ( r o  = 2.40 m) ; B, E > 400 GeV ( ro  = 2.00 m) ; C, E > 600 GeV ( ro  = 1.75 m) ; D, E > 
800 GeV ( ro  = 1.65 m). 

The energy dependences of ro and A are given by power laws : 

ro( > E )  - E - 0 ' 3  * 0'04, A ( > E )  N (15) 

Integration of the lateral distribution leads to the integral energy spectrum : 

H( > E )  = JOm p( > E,  r)2nr dr = 2nA( > E)rg( > E )  - E -  '" (16) 

in agreement with our results in 9 3.1.6. Figure 7 shows the lateral distribution of hadrons 
with E > 200GeV for different shower sizes. It can be seen that ro is independent of 
shower size. 

In figure 8 we compare our lateral distribution with results of the experiments at 
Mt Chacaltaya, Mt Norikura and Mt Ootacamund (for references see 0 3.1.6). There 
is fairly good agreement with the Norikura spectrum. Moreover, the dependences of 
the parameters A and ro on hadron energy E and shower size N agree with those 
observed at Mt Norikura, with one exception: Miyake et a1 (1970) find that the mean 
distance of hadrons from the shower axis is a function of shower size: r - N0'l6, while 
our experiment does not show such a dependence. The other distributions are too 
flat from our point of view. 

3.2.1. Errors in determination of the mean distance of hadrons. In order to estimate the 
mean transverse momentum in high energy collisions by means of the mean distance 
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I 5 10 15 
Distance from the shower core (m)  

Figure 8. Comparison of the lateral distribution of hadrons with other experiments (for 
references see text). Full line, Chacaltaya, 250 C E C 750 (GeV), N = 5 x IO' ; chain line, 
Norikura, E > 200 GeV. 3 x IO5  d N < lo6 ; broken line. Ootacamund 1. E > 200 GeV. 
1.8 x 10' C N d 3.2 x 10'; experimental points, Pic du Midi, E > 200GeV, 10''' d N Q 
106.5. 
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F of hadrons from the shower axis, it is useful to consider the influence of our apparatus 
on the determination off.  In our measurements we find two main origins, which both 
produce a flattening of the measured lateral distribution. 

( a )  Determination of hadron energy. In principle the measurement of an energy 
dependent parameter p is influenced by the energy spectrum, the error in energy deter- 
mination and the energy dependence of p itself. 

In the case of the mean distance ?(E) of hadrons from the shower axis, the steepness 
of the hadron energy spectrum and the fluctuations in cascade development (see 9 3.1.2) 
lead to an overestimation of f ( E ) ,  because F is connected to a measured hadron energy, 
which is greater than the real energy, and because f increases with decreasing energy. 
Quantitatively, the mean distance of hadrons is increased by a factor (Murzin 1967) 

b = exp{ -4a2[2(P- 1)s-s2]}, (17) 

where /? is the exponent of the differential energy spectrum of hadrons, CJ is the standard 
deviation of the logarithmic gaussian distribution describing the fluctuations in cascade 
development (see 4 3.1.2), and s is the exponent of the power law, giving the differential 
energy dependence of the mean distance of hadrons from the shower axis (see equations 
(20) and (24)). 

(b )  Determination of the hadron-shower axis distance. Since the spatial resolution 
af the neon hodoscope is good, the uncertainty in the determination of the hadron- 
shower axis distance is identical with the error in the shower core location. By means 
ofthe Monte Carlo calculations, described in§ 3.1.5, we found that this error Ar is given by 

H(Ar)  - Ar exp[ - (Ar)’/2a?] (18) 

where c,. is increasing with the distance R of the given shower core location from the 
centre of the apparatus : 

o,(R) = exp(O.06R). (19) 

This dependence of the error in shower core location on R leads to a flattening of the 
lateral distribution of hadrons, causing an increase of the mean distance of hadrons by 
an additive term of at least 0.3 m, which is a lower limit. 

3.2.2. Estimation of the mean transverse momentum. Taking into account the effects 
discussed above we can estimate the mean transverse momentum. The Monte Carlo 
calculation performed by Bradt and Rappaport (1967), which is based on a mean trans- 
verse momentum fjt = 0.35 GeV/c, leads to a lateral distribution of hadrons which is 
shown in figure 9 together with the experimental distribution. In the energy range 
230 GeV < E < 750 GeV the resulting mean distance of hadrons from the shower axis 
is YBR = 2.7 m, depending on energy as . -  

?(E) - E‘, s = -0.6. (20) 

Starting from these theoretical values we can calculate formula (17) with P = 2.7, 
0 = 0.43, s = -0.6 and we find b = 1.25. Therefore regarding the two effects ( a )  and 
f b )  we expect for the measured mean distance of hadrons : 
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I 5 IO 15 
Distance frm the shower core (m 1 

Figure 9. Comparison of the lateral distribution of hadrons with a Monte Carlo calculation 
of Bradt and Rappaport (1967). A, present work, E ,  = 8 x 10’ GeV, 730gcm-*, 200 Q 
E < 800(GeV), f = 5 0 m ;  B, Bradt and Rappaport (1967), E ,  = lo6 GeV, 530g cm-’, 
230 Q E Q 750 (GeV), peR(r) dr = A exp[-(r/0.135 n~)’’~] dr, f = 2.7 m. 

as a lower limit. So we find a ratio of the experimental value re, = 5.0 m to the expected 
value ?‘: 

?ex/?1 < 1.35 (22) 

which leads to an upper limit of the mean transverse momentum 

pl = 0.47 GeV/c. (23) 

If we consider the differential energy dependence of the mean distance of hadrons, 
resulting from the experiment : 

?(E) - E”’, S’ 2: -0.3 (24) 

(which is nearly the same as the integral energy dependence (equation (15)), because of 
the steepness of the hadron energy spectrum), we get with formula (17): b = 1.12, and the 
upper limit of the mean transverse momentum becomes 

pl = 0.53 GeV/c. ( 2 5 )  

The theoretical value of the mean distance of hadrons is the result of a calculation for a 
pure proton composition of the primary radiation. For a mixed chemical composition, 
the theoretical lateral distribution of hadrons flattens (Bradt and Rappaport 1967), and 
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our upper limit of the mean transverse momentum approaches the value pt = 0.35 GeV/c. 
Therefore, we conclude that it is not necessary to claim for large mean transverse 
momenta. 

4. Conclusions 

In the hadron energy range 300GeV < E < 2TeV the integral energy spectrum, 
expressed by a power law, has a slope of 1.70)0.15 independent of shower size in the 
size range lo5 < N < lo6. As shown in Q 3.1 the steepness of the measured spectrum 
can be influenced seriously by the method of energy determination and by the uncertain- 
ties in shower size and core location. These effects may explain the discrepancy of the 
results of different experiments shown in figure 4. 

The steepness of the measured integral energy spectrum disagrees with the results 
of all Monte Carlo calculations we have considered, which are based on a multiplicity law 
n - Ell4. This discrepancy cannot be explained by the assumption of a heavy primary 
particle composition. The satisfactory agreement with the models IDFB and DFB of 
Grieder (1972, private communication) allows the suggestion that the mean multiplicity 
in high energy collisions increases more rapidly than E”4. This conclusion is restricted 
to the comparison with the Monte Carlo calculations we have considered, since the 
results of the ‘step-by-step’ calculations of Capdevielle (1972) do not permit such a 
statement. 

for hadron 
energies of E > 200 GeV up to E > 800 GeV. It is independent of shower size in the 
range los < N 106’5 for hadrons of energy E > 200GeV. The fluctuations in 
burst development and the error in the determination of the shower core both cause an 
overestimation of the mean distance of hadrons. The quantitative determination of the 
extent of these effects, as performed in Q 3.2, leads to a mean transverse momentum in 
high energy collisions of jjt = 0.5 GeV/c, which is an upper limit. 

During the analysis of the data to this work, it became obvious to the authors that 
systematical influences of the apparatus on the results of measurement can become very 
important. So it seems very desirable that the Monte Carlo method should be applied 
not only to the air shower development, but also to the method of measurement. 

Moreover, to get a better comparison between simulations and experiment, it 
would be helpful to have more calculations with results given at a fixed shower size, or 
to have better information on the relation between fixed observed shower size and mean 
correlated primary energy, instead of the relation between fixed primary energy and 
mean correlated shower size which is usually given. 

The mean distance of hadrons from the shower axis increases as 
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