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ABSTRACT 

During the moonless nights of April, May, and June 

1973, a measurement was made of the differential energy 

spectrum of primary cosmic ray particles of energies between 

1011 ev and 1015 ev. Based on limited experimental informa

tion, it has been speculated that, in this energy range, 

either due to the increasing importance of the p-p colli -

sional process or due to the change of the confinement 

parameters for cosmic ray particles in the galaxy, the 

energy spectrum may exhibit a pronounced deviation from that 

of lower energies. The object of this work was to measure 

the spectral shape to higher accuracy searching for this 

feature. 

The measurement was made by detecting the Cherenkov 

light components of air showers caused by the interaction of 

the primary cosmic rays and the atmosphere. In this method 

the detector system has a very large effective area (> 101* 

m2) which permits us to collect many events in a short 

period of time and thus greatly improve the statistical 

accuracy. Two 1.5 m searchlight mirrors and the Smithsonian 

Institution's 10 m tessellated telescope were used to col

lect the low intensity Cherenkov light and focus it on a 

photomultiplier. The signals from the photomultiplier were 
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processed by an electronic system characterized by a large 

(« 1011) dynamic range. The pulse height distribution was 

then related to the primary cosmic ray differential spectrum 

via the calculations of Zatsepin and Chudakov. 

The experimental results indicate that the spectrum, 

in this energy range, can be expressed as J/E2,l|±0,1. No 

kink such as the one obtained by the Proton series of 

satellites was found. No explanation of this disagreement 

is offered here. The results are in general agreement with 

the conclusions of Gaisser and his co-workers that the 

energy dependence of the pp collisional cross section has 

little effect on the spectrum in this energy range. 



CHAPTER I 

INTRODUCTION 

Since Hess first postulated the extra-terrestrial 

origin of cosmic rays in 1912, much work has been done in 

measuring the energy spectrum of the particles. Knowledge 

of the spectrum is of fundamental importance in understand

ing their origin and the physical processes taking place in 

the interstellar space during their propagation from their 

sources to the earth. The objective of this investigation 

is to measure the spectrum in the energy range from 1011 ev 

to 1015 ev with high precision. 

Satellite and balloon borne experiments have pro

vided most of the information on cosmic rays with energies 

up to 1010 ev (see for example, Webber 1973). The differ

ential energy spectrum, J(E)dE, which is the flux of parti

cles in the energy range E to E + dE, can be represented by 

an inverse power spectrum, 1/E^, with spectral index y = 

+ 2.65 for 10® s E £ 1010 ev. The upper energy limit is 

determined by the weight and size limitations of the launch 

vehicles and limitations in data accumulation time. At 

higher energies the cosmic ray intensity is so small 

[I(E > 1012 ev) s 10 5 particles/cm2-sec-str] that impossibly 

1 
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long accumulation times are needed with conventional sized 

detectors to obtain statistically significant data on these 

particles. For primary cosmic rays of energies above 1015 

ev, on the other hand, since a sufficiently large number of 

the secondaries produced by their interactions with the 

earth's atmosphere can reach the earth, the knowledge of the 

spectrum may be inferred from a study of the secondaries. 

Large arrays of particle detectors (see for example, 

Brownlee et al. 1968) covering areas of many square kilom

eters are used to study these extensive air showers. Cosmic 

ray primaries with energies 1020 ev have been detected in 

this way (Bell et al. 1973). The spectral index between 

1015 ev and approximately 1017 ev is + 3.2 and above 1017 ev 

the spectral index becomes + 2.6 (Bradt et al. 1965). Be

cause of poor statistics the uncertainties in these values 

are large. 

The first direct measurement of the spectrum in the 

energy range from 1010 ev to 1015 ev was made by Grigorov 

and his collaborators with calorimeters (total absorption 

method) on the very massive proton satellites (Grigorov et 

al. 1971; Bugahov et al. 1970). Up to 2 x 1012 ev there is 

some confirmation from the calorimeter experiment of Goddard 

Space Flight Center (Ryan, Ormes, and Balasubrahmanyan 1972). 

Above this energy, the proton measurements indicate an 



abrupt decrease in flux of about 35% as shown in Fig. 1. 

Data from all of the Proton satellites are incorporated in 

this figure. This change has not been observed previously, 

and there is some doubt as to its authenticity. Clearly, 

there is need for a second measurement of the primary cosmic 

ray energy spectrum in this energy range, preferably with 

greater precision. 

Additional interest in the precise measurement of 

the primary cosmic ray spectrum has been generated by two 

recent unrelated experimental results which indicate that 

the cosmic ray energy spectrum may steepen for E £ 101,1 ev. 

The first result is that the inelastic cross section for 

protons on protons increases with energy (Yodh, Pal, and 

Trefil 1972; Amendolia et al. 1973; Amaldi et al. 1973). 

The energy dependence of the cross section may be expressed 

as 

<*pp • a + b (fJnS) 2 (1) 

where a and b are two constants and S is the square of the 

center of mass energy (Cheng and Wu 1970) . A good fit for 

the energy region of interest is given by (Barger et al. 

1974) 

app " 38,4 + °'5^/Sol2 

where the scale factor S0 is the value of the square of the 

total center of mass energy corresponding to an incident 
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energy of 70 GeV. It was first pointed out by Wayland 

(1970) that if the cross section continuously rises then the 

cosmic ray spectrum would steepen for E s lO1" ev/n because 

of the increasing probability for removal of the higher 

energy cosmic rays due to collisions with the interstellar 

hydrogen. The second result is that the ratio of light to 

medium nuclei (LiBeB/CNO) is found to decrease with energy 

for E > 1010 ev (Juliusson, Meyer and Muller 1972; Ormes and 

Balasubrahmanyan 1973; Smith et al. 1973; Webber et al. 

1973). Ramaty, Balasubrahmanyan, and Ormes (1973) have 

shown that this implies that the path length for the medium 

nuclei in the galaxy decreases and that this produces a 

steepening energy spectrum of the primaries. Thus it be

comes extremely important to measure the cosmic ray spectrum 

from 1011 ev to 1015 ev to a high precision. 

This experiment was designed to obtain such a mea

surement. A large effective detector area ( > 101* m2) was 

obtained by detecting the Cherenkov light created by the 

passage of the electronic component of an air shower through 

the atmosphere. This low level light was collected by using 

the Smithsonian Institution's 10 m tesselated telescope and 

several 1.5 m searchlight mirrors located at the Astro-

physical Observatory on Mt. Hopkins. Air shower theory (see 

Chapter II) was used to relate the intensity of the 

Cherenkov light with the energy of the primary cosmic ray 
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that produced the air shower. The uncertainties introduced 

here and in the experimental calibration limit the relia

bility of this experiment as a measurement of the absolute 

spectral index; however, despite these limitations, this 

technique is sensitive to changes in the spectral index. 

Thus it is hoped that this work will eliminate some of the 

uncertainties in the primary cosmic ray spectrum. 



CHAPTER II 

THEORY 

In this chapter the theoretical expressions for the 

Cherenkov radiation produced in an air shower are developed. 

There is also a discussion of the theoretical basis of the 

experiment. 

Cherenkov Radiation 

The fundamental relation describing the distribution 

of Cherenkov radiation with respect to the trajectory of an 

electron is 

cos 0 = l/3n (3) 

where 0 is the angle between the direction of the radiation 

and the trajectory of the electron as shown in Fig. 2, c$ is 

the velocity of the electron, and n is the index of refrac

tion of the medium. This condition is dictated by the re

quirement of coherence in the light from different points 

along the trajectory of the particle. The rate of produc

tion of the radiation with path length is given by 

%" £ Li I1" (4) 

7 



Fig. 2. The Conical Wavefront of Cherenkov Light Produced 
by the Passage of a Charged Particle. 
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where E is expressed in ergs, x in centimeters, e is the 

charge of the electron in ESU and w is the angular frequency 

of the radiation (Frank and Tamm 1937). 

Some general consequences of Eqs. 3 and 4 are: 

(a) For an ultra-relativistic particle for which 

0 - 1, there is a maximum angle of emission given by 

0 = cos"1 [-] . 
max (n J 

At sea level, the refractive index of air is 1.00029 and 

0 „ = 1.3°. Thus, the radiated light is nearly parallel 
max 

to the path of the radiating particle. 

(b) Since cos 6 <; 1, for a given index of refraction 

n, there is a minimum velocity (and corresponding energy) 

below which no radiation is produced. The minimum velocity 

and minimum energy are given by the relations 

(5) 

t, _ nmc2 

where m is the rest mass of the particle. For n = 1.00029, 

E for electrons is 21 Mev, for muons it is 4.4 * 103 Mev, 
m 

and for protons it is 3.9 * 10^ Mev. 

(c) The radiation can only occur at those frequencies 

for which n ^ 1 so that while Cherenkov radiation can appear 
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in the microwave, infrared, visible and ultra-violet parts 

of the spectrum, it cannot be observed in the x-ray or gamma 

ray regions of the spectrum. 

(d) The loss of energy by radiation per unit path 

length for an ultra-relativistic particle is found to be 

several kev per centimeter, a quantity negligible in com

parison to the losses of energy by other causes. 

In a comprehensive treatise on Cherenkov radiation, 

J. V. Jelley discusses corrections to Eqs. 3 and 4 due to 

quantum effects (Jelley 1958). In general, these correc

tions are very small and may be neglected for all practical 

purposes. 

Air Showers 

The primary cosmic rays with energies between 109 

and 1012 ev/nucleon have been found to consist of atomic 

nuclei of which approximately 80% are protons, 19% are 

helium nuclei, and the remaining 1% are heavier nuclei 

(Gloecker 1970). The composition of the particles of 

energies greater than 1012 ev is not known, but it is usual

ly assumed that it is the same as that in the lower energy 

range. Upon entering the earth's atmosphere, these cosmic 

rays interact strongly with the atmospheric nuclei. One 

result of these interactions is the creation of a large num

ber of electrons, positrons, photons, muons, hadrons, and 
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neutrinos, some of which arrive at mountain elevations as 

well as at the surface of the earth. This phenomenon is 

called an air shower (hereafter abbreviated AS). The theory 

of AS presented here is for the showers induced by primary 

protons since they are the most predominate cosmic ray 

particles. The modifications of the shower development due 

to an initiating primary other than a proton will be dis

cussed at a later time. 

The interaction mean free path of a proton with 

oxygen or nitrogen nuclei is approximately 80 g/cm2. In an 

inelastic collision a large number of pions, kaons, nucleons, 

and anti-nucleons are created. These particles undergo sub

sequent nuclear disintegrations and collisions in which 

additional particles are produced. The number of particles 

continues to increase until the number of particles created 

no longer compensates the number decayed; thereafter the 

number decreases almost exponentially with the depth of 

penetration. 

The most abundantly produced secondaries are the 

pions. Most of the charged pions created at high altitudes 

decay into muons and their associated neutrinos with a half-

life of 2.6 x 10"8 sec in their rest frames 

+ + 
7T~ + y~ + V . 
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The resultant muons are also unstable; they decay into 

electrons and neutrinos, 

+ + — 
p~ -*• e + v + v . 

However, the muons do not interact strongly with the 

nucleons they encounter and, since the half-life of this 

decay is 2.22 x 10~6 sec, due to the relativistic effect 

most of them can reach the surface of the earth. 

The particles which are primarily responsible for 

the AS electromagnetic development are ir°'s. The uncharged 

pions decay almost immediately upon being produced 

(1.8 x 10"16 sec) into two gamma rays 

TT° **• Y + Y • 

In traveling through the atmosphere these gamma rays undergo 

Compton scattering and pair production when they pass in the 

vicinity of a nucleus. There is also the possibility that 

these gamma rays may suffer a photonuclear interaction, but 

the cross section for this interaction is small in the 

energy region of interest. The electrons and positrons pro

duced in the pair production process lose their energy by 

ionization and by radiation (Bremstrahlung) and by direct 

pair production. This latter process becomes increasingly 

important as the energy of the electron increases (Rieke 

1969). The photons created in the radiation process produce 
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more electrons and positrons. This cascade process con

tinues with a gradual degradation of energy in the particles 

produced until the ionization energy losses begin to domi

nate. When this occurs, the number of photons produced 

rapidly decreases with a subsequent reduction in the number 

of electrons and positrons present in the shower. The elec

trons undergo multiple Coulomb scattering and as a result, 

may be found at large lateral distances 1 km) from the 

trajectory of the initiating primary. At mountain altitudes 

and at the sea level the number of particles present in 

this, the electronic component of the shower, is much 

greater than the number of muons and nuclear active parti

cles in the core. Since the scattering angles for these 

heavier particles are relatively small, the diameter of the 

core at the surface of the earth is usually less than 30 m. 

Thus, an AS consists of a central core of high 

energy nucleons, mesons, and electrons surrounded by a more 

highly scattered electron-photon component. The longitudi

nal and lateral development of this component will be dis

cussed in the following sections. 

Longitudinal Development 

Since, as described above, a shower is a conglomer

ate of a large number of competing processes, there is no 

exact solution which describes all of its properties. 
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Attempts have been made to describe the average properties 

of a shower, but even here many approximations are necessary. 

In obtaining the number of electrons and photons of 

a proton induced shower as a function of depth in the atmo

sphere, it is assumed that the negative and positive elec

trons are created in pairs and the energy lost by the 

electrons is due to radiation and ionization; all other 

processes are neglected. The energy loss processes are re

garded as continuous and equal to a constant amount per unit 

distance. A study of the errors produced when this approxi

mation is used to determine the number of electrons indi

cates that the numbers obtained are accurate to within ten 

percent (Greisen 1956). 

A natural unit in which to measure thickness of 

material evolves from the asymptotic expressions for radia

tion and pair production. The radiation length t0 is physi

cally the distance in which an electron's energy is reduced 

to 1/e of its initial value by radiation. There is a correc

tion to take into account the probability of the process 

occurring in the electric field of an orbital electron in 

addition to the field of the nucleus, so that for air, the 

radiation length is 

t0 = 37.7 g/cm2 . 

For pair production the characteristic length (or mean free 

path) is 
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The ionization loss of an electron during its 

passage through one radiation length of matter is called the 

critical energy (E ) of the material traversed. For air the 
C 

value of this constant is 84.2 Mev. 

description of shower development is the age parameter S. 

S increases throughout the growth and decay of a shower. At 

the origin of a shower initiated by a single particle, S = 0; 

when the number of electrons present is a maximum, S = 1; 

and when S = 2, the number of particles present has been re

duced to less than one. Greisen (1956) gave the following 

approximate but convenient expression for S as a function 

of the primary energy E and the thickness of air t: 

Under this approximation, the average number of 

electrons of a particular energy at a particular depth is 

given by the solution to a set of diffusion-like equations, 

Another quantity which is frequently used in the 

S ~ t + 2 Logetb0/bcJ • 

dN 
ANe - BNy • GEC 

(6) 



where the term -ANe represents the loss of electrons within 

a given range by radiation, BN^ is the gain in the number 

of electrons from pair production, GE (dN /dE) represents 

the electrons which are removed from the shower by ioniza

tion losses, CN is the gain in the number of gamma ray 

photons from electron radiation and DN^, is the loss of 

gamma rays due to electron pair creation. By solving these 

equations numerically, one obtains the total number of elec

trons as a function of the depth of penetration for a given 

photon of energy E0 (Greisen 1956). Examples are illus

trated in Fig. 3. The curves drawn in this figure are well 

represented in the region where N is large by C 

K (E.,t) ̂  
0.31 et<1-S/»Lo«e S) 

® ° [Loge E0/Ecr 

An electron initiated cascade would yield almost the 

same development curve as shown in Fig. 3. For a proton 

initiated shower, on the other hand, the number of electrons 

as a function of depth in the atmosphere was treated differ

ently. To make the computation, Nikolskii and Pomanskii 

(1961) first made the following assumptions: (1) the cas

cade of nuclear active particles consists of nucleons and 

charged pions. Energy is removed from the cascade by the 

formation of uncharged pions and by the decays of the 

charged pions into muons, (2) the secondary particles are 
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Fig. 3. Number of Electrons as a Function of Depth in the Atmosphere for Various 
Primary Photon Energies. 
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composed of 731 pions and 271 nucleons (Landau and Belenskii 

1955) , and (3) the minimum energy of the particles taking 

part in the nuclear cascade process is 3.7 x 109 ev. Using 

the method of successive generations, they were able to 

obtain the number of charged pions of the ith generation, 

N^CE.E,,), at a depth t. 

The number of neutral pions produced is approximate

ly equal to one half of the number of charged pions obtained 

(Broadbent and Janossy 1947), that is, 

N170 « N - N ~ . 

«TT + 
Thus, they obtain from (E,E0) the number of gamma rays in 

the ith generation due to the decay of the ir0's. At this 

stage, the problem is reduced to the same calculation of the 

number of electrons at depth t as for a photon induced 

shower. Figure 4 is a plot of N (E0,t) versus depth in the 6 W 

atmosphere for three values of E^. 

A comparison of Figs. 3 and 4 indicates that at 

Mt. Hopkin's altitude (= 770 g/cm2), a gamma ray initiated 

shower will contain from two to three times as many elec

trons as a shower produced by a proton of the same energy. 

This is to be expected since the nuclear active core and the 

muonic component reduce the amount of energy available to 

the electronic component of a proton initiated shower. 



19 

6 -

= 4.5 • 10 ev 

5 -

o  
UL 

® 4 
Z 

© 
O 

8.2 • I0,3ev 

3 -

2 -

I 

5 • 0 -ev 

MT. HOPKINS 
(770 Q/cm2) 

0 300 600 900 
THICKNESS OF AIR (g/cm2) 

Fig. 4. Number of Electrons as a Function of Depth in the 
Atmosphere for Several Proton Energies. 



20 

Lateral and Angular Development 

There are several reasons for the lateral spread of 

the electronic component of a shower; the opening angle of 

an electron pair, the emission angle of a photon in the 

radiation process, and the deflection of the electrons due 

to the multiple Coulomb scattering. Of these three pro

cesses, multiple Coulomb scattering is the most important. 

An estimate of the magnitude of the Coulomb scatter

ing was made by Rossi and Greisen (1941) . They shoi^ed that 

the mean square scattering angle 0sz in traversing an air 

column of thickness At is given by 

where E = m-C 2/4ir(137) , (21.1 Mev), is the scattering 
S V 

energy, and tQ is the radiation length (37.7 g/cm2). For 

shower electrons with energies of 100 Mev undergoing one 

radiation length of scattering, 0g (rms) = 12°. 

The ratio of the opening angle of an electron pair 

or the emission angle of a photon in the radiation process 

to the deflection angle due to multiple scattering is given 

by (Nishimura 1967) 
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Thus the contribution of these processes to the lateral 

spread of the electronic component is small compared to 

multiple Coulomb scattering and will be neglected. 

A natural unit for describing the spread of the 

electrons is the Moliere length, R0. This is the lateral 

distance over which an electron of energy E£ (84.2 Mev for 

air) is scattered in traversing a thickness of one radiation 

length. This is approximately one-fourth of a radiation 

length (about 79 m at sea level). 

Equations similar to Eqs. 6 can be written which 

include the angular deviations of the electrons and photons. 

Approximate solutions to these equations were obtained by 

Nishimura and Kamata (1951). Greisen (1960) modified these 

solutions, and in so doing, he assumed a normal distribution 

for the lateral spread, that is 

_R2/_2 
pe(r) « e ' 0 

where rQ is chosen so as to take into account the angular 

deviations of the electrons. This distribution was used by 

Zatsepin and Chudakov in calculating the Cherenkov radiation 

from air showers which will be described in the next section. 

Cherenkov Radiation from 
Air Showers 

Several authors have reviewed the calculations of 

the yield of Cherenkov radiation which is expected to 
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accompany an AS (for example, see Jelley 1967 or Boley 1964). 

Since the approximations made in these calculations are 

diverse and the techniques employed are manifold, the pur

pose here is not to give a detailed review of the different 

calculations, but rather to present a summary of the most 

comprehensive calculations, those performed by Zatsepin and 

Chudakov (1962) and Zatsepin (1965). 

The objective of the calculation is to determine the 

average number of Cherenkov light quanta with wavelength 

from Xj to X2 incident upon unit area at a distance R from 

the shower axis at a specified altitude h. A schematic 

diagram of the physical situation is shown in Fig. 5. In 

this figure O'O is the shower axis and the light intensity 

is calculated at location D, a distance R from the axis. 

The light is generated by electrons of, energies E to E + dE 

contained in a volume element dV at A' , a height h above the 

observation level. In Fig. 5 points OBCD lie in the observa

tion plane and points O'A'BO lie in the plane perpendicular 

to the observation plane. The direction of electron motion 

is along A'C. To simplify the calculations, d(A'C) is ap

proximated by dh. The light generated by an electron motion 

dh intersects the observation plane in a ring with mean 

radius r (E,h) - h0 and width 0 dh where 0 = cos x(l/n) 
c c c c 

and n is the index of refraction of air at the altitude h. 



Fig. 5. Geometry for Calculating the Cherenkov Yield of an 
. Air Shower. 



The width of the ring is assumed to be much smaller than L, 

the characteristic linear dimension of the detector. The 

detector at D then receives light from those electrons in 

dV for which the axis of the light cones intersect the ob

servation plane within the ring of mean radius rc and width 

L >> 0 dh. Let 
c 

N (E ,E,h,r)dE = the density of electrons with © 0 

energy between E and E + dE at a 

point A' in a shower initiated by a 

primary particle with energy E„, 

Then the fraction of the electrons which have light cones 

that intersect the observation plane within an increment of 

detector area is rcLd<j>/h2. That is, 

f (0 »E) = the angular distribution of elec

trons about the direction A'B de-

dV = 

termined by the average angle 

0" (r) , and 

rdadhdr . 

dn = N (E. ,E,h,r)f(0 ,E)r Lh~2d<|>dErdadhdr . 
v V C 

For any of these light cones, only the fraction L/2irr  of 
V 

the number of photons comprising the cone is intercepted by 

the detector. Thus, the density of Cherenkov photons at a 
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distance R from the shower axis is given by 

o(r) = ji | a(E,h) (7) 

where a(E,h) is the number of light quanta with wavelengths 

within the observable wavelength limits, and X2, emitted 

by an electron with energy E at height h along one g/cm2 of 

path, and the integration is performed over all pertinent 

values of E, h, r, a, and <j>. To evaluate this integral, the 

following assumptions and approximations were made: 

angular distribution functions at an elevation h was assumed 

to have the form 

(a) The product of the electron density and the 

Ne(Eo,E,h,r)f(0,E) = Ne(E0,h)f(E)Be"r2/r? Ce'02/0o 

where 

.r Jr _ 1.73 dE 
f (EJ dE - -ir- (1 + 2.3E/E ) * 

c c 

and 

r02(E,h) = 02 (E) (t0/p)2, 02 -
0.545(2.3Es/Ec)2 

(1 + 2.3E/Ec)2 

In these expressions, Eg is the scattering energy (21.2 Mev) 

defined previously; t0, the radiation length; and Ec is the 

critical energy (34.2 g/cm2 for t. and 72 Mev for E were 
c 



used in this calculation). The expressions for r0 and 60 

were taken from the work of Belenskii (1948) with allowance 

for ionization losses as developed by Roberg and Nordheim 

(1949). B and C are normalization constants. 

(b) The quantity a(E,h), in the interval 3000 A to 

6000 A, is given approximately by 

where Em is the threshold energy defined in Eq. 5. In this 

calculation a(E,h) was replaced by a constant equal to 354 

photons per g/cm3 and the lower limit of the integration was 

changed in such a way to keep the total number of photons 

the same. That is, 

(c) For the value of p, a model atmosphere is 

assumed possessing the following temperature distribution: 

T(h) = 288°K - bh for 0 s h s 11 km 

A(E,h) = 354[1 - (E*/E2)] 

fEo 
A(E,h)f(E)dE 

JE_ 
was replaced by 354f(E)dE 

T(h) = 218°K for 11 < h £ 30 km 

where b = 6.35°K/km. 
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Using the above assumptions, Zatsepin and Chudakov 

(1962) integrated Eq. 7 and obtained, for proton initiated 

showers, the lateral distribution of photons between 3000 A 

and 6000 A. In Fig. 6, curves 1 and 2 are the photon den

sities per shower electron at sea level for showers initi

ated by protons of energies of 1.5 x 1012 ev and 4.5 x 1015 

ev, respectively. Curves 3 and 4 are the same densities at 

an altitude of 3860 m. The solid dots and the open circles 

in Fig. 6 are experimental data obtained by Zatsepin and 

Chudakov for detectors located at these two levels. 

It is evident from Fig. 6 that the light per parti

cle at the observation level increases as the energy of the 

initiating primary decreases. This is due to the fact that 

for the more energetic showers the shower maximum is nearer 

to the observational level with a resultant increase in N , 
e 

the number of electrons, relative to the number of Cherenkov 

photons. 

Zatsepin and Chudakov calculated the total number of 

photons at 3860 m in showers initiated by protons of various 

energies. Their results are shown in Fig. 7. As this 

figure indicates, the total number of Cherenkov photons at a 

particular elevation is, to a good approximation, a linear 

function of the energy of the initiating primary. This re

lation is adopted as the basic assumption of the experiment 

in the next section. 
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Curves 1 and 2 are for sea level and primary proton 
energies of 1.5 * 1012 ev and 4.5 X LO15 ev, respectively 
whereas curves 3 and 4 are for primary protons of the same 
energies at 3860 m elevation. The open circles and dots are 
experimental data (Zatsepin and Chudakov 1962). 
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The calculations of photon yield presented here 

considered the primary cosmic ray composition as consisting 

of only protons. As was stated earlier, the true composi

tion of the cosmic rays in the energy region of interest is 

unknown. There is little doubt, however, that a proportion 

of these particles have Z > 1. Higher Z particles possess 

inherently larger inelastic cross sections and, as a result, 

suffer an initial interaction higher in the atmosphere. 

Since the detector depth is much greater than the shower 

maximum (even for 10ls ev particles), it is expected that 

the Cherenkov yield from a higher Z particle will differ 

only slightly from that of a proton of the same energy. The 

differences will be ignored and it will be assumed that the 

calculated Cherenkov photon yields apply for the "true" 

cosmic ray composition. 

Theoretical Basis of the 
Experiment 

One of the most important results developed in the 

last section is that the Cherenkov light density at a given 

elevation h below the altitude of the shower maximum can be 

expressed as 

a(E0,R,h) = E0f(R,h) (8) 

where cr(E0,R,h) is the number of photons per unit area 
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(integrated over the shower thickness) at the detector a 

distance R from the core of the shower, E0 is the energy, 

and f(R,h) is a function of R which describes the Cherenkov 

light distribution in the plane of the detector at an eleva

tion h. This is considered as the basis of the experiment. 

If (dN/da)da is the number of events with Cherenkov photon 

densities between a and 0 + da detected by our system, then 

with energies between E0 and E0 + dEQ, and Eq and R are 

related to 0 as in Eq. 8. If a power law energy spectrum 

is assumed then 

dE. 2irRdR 

where (dN/dE0)p dE is the number of cosmic ray particles 

thus 

= 2TTJ0 I A'Y dof^"1 (R,h)RdR 
• A 0 

(9) 
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When the light distribution function illustrated in Fig. 6 

is substituted in the above integral, it is found to con

verge; thus 

dN -Y  

Ho * 0 • 

that is, the number distribution of Cherenkov photon den

sities at the detector bears the same power index as the 

primary cosmic ray particles. In the derivation above, it 

was assumed that y is independent of energy. If, on the 

other hand, the spectral index is constant only over limited 

ranges of energy, then the integration must be performed 

over each of these regions and the results summed. This is 

done by using Eq. 8 to find the values of R which correspond 

to the minimum and maximum values of energy for each energy 

range over which y is constant. Thus, if y changes abruptly, 

the corresponding change in the number distribution of pho

ton densities at the detector is "smoothed" because of the 

contributions from other values of E. This technique is ap

plied to the cosmic ray spectrum measured by the Proton 

satellites in Chapter V. The conversion of dN/da to the 

energy spectrum will be discussed in Chapters III and IV. 



CHAPTER III 

THE EXPERIMENT 

The Site 

The detection of the Cherenkov component of an air 

shower places stringent restrictions upon the choice of the 

laboratory site. The low intensity of the light renders 

locations near large cities and other strong sources of 

background light unsuitable for this type of experiment. 

The typical weather conditions of the area are also impor

tant as the reliability of the data is greatly reduced by 

variable sky conditions. 

The Smithsonian Astrophysical Observatory, located 

at the 2320 m level of Mt. Hopkins 35 miles south of Tucson, 

is an ideal location for these measurements. Since it is 

located in the Sonoran desert, clear skies are common. The 

distances from the observatory to Tucson and Nogales are 

sufficient to render the man-made contribution to the back

ground light negligible. For these reasons the Smithsonian 

Institution erected there in 1968 a 10 m tessellated tele

scope and several searchlight mirrors which were designed to 

detect the atmospheric Cherenkov component of small cosmic 

ray induced air showers; a directional anisotropy in their 

33 
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distribution might indicate an astronomical source of high 

energy gamma rays. These mirrors were used for the present 

experiment during the dark periods (moonless nights) of 

April, May, and June 1973. 

The Mirrors 

During April and May, two independent searchlight 

mirrors were operated simultaneously, whereas during June, 

the 10 m reflector with two PM tubes was used. The simul

taneous operation of two independent systems was essential 

to check the reliability of the data from the consistency of 

the results in the two channels. The two searchlight mir

rors are of 1.5 m diameter (f/0.45), front surfaced, and 

parabolic. Figure 8 is a photograph of these mirrors. A 

12.5 cm photomultiplier was placed at the focus of each of 

these mirrors. Because of the severe coma, the angular 

diameter of the field of view of this system was determined 

by measuring the current through the photomultiplier as a 

function of time as the image of a bright star (Arcturus) 

was swept across the photocathode by the rotation of the 

earth. Figure 9 is a plot of tube current versus the angu

lar position of the star relative to the optical axis of the 

reflector. The field of view, a, can be seen on this figure 

to be approximately 4.25°. The 10 m reflector consists of 

248 individually adjustable, hexagonal mirrors (Fig. 10). 



Fig. 8. Two 1.5 m Searchlight Mirrors Located at the 2320 m Level of Mt. Hopkins. 

~ 
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Fig . 10. The Smithsonian Institution's 10 m Tessellated 
Telescope. 
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Each of these front surfaced mirrors have a spherical figure 

of 14.63 m radius of curvature. The reflector has a focal 

length of 7.32 m (f/0.7). With a 12.5 cm photomultiplier at 

the focus, the field of view is 0.8°; this was also checked 

by a star transit as shown in Fig. 11. Two photomultipliers 

were located at points in the focal plane equi-distant from 

the optical axis of the mirror. The angular distance be

tween the areas "seen" by the two photomultipliers was 2.4°. 

Electronic Instrumentation 

Figure 12 is a block diagram of the electronic 

instrumentation. The photomultiplier used was the 12.5 cm 

diameter RCA 4522 which has a useful diameter of 11.25 cm. 

This tube was selected for a number of reasons, the most 

important of which is its fast (2.4 nano-second) response. 

It has a S-118 spectral response and is thus sensitive to 

the near ultra-violet radiation which is the most useful 

region for the detection of the atmospheric Cherenkov emis

sion. The voltage distribution among the dynodes was pro

duced by the voltage divider circuit shown in Fig. 13. The 

photomultiplier was operated in the "hot" cathode mode, that 

is, the photo-cathode was at a negative potential whereas 

the anode was effectively at ground potential. The voltage 

distribution was chosen such that the fast response of the 

tube was maintained although the gain of the tube was 
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reduced. This was done to prevent saturation of the final 

stages of the tube due to the background light from the 

night sky. The anode was AC grounded via a 50 ohm resistor 

in series with a 0.01 uf capacitor. This reduced the elec

trical reflections in the coaxial cable between the tube and 

the rest of the electronics. 

In this experiment the mirrors were fixed in the 

zenith direction. As a result, stars were swept into and 

out of the field of view as the earth rotated; this caused 

a fluctuation in the background light level. Although the 

threshold for pulse detection was normally set above the 

noise fluctuations in the light from the night sky, large 

changes in the tube current could effect the gain of the 

phototube. To avoid this difficulty, the anode was not 

grounded through a resistor as is customary; thus the cur

rent through the tube due to the stellar background and 

atmospheric contribution could be measured. A small lamp 

near the photocathode provided approximately 25% of the 

background light from the night sky; a servo circuit con

trolled this lamp, thus compensating for the fluctuating 

background current due to the passage of bright stars. 

Fig. 14 is the circuit diagram of the servo-circuit. 

The Cherenkov light pulses from the two photo-

multiplier tubes were then routed to their respective 

logarithmic amplifiers and discriminators. Figures 15, 16, 
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and 17 are the circuit diagrams of the various components of 

the logarithmic amplifier. Figure 15 is a diagram of the 

basic amplifier module which is used repeatedly throughout 

the input and output stages. Figure 16 is an illustration 

of one of the two input stages. The various outputs shown 

in this figure supply the logarithmic section with the input 

amplified and attenuated over a range of 90 db. Figure 17 

is a circuit of the basic logarithmic amplifier section. 

The logarithmic amplifier has a 40 MHz bandwidth and a 80 db 

dynamic range. The discriminators used were the EG§G Mod. 

T 120/N which have a 100 MHz response. Since the charac

teristic width of the light pulse is less than 10 nsec, fast 

photomultipliers and electronics were chosen to optimize the 

signal to noise radio. There is a simple relation between 

the resolving time (T) of the electronics and the noise con

tributed by the background light intensity (B). In the 

absence of a Cherenkov light pulse, the photo-cathode will 

be emitting photoelectrons at a mean rate proportional to B 

and the average number of photoelectrons emitted during T, 

the sampling time of the system, is proportional to BT. The 

background noise is proportional to fluctuations in this 

quantity, i.e., « /BT. 

The pulses from the two logarithmic amplifiers were 

then analyzed by a Northern Scientific 606 analyzer. 
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However, since the pulse widths acceptable to the pulse 

height analyzer were approximately 100 times longer than the 

pulses from the logarithmic amplifier, the pulses were con

ditioned for the analyzer by using the EG§G linear gate and 

stretchers, Model No. LG 105/N. These units were gated by 

pulses from the fast discriminators. It was found that the 

gain of these units was sensitive to temperature variations; 

hence an ice-water bath was used to provide a constant 

temperature enclosure for these devices. The linear gate 

and stretchers were followed by a router. This device 

divided the 512 channel analyzer into two 256 channel 

analyzers for pulse height analysis of the outputs of the 

two log amps. These units were independent except that they 

would not accept time-coincident pulses. To reduce the num

ber of coincident pulses to less than 1%, the two search

light mirrors were each aimed 5.6° from the vertical so that 

there was 11.2° angle between their optical axes. Figure 18 

is a graph of coincident count rate versus the angle of 

separation between the optical axes of the two searchlight 

mirrors. 

The Northern Scientific 606 pulse height analyzer 

has a 50 MHz clock. Thus the maximum busy time, that is, 

the time necessary to store an event in the highest channel, 

was 22 microseconds. Since the count rate was less than 
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1000 counts per second, the correction for lost pulses was 

small enough to neglect. 

At fixed intervals the data were transferred onto 

magnetic tape via a digital tape recorder. This was a non

destructive readout and the data acquisition was accumula

tive throughout each night of observation. At the end of 

each night the data was also typed out on a teletype to 

provide a second record. 

As Fig. 12 indicates, two scalers were used to 

measure the count-rates. An electronic timer was used to 

gate the scalers. The count-rates provided visual informa

tion on the reliability of the electronics and weather con

ditions. Since the systems were independent, similar large 

amplitude fluctuations in the count rates usually indicated 

that weather conditions were deteriorating. Fluctuations in 

one count-rate while the other remained "normal" indicated 

that some component of the electronic system was malfunc

tioning . 

Table 1 is a copy of the data obtained on the night 

of May 6, 1973. The integers represent the number of events 

in a particular channel. The channels are listed in increas

ing order from left to right and down the page. The first 

128 channels were used by system 1 and the second 104 chan

nels were used by system 2. 



4398 
5498 
2991 
1597 
946 
551 
289 
158 
83 
52 
33 
16 
1 
1 
2 
0 

4485 
2205 
1117 
522 
255 
137 
70 
40 
21 
11 

8 
2 
0 

51 

5531 
3222 
1720 
978 
548 
298 
163 
88 
41 
38 
21 
7 
2 
0 
1 
0 

2494 
1181 
569 
276 
161 
92 
38 
29 
18 

8 
6 
0 
0 

Table 1. Data from April 6, 1973 

4869 5515 5752 6026 5984 5848 
5014 4860 4544 4161 3784 3583 
2836 2561 2268 2218 2083 1850 
1495 1381 1287 1253 1150 1063 
803 809 719 690 668 636 
473 439 403 360 353 343 
230 206 229 216 185 182 
150 116 141 118 96 103 
89 75 65 56 64 51 
50 30 33 37 34 32 
19 26 22 30 16 18 
13 13 16 14 4 15 
6 4 6 12 5 8 
9 2 3 7 4 5 
6 6 7 1 1 2 
0 2 2 2 1 1 

4054 3846 3488 3206 2913 2732 
1987 1882 1697 1567 1405 1295 
971 977 789 772 665 640 
474 423 378 359 322 280 
253 235 215 202 179 178 
125 109 111 94 102 97 
62 57 56 56 43 42 
24 28 33 30 31 25 
18 24 16 13 15 16 
15 9 18 12 8 4 
4 5 3 4 2 2 
2 3 1 2 2 1 
1 0 1 1 1 2 



Calibration 

To interpret the data, it was necessary to calibrate 

the system. That is, it was necessary to know the associa

tion of each of the channels of the pulse height analyzer 

with the Cherenkov photon density incident on the mirror. 

As was described in Section II, the relation between the 

photon density at the detector and the primary cosmic ray 

energy is assumed to be known. Since the collection effi

ciencies of the mirrors are known, the calibration was re

duced to measuring the system response as a function of 

photon density at the photo-cathode. This was done in two 

steps. First, the non-linearity of the system over a wide 

dynamic range was obtained with the use of a light emitting 

diode, LED, driven by an electronic pulser and then an 

absolute point (a photon density and corresponding channel) 

was obtained by using Cherenkov standards and a secondary 

calibrated light source made of a plastic scintillator with 

an alpha source embedded in it. 

A 103 dynamic range of photon densities was obtained 

by varying the distance between the light emitting diode 

and the photomultiplier. The LED used was the Monsanto 

MV-50 which produces light with wavelength centered at 6500 

A with a FWHM of 600 A. This particular diode was chosen 

for its relatively fast (approximately 1 nanosecond) 
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risetime. The combination of charge sensitive and voltage 

sensitive devices in the system caused the output to be 

dependent on pulse shape as well as amplitude. Therefore, 

it was necessary to determine the typical pulse shape of the 

AS Cherenkov pulses as a function of amplitude and to pro

duce similar pulses from the photomultiplier. Several AS 

Cherenkov pulses from the photomultiplier are shown in 

Fig. 19a. The voltage distribution among the dynodes 

lengthened the response time of the photomultiplier. As a 

result, the Cherenkov pulses, which are thought to possess 

a full width at half maximum amplitude of 5 nanoseconds or 

less (Rieke 1969; Castagnoli et al. 1967), averaged 16 

nanoseconds FWHM. In Fig. 19b, one of the calibration 

pulses used is shown. As can be seen, this pulse is similar 

in shape to the AS pulses. It was obtained by illuminating 

the photomultiplier with an LED driven by the electronic 

pulser circuit shown in Fig. 20. This circuit produced 150 

volt pulses of 10 nanosecond duration in a 50 ohm load. 

Figure 21 is a plot of the logarithm (to the base 10) 

of the quantity x, the LED light intensity illuminating the 

photo-cathode in arbitrary units, versus the channel number 

n for systems 1 and 2. The solid lines in Fig. 21 are third 

order polynomial fits of the system responses obtained by a 

Least Squares Fit program, whereas, the dashed lines in this 
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figure are the results expected if the responses were purely 

logarithmic. The deviations from these lines are thought to 

be due to improper gain adjustments of the input amplifiers 

of the logarithmic amplifiers (see Figs. 15, 16, and 17). 

Using the coefficients generated by the least squares fit 

program, the response of system 1 can be expressed as 

Logxo Xj » 0.2028 + 2.777 x 10"2n - 6.649 x 10"sn2 

+ 1.368 x 10'7n3 

and the response of system 2 is given by 

Logio *2 = 0.1809 + 2.925 x 10~2n - 1.767 x 10_5n2 

- 1.446 x 10~7n3 

The relation between the absolute number of photons 

and the channel number was obtained by measuring the pulse 

heights of the Cherenkov light produced by muons in three 

plastic standards. The basic features of these standards, 

whose thicknesses are 2, 4, and 8 cm, respectively, are 

illustrated in Fig. 22. The radii of curvature of the top 

and bottom surfaces were indentical and equal to the radius 

of curvature of the photocathode of the RCA 4522. This was 

done so that the thickness of the plastic traversed by the 

near vertical muons would be uniform over the entire surface 

area of the standards. The light resulted from the passage 

of cosmic ray muons through the plastic. 
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Figure 23 is a block diagram of the electronics used 

in this calibration. The scintillators A and B were used to 

select only the near vertical (0 £ 7°) Penetrating muons. 

Figure 24 shows the pulse height spectra of the Cherenkov 

light from each of the three standards. Since the mean 

energy possessed by the muons is 500 Mev for which B * 1 

(Hayakawa 1969) the number of Cherenkov photons with X from 

3500 A to 6000 A produced in the standards can be readily 

obtained from Eq. 4 of Chapter II. The total number of 

Cherenkov photons produced in each standard must be cor

rected for absorption within the standard and for the pho

tons lost by reflection at the various interfaces. Figure 

25 is a plot of channel number versus the number of Cherenkov 

photons between 3500 A and 6000 A for the system shown in 

Fig. 23. 

For the convenience of on the site calibration, a 

secondary standard source was constructed. Figure 26 is a 

cross section of the source. It consists of Pilot B 

scintillating plastic with 0.1 microcurie Americum 241 

embedded in it. The lower surface of the light source was 

polished to optimize light coupling to the phototube and the 

upper surface and sides were painted with high reflectance 

paint to minimize the light lost from the scintillator 

through these surfaces. The photons produced by the 5.5 Mev 
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alpha particles from the decay of Am 241 were then regis

tered by the photomultiplier. It was found from Fig. 25 

that each alpha particle produces a pulse equivalent to 2290 

photons (Cherenkov distribution, 3500 A £ X £ 6000 A) with 

an uncertainty of 220 photons at the photocathode. The un

certainty in this value includes the errors due to the 

spread of muon energies present, the various path lengths 

accepted by the two scintillator paddles, and statistical 

uncertainties. The number of photoelectrons at the photo-

cathode produced by the light pulse from alpha source was 

obtained by dividing the Cherenkov spectrum into ranges, 

multiplying each range by the corresponding phototube quan

tum efficiency, and summing. The number of photons produced 

in air which would eject the same number of photoelectrons 

from the photocathode was found to be 2212 ± 215. To obtain 

this number the atmosphere was assumed to be completely 

transparent for 3000 A s X £ 6000 A and completely opaque 

for other wavelengths. This same assumption was made by 

Zatsepin and Chudakov (1962) in calculating the Cherenkov 

yield of air showers. Thus, the standard source is equiva

lent to 2212 ± 215 Cherenkov photons produced in air. The 

corresponding photon density is obtained by dividing the 

total number of photons by the effective area of the detec

tor. The effective area is the product of the geometric 



area and the reflectivity, 1.28 m2 for the searchlight 

mirrors and 62.8 m2 for the 10 m reflector, where reflec-

tivites of 0.7 and 0.8, respectively, were assumed. The 

equivalent photon densities are (1728 ± 168) photons/m2 for 

the searchlights and (35.2 ± 3.4) photons/m2 for the 10 m. 

When the standard source was used with the searchlight de

tectors, the pulses it produced fell into channels 29 and 34 

of systems 1 and 2. There was greater signal attenuation 

when the 10 m reflector was used because of the longer 

cables between the detector and the rest of the electronics. 

When the standard source was used on the phototubes on the 

10 m reflector, the corresponding channels were 25 and 30. 

This information, in conjunction with the data given in 

Fig. 21, yields the absolute calibration of the system re

sponses in terms of photon densities at the photocathodes. 

The system responses may be expressed as: 
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Sys. 1, S. L. Log a = 2.58 + 2.78 x 10"2n 

- 6.65 x 10~5n2+ 1.37 x 10"7n3 

Sys. 1, 10 m Log o = 0.97 + 2.78 x 10 2n 

- 6.65 x 10_5n2+ 1.37 x 10~7n3 

Sys. 2, S. L. Log a = 2.19 + 2.93 x 10 2n 

- 1.77 x 10"5n2- 1.45 x 10"7n3 

Sys. 2, 10 m Log a = 0.62 + 2.93 x 10 2n 

- 1.77 x 10"5n2- 1.45 x 10"7n3 

(10) 

Experimental Procedure 

This experiment was operated during the dark periods 

of three consecutive months. To insure that the data ob

tained on any one night was compatible with that obtained on 

any other night, a standard experimental procedure was 

adhered to. To minimize the effects of thermal drift in the 

electronics, they were turned on at least 24 hours before 

the first night of the dark period. The linear gates and 

stretchers were placed in the ice bath at this time. The 

power to the experiment was kept on continuously throughout 

the dark period. During the days the phototubes were cov

ered and a 100 ya current was maintained through them via 

the servo-circuit. The air temperature in the instrumenta

tion room was maintained nearly as constant as possible. 
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A close watch on weather conditions was kept during 

the dark period. A simple, subjective scale was devised to 

characterize the local atmospheric conditions. Values of 1 

to 5 were assigned to the data taking periods. A value of 5 

was assigned to those periods during which the sky was ex

ceptionally clear and calm. A value of 4 corresponded to 

those periods during which the sky was clear but there was 

atmospheric turbulence, high surface winds, or moderate 

(between 20 and 65%) relative humidity. A value of 3 char

acterized those periods during which thin high altitude 

(2s 8 km) clouds were present whereas a "2" indicated the 

presence of low altitude clouds. Overcast skies, lightning 

at a distance, or very high humidity were assigned a value 

of 1. The data presented in this dissertation was collected 

during those periods characterized by a 3 or higher. 

At the beginning of each data taking run and several 

times throughout the evening the secondary calibrated source 

was placed on each of the phototubes and its pulse height 

spectrum was recorded. The location of the peak was checked 

to insure that the electronics had not drifted. Then the 

searchlights or the 10 m reflector were oriented toward the 

zenith. The servo-circuits were reset to maintain the cor

rect tube currents (100 ua). The data collection ended when 

the morning twilight caused the tube currents to increase 

beyond this value. 



CHAPTER IV 

CALCULATIONS AND RESULTS 

This experiment was performed to provide information 

concerning the differential energy spectrum of primary cos

mic rays. The spectral form in the energy range of interest 

is assumed to be 

DN „ E-Y 

where the spectral index y could be a function of E. It was 

shown in Chapter II that if the Cherenkov photon density a 

at a distance R from the core of the air shower initiated by 

a cosmic ray particle of energy E^ is given by 

a(R) = E0f(R,h) 

then the number of events measured by the detector system 

per second with photon densities between a and a + da, 

(corresponding to pulse height channels n to n + dn) is 

JGI. DA « _1 DA (11) 
a 

These events are caused by particles of energy E', where 

6 8  



E' - kc/f(0,h) 
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(12) 

arriving directly over the mirrors (F = 0) and by particles 

of higher energies but at larger impact distances. The 

value of F(0,h) for h = 770g/cm2, the Mt. Hopkins altitude, 

is 6 photons/electron as deduced from Fig. 6. The total 

number of electrons at Mt. Hopkins altitude as a function of 

primary particle energy Efl is obtained from the calculations 

of Zatsepin and Chudakov (1962). These calculations also 

yield k, the proportionality constant relating photon den

sity and primary energy. The apparent energy assigned to 

the events with photon densities between a and a + da, is 

E'. Thus, Eq. 11 implies that the energy spectrum determined 

in this experiment has the same slope as that of the pri

maries, that is, 

dN' „ 1 

Taking the common logarithm of both sides of this expression, 

Log*o ai7" = ' Y Logio E' + Constant , 

it is evident that the spectral index y can be obtained by 

a program which fits the pairs of points [Log(dN'/dE*), 

Log E' ] to a straight line. The experimental data obtained 

are in the form of pairs of points (dN'/dn,n) where n is the 
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channel ;?.:.iber and dN'/dn is the number of counts in that 

channel. The relationship between the assigned energy E' 

and the channel number n is determined by using Eqs. 10 and 

the proportionality constants k. This relation may be 

expressed as 

Log10 = Logl0 Ki + at + b-n + c^2 + d^3 (13) 

where the values of the k^'s corresponding to the different 

system configurations are given in Table 2 and the coeffi

cients b, c, and d and the constant A are the same as in 

Table 2. Photon Density-Primary Energy 
Proportionality Constants 

Experimental Configuration 

System 1 and Searchlight mirror 1 .31 X 109 ev -m2/photon 

System 1 and 10 m mirror 2 .53 X 10® ev -m2/photon 

System 2 and Searchlight mirror 1 .15 X 109 ev -m2/photon 

System 2 and 10 m mirror 2 .00 X 10® ev -m2/photon 

Eq. 10. The relation between dN'/dE' and dN'/dn is deter

mined in the following manner: 



dN' dN' dn dN' f dE') '1 

3T" ~ dn W ~ dn~[dn J 

LAG#1.4A-FEJQ]-' 

Taking the common logarithm of both sides of this expression, 

Logio(air) = Logio(an~) " (Logio k + bn + cn2) 

- Log1(J(b + 2cn) - Loglo(Loge 10) (14) 

thus, the pairs of points (dN'/dn,n) can be transformed to 

[Log(dN'/dE'), Log E']. Appendix B contains a copy of the 

Fortran program NESCAL written for the computation of the 

values of y This program divided the data into groups of 

21 channels and calculated the spectral index y for each 

group. A second least squares fit program was employed to 

fit the spectral indexes obtained above to a straight line. 

The fit obtained by this program as well as the spectral 

indexes are illustrated in Fig. 27. 

Figures 28 a and b are the differential energy spec

tra for each system. The procedure used to obtain the 

differential flux is outlined later. 

It is important to note that the value of k in 

Eq. 13 depends upon the absolute photon sensitivity of the 

detector system, the number of Cherenkov photons per unit 
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area at the elevation of the experimental site produced by 

cosmic ray particles of given energies, the absorption coef

ficient for the Cherenkov photons of the local air column, 

and the reflectivity of the mirrors used for the experiment. 

The combined effect of these uncertainties may cause an 

error in the energy determination from the channel number of 

the pulse height analyzer, with the largest unknown coming 

from the theoretical calculation of the photon density. 

Fortunately, there is an alternative method of estimating 

the energy threshold of the detector system which will be 

discussed later in this section. The consistency of these 

two estimates indicated that the uncertainties in energy are 

within a factor of 2.5. 

Although there are large uncertainties in the energy 

determination, the values of y determined are independent of 

k and have much higher accuracy. The error is mainly due to 

uncertainty in the calibration constants (a, b, c, and d in 

Eq. 13) and the statistical fluctuations of the experimental 

data. Figure 27 shows that the four system configurations 

yield y*s which are constants within the statistical accura

cy but whose average values are different from each other by 

about 5%. The weighted average in the energy range 1011 

to 1015 ev as determined by a least square fit program is 

Yav - 2.4 t 0.1 



76 

and thus the energy spectrum is 

dN' = J' 
HE1" ~ £/ 2 .t 

for 1011 ev < E' £ 1015 ev. 

The constant J' can be obtained by equating the 

counting rates recorded by the detector system, I, with 

An L air dE' 
threshold 

where A is the effective area of the detector system, ft is 

the solid angle accepted by the mirrors, and Ethresh0id is 

the threshold energy determined by the electronic settings. 

To a first approximation A is a constant equal to 5 x 10^ m2 

(Weekes 1974), ft = 4.32 x 10 3str for the searchlight and 

Eiu t. ij = 2.3 x 1012 ev. The value of J7 obtained is 
threshold 

J' = 8.2 x 1016 particles/m2-str-sec-ev . 

The energy spectrums of protons and helium nuclei 

with energies below 1012 ev/n were first measured by Ryan 

et al. (1972) and revised by Ramaty et al. (1973). They can 

be expressed as 
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fggj « 1.2 * 10* (E/109) ~2 • GI,particles/m2-str-sec-Gev 
V Jp 

and 

(jir) c * 10'' (E/108) 2 *6lf particles/m2-str-sec-Gev 

By integrating these spectra and adjusting the lower limit 

of the integration so that the number obtained equals the 

counting rate per unit Aft measured in this experiment, the 

lower limit is found to be within a factor of 2.5 of 

^threshold* 



CHAPTER V 

DISCUSSION 

Figures 27 and 28 represent the results for approxi

mately 69 hours of observation. The dashed line in Fig. 27 

is the "best fit" to the spectral indices as a function of 

energy. These figures indicate that there is very little change 

change in the spectral index of the primary cosmic ray 

spectrum between 1011 ev and 1015 ev. This result suggests 

that the effect of an increasing p-p cross section on the 

spectral index of the primary cosmic ray spectrum is small, 

which is in agreement with the calculations by Gaisser, 

Noble and Yodh (1974) which predict that an increasing p-p 

cross section would not affect the spectral index of the 

primary spectrum in the energy range 1011 ev s E £ 1015 ev. 

Due to the detection technique employed in this 

experiment, a sudden change in the primary cosmic ray spec

trum such as that found by the Proton satellites (Grigorov 

et al. 1971) would be reflected as a gradual steepening be

tween 1011 ev and 1012 ev with a return to the "normal" slope 

at 2.5 * 1012 ev and higher energies. The dashed line in 

Fig. 29 is the best fit to the derivative of the spectrum 

shown in Fig. 1. The solid line is the response this system 

78 
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would have to such a spectrum. There is no evidence of this 

type of behavior in Figs. 27 and 30. Thus the 351 decrease 

in the number of cosmic rays at 1012 ev found in the Proton 

experiments is not confirmed. 

When the results are compared with the measured 

spectrum for E £ 1012 ev, the primary cosmic ray spectrum 

seems to flatten slightly in this energy range. For compar

ison, the spectrum with a y of 2.5 is plotted in Fig. 30 

with the summary of published primary spectra in various 

energy ranges compiled by Hillas (1974). The lines in 

Fig. 31 represent Hillas' best estimates of the primary 

cosmic ray spectrum based on the published primary spectra. 

As this figure indicates there is good agreement between 

these speculations and the results of this experiment. 

No explanation is offered here for the slight 

flattening in the spectral shape. One of the fundamental 

unknowns which prevents one from making a plausible explana

tion is the composition of the cosmic ray particles of 

energies E s: 1010 ev/nucleon. An extrapolation of the 

Y = 2.75 proton spectrum and the y = 2.0 iron spectrum re

ported by Ryan et al. (1972) and Balasubrahmanyan and Ormes 

(1973) indicates that the air showers initiated by iron 

nuclei would surpass that by protons. On the other hand, 

the results of the Polish and French collaboration (see 

Hillas 1974) on the fluctuations in the ages of showers 
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near 1016 ev seems to imply that the composition is not far 

from that of E a 1012 ev/nucleon. If that is the case then 

above 1013 ev the proton spectrum probably does not continue 

to fall off as steep as y = 2.75. 

The uncertainties in the calculation for the 

Cherenkov photon density reduces the reliability of the 

absolute values of the spectral index obtained in this 

experiment. For instance if 

a(R) = Ef f(R,h) 

with a slightly greater than 1.0, then the measured spectrum 

becomes 

« E' "Y/a 
31̂  11 

A value of y of 2.6 would be obtained if a is equal to 1.08. 

However, since the theoretical calculation appears to be 

supported by the experimental results as shown in Fig. 31 

without evidence to the contrary, this possibility is 

discarded. 



APPENDIX A 

WEIGHTED STATISTICS 

In Section IV it was shown that the spectral index y 

could be obtained as the slope of the straight line which 

was the best fit of the values of Log(dN'/dE') as a function 

of Log E'. It is convenient to set y = Log(dN'/dE') and 

x = Log E'. Assuming that the y values obey a Gaussian 

distribution about the best fit line, an expression for the 

slope and its uncertainty may be obtained by minimizing 

s - I Wyn/<Jn)2 
n 

where 6yn = yn - (axn + b) , a is the slope; b, the intercept 

of the line; and a*, the variance of the value of y . The 

values of x are assumed to be accurately known. Actually, 

in this experiment it is the relative values of x, that is, 

the relative values of energy assigned to each channel, that 

is accurately known. However, if each of the x values are 

off by the same amount the slope of the line would be 

unaffected. 

The uncertainty in y is given by 

Ay = (Logl0 e)N(n)~* 

84 
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A weight factor wR may be defined as wn = (l/c*n)2, thus, 

and 

Wn - [(Log10 e)N(n)"*]"2 

S = I wn[yn - Caxn • b)] 

When S is minimized with respect to a and b, the following 

expressions are obtained: 

K I Wn " I wnxn I Vn 
a 

b = 

l wn I Vn " Vn'2 

I Vn I wnxn " I wnxn I Wn 

J wn I wnxn " <1 wnxn>2 

(Al) 

CA2) 

The value of a obtained from the above expressions is a 

function of the y . The standard deviation of the slope can 
n 

therefore be calculated in terms of the standard deviations 

of the y values. The result of this calculation can be 

expressed as 

Aa 
s f CSV 2Kxn+K(KV ! '2I».IVnKxn 

rv1 W"A • <Kxn)2] 

. (A3) 

Expressions Al, A2, and A3 are evaluated for the data ob

tained in the experiment by the Fortran program NESCAL given 

in Appendix B. 



APPENDIX B 

PROGRAM NESCAL 

This is a computer listing of the Fortran program 

NESCAL which transforms the pairs of points [(dN'/dn),n] to 

[Log10 (dN' /dE') ,Log1()E/ ] and calculates the slope of the 

resultant spectra by the weighted least squares fit 

technique: 

PROGRAM NECAL 

PROGRAM NECAl (INPUT, OUTPUT, PUNCH) 
REAL NN, NAV 
DIMENSION A(2C), NN(25ifl), X(250), Y(350) f 500(250) 
00 5 MM,250 
NN(H)8X(M)»V(M)aSOB(M)«0 

5 CONTINUE 
R«l.H 

C READ IN C0EF1CIENTS 
T READ 5it0,N0"O,NA,N2 

500 FORMAT(313) 
IF(NORb) 10,300 

10 PRINT SP5 
READ 5W?,Q,P 

502 FORMAT (2F(>.U) 
READ 503,Bb 

503 FORMAT (r5.3) 
PRINT 50a,fB 

504 FORMAT (* GAMMA • *F5.3) 
505 FORMAT (lHK,//,20X,«CObMIC RAY SPECTRUM OATA*///, 

1 IX,•COEFFICIENTS OF CALIBRATION CURVE-*,/) 
A2«Q*lt'*«P 
PRINT 1B^P,A2 

1000 FORMAT (* ENERGY CONSTANT • «E1Q,4) 
00 20 Jel.NCKO 
READ 510, A ( J) 

510 FORMAT (ElkJ.4) 
PRINT 515,J,A(J) 

515 FORMAT (5X,«A(«I2,*) • *,E10,4) 
20 CONTINUE 

C READ IN UATA 
00 30 ftcNA,NZ 
REAO 520, NN(K) 

520 FORMAT (F6.0) 
30 CONTINUE 
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C CALCULATIONS AND OUTPUT 
NEA9 535, NRA 

535 FORMAT (12) 
IF (NRA) 55,55,35 

35 H"2*NRTA + L 
PRINT 505, II 

545 FORMAT (//,43X,« MANNING*AVCRAGED DATA*/30X, 
I* THE NU.13ER OF CHANNELS AVERAGED IS *12) 

NA«NA+NRA 
NZaNZ-NRA 
DO 4«) JaNA , NZ 
SOD (J) S«25*\'N (J-1)*,5*NN(J)*,25*NN(J*1) 

40 CONTINUE 
DO 50 I"1,250 

50 NN (I) iSCti (I) 
55 PRINT 530 

540 FORMATl////,* CHANNEL (N)*12X,*LOG ( E)*11X,*L0G ( D N / D E ) •  
19X,*L0G(EPUN / n£)tij;x,*MAX«l7X , * E«llX , * E P D N / 0 E * / / )  
00 ion 1BNA,NZ 
X(O)»0 
X (I) 8 Y (I) BiS*3 
U«R*I 
00 60 L«1,N0R0 
V»R*L 
X(0)«X(fl)*A(L)*(R*NA)**(V-l) 
X(I)«X(I)*A(L)*U«*(V-1) 
H«tf*A(L) * ( V -l)»U«*(V-2) 

60 CONTINUE 
X(I)«XCI)*ALOGIfl(f))*P-X(0) 
V(I)»ALOGlK(NNCn)-X(I)-ALUG10(W)-ALOG10(ALOG(10.)) 
ZMlBALOG12(NNCn-StRT(NN(I)))-X(I)-ALOG10(rt) 
ZHA*ALOG10(NN(I)«SnRT(NN(I)))-X(I)-ALOG10(M) 
E»10«*X(1) 
F«(E**6B)»(10«tV(I)) 
AA=bb*X(1) • Y (I) 
PRINT 540, 1,NN(I),X(I), Y (I), AA , ZMA, E ,F 

540 FORMAT ( IX,I3,6X,F6.2,6X,E10,4,8X,ei2.4,8X,E12.4#8X,E12.4 
ieX,ElP.4, bX,fcl0,4) 

100 CONTINUE 
C SLOPE CALCULATION 

PRINT 610 
610 FORMAT (///,20X,* SLOPE CALCULATIONS*) 
120 RE AO 6B0, IN, NOEC 
600 FORMAT (213) 

IF (IN-555) 1 4 0 ,  250, 250 
140 NP>N0EC*2+1 

PRINT 620, NO 
629 FORMAT (//,13X,« NUMbER OF CHANNELS GROUPED *I3,/,3X# 

1«CHANNEL«9X*L0G(E) SLOPE DEV*, 
?« CORR COEFO 
NAaNA+NDEC 
NZaNZ-NOEC+I 
DO 200 J>NA,NZ,IN 
IB"J-NDEC 
lEaJ+NDEC 
SNaSX*SY«SXYcSX2«SXN2a5N2aSN2XaSa0 
SY2»0 
DO 150 KaIS,IE 
IF(NN(K)) 63,155 

00 NN(K)a(,434T5*(l/SaKT(NN(K))+,5 ))**2 
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NN(K)«1/NN(X) 
SN«SN*NN(K) 

• SX«SX+NN(K)M(K) 
5r«SY*NN(K)tV(K) 
SXY«SXYtNM(<)*X(K)«VCK) 
SXA«5X2*NN(<J«X(K)**II 
5Y2«SY,»4.NN(K)T-R(K)O»2 
SXNS«$XNA«(NN(K)*X(K))**2 
8N2«S\'2*NN(K)**2 
5N2X«SN2X*NN(K)**2«X(K) 

150 CONTINUE 
155 DNBSN*SX2-SX**2 

SLO*(5N*SXY-SX*SY)/0N 
B«(SX2*SY"SX*SXYJ/t)N 
DO IbP N»Id»IE 
S"S*NN(N)*(Y(N)-5L0«X(N)-B)**2 

160 CONTINUE 
DSL0>SQRT( t S /(SM-?n*(SN**2*SXN2*SN2*SXft*2- 2 *SN*SX*SN2X)/(D 
RC«(5N«SXY-SX*5Y)/SQKT((SN*SX2-SX**2)«CSN*!»Y2-SY*»2JJ 
PRINT 644), J,X(J) ,SL0,05L0 ,RC 

640 FORMAT (ie>X,I3,l0X,Fb.3,9X,Fb.3,10X,F6t3f l0X,Fb,3) 
200 CONTINUE 

NA«NA-ND£C 
NZ»NZ«-NOEC-l 
GO TO 12a 

250 GO TO 7 
300 CAUL EXIT 

END 
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