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ABSTRACT 

A measurement of the primary spectrum of the cosmic radiation 

in the energy range of 5 x 10** eV to ̂  S x 10*^ eV has been made at 

Mt. Hopkins Astrophysical Observatory site in Amado, Arizona (altitude 

2.3 km). This measurement employed detection of atmospheric £erenkov 

light pulses produced in extensive air showers, and then relating the 

measured pulse height spectrum to the primary cosmic ray spectrum. 

Detection of the derenkov pulse height spectrum was made using 

three different types of detectors, each covering a different energy 

range. First, a 10-meter optical reflector in conjunction with a 

12.5 cm photomultiplier tube was used, and had a lower energy threshold 

12 
of approximately 1.0 x 10 eV. Second, a 1.5-meter searchlight and 

the same type of photomultiplier tube were used. This system had a 

12 
lower energy threshold of ̂  5 x 10 eV. Finally, to detect even 

higher energy particles, a 12.5 cm photomultiplier tube with no 

associated optics was pointed to the night sky. This detector had 

13 
a lower energy threshold of about 5 x 10 eV. 

Two parallel but independent charge sensitive digitizing systems 

were used with an integration time of 30 ns. The pulse height resolu

tion was 3% and the systems had a dynamic range of 1000:1 (limited by 

the photomultiplier tube only). An extensive series of calibrations was 

made to check the response of the two systems over various temperature 

ranges. 

xii 
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A total of 212 hours of observation time was accumulated over 

the eight month time period from December 1975 to July 1976. Results 

of the measurements indicate that the (ferenkov pulse spectrum can be 

fit to an inverse power function in the case of all three detector 

systems. The spectral index is different for the different detector 

systems, due to their different opening angles. The measured values 

were 2.49 ± 0.003, 2.72 ± 0.01, and 2.62 ± 0.1 for the bare phototube, 

searchlight, and 10-meter reflector systems, respectively. For the 

case of the searchlight and bare phototube system, a change in the 

measured spectral index was measured. In each case the energy at which 

15 
this change was measured was approximately 1.5 x 10 eV. 

The relation between the Qerenkov pulse height spectrum and 

the primary cosmic ray spectrum was investigated through the use of 

Monte Carlo air shower simulations designed specifically for inter

pretation of the results of this experiment. These simulations covered 

11 13 
the primary energy range of 10 eV to 10 eV. Results of these 

simulations were inconclusive due to large fluctuations encountered 

and no definitive statement about the exact relation between the primary 

cosmic ray spectrum and the <5erenkov pulse height spectrum has been 

13 
made. However, there is no available simulation data above 1 x 10 eV 

and indications are that the fluctuation problem diminishes quickly 

with increasing primary particle energy. Therefore, it is concluded 

that although the relation between the measured derenkov pulse height 

spectral index and the primary cosmic ray spectral index may not be a 

one-to-one relation, the system is likely to be sensitive to changes 



xiv 

in the spectral index. Furthermore, this measured change agrees in 

energy for the two different detection systems. 

It is believed that the results obtained in this experiment 

are the best that can be obtained with a single detector system. 

Further work in this area would probably involve detector arrays, not 

unlike those used in detection of large air showers. 



CHAPTER 1 

INTRODUCTION 

V 

The atmospheric Cerenkov technique had its genesis when 

Blackett (1948) suggested that Cerenkov light from secondary cosmic 

rays could be contributing to the overall night sky light. It was not 

long before Galbraith and Jelley (1953) had established in a series of 

experiments that there were very fast light pulses in the night sky 

which almost certainly were due to Cerenkov light from extensive air 

showers. Once it was established that this phenomenon existed, a great 

deal of time was spent researching its characteristics. It was quickly 

realized that the large lateral extent of the Cerenkov light made it 

possible, in principle at least, to detect showers from very high 

energy cosmic rays (in particular, gamma rays) at reasonably high count 

rates, and thereby locate cosmic ray sources in the night sky. 

V 

In their studies of the properties of the Cerenkov component of 

the extensive air shower, Jelley and Galbraith (1955) made a measure

ment of the Cerenkov pulse integral spectrum over a limited range and 

showed that it could be fitted to a power law with exponent -1.6 ± 0.1, 

which is the same, within the experimental accuracies, as the cosmic 

ray spectral index. This was used as evidence that the light pulses 

were Cerenkov light from extensive air showers. Later, Rieke and 

1 
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Weekes (1967) suggested the possibility of obtaining the primary cosmic 

ray spectrum over a large range of energies through a high statistics 

. V 

measurement of the Cerenkov pulse height distribution. 

V 

The first serious attempt of measuring the Cerenkov pulse 

height distribution was made by Gerdes, Fan, and Weekes (1973). 

Although the experiment was successfully completed, there were instru

mental problems which cast some doubt on the reliability of the final 

data. Furthermore, the interpretation of the data was based on the 

shower calculations by Zatsepin and Chudakov (1962), which needed to 

be revised. 

This experiment was an outgrowth of that first attempt. Its 

aims were to construct a more reliable system capable of being run for 

a long period of time with the minimum of experimental difficulties, 

and to make a more rigorous and thorough interpretation of the resulting 

pulse height distribution. To these ends the experiment has succeeded. 

Data was successfully accumulated during an eight month period with no 

equipment failures or instrumentation difficulties. Through the use of 

an all-linear pulse processing system (with the exception of phototubes), 

system response was more easily understood and calibration was much 

more straightforward. Furthermore, interpretation of the final pulse 

height distribution was based on results of new Monte Carlo air shower 

simulations (Gough and Turver 1976) designed specifically for appli

cation to the results of this experiment. 

As a result of this research, certain basic experimental and 

theoretical limitations to the technique have been established. These 



3 

limitations, and their bearing on the overall objectives of the experi

ment, deserve careful consideration and make up an important part of 

this text. 

It is believed that, because of the proven high reliability of 

the experimental apparatus used, the reproducibility of the results 

obtained, and the custom tailored shower calculations used for inter

pretation of the data, the results obtained in this experiment are the 

best that can be obtained from a single detector system. Further work 

V 

in this field would involve an array of Cerenkov detectors, not unlike 

the technique used for particle detection in large air shower arrays. 

1.1. Survey of Cosmic Ray Spectrum Experiments 
CIO1-" eV -10" eVf 

The primary cosmic ray spectrum, that is the number of cosmic 

ray particles, J(E)dE, detected between the energies E and E+dE, as a 

function of primary energy, E, covers at least 15 decades of energy. 

The lowest energy particles detected have energies of approximately 

100 keV, a limit set by the state of the art in low energy detectors. 

20 
At the other extreme, particles having energies of approximately 10 

eV have been detected by large shower arrays, in Haverah Park, 

England; Volcano Ranch, New Mexico; Mt. Chacaltaya, Bolivia; and 

Sydney, Australia. 

It has been suggested (Greisen 1966) that there may exist a 

cosmological limit to the cosmic ray spectrum, caused by photo-pion 

20 
production on high energy particles 10 eV) by the universal 3°K 

microwave background. This suggestion has not yet been borne out due 

to poor statistics (the expected rates at large shower arrays at these 
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energies are less than one event per year), but few events (perhaps 

none) have been detected at energies above this value. 

g 
At energies in excess of 10 eV, the cosmic ray spectrum was 

-Y 
fitted by a power spectrum in energy. That is: J(E)dE = E dE, 

a 

where y is called the spectral index. Experimental results indicate 

that y is not constant, but it varies with energy, and depends on 

particle species. The measurement of the value of the spectral index 

for different components of the cosmic ray particle abundance, and how 

it varies with energy, is the prime aim of cosmic ray spectrum experi

ments. Studies of this quantity have relevance to various areas of 

physics. For instance, the cosmic ray spectrum of various nuclear 

species may have a direct relation to the origin of cosmic rays and the 

nature of particle accelerating mechanisms (Fermi 1949). The variation 

of y with energy may indicate certain high energy processes taking 

17 
place in space. At the highest energies (> 10 eV) arrival aniso

tropics of the cosmic rays may yield some information about their 

source (Hillas 1974). 

Figure-1.1 shows a graphical summary of the more important 

cosmic ray spectrum results in the energy range 10*® eV to 10^® eV, 

taken from Juliusson (1975). The measurements in this region can be 

14 
divided into two parts, the division occurring at approximately 10 

eV. Below this value, almost all measurements of the cosmic ray spec

trum have been obtained from balloon-borne or satellite-borne ioniza

tion calorimeter experiments. The highest energy that these instru

ments can accommodate is determined by the geometric factor (i.e., 

Afl, where A is the detector collection area and is the field of view, 
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Fig. 1.1. Energy per nucleus spectra of cosmic rays. 

Taken from Juliusson (1975). Ej is the total energy per 
nucleon. weights the ordinate to make structure in the 
spectra more obvious. 
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in steradians), which determines their count rate, and by the size of 

the absorber stack used. The highest energies possible are approxi-

12 
mately 10 eV (Ryan, Ormes, and Balasubrahmanyan 1972). However, in 

the case of the very large Russian Proton-series of satellite-borne 

14 
calorimeter experiments, the upper energy limit claimed was 10 eV 

(Grigorov et al. 1971). In this series of experiments, integral spectra 

were obtained for all particles in the range 6 x 1010 eV to 1014 eV, 

and for protons only in the range 10*^ - 10*^ eV. The results of this 

experiment indicated that the best fit to their "all particle" spectrum 

was a power function with integral exponent 1.6 with a "step" in the 

12 
spectrum at approximately 10 eV. A plot of this spectrum is given in 

Fig. 1.2. It was inferred that this "step" was possibly due to 

depletion of up to 35% of all protons from the primary flux at energies 

12 
exceeding 10 eV. There is some experimental confirmation of the 

12 
Grigorov data up to 10 eV by the Goddard group (Ryan et al. 1972), 

12 
but no changes in the spectral index above 10 eV are reported at all. 

The spectrum of iron seems to be much flatter (y ̂  2.12) than for the 

12 
lighter elements (y ̂  2.75) below 10 eV (Ramaty, Blasubrahmanyan, 

and Ormes 1973). This, coupled with the Grigorov data implying depleted 

proton abundance at high energies, would indicate that the high energy 

cosmic ray spectrum (> 10^ eV) is made up of a much larger percentage 

of heavy particles than has been previously assumed. The data of 

Grigorov has been seriously questioned on the basis of suspected prob

lems with particle backscattering and leakage in the forward direction 

from the calorimeter at high energies (see, for example, Ryan et al. 

1972). Also, ground based muon studies (Ashley, Keuffel, and Larson 
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1973) indicate that the mass composition at higher energies is not 

depleted of protons, contrary to the Grigorov result. 

14 
At higher energies (> 10 eV) virtually all cosmic ray spectrum 

measurements are indirect, using the detection of the primary induced 

extensive air shower to obtain the data. The experimental techniques 

used are generally not simple, and interpretation of the data must rely 

on shower models obtained from computer calculations. Therefore, in 

general, the energy resolution and overall precision is not good. 

Furthermore, comparison of data from different experimental groups is 

a nontrivial operation, since each group relies on a slightly different 

shower model, and uses different calibration procedures. Despite these 

limitations, a vast amount of data has been obtained at several differ

ent air shower array complexes. Figure 1.1 shows a summary of some of 

the more significant experiments of the recent past.. The spread is 

large, and not all experimental results agree. But the general trend, 

as interpreted by Hillas (1974) and seen in Fig. 1.3, shows a spectral 

index of ̂  3.0 above 10*^ eV, a steeper index (y ̂  3.5) between 10*^ 

17 
and 10 eV, and apparently a relatively sharp break from y ^ 2.6 to 

y 'V/ 3.5 at approximately 10"^ eV. This "knee" in the spectrum has 

been the subiect of considerable interest and there are several theories 

which attempt to explain it. 

The most widely accepted explanation for the presence of this 

knee is based on the idea of particle leakage from the galaxy. A cal

culation of the cutoff rigidity per nucleon of our galaxy determined 

from assumed galactic structure and average distance between irregu

larities in the galactic magnetic field (Hayakawa 1969) yields a 
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Fig. 1.3. Best estimate of the primary differential energy spectrum. 

Taken from Hillas (1974). 



value between 3 x 1014 eV/c and 3 x lO1^ eV/c. Hence at an energy in 

this range, one might expect to see particles escaping from the galaxy. 

17 
This process would continue all the way up to ̂  10 eV where the most 

massive particles would escape, thereby resulting in a general steepen

ing of the cosmic ray spectra. 

Another effect which would cause a steepening of the cosmic ray 

spectrum is the observed rise in nucleon-nucleon inelastic cross sec

tions with energy (Yodh, Pal, and Trefil 1972; Amendolia et al. 1973; 

Amaldi et al. 1973). According to the results of Cheng and Wu (1970), 

the expected upper limit for the energy dependence of the inelastic 

nucleon-nucleon cross section is 

am = a + b [An S]2 , (1.1) 

where S is the first Mandelstam variable (Center of Mass energy 

squared), and a and b are constants. If the N-N cross sections do 

continue to increase in the manner described above, then high energy 

cosmic ray protons will have a higher probability to interact with 

interstellar hydrogen, resulting in a depletion of particles from the 

cosmic ray spectrum above approximately 10*4 eV. On the other hand, 

it was pointed out (Gaisser, Noble, and Yodh 1974) that even if the 

cosmic ray composition at 10*^ eV is assumed to be pure iron, the 

15 
observed break at 10 eV could not be completely accounted for by 

this effect alone. 

Wolfendale (1974) has pointed out that if one extrapolates 

12 15 
the known spectrum up to 10 eV to the region beyond 10 eV, the 

resulting fluxes fall below the experimentally observed fluxes, 
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12 
implying that some type of "structure" must exist between 10 eV and 

1015 eV. One possible contributing factor to such structure is particle 

emission from pulsars. Such a source could even give rise to a "bump" 

in the observed cosmic ray spectrum. In addition, Baruch, Brooke, and 

Kellermann (1973) have reported an anomaly in their measured hadron 

energy spectrum at high energies. This work was done at Haverah Park, 

England. Such an anomaly could be reflected in the primary cosmic ray 

spectrum. These suggestions have not yet been considered very seriously, 

but they serve to suggest the real need for a reliable measurement of 

the spectral index and its variation with energy in this energy region. 

V 

These are the primary reasons why it was decided to use the Cerenkov 

technique in the present experiment. The results could then be compared 

to the satellite experiments in the energy range where they overlapped, 

and the measurements could be extended beyond the 10^ eV mark. 



CHAPTER 2 

THE ATMOSPHERIC CERENKOV TECHNIQUE 

2.1 Characteristics of Shower Development 

It was established very early (Auger, Maze, and Robley 1939) 

that cosmic ray events recorded on the ground often occurred simulta

neously over as much as 300 meters separation distance. This was shown 

to be due to the production of a cascade of particles high in the 

atmosphere by a primary cosmic ray. Since the particles detected on 

the ground were primarily electrons, it was originally thought that the 

cascade was initiated by electrons or photons from outside the atmo

sphere and was predominantly electromagnetic. However, detection of 

a hard core of pions and muons along with the electron component indi

cated that this was not the case. Balloon-borne emulsion experiments 

established that, contrary to accepted opinions, the main component 

initiating cosmic ray showers was high energy protons (average energy 

7 GeV). It was then clear that the cascade was actually nucleon 

initiated and therefore more complicated than originally believed. 

Figure 2.1 is a graphic summary of the interactions which occur 

in a nucleon initiated cosmic ray shower. After entering the atmosphere, 

the primary cosmic ray nucleus travels on the average for one inter-

- 2  
action length X (y 80 g cm for protons) and then interacts with an 

atmospheric nucleus, producing a burst of pions, charged and uncharged, 

12 
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the three charge states being produced with about equal probability 

(Broadbent and Janossy 1947), and smaller numbers of kaons, nucleons, 

hyperons, and spallation products. The hyperons and kaons will decay 

into various other particles as shown, and many of the secondary hadrons 

produced, due to their high energy, may interact again with an atmo

spheric nucleus, producing more secondary particles. The neutrons of 

14 
the spallation fragments are captured by N nuclei, which subsequently 

beta-decay. Of the pions produced in the nuclear interactions, some 

charged pions decay via 

± ± 
ir -»• y + 

VH 

(2.1.1) 

- 8  
with a lifetime of approximately 2.55 x 10 sec. The muons produced 

are long-lived (x ̂  2.2 x 10"^ sec) and many of them, due to their high 

energy, survive all the way to the ground. Others interact with atmo

spheric atoms producing knock-on electrons. The muons that do decay do 

so almost exclusively via the mode 

+ + M 
y e~ + v + v . (2.1.2) 

The neutral pions which are produced in the nuclear interactions decay 

almost immediately (T ^ 2 x 10"^ sec) via the modes 

ir° + 2 y (98.8%) 

7T° Y + e+ + e~ (1.2%) . (2.1.3) 

It is primarily this component of the shower which produces the electron-

photon cascade that eventually radiates the C.erenkov light. 



15 

2.2 Cascade Theory 

Greisen (1956) has treated the electromagnetic cascade problem 

by calculating average characteristics of the shower using cascade 

theory. This treatment has been the starting point of more detailed 
a 

treatments at a later time. The most important part of the longitudinal 

development of the extensive air shower is the electromagnetic cascade, 

which can be represented by the number of electrons in the shower as a 

function of shower depths in an electron initiated shower. Following 

Heitler's original work (1970), we can think of the longitudinal 

development as being initiated when the electron of initial energy Eq 

in traversing a distance X An 2, where X is one radiation length, 

radiates a photon of energy EQ/2 (due to bremsstrahlung), and retains 

energy EQ/2. The electron then travels another distance X Jin 2 and 

emits another photon, now of energy Eq/4, and goes off with energy Eq/4. 

Also, the photon of energy EQ/2 travels through the same thickness 

(i.e., X An 2) and produces an electron-positron pair, each of energy 

Eq/4. This process continues with the total number of electrons in the 

cascade increasing. In this simple model, we see that after p inter

actions, the casecade has proceeded a thickness t = p X £n 2, and the 

total number N of electrons and positrons produced is 

N(t) = et , (2.2.1) 

where t is expressed in units of X. The cascading process produces 

more and more particles until'.the average energy per particle [EQ/N(t) = 

E e_t1 is less than some critical energy E . So the thickness t „ 
o J c max 
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at which maximum number of particles in the shower exists is given by 

t ^ Sn (E /E ) . (2.2.2) 
max *• o' cJ v J 

Ec can be defined roughly (Heitler 1970) as that energy at which loss 

due to radiation becomes less important than that due to collisions 

(see Fig. 2.2). After the thickness t , the cascade process has 

practically stopped and the number of particles in the shower decays 

exponentially. 

A more quantitative understanding of this process can be 

obtained by writing a set of differential equations describing the 

process and solving them for IT (EQ,E,t) and y (EQ,E,t), the number of 

electrons and photons, respectively, with energy between E and E + dE, 

at atmospheric depth t (primary energy Eq). There are two different 

approximations that can be made, depending on the energy of the parti

cles under consideration. In "approximation A," it is assumed that the 

energies are large compared to the critical energy, so that loss due to 

collisional processes and Compton effect may be neglected (Rossi 1952, 

Chapter 5). In'Approximation B," the Compton effect is still neglected, 

but collision loss is crudely taken into account. 

The equations resulting from the approximation B treatment of 

the problem are 

3t ^CE0,E,t)] 

3t fr(E0*E»t)] 

= A ir(E0,E,t) + B y(Eo,E,t) + GE£ [?(E0,E,t)] 

(2.2.3a) 

= C ir(Eo,E,t) + D y(EQ,E,t) . (2.2.3b) 
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Fig. 2.2. Average energy loss versus energy (for Pb), showing the 
. way in which is determined. 

Taken from Heitler (1970). 
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In general, A, B, C, and D are linear operators which operate 

on the energy part of ir(Eo,E,t) and y(EQ,E,t). In equation 2.2.3a, A 

represents energy loss through radiation for electrons at the energy E, 

B represents production of particles by pair production from y-rays, 

g 
while the term GE -%=• [TTCE ,E,t)] represents collisional energy loss 

C OH O 

for electrons which, as explained before, is predominant at energies 

comparable to E . This term practically assumes a constant energy loss 
c 

per radiation length. In equation 2.2.3b, C represents y-rays produced 

via electron energy loss by radiation and D represents loss of y-rays 

in this energy range by electron-positron pair production. 

g 
Under approximation A, the term GE£ gg- [7r(Eo,E,t)] is identi

cally zero. Then it is possible to obtain an analytical solution to 

equations by assuming that 

7T(Eo,E,t) = Fir(EQ,E) f(t) (2.2.4a) 

y(Eo,E,t) = Fy(Eo,E) f(t) . (2.2.4b) 

A simple process of separation of variables yields 

f(t) = const, e^ (2.2.5a) 

XFir(EO,E) = AFir(EO,E) + BFY(EQ,E) (2.2.5b) 

AFy(EQ,E) = CFTT(EO,E) = DFY(EQ,E) . (2.2.5c) 

These equations are solved by Rossi (1952) by introducing the Mellin 

integral transformation and solving the resulting transform equation. 

The solutions are given in Rossi (1952, p. 246), and Fig. 2.3 shows 

graphically the results of these calculations. The "depth of shower 
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maximum," that is, the atmospheric depth t such that the number of 

electrons ir(E,t) is maximized, is given by the relation 

and the number of electrons and photons produced at shower maximum are 

given by 

In equations 2.2.6 and 2.2.7 the constants £, m, and n have 

different values for electron and photon initiated showers as well as 

for 7r(EQ,E) and Y(EQ,E). These are listed in Table 2.1 (Rossi 1952, 

p. 245). 

These relations were obtained from the solution by setting the 

parameter S, often referred to as the age parameter, equal to 1.0 (at 

S = 0 the primary particle is injected, at S = 1 shower maximum is 

reached, and when S = 2 the number of shower particles is less than 2), 

Greisen (1956) has given an approximate formula for the number of parti

cles in the shower as a function of the age parameter: 

t 
max 

(2 .2 .6)  

(2.2.7) 

where 

and 

(2 .2 .8 )  

(2.2.9) 

(2 .2 .10)  
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Table 2.1. Values of SL, m, and n taken in equation 2.2.7. 

primary 
particles 

photon electron 

function 

0.137 0.137 -0.18 SO TT 

y 0.180 0.180 0.50 0.180 0 0 
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In this expression Eq is the primary energy, EC the critical 

energy, and t is the atmospheric depth, expressed in number of inter

action lengths. This approximation holds in the region where the number 

of particles is large. 

g 
In approximation B, the term GEc [ir(Eo,E,t)] is not neglected, 

and the resulting Mellin equations are not soluble. Several treatments 

yield approximate soltuions to these equations (Rossi and Greisen 1941). 

All these treatements assume a purely electromagnetic cascade. 

More recently (Turver 1976), simulations have been made for proton 

initiated showers using a Monte-Carlo calculation. These simulations 

will be discussed subsequently. In Fig. 2.4 we display the cascade 

12 13 
curves for primary protons of energy EQ = 10 eV and 10 eV in number 

of particles as a function of shower depth for various showers, illus

trating the fluctuations that occur from shower to shower for a given 

primary particle energy. Figure 2.5 shows average curves for primary 

of 1010 - 1014 eV. These curves (Figs. 2.4 and 2.5) were obtained from 

the Turver simulation results. Since the Cerenkov light is produced 

primarily by the electrons produced in the shower, these fluctuations 

can be expected to carry over to its production. 

. v 
2.3 Cerenkov Light—General Considerations 

V 

The emission of Cerenkov light due to passage of charged 

particles through media is a well understood phenomenon and is treated 

in the textbook on electrodynamics by Jackson (1962) and in Jelley 

(1958). Its properties can be understood qualitatively by considering 

the behavior of the induced polarization vector £ of an atom in a 
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2.4. Shower development curves for showers initiated by primary 
protons of energy EQ. 

This depicts the effects of fluctuations. The ordinate scale 
is arbitrary. 
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medium (index of refraction n) produced by a charged particle traversing 

it (Fig. 2.6). As the particle passes by the atom S, the polarization 

vector P_ changes direction so that its perpendicular and parallel compo

nents change with time in the manner shown. This time variation in the 

polarization vector £, summed over all points in the medium, gives rise 

V 
to the emission of the Cerenkov radiation, and it is clear that the 

radiation is emitted by the medium. In general, the contribution from 

all particles of the medium will tend to cancel each other out. But, 

if the velocity of the particle is faster than the phase velocity of the 

light in the medium, i.e., 

then constructive interference can occur, resulting in the emission of 

coherent radiation, with the and H vectors pointing in the directions 

shown in Fig. 2.7. The wave front of the emitted light makes an angle 0 

with respect to particle direction given by 

A more rigorous treatment of the problem (Frank and Tamm 1937) yields 

for the radiation emitted per unit path length per unit frequency by a 

particle of charge e: 

n3 > 1 (2.3.1) 

where 

(2.3.3) 

(2.3.2) 

dl(w) 
dh 

(2.3.4) 
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Fig. 2.6, Transient polarization produced by the passage of a charged 
particle through a dielectric medium. 

Taken from Jelley (1967). Part (a) shows the local polari
zation vector JP at a point S. ' Part (b) shows the variation 
of its resolved components with time. 
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From equation (2.3.4) it appears that there will be radiation 

emitted at all frequencies. However, recalling that n is a function of 

frequency and anomalous dispersion will occur we find that the frequency 

spectrum is limited on the high end by a resonance (in the region X ^ 

2800 A) and on the low end by the condition n(ui)$ > 1 (see Fig. 2.8). 

For a gas in which one resonance frequency exists, the relation 

between n(X) and X is given by (Born and Wolf 1965, p. 92) 

n -1 = Ne 

irm c 
e 

x2x2 1 

X2-X2-XgJ 
exp C-h/hQ) (2.3.5) 

Here N is the number of molecules per unit volume for air 

19 -3 
(y 2.7 x 10 cm at S.T.P.), mg is the mass of the electron, and g 

is a damping constant. The factor exp (-h/hQ) is to take into account 

the variation of N with height h (hQ is the scale height; hQ ^ 7.1 km) 

assinning an isothermal atmosphere. The total amount of energy radiated 

as the particle travels through the atmosphere is then given by the 

integral of equation 2.3.4: 

- f2 dh f Jh J) 

2 „_2 2 
8TT e i-si 

1 2 
fct 

dX 
(2.3.6) 

Here n = n-1 (n « 1), e2 = 1-32, e2 = l-$2 • Now, since ri = n-1, and 

r| « 1, we can write: 

n - 1  =  2 n  



Fig. 2.8. Cerenkov band. 

Taken from Jackson (19621. Radiation is emitted only 
in the shaded frequency range, 



So using equation 2.3.5 to define r| in equation 2.3.6, we have 

(2.3.7) 

Using = 2800 A, = 6000 A, h^ = 2.3 km (Mt. Hopkins altitude), 

h2 = 15.4 (altitude corresponding to first interaction), we have 

obviously one of the attractive features of the technique. 

2.4 Experimentally Observed Properties of 
Cerenkov Light in the EAS 

In the early 1950's, beginning with the pioneering work of Gal-

braith and Jelley (1953), a great number of experiments were performed 

V 
to determine, first, if there was a significant amount of Cerenkov light 

produced in the EAS, and second, how the intensity of this .light com

pared with light from other competing sources, such as bremmstrahlung, 

recombination light, and fluorescence light. Later, more sophisticated 

experiments were performed to measure lateral distribution of Cerenkov 

light about the shower core (Chudakov and Nesterova 1958), pulse width 

and shapes, and their relation to the shower history, nonvertical 

showers (Galbraith and Jelley 1953), and the important subject of 

fluctuations (Brennan et al. 1958; Kasha, Oren, and Sitte 1962). 

I 4.2 x 10~6 erg (2.3.8) 

This corresponds to 8.4 x 10"* photons emitted for every shower electron 

o v 
at 4000 A. So in general, the number of Cerenkov photons produced in an 

EAS exceeds the number of electrons by the factor 8.4 x 10^. This is 

V 
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In the initial work done by Jelley and Galbraith (1955), 

existence of fast light flashes associated with air showers was deter

mined by operating a photomultiplier tube at the focus of a parabolic 

mirror in coincidence with an array of 16 Geiger counters. The 

successful detection of these flashes in coincidence with showers led 

. V 

to an experiment to measure the relative production of Cerenkov radia

tion and ionization radiation (Barclay and Jelley 1955). The experiment 

was performed for muons in air and demonstrated that light associated 

2 v 
with ionization was down by a factor 10 compared to Cerenkbv radiation. 

The reason for performing the experiment with muons was to assure that 

there would be negligible contribution from bremsstrahlung radiation. 

To determine the relative contribution of bremsstrahlung radia

tion compared to Cerenkov light, Galbraith and Jelley (1955) first made 

order of magnitude calculations, and found that bremsstrahlung was down 

by a factor of 10^ from Cferenkov light. They then performed a series 

of experiments designed to measure the polarization, directional proper

ties and spectral content of the light. It was found that although none 

of these experiments alone gave conclusive evidence of the cferenkov 

nature of the light, the experiments taken as a whole give strong 

supportive evidence (Boley, Palsedge, and Baum 1962). 

. V 

One of the important properties of the Cerenkov light, from the 

point of view of this project, is the lateral distribution of Cerenkov 

light from the shower core. Several experimenters (Chudakov et al. 

1960; Kasha et al. 1962) have measured this quantity, although these 

13 16 
measurements were for very large showers (primary energy ̂  10 - 10 eV). 



Two of the more important results to come out of these early measure

ments are: 

1. Measurements of fluctuations in lateral development of 

Cerenkov light from shower to shower (Kasha et al. 1962; 

Chudakov et al. (I960). This is illustrated in Fig. 2.9. 

V 

2. Demonstration of the very wide lateral extent of the Cerenkov 

light in the EAS. 

The large lateral extent of the light is due almost entirely to Coulomb 

scattering of the shower electrons; Rossi and Greisen (1941) have cal

culated the mean square scattering angle for relativistic particles 

to be 

<02> a 
s 

E 
s 

2 
t . (2.4.1) 

Here Eg is a constant (21 MeV), E is the particle energy, and t is the 

2 
path length of the particle, in radiation units (37.7 g/cm for air). 

For an EAS electron of typical energy 100 MeV, we get ^ 12°> 

whereas, 0 for Cerenkov light is approximately 1.3°. In a typical air 

shower, multiple Coulomb scattering will occur, so it is clear that the 

lateral extent of Cerenkov light can be expected to be much greater than 

for the light cone due to a single electron. This means that the 

Cerenkov light in an extensive air shower will have a larger lateral 

extent that the particles themselves. 

2.5 Lateral Density Distribution Function— 
Calculations' and Simulations 

There exists in the literature a great number of calculations 

based on cascade theory which treat the problem of the properties of 
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the Cerenkov light produced by an EAS. In the experiment prior to this 

one (Gerdes et al. 1973) the most rigorous calculations available were 

by Zatsepin and Chudakov (1962). More recently, Gough and Turver (1976) 

have performed an extensive series of Monte Carlo calculations simu

lating the EAS, taking into account the nuclear processes and making a 

much more serious attempt at rigor than any other previous calculations. 

This series of simulations was designed specifically for use in inter

preting the results of this experiment, and is easily the most accurate 

and thorough treatment of the problem to date. 

2.5.1 The Chudakov Calculations 

The calculationsmade by Zatsepin and Chudakov (1962) have been 

described in detail elsewhere (Gerdes 1974) and only the more important 

aspects will be discussed here. The results of electromagnetic cascade 

theory were used to obtain a set of lateral distribution functions for 

various energies. The calculations were made both for primary protons 

12 15 
and photons between the energies 10 eV and 10 eV at sea level and 

3860 m. The results of the calculations for proton primaries are shown 

in Fig. 2.10. The most important point to keep in mind is that these 

calculations are all of average quantities and fluctuations are not 

considered. In particular, the depth of first interaction was taken to 

be a constant, at one interaction length. 

2.5.2 The Turver Simulations 

Due to the extreme complexity of the cosmic ray induced 

extensive air showers, and the fluctuations that occur from shower to 

shower, any calculational treatment of the problem will be severely 
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Fxg. 2.10. Cerenkov photon density per shower electron as a function 
of distance from the shower core. 

Curves 1 and 2 are for sea level and primary proton energies 
of 1.5 x 1012 ey and 4.5 x lO^S 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 experi
mental data CZatsepin and Chudakov 1962). 
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limited. However, by using large computers it is possible to simulate 

the EAS using a Monte Carlo technique, and thereby obtain information 

about individual showers, producing average values of the quantities in 

question, and their distribution about these mean values. This was the 

aim of the shower simulations performed by Gough and Turver (1976), in 

Durham, England. These simulations were based on previous work (Dixon, 

11 13 
Earnshawet al. 1974), but covered a lower energy range (10 -10 eV). 

The most important general features of these simulations were: 

1. Monte Carlo techniques were used throughout. 

2. The simulation was made in three dimensions and time. No 

assumptions of radial symmetry were made. 

3. They were designed specifically for application to the 

results of this experiment. The Mt. Hopkins position (115°W 32°N, 

2320 m altitude) was used while taking into account geomagnetic effects, 

atmospheric model used, and atmospheric depth at which the Cerenkov 

light was detected. 

4. The final quantity obtained was photoelectron number from 

the PMT, so that such detector characteristics as field of view, 

collecting area, mirror reflectivity, photocathode quantum efficiency, 

etc. were taken into account. 

5. The nucleon cascade was treated in detail (see Table 2.2). 

6. Important factors such as absorption of £erenkov light 

intensity by the atmosphere, Rayleigh scattering, etc. were all taken 

into account. 

Nucleon Cascade. Table 2.2 gives a summary of the values 

assigned to the various quantities needed in developing the nucleon 



Table 2.2. List of assumptions make in simulating the nucleon cascade in the Gough and Turver 
(1976) simulations. 

Taken from Dixon et al. (1974). 

Nucleon mean free path 

Nuceon-air nucleus coefficient 
of inelasticity + distribution 

Pion mean free path 

Pion-air nucleus coefficient 
of inelasticity + distribution 

Pion multiplicity in nucleon-air 
nucleus interaction 

Distribution in energy of pro
duced particles (after Cocconi 
et al. 1961) 

Distribution in tranverse 
momentum 

>. = 80 g cm-2 
P 

P(D)dK = -(1-a)2 K a An K dK a = 1.43 <K > = 0.5 
P P P P P 

= 120 g cm' 
- 2  

ir ir 

a' = 3.6 

ir IT 

K = 0.33 
ir 

P(KJdK„ = — (1—ct1)2(1—K^)01' An (1-KjdK. 

K, 

1/4 

p(w * (f e"E,I/T e"VG]d Eit 

df(pt, . g) (• 

n = 3.2 E i'"' (E in GeV) 
o p p 

"ETT/T - "E-
e ' + 

-Pt/P£ 

T § G are the mean 
energies of the parti
cles moving forward § 
backward in the Ĉ M'. 

dP. <Pt> ^ 0.4 GeV/c 
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cascade. The nucleon and pion mean free paths were assumed to be 

- 2  - 2  
constant set at 80 g cm and 120 g cm respectively. This assumption 

is not in complete agreement with the latest large accelerator data, 

which shows an increase in p-p cross sections with energy, implying a 

decrease in mean free path. The distrubtions in the coefficients of 

inelasticity were obtained from Brooke et al. (1963). The momentum 

spectrum for the pions produced at these energies was assumed to be a 

scaling distribution obtained from the data of Boggild et al. (1971). 

Electron-Photon Cascade. The calculational method used is one 

formulated by Butcher and Messel (I960) and refined by Baxter (1969); 

Marsden (1971); Browning and Smith (1973); and Allen et al. (1975), 

and employs Monte Carlo techniques throughout. The processes taken 

into account were a) bremsstrahlung, b) pair production, c) Compton 

effect, and d) ionization loss. The cross sections for these inter

actions are found in Rossi (1952) and their application to the simula

tions in Butcher and Messel (1960). In these cross sections, screening 

by atomic electrons is accounted for. In the case of ionization loss, 

it is assumed that the rate of energy loss is constant for each thick

ness of atmosphere considered. For bremsstrahlung, the true cross 

sections were replaced by a constant term for energies below 0.5 MeV 

to avoid divergence. 

Due to the complexity of the problem, vast amounts of computer 

time were consumed for each shower. In order to make the calculation 

time feasible, it was necessary to keep a set of precalculated electron-

photon cascades initiated by particles having various energies less than 

10 GeV at various altitudes. Whenever a particle's energy went below 
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10 GeV, a shower was randomly picked from the set at the appropriate 

altitude. Each set consisted of 10 showers and there were 16 initiation 

energies below 10 GeV and 18 different heights. 

The cferenkov Light Component. The' Cerenkov light component of 

the shower is considered for all charged particles (above their thesh-

old), including the effects of ozone absorption, aerosol attenuation, 

and Rayleigh scattering for different wavelengths, based upon the exper

imental results of Elterman (1966). Atmospheric data was obtained from 

Standard Atmosphere data suggested by the International Civil. Aviation 

Organization. 

The quantities which were obtained at the end of the calculation 

were photo-electron number (from an RCA 4522 photo-cathode) at radial 

distances and azimuthally about the shower core, at the Mt. Hopkins 

altitude (2320 m). Figures 2.11, 2.12, and 2.13 show several isophotes 

(constant number of photoelectrons) for proton energies of 10^^ eV, 

12 13 
10 eV, and 10 eV, respectively. As can be seen, the effect of 

fluctuations is quite dramatic, especially at the lower energies, where 

some showers actually break themselves into a number of "mini-showers," 

often leaving no light at the shower axis, but distributing small pools 

of light 500 meters or more from the shower axis. Clearly, as the pri

mary particle energy is increased, the effects of fluctuations decrease 

(but still are present), and the showers tend to approach a more symmet

ric nature. Due to the extreme complexity of the problem and the vast 

amounts of computer time required per shower simulation, the largest 

13 
energy showers simulated were 10 eV. However, other simulations by 

Dixon and Turver (1974) indicate that at energies equal to or greater 
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Fig. 2.11. Isophotes for primary energy 1.0 x 101* eV. 

Parts (a) and Cb) are for 10-meter reflector system. 
Parts (c) and (d) are for 1.5-meter searchlight system. 
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Fig. 2.12. Isophotes for primary energy 1,0 x 10 eV. 

Parts (a) and (30 are for 10-meter reflector system. 
Parts Cc) and (d) are for 1.5-meter searchlight system. 
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Fig. 2.13, Isophotes for primary energy 1.0 x 10 eV. 

Parts (a) and (b) are for 10-meter reflector system. 
Parts Cc) and (d] are for 1.5~meter searchlight system. 
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15 
than 1.0 x 10 eV indicate that fluctuations are much smaller in this 

energy range. Also, since 1.0 x 10** eV is below the system's threshold 

. V 

for all three detectors, it is likely that this patchiness of Cerenkov 

light formation on the ground is a threshold effect and fluctuations 

13 
may not be nearly as severe at energies from 10 eV and up. Appendix A 

contains a more complete and detailed set of isophotes at different 

energies and for different types of detectors. Figures 2.14, 2.15, and 

2.16 show plots of the average lateral distribution functions (normal

ized to primary particle energy) for the 10 meter system, 1.5 meter 

searchlight system, and bare phototube system, respectively. These were 

obtained by averaging the photon densities over the various azimuthal 

and radial locations relative to the shower core for all the showers 

simulated. If there is a linear relationship between photon density 

and primary energy then these curves will overlap for the three ener

gies. We note, however, at least for the curve corresponding to the 

primary energy 10** eV, there is a much flatter and wider response. 

(This is presumably due to the effect of averaging the many small 

showers distributed about the shower core at this energy, as discussed 

earlier.) The difference between the lateral distribution functions at 

12 13 
10 eV and 10 eV is not nearly as large. 

One of the important results of these simulations stems from 

the flat lateral distribution function at low energies. This concerns 

the expected lateral distribution function produced by heavy primary 

particles. In its first interaction such a particle will break up into 

many parts. In the superposition model of such an event, the heavy 

particle will break up into all of its nuclear constituents (e.g., an 
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56 
Fe nucleus would break up into 56 nucleons all of energy E/56). 

Using this model, the resulting lateral distribution function would 

consist of a superposition of 56 small showers. These showers will 

have a much broader lateral extent and the photon density will in 

general be much lower than for a primary proton on the same energy. 

Therefore, a proton initiated shower will produce a much larger PMT 

pulse than a heavy particle of the same energy. 

A more accurate model of the first interaction is given in the 

partial fragmentation model (Dixon, Turver, and Waddington 1974). This 

model based on nuclear emulsion data indicates that, upon the first 

interaction, the fragmentation which occurs is not complete. Shower 

simulations at higher energies show some difference in lateral distri

bution functions for the superposition model and the partial fragmenta

tion model. Also, the observed increase in p-p cross sections at high 

energies (higher than the emulsion data on which the partial fragmenta

tion data was based) would imply that a nucleus would more readily 

break up upon interaction, due to the decreased interaction length. 

This would tend to make the partial fragmentation model less important 

at the energies over which this experiment was performed. 

So if the superposition model, or a mild form of the partial 

fragmentation model can be used, it can be concluded on the basis of 

the simulations that the Cerenkov technique will yield a spectrum 

experiment that is sensitive primarily to protons. 
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2.6 Relation of Cerenkov Light Spectrum 
to Primary Cosmic Ray Spectrum 

2.6.1 Using Average Lateral Distributions 

In the earlier investigation by Gerdes et al. (1973), it was 

assumed that the lateral distribution of Cerenkov photon density had 

the following form: 

a(EQ,r,h) = Eq f(r,h) . (2.6.1) 

Under this assumption it can be demonstrated that the measured Cerenkov 

light pulse spectral index will be identical to the cosmic ray spectral 

index. Here, this assumption will be established. To do this, a 

slightly weaker assumption will be stipulated as the starting point: 

The total amount of Cerenkov light deposited at a given atmospheric 

depth is proportional to the energy of the incident primary particle. 

Figure 2.17 shows a plot of total Cerenkov photon yield for 

various primary energies, obtained from the Chudakov calculations. No 

such data were available from the Turver simulations. 

If we call N (EQ,h) the total number of Cerenkov photons pro

duced down to a height h by a primary particle of energy Eq, then by 

the above assumption 

Ny(Eo,h) = n(h) Eq . (2.6.2) 

Now, Ny(EQ,h) can be written as 

fR 
Ny(E ,h) = limit A(E ,r,h) (2TTT) dr (2.6.3) 
° R-*» JQ 0 
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Fig. 2,17. Cerenkov photon yield as a function of energy, according 
to Zatsepin and Chudakov (1962), 
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or 
r|(h) E = limit 

0 R-*» JO 
lit j 
•OO J t 

RCEJ 
a(EQ,r,h) (2irr) dr (2.6.4) 

Here the integral is written explicitly as a limit of a finite integral 

to . elucidate the experimental situation. For any experimental arrange

ment there exists a threshold photon density below which detection is 

not possible. As shown in Fig. 2.18, this threshold, 0T, determines how 

far out the integral in equation must be carried. In general, however, 

the value of the upper limit in this integral depends on the lateral 

distribution function's shape at a given energy. In other words, R in 

equation 2.6.3 is in general a function of EQ. The limiting condition 

where -* 0 corresponds to R(EQ) -*• 00. 

Differentiation of equation 2.6.4 with respect to Eq yields 

Ti(h) = 
d 
dE 

limit 
R(E )-*» 

o 

R(E0) 
a(EQ,r,h) (27rr) dr (2.6.5) 

As long as a(EQ,r,h) is continuous and the resulting limit exists, we 

may exchange the order of the limit sign and the differentiation, 

yielding 

ri (h) = limit 
R(E0)-« 

d 
dE. 

R(B0D 
a(EQ,r,h) (2irr) dr ( 2 . 6 . 6 )  

Performing the differentiation of this integral, taking into account 

the energy dependence of the limits, yields 



Fig. 2.18. The effect of the system threshold on the effective shower 
size. 
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Ti(h) = limit 
R(E )-*» 

o 

R(E ) 3a (E ,r,h) 

J A 3E 
(2irr) dr 

dR(EJ 
+ 2ir R(Eq) a(EO,R,h) -gg- (2.6.7) 

or 

nOO • r 3a(E ,r,h) «= (2TTT) dr + S(E ,h) 
0 o 

(2 .6 .8)  

where 

S(E ,h) = limit 
° R(EQ)-X» 

dR(E ) 
2ttR(Eo) a(EO,R,h) dE ° 

It has previously been assumed (Gerdes 1974) that S(EQ,h) is 

negligibly small, so that equation 2.6.8 becomes 

Tl(h) • r * n 

3a(EQ,r,h) 

3E~ 
(2irr) dr (2.6.9) 

When this is true, then we may invoke the independence of the left side 

with respect to Eq to write 

3a(EQ,r,h) 

3E 
= g(R,h) (2.6.10) 

Upon integration this yeilds 

a(EQ,r,h) = EQ g(r,h) + <(r,h) (2.6.11) 

Equation 2.6.11 can be generalized by rewriting K(r,h) as 

K(EQ,r,h) and it can readily be shown that 
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8(B ,h) = - f (jf- K(B ,r,h) 
'ft n * 

(2-rrr) dr 

so that equation 2.6.11 becomes 

a(EQ,r,h) = Eq g(r,h) + K(EQ,r,h) (2 .6 .12)  

So, the assumption (equation 2.6.1) made previously may now be 

replaced by equation 2.6.12, which is different by the function 

K(EQ,r,h). Using equation 2.6.12, we can now determine the relation 

V 
between the measured Cerenkov pulse height spectrum and the primary 

cosmic ray spectrum. If we call da the number of events with 

photon densities between a and a+ da, then integration over the shower 

area yields 

dE 

(§)*> = r (!T)E -w dr d° • 
> * J o v 0J o 

(2.6.13) 

dJ 
where 

the primary spectrum has the form 

j=—Ip is the energy spectrum of primary particles, 
o-' o 

fe) o'Eo 

o 
Ey 

Now assuming 

(2.6.14) 

we get 

da = J 
of J r\ 

dE 
E "Y -rr- (2-rrr) dr da 
o da v 1 

(2.6.15) 

Using equation 2.6.12, this reduces to 

M d r  = j f f 
da ar Jo JQ [a - K(EQ,r,h) 

+Y 
g(r,h) + 

3K(Eo,r,h)-*-l 

3E 
(2 .6 .16)  



By analyzing the simulation results of Zatsepin and Chudakov 

(1962) and Gough and Turver (1976), it can be shown that both K(EQ,r,h) 

and d[K(EQ,r,h)]/dEo are negative, and in this experiment's energy 

region are small quantities. In this case we get 

^•da = Ĵ 2TT Jq J°° gY"1(r,h) rdrj A"Y dr . (2.6.17) 

Hie quantity in brackets then integrates out to a constant, so 

that the measured derenkov pulse height spectral index will be the same 

as the actual cosmic ray spectral index. 

So by dissecting the assumption in equation 2.6.2 we have 

shown that the original assumption (equation 2.6.1) must be modified 

to the form in equation 2.6.12. By fitting the function <(EQ,r,h) to 

the simulation data of Zatsepin and Chudakov (1962) and Gough and 

Turver (1976), an estimate of the relative size of K(Eo,K:,h) may be 

obtained. K(EQ,r,h) was assumed to have the form 

K(Eo,r,h) = 
Ea-
o 
E1 
o 

exp [-(r/rQ)2] . (2.6.18) 

Here K , a, and r are fit parameters and E^ is a scaling constant 

12 
defined as 1.0 x 10 eV. For Gough and Uirver's simulation data the 

fit yielded Kq = 30 photoelectrons, Rq = 160 m, and for Zatsepin and 

Chudakov's calculations Kq = 10 photoelectrons, RQ = 100 m. In both 

cases a ̂  0.5. These fits show that in all cases the function 

K(EQ,r,h) is less than 30 photoelectrons, which is below system thresh

old. Therefore it appears a good approximation to ignore this term in 

equation 2.6.16. 
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2.6.2 Using Monoenergetic Pulse Height Distribution 

In the last section it was demonstrated that it is possible in 

principle to unfold the primary cosmic ray spectrum from the measured 

Cerenkov light pulse spectrum. This was for an idealized case where 

each shower was assumed to have an identical lateral distribution. In 

this section the more realistic situation where fluctuations are taken 

into account will be considered. For this discussion it is convenient 

to use the Cerenkov pulse height spectrum for a single shower that 

would be obtained by placing detectors at all possible impact parameters. 

From here on this spectrum will be referred to as the "response curve." 

Initially ignoring fluctuations it is possible to derive the 

response curve for a shower from the average lateral distribution 

curves. Using Zatsepin and Chudakov's calculations for showers of 

12 15 
energy 1.5 x 10 eV and 4.5 x 10 eV, the response curves shown in 

Fig. 2.19 were derived. Note that the structure in the lateral distri

bution is reflected in the pulse height distribution. 

The measured light pulse spectrum is the sum of a number of such 

distributions weighted by the frequency of occurrence of each energy. 

It is easily seen that the measured spectrum is directly related to the 

primary spectrum but that the precise relationship will depend on the 

details of the pulse height distribution and its variation with energy. 

Fluctuations can be taken into account by considering the 

response curves from a number of showers of the same energy. Using 

data from the simulations of Gough and Turver C1976)» this has been done 

12 13 2 
for energies of 10 and 10 eV for the 10 m detector and aim 

detector (Figs. 2.20 and 2.21). For each shower simulated, the light 
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Fig. 2.19. Pulse response curves obtained from average lateral 
distribution curves. 

12 15 
Primary energies were 1.5 x 10 eV and 4.5 x 10 eV. 
These curves were obtained from the data of Zatsepin 
and Chudakov (1962). 
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Pulse response curves for the 10-meter reflector system. 

These curves were obtained from the simulation data of 
Gough and Turver C1976). 
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Fig. 2.21, Pulse response curves for the 1,5-meter searchlight system. 

These curves were obtained from the simulation data of 
Gough and Turver 0-976}. 



pulse expected at one of the 81 points on the grid was weighted by the 

area adjacent to that point. Since the grid is radial with the spacing 

increasing with the radial displacement, the points farthest out have 

the heaviest weight. It was expected that most showers would be cen

tered close to the axis where the grid spacing was finest; in practice 

many of the showers simulated (particularly at the lowest energies) had 

significant photon concentrations well away from the axis so that their 

resulting pulse height distributions had unusually large statistical 

errors. 

12 
These curves are based on 50 showers of energy 10 eV and 22 

13 
showers of 10 eV. Because of the large errors it is not possible to 

fit these distributions and hence to determine from these curves how 

well the primary spectrum can be unfolded. One would expect the pulse 

height spectrum to steepen with pulse height using a simple picture of 

the shower. For any lateral distribution there is a maximum photon 

density, usually associated with the core of the shower. Clearly, as 

the primary particle's energy increases, so does this maximum photon 

density. This maximum photon density must be reflected in the pulse 

response curves as an eventual steepening. However, this steepening 

is not apparent in the curves of Figs. 2.20 and 2.21. This is due 

primarily to the large errors (discussed above) and the lack of data 

at the photon densities where one would expect this steepening to occur. 

It is interesting to note that in all of the curves there is data 

available at higher photon densities for the response curves produced 

by higher energy primaries. This could be taken as an indication that 

the steepening of these curves is at their onset at these points. If 
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this is true then the response curves have different structure at 

different energies. Conversely, in the extreme case where the pulse 

height distribution above the threshold of the detector can be repre

sented by a power function with a single spectral index for all energies, 

the measured light pulse distribution will have the same spectral index 

and will be independent of the cosmic ray spectrum. 

Unfortunately for practical reasons it is not possible to do 

13 
Monte Carlo calculations on showers of energy greater than 1.0 x 10 eV. 

However, the general trend of the data available indicates that the 

fluctuations are becoming less and less important as the energy in

creases. Therefore, although no conclusive statement on the matter can 

be made at this time, it appears likely that the pulse response curves 

do have different structure for different energies, and that there is 

a relation between the measured fierenkov pulse height spectrum and the 

primary cosmic ray spectrum. Although it does not appear possible at 

this point to determine the precise relation between the pulse spectrum 

and the cosmic ray spectrum, it is likely that this technique is sensi

tive to changes in the cosmic ray spectral index, especially at high 

energies, where fluctuations are not as important. 



CHAPTER 3 

EXPERIMENTAL TECHNIQUE 

5.1 Observation Site 

V 

Although the Cerenkov technique has been traditionally used in 

studies associated with gamma ray astronomy, the possibility of obtain

ing an energy spectrum from the pulse height spectrum has been recog

nized for some time (Galbraith and Jelley 1955). In fact, Kasha, Oren, 

and Sitte (1962) reported a measurement of the Cerenkov pulse heights 

over a wide range using a logarithmic amplifier system. The first major 

step toward relating the Cerenkov pulse height spectrum to the primary 

cosmic ray spectrum was made when Gerdes et al. (1973) showed analyti

cally that if the normalized Cerenkov light lateral distribution 

functions were independent of energy, then the measured Cerenkov light 

pulse spectral index would be identical to the primary cosmic ray spec

tral index y, as sliming y was independent of energy. If y did change 

with energy, Gerdes (1974) showed that as long as the integral in 

equation 2.6.9 (air shower calculations) converged sufficiently fast, 

then the Cerenkov method would also be sensitive to these changes 

(although some information would be lost). 

V 

Given this information, it appeared that the Cerenkov technique 

offered a method of measuring the primary cosmic ray spectrum of all 

particles in an energy region beginning at approximately 1011 eV and 

61 



extending over a dynamic range limited by the electronics used to per

form the experiment, and available observation time. In addition, the 

5 2 
technique offered high statistics, due to the large (^10 m ) effective 

collection area, and therefore appeared an attractive method for mea

suring the primary cosmic ray spectrum in an energy region generally 

too high for balloon or satellite borne experiments and too low for 

air shower array experiments. 

The basic objectives of the experiment have not changed appre

ciably since the pioneering work of Gerdes et al. (1973), but the 

experimental methods used are quite different. Through the use of an 

all-linear system (with the exception of the photomultiplier tube, to 

be explained subsequently), system calibration was much more simple and 

straightforward and highly reproducible results were obtained. In 

addition, due to the high reliability of the final experimental system, 

and its immunity to breakdown, it was possible to run on a continuous 

basis (limited of course by night sky conditions) for approximately 

eight months, with a minimum of systematic problems. This long running 

time made it possible to demonstrate data reproducibility by comparing 

data from various times of the year. 

3.1.1 Observing Conditions—The Site 

V 

Since the basic principle of the C.erenkov technique involved 

running a fully exposed photomultiplier tube to the night sky, it was 

imperative that all runs be made during dark and moonless nights. In 

general, a "dark" period will last for about 14 days, during which time 

it is possible to run anywhere from 4 to 12 hours in a given night, 



depending on the phase of the moon and the season of the year. Since 

the atmosphere was used as part of the detector system, it was also 

important to have very clear sky conditions. To have such conditions 

for a large percentage of the time is possible only in a few parts of 

the world. One such area is southern Arizona where the Smithsonian 

Mt. Hopkins Observatory is located. At this observatory there is a 

10 meter diameter optical reflector, designed for atmospheric £erenkov 

light studies related to ganuna-ray astronomy. This experiment was per

formed at the Mt. Hopkins Observatory during the dark periods of 1975 

and 1976. Final data was acquired between December 1975 and July 1976. 

The Mt. Hopkins altitude is 2300 m, corresponding to an atmospheric 

_ 2  
depth of 760 gm cm . Figure 3.1 shows a geographical layout of the 

detectors along the mountainside and their relation to the observing 

station which houses the associated electronics. Also shown are the 

directions of the two largest cities near the site, Nogales and Tucson. 

3.2, The Cerenkov Pulses 

Studies of the PMT pulses produced by Cerenkov light from 

extensive air showers using a very fast ('y 2 ns rise time) detection 

system (Boley et al. 1962) indicate that the pulses have a mean width of 

approximately 7 ns, although some pulses are as wide as 30 ns (see 

Fig. 3.2). This series of measurements was for pulses corresponding 

to showers induced by primaries having energy of approximately 2 x 10*^ 

eV or more. Results of Gough and Turver's simulations (1976) indicate 

that although the average pulse width for pulses from lower energy 

12 
showers (> 10 eV) should still be approximately 7 ns, the likelihood 
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Fig. 3.2. Relative occurrence of showers versus pulse width. 

Part (a): Showers of primary energy >2x10 eV; system 
resolving time ̂  2 ns, from Boley et al. "(1962). .Part (b): 

Showers of primary energy > 5 x 1012 eV; system resolving 
time ̂  4 ns. 
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of much wider pulses at these energies is considerably less. Figure 

3.2 shows the results of measurements of pulse widths from 82 different 

Qerenkov light pulses obtained in the spring of 1974. Pulses from an 

RCA 4522 photomultiplier tube (rise time ̂  3 ns) were displayed on a 

Tektronix 454 oscilloscope (150 mHz bandwidth) and photographed. The 

distribution obtained gives an average pulse width of ̂  12 ns (due to 

the slower rise time of the detection apparatus) and a smaller tail. In 

Fig. 3.3 we see tracings from photographs of a few of the pulses ob

tained in this experiment. It is important to note that many of the 

pulses have fall times as long as 20 ns. Furthermore, there seems to be 

little correlation between the pulse height and the-length of these 

tails. The shape of the pulse is a complicated function of not only the 

longitudinal development of the shower, but also the distance from the 

shower core and detector's opening angle. Therefore, it is not surpris

ing to see that some of the smaller pulses will have long tails and some 

of the larger pulses will have very short tails. The important result 

of this is that it is not sufficient to assume that the pulse heights 

from the PMT are proportional to the total light detected, but that one 

must measure the area under these pulses to get a quantity proportional 

to the total number of photons detected. This also means that the 

integration time (or system gate width) must be considerably longer than 

the average pulse width. 

3.3 Background Light 

When operating a PMT in the manner just described, there will 

V 

be, in addition to the Cerenkov pulses, a background of noise pulses 
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Fig. 3.3. Oscilloscope traces of PMT pulses produced by Cerenkov light 
from an extensive air shower. 



due to starlight and airglow. Because of this there is a background 

level (which is generally orders of magnitude higher than ordinary 

PMT dark current) below which Cerenkov light pulses will be buried in 

noise. This threshold can be estimated in the following manner: For 

any light collector there are two parameters of interest, the area of 

the detector, A, and the angular field of view, £2. The number of 

photoelectrons, N , emitted at the photocathode of the PMT due to 

night sky background can be written as 

Ne = (figAfier , (3.3.1) 

where (fig is the mean flux of the night sky background light, in units 

-2 -1 -1 2 
(photons cm sec ster ), A is the area of the collector (cm ), 

£2 is the angular field of view (ster), e is the photocathode quantum 

efficiency, and x is the resolving time, or integration time of the 

system, whichever is larger. Since this number is proportional to the 

number of starlight photons detected and since the starlight background, 

to a good approximation, obeys Poisson statistics, the noise level is 

given by 

<N C> = 4> eA 
e c 

Here it is assumed that the angular field of view is greater 

than the extent of the Cerenkov pulse. <j>c is the number of photons 

-2 -1 
contained in the light pulse and has units (photons cm ster ). This 

assumes that the integration time is longer than the extent of the light 

pulse. The signal to noise ratio is then 
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e 
<N C> 
e 

< AN > 
e 

(3.3.2) 

Alternatively, for a given signal to noise ratio, the minimum 

detectable Cerenkov light flux is 

c I eA (3.3.3) 

Thus, for example, a low photon threshold can be obtained by-

using a light collector with a large area and small angular acceptance, 

and a high photon threshold is obtained with a light collector having 

small area and large angular acceptance. 

light due to extensive air showers is relatively simple. A parabolic 

mirror pointed toward the night sky is used to collect the light from 

the showers, and a photomultiplier tube with a fast time response and 

large photocathode is placed at the focus to convert the light pulse 

to a current pulse whose integrated output is proportional to the total 

number of photons incident on the detector. In this experiment three 

different types of detectors were used, each having a different proton 

threshold. Table 3.1 summarizes the characteristics of these detectors. 

The Smithsonian Astrophysical Observatory's 10 meter reflector 

is the largest, and with a 5" photomultiplier tube at the focal point, 

has a 1.0° full field of view. It consists of 248 twenty-four inch 

diameter front surface aluminum coated mirrors tesselated to form a 

3.4 The Light Detector System 

. V 

The type of equipment used in detecting pulses of Cerenkov 
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Table 3.1. Summary of detector characteristics. 

2 Field of View Approximate 
Detector Collection Area (m ) (half angle) Energy Threshold 

10-meter 
reflector 60 

1.5-meter 
searchlight 117 

bare PMT .0075 

0.5° 1.6 x 10 eV 

2.1° 4.1 x 1012 eV 

23° 4.6 x 1013 eV 
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10-meter diameter mirror with f-number f/0.7. It has an energy threshr 

old of 9 x 10*^ eV for gamma rays and about 5 x 10** eV for protons. 

A photograph of this detector is shown in Fig. 3.4. 

The second type of detectors used were 1.5 meter searchlight 

mirrors used in conjunction with 5-inch diameter photomultiplier tubes. 

These mirrors have a f-number f/0.4 and are coated with rhodium. Due 

to their smaller collecting area and larger field of view (y 4°), they 

12 
offered a higher energy threshold O 5 x 10 eV). Figure 3.5 shows a 

photograph of these detectors. 

Finally, in order to obtain an even higher energy threshold, 

it was decided to make a third light collector consisting simply of a 

bare photomultiplier tube (type RCA 4522) pointed to the zenith with 

associated light baffle (see Fig. 3.6). Such a detector has an extreme

ly wide field of view f\» 45° full field), and small collecting area. 

The larger fields of view for the last two types of detectors were 

chosen for the purpose of increasing the event rate, thereby improving 

the statistical accuracy. 

3.4.1 Fields of View of the Detectors 

The field of view of the 10-meter reflector-phototube system 

was measured previously (Gerdes 1974) as 0.8° FWHM. Measurement of 

the field of view of the 1.5 meter searchlight-phototube system was 

made by letting the star Arcturus pass through its field and measuring 

the phototube current as a function of sidereal time. In order to have 

an opening angle that agreed with the opening angle used in the Turver 

air shower simulations (4.0° FWHM) a mask was placed around the outer 



Fig, 3,4. Photograph of the IQ-meter reflector used in this experiment 



Fig. 3.5. Photograph of one of the l.S-raeter searchlights used in 
this experiment. 
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r 

f 

Fig. 3.6. Photograph of the bare phototube detector system used 
in this experiment (viewed from above). 



periphery of the photocathode. Results of the star transit with the 

mask in place are shown in Fig. 3.7. For the bare phototube system 

the field of view was so large that such a measurement was neither 

necessary or feasible. Instead, the field of view was measured geo

metrically. This is illustrated in Fig. 3.8. 

3.4.2 Phototube Basing Configuration 

In order to accommodate the unusually high average background 

light intensity, it was necessary to use a base circuit for the photo-

multiplier tube that would have a fast response but also have a rela

tively low gain. The tube used in all of the detectors mentioned was 

an RCA model 4522 photomultiplier tube with a 12.7 cm diameter, 

bialkali (cesium-potassium-antimony) photocathode and 14 dynode stages. 

To obtain the desired speed, the phototube was run with the photocathode 

at a high negative potential and the anode referenced to ground. 

Although this method is the generally accepted way of obtaining a fast 

response, it is not without problems. It is considered good practice 

to keep the phototube shield at the same potential as the photocathode, 

but since in this case such practice would have constituted a safety 

hazard to the experimenter, it was necessary to keep the shield refer

enced to ground (through a very large resistor). Although this practice 

could cause large field gradients at the photocathode (RCA PMT Manual 

1970, p. 34), thereby degrading cathode to first dynode collection 

efficiency, preliminary measurements of pulse response with and without 

the shields in place showed no measurable difference. 



4.0 6.0 
DEGREES 

Fig. 3.7. Arcturus transit for the 1.5-meter searchlight system. 

o\ 
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In the base configuration used (see Fig. 3.9) only the first 

11 dynodes were used, the last three being strapped to ground. This 

method was suggested by the test results of different phototube basing 

configurations by the Smithsonian Astronomical Observatory (Weekes 

1974) for use in gamma-ray studies. In this configuration, with an 

operating voltage of 2 kilovolts, the cathode to first dynode voltage 

was 440 volts, the dynode to dynode voltage was 145 volts, and the 

dynode chain current was 4.4 mA. This large current is necessary to 

ensure that the anode current (typically 100 yA from starlight) does 

not appreciably affect interdynode stages. 

The gain of such a phototube-base arrangement can be estimated 

by relating the measured anode current for a searchlight-PMT system, 

for instance, to the incident light flux. 

The average flux of the light from the night sky is taken 

(Allen 1955) to be 

7 -2 -1 -1 
<|)g =: 6.4 x 10 photons cm ster sec 

in the wavelength band 4300 A to 5500 A. The total light impinging 

upon the searchlight-PMT system is then 

2  ® s  9 - 1  
^ = 4>B (Ts) (2TT) (1 - cos —) = 4 x 10 sec 

In this equation, 0g is the opening angle of the searchlight-PMT system 

2 
(4°), and r is the radius of the searchlight. The quantity (irr ) is 

s s 
0S 

approximately equal to the detector area and (1 - cos -j-) is the solid 

angle. The measured anode current is related to the incident light 

flux by the approximate relation 
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Fig. 3.9. Phototube basing arrangement for the RCA 4522 PMT. 

Note that dynodes 12-14 and the anode are unused. 



i = nge = $BeGe 

where e is the photocathode quantum efficiency (y 0.2), G is the gain, 

-19 
and e is the electron charge (1.6 x 10 coul). 

Solving for G, we get 

6 = ' 
C3'4^ 

For the l.S meter searchlight-PMT system the background anode 

current is typically SO pA. Using these numbers in the above equation 

we get a typical gain of 5 x 10^. This is an vmusually low gain and 

it causes the photomultiplier tube to behave in an interesting manner 

in the saturation region. A detailed discussion of this behavior will 

be presented in section 4.1 on phototube linearity. 

3.5 Electronic Recording System 

The electronics used to process the pulses from photomultiplier 

tube consist of two parts. The first part is the analog to digital 

conversion of the pulses which is performed by a commercial gated charge 

sensitive analog to digital converter (ADC). The second part is the 

processing and storing of the digital information. 

Figure 3.10 is a block diagram of the electronics used in the 

experiment. Siganls from the phototube are transmitted to the control 

room from outside via coaxial cable to a 50 fanout system. The cable 

is back-terminated to 50 Q, at the phototube output to minimize pulse 

reflections. This is necessary since the phototube output is taken 

from dynode number 11, which is not geometrically designed for a 50 ft 

output impedance, as the anode is. This termination resistor is in 
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Fig. 3.10, Block diagram of the electronics used in this experiment. 
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series with a blocking capacitor to allow the D.C. component of the 

phototube current to be monitored at the control room. Due to the 

detrimental inductive effects of a microammeter on the pulse shape of 

fast pulses, the PMT current was not monitored continuously, but was 

checked periodically between runs during the night. The fanout unit 

separates the pulses into three equal portions, two of which are sub

sequently analyzed by the charge sensitive ADC. 

The other pulse is used to provide a gate pulse for the charge 

3 
digitizers after amplification by a factor (4.3) =91. These pulses 

are fed to a discriminator with threshold ̂  100 mv. Including the fac

tor of two from the fanout unit and the factor of two from back termi

nation, this gives an effective threshold for pulses from the photo-

multiplier tube of 4 mv, which is on the same order of magnitude as 

starlight noise pulses. 

An additional variable attenuator is used to set the threshold 

at the proper level relative to the starlight noise level. Figure 

3.11 shows what is frequently referred to as a "bias curve." It is a 

plot of the total number of counts above threshold as a function of 

threshold level in one db steps. This particular bias curve was run in 

April 1976 while checking the operating level for one of the bare 

phototube runs. In this plot we see that there are two spectra, each 

obeying a power function distribution, superimposed upon one another. 

The steep spectrum is the spectrum of starlight background, while the 

. V 

flatter one is the Cerenkov pulse height spectrum. The normal manner 

in which the operating point is determined is to find the bias level 
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Fig. 3.11. Typical bias curve, depicting the method in which the 
system operating point was determined. 
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at which these two power functions intersect and then operate at a level 

approximately 6 db above this. 

3.5.1 The Gate Pulse 

For sufficiently large pulses, the discriminator will trigger 

and is required to supply a gate pulse approximately 30 nanoseconds 

wide. It is important that this gate pulse does not fluctuate in width 

with respect to temperature variations, power supply fluctuations, etc. 

In addition, due to the large amplification factor used before the 

discriminator, large photomultiplier tube pulses (y 50 mv) will saturate 

the amplifier, causing the output to ring. This can cause the discrimi

nator to either produce multiple gate pulses or one very long gate pulse 

(since the discriminator is resettable). The effect of such gate pulses 

could be to either produce structure in the measured spectrum that is 

not physical, or to produce a completely different spectral index than 

that which actually existed. The solution to this problem is shown in 

Fig. 3.12. The analog pulse from the amplifier triggers the discrimi

nator which produces the 200 ns logic pulse D2, the input CI to the 

coincidence unit C. Since input C2 is normally at logic 1, the output 

CO switches to logic 1 immediately. After a time St given by 

6t = At + SQ , 

where At is determined by a cable length and 6q is the MECL gate genera

tor propagation delay time, M2 and C2 switch to logic 0, and so CO 

switches to logic 0. The total pulse width of the output pulse CO is 

given by 
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Fig. 3.12. Multiple gate pulse rejection scheme. 
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T = At + 5 + 6 
o c 

Here At is the clip line delay time, SQ is the propagation delay 

of the MECL gate generator, and $c is the propagation delay of the 

coincidence unit C in the transition from logic 1 to logic 0. We note 

that the M2 - C2 signal is maintained at logic 0 for ̂  200 ys. This is 

to ensure that output CO is inhibited long enough to allow the CAMAC I-

line inhibit signal to be enabled. The measured value of (Sq + 6 ) is 

4 ns, and the cable length propagation delay time is 26 ns, giving a 

total delay St of 30 ns. For the bare PMT system, the cable delay was 

set at 36 ns, making St = 40 ns. This was done to accommodate the 

longer pulse tails generally assocaited with large showers. 

The gate signals derived in the manner just described are used 

to gate the charge digitizers. Two of the digitizers are gated simul

taneously, making it possible to analyze the spectrum over two different 

regions at the same time. One digitizer analyzes amplified (x4.3) 

pulses, giving a "magnification" of the lower end of the spectrum. 

This gives more sensitivity over the region where the phototube is 

linear and also allows for cross checks on the system's response. 

Figure 3.13 shows a typical plot of the system's response (not including 

the phototube). 

3.5.2 The Charge Digitizer 

The most important piece of equipment in the experimental 

arrangement is the charge digitizer. This is a commercially made CAMAC 

unit (Ortec model QD410 designed for use with minicomputer systems such 
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The system analyzing the amplified (x4,5] pulses gives a 
"magnification" of the lower region of the spectrum, 
yielding better pulse height resolution. 
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as the PDP-IO). It has four separate, asynchronously gated and operated 

digitizers, which use the familiar Wilkonson rundown technique to 

achieve analog to ditital conversion. 

The first part of each digitizer consists of a fast (200 MHz) 

linear gate which allows charge through during the extent of the gate 

pulse. This charge is dumped across a capacitor, and the resulting 

voltage is sensed, producing at the output of the amplifier a MECL "1" 

state. Through exponential feedback the input capacitor is forced to 

discharge linearly and the output MECL level drops to logic 0. The 

resulting logic signal then has a width which is proportional to the 

input charge. This pulse is then used to gate a 50 MHz oscillator, 

which will produce a train of pulses whose number is then proportional 

to the charge. These pulses are converted to TTL standard pulses and 

are stored in binary counters for subsequent processing. 

There are two complete pulse processing systems, so that two 

detectors may be run simultaneously. This helps economize on the avail

able observing time and also makes it possible to perform cross checks 

on the final data. This is discussed in more detail in a later section. 

Each system uses two digitizers, and they are run asynchronously. The 

coincidence rate between the two systems was monitored, as shown in 

Fig. 3.10. 

3.5.3 The Digitizer-recorder Interface System 

Due to budget limitations, it was not economically feasible to 

run the QD410 in conjunction with a minicomputer system. Instead, it 

was necessary to design and construct a system capable of interfacing 



between the QD410 and a digital tape recorder. In addition, this inter

face provided a means of storing a portion of the data on a pulse height 

analyzer for a real time display as well as a scaler display capable of 

indicating the size of the events as they occurred (this was particu

larly useful during calibration procedures). Figure 3.14 is a simpli

fied block diagram of the digitizer-recorder interface. A complete 

circuit diagram is included in Appendix B. 

A hand-shake method is used to achieve data readout, and is 

initiated by a gate pulse at one of the digitizer inputs, which in turn 

produces a LAM (Look At Me) signal from the digitizer unit. This signal 

only occurs under the proper conditions, and can be overridden by the 

I-line (Inhibit) signal, which allows all four of the charge digitizers 

to be gated off during the tape recorder's dead time. Upon receiving 

the LAM signal, the interface initiates a two phase oscillator, which 

addresses a ROM (Read Only Memory) and provides step command signals 

for the tape recorder as well as all associated CAMAC commands to read 

the data out. The ROM provides the signals to enalbe a multiplexor to 

address data from the digitizer. 

The four digitizers are labeled DO, Dl, D2, and D3. Digitizers 

DO and Dl make up system number I while digitizers D2 and D3 make up 

system number II. The CAMAC dataway lines A1-A4 provide sync pulses 

for the acquisition of data from the four different digitizers. Each 

digitizer provides 10 bits (1024 decimal) of information so it is 

necessary to provide 20 bits on the tape per event for the acquisition 

of data from the two digitizers, plus information stipulating whether 

system I or system II was triggered. More detailed information 
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concerning the order in which data were written on the tape is pro

vided in Appendix C. 

The total conversion time for the tape recorder was 20 ms, 

allowing for a maximum count rate of 1500 counts per minute per system. 

_ v 
The maximum count rate expected from Cerenkov pulse is approximately 

300 per minute per system. 

3.5.4 Record Heading Generator 

In addition to the interfacing of the digitizer to the recording 

apparatus, it was also necessary to provide a means of writing pertinent 

data on the beginning of each new record of the tape. A record heading 

generator was designed and constructed to perform the following 

functions: 

1. Provided a command to the tape recorder to write an end-

of-record at two minute intervals. 

2. Wrote the Universal Time (days, hours, minutes, seconds) 

at beginning of each record. 

3. Provided six additional thumbwheel controllable digits to 

record atmospheric pressure, temperature, weather condition code, type 

of data taken, to be written at the beginning of each record. 

A schematic of the record heading generator along with a brief 

description of the circuit is provided in Appendix B. 



CHAPTER 4 

SYSTEM RESPONSE 

4.1 Phototube Linearity 

In light of the original aims of the experiment, the most 

serious practical limitation to its success is that of photomultiplier 

tube dynamic range. Although in general a photomultiplier tube may 

offer up to seven decades of linear dynamic range (RCA PMT Manual 1970, 

p. 110), these are achieved by keeping background current level (dark 

current) down to a few nanoamps (10~9 amp). In the Cerenkov technique, 

however, the phototube's background, which, using the basing configura

tion described earlier, can produce anode currents up to 200 yA 

(10~^ A) Also, since these photomultiplier tubes are limited to a 

measured peak anode current of approximately 50 mA (2.5 volts across 

50 ft) under these conditions, one can expect an output pulse current 

(or pulse height) range of at best 1000:1. Actually, this approximation 

is quite optimistic and observed pulse height dynamic ranges are approxi

mately 500:1. To make matters worse, this experimenter has observed 

through phototube linearity tests, that of these three decades of output 

pulse height available, approximately half of this encompasses a region 

in which the phototube is approaching saturation, and its response is 

nonlinear. 

92 
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However, through an accurate and reliable set of calibration 

curves, it is possible to operate in this nonlinear region, and due to 

the phototube'.s approximately logarithmic response in this region, the 

dynamic range of light pulse intensity may be stretched somewhat. 

Results of the calibration procedures indicate that the typical light 

pulse dynamic range varied from 800:1 to 2000:1, depending upon the 

phototube used. 

4.1.1 Limitations Due to Starlight Background 

As mentioned earlier, the presence of starlight background 

presents a serious detriment to the normal operation of the photo-

multiplier tube. The large background level produced has the effect 

of obscuring all fast £erenkov pulses whose peak anode current is less 

than or comparable to it. 

During the early stages of this experiment, the use of filters 

in conjunction with the phototube and its associated optics was con

sidered as a method of either attenuating the total light level or 

selectively rejecting large wavelength components. One possibility 

considered was to use blue filters to reject much of the unwanted long 

wavelength background light from the night sky while leaving the 

• v 2 
Cerenkov frequency spectrum (which is proportional to 1/X ) relatively 

unaffected. Although this method sounds quite attractive at the outset, 

one must keep in mind that the RCA 4522 photomultiplier tube has a 

spectral response biased to the near U.V. (photocathode type S-118). 

Figure 4.1 shows a plot of the wavelength dependence of the major 

factors contributing to the overall system's frequency response, along 
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Fig. 4.1. Relative system response versus wavelength. 

Taken from Fazio et al, (1968], 0 

(a) derenkov photon yield relative to yield at 2500 A. 
(b) Spectral distribution of night sky light relative 

to that at 6000 A (atomic lines omitted). 
(c) Reflectivity of mirror segments. 
(d) Transmission of atmosphere for light from 10 km. 
Ce) Quantum efficiency of bialkali photocathode relative 

to that at 3850 X (23%). 
(f) Product of (a), (b), (c), (d), and (e) normalized to 

1.0 at 3500 X. 



with a normalized product of all these factors. This indicates that 

the system is predominantly sensitive to short wavelengths with or 

without the use of filters. This figure was obtained from Fazio 

et al. (1968). 

The second method employing filters which was considered was 

the use of neutral density filters to attenuate the entire background 

light level, thereby increasing the phototube's usable dynamic range. 

However, such practice does little more than shift the photon threshold 

above which detectable signals can be analyzed. This can be seen by 

considering the following simple argument: For the 1.5 meter search

light system, the total background light flux was calculated earlier 

9 -1 
(see section 3.4.2) to be ̂  4 x 10 photons sec . For an integration 

time of 30 ns, then, there are ̂  120 background photons. So, in order 

to be detectable, a Cerenkov light pulse must consist of about 100 

photons or more. At theshold, the uncertainty in the number of photons 

h 
produced is about (100) = 10, or 10% (assuming Poisson statistics, 

which is approximately true). By using neutral density filters, it is 

possible to lower the average photon count due to starlight by an 

arbitrary amount, but of course doing so decreases the Cerenkov photon 

count as well. For a decrease in starlight intensity of a factor of 10, 

for instance, the photon count corresponding to the old threshold of 

100 photons will now be 10, giving an uncertainty of 33%. So, in order 

to maintain a 10% confidence level in photon count, one must assume a 

threshold of still 100 photons. This will now correspond to a higher 

energy. 
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However, it has been demonstrated (White, Porter, and Long 1960) 

that it is possible to improve somewhat the signal to noise ratio, and 

therefore the dynamic range (perhaps by as much as a factor of 2) by 

using filters in conjunction with U.V. converters to select a narrow 

band between 3100 X and 3800 A. But this experimenter believes that the 

complications involved in this process (defining wavelength response, 

reflection, and overall light attenuation, resulting in a higher photon 

threshold) would not justify its use. 

4.1.2 Limitations Due to Phototube Saturation 

The ultimate limitation to the performance capabilities of the 

phototube is the saturation limit, that is, the tube's maximum current 

sourcing ability. As discussed previously, although the saturation 

limit for the RCA 4522, using the eleven stage basing configuration,-

is approximately 50 mA, tube nonlinearity sets in as much as 1.5 

decades (factor of 30) before this. 

Operated in this low-gain configuration, the saturation mode is 

quite different than under normal operating conditions. In the normal 

7 
high-gain configuration (G ̂  10 ), photomultiplier tube saturation is 

caused by space charge limitations at the last few dynodes. For the 

RCA 4522, this effect begins to occur at a peak anode current of 

approximately 130 mA, and complete saturation occurs at 320 mA. The 

corresponding currents at which saturation should occur for the base 

arrangement used in this experiment may be calculated in the following 

way: Since space charge limited current is proportional to V3^2, where 

V is the interdynode voltage drop, we may compute this quantity for the 



conditions under which the tube specifications were given (V^ = 530 

volts) and compare it to the interdynode voltage (V ) used in this 

experiment (VQ = 145 volts). The currents appropriate to the based 

used in this experiment are then approximately given by 

(V )3/2 

i « — i . (4.3.1) 
( V )3 /2  s  

In this equation, VQ is the eleven stage interdynode voltage, 

V is the interdynode voltage relevant to the phototube's specification, 

and ig is the manufacturer's specified current values. Using the value 

of 130 mA, the current at which space charge limitations set in for the 

fourteen stage base, we get a corresponding value of 18 mA for our 

eleven stage tube. Using the previously calculated value for tube gain 

5 -8 
(4 x 10 ) gives a corresponding photocathode current of 4.5 x 10 A. 

However, the cathode current at which photocathode saturation begins to 

set in is specified at 1 x 10"*® A at -10°C to 1 x 10"^ A at 22°C. It 

is therefore clear that, because of the low gain tube-base arrangement 

used in this experiment, photocathode saturation effects set in from 

one to two orders of magnitude (in peak current) before anode saturation 

effects. 

Limitations to photocathode linearity occur as a result of its 

finite resistivity (RCA PMT Manual 1970, p. 53), and only occur with 

semitransparent photocathodes. At high current densities in the photo

cathode, a back EMF is produced across its surface (longitudinally), 

producing electric fields, which when superimposed on the applied field, 

cause the cathode to first dynode collection efficiency to drop. 
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4.2 Factors Affecting System Response 

In order to perform an effective and reliable calibration, it 

was necessary to have a thorough knowledge of the factors which affected 

the system's response during actual running conditions, and to under-
j  

stand their relative importance, so that they could be accurately 

reproduced in the laboratory with a minimum of effort. Several factors 

were considered and experimentally investigated. 

4.2.1 Pulse Width and Shape 

As explained earlier (section 3.2), the time characteristics 

(i.e., rise time, fall time, half width) and general shape of phototube 

pulses produced by Cerenkov light from extensive air showers, vary 

considerably, showing little correlation with pulse height. It was 

considered imperative that the artificial light pulse used for calibra

tion of the system have approximately the same temporal characteristics 

as the actual Cerenkov pulses. However, since it was also necessary to 

have a source whose photon content is constant, its time characteristics 

• V 

were kept constant, but equal to the average values of actual Cerenkov 

. V 

pulses. The primary reason for wanting to simulate the Cerenkov pulse 

shape was to reproduce the peak cathode current as closely as possible. 

4.2.2 Pulse Spectral Content 

Since the spectral content of the Cerenkov light, and the re

sponse of the phototube is primarily blue and near U.V.,it is desirable 

to have a blue light source with fast temporal characteristics for 

calibration. 
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In order to make the field of the searchlight detector system 

equal to the field of view used in the Gough and Turver (1976) simula

tions (FWHM = 4.0°), it was necessary to mask the PMT photocathode 

slightly. This has the effect of producing a faster rise time, since 

phototube transit time spread is proportional to photocathode illumi

nation area. 

4.2.4 Ambient Light 

It is well known (McHose 1972) that the presence of ambient 

light can affect the time characteristics of phototubes, in particular, 

rise times. However, this experimenter has also established that the 

presence of large amounts of background light can cause the saturation 

voltage (pulse mode) of the phototube to decrease. This was observed 

by introducing diffuse light from a tungsten lamp to the phototube while 

pulsing it with an LED light source. The ambient light level was main

tained with a servo circuit capable of keeping the anode current con

stant at a level between 0 and 300 yA. A ten to fifteen percent 

decrease in saturation voltage was observed between 0 and 100 yA 

ambient anode current level. In addition, some pulse broadening (y 5% 

effect) was observed. Light pulses of smaller magnitude (in the linear 

portion of the PMT) were also studied under these conditions. It was 

observed that although the pulse shape was slightly altered (pulse full 

width at half maximum increased by ~ 5% when ambient anode current was 

raised from 0 to 100 jiA), the total amount of charge in the PMT pulse 

(i.e., channel number triggered) was not altered appreciably. There

fore, this effect has most of its detrimental impact over the nonlinear 
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portion of the phototube's response, and its effect on tube gain in the 

linear region seems to be negligible. 

4.2.5 Ambient Temperature 

The most serious factor considered is the effect of temperature 

variations on the operation of the photomultiplier tube, and, in 

particular, the photocathode. Because the experiment was run during 

various times of the year, and the phototube was operated outdoors, 

the temperature of the photocathode varied (long term variation) from 

-12°C to +20°C. It had already been determined that the phototube's 

onset of nonlinearity was due primarily to photocathode limitations, 

and since the photocathodes' properties (in particular, resistivity) 

are a function of temperature, it was suspected that temperature varia

tions could have a large effect on operation of the phototube in the 

nonlinear region. 

To determine whether this was true, a sieries of experiments 

were performed to measure these effects. In these experiments, light 

from a pulsed LED capable of saturating the phototube was transmitted 

vai fiber optics into a CC^ expansion chamber, where the PMT was 

operated (see Fig. 4.2). This made it possible to vary the ambient 

temperature of the PMT while keeping the light source at room tempera

ture. The resulting pulse from the PMT was displayed on an oscillo

scope, and recorded manually. This procedure was followed for various 

temperatures from -20°C to +30°C, allowing approximately one hour 

between runs for thermal equilibrium to be attained. 
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Fig, 4,2, Block diagram of arrangement used to study temperature effects on the phototube. 
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Results of these experiments indicate that, in the nonlinear 

region, the phototube's output pulse height increases with temperature 

in the manner shown in Fig. 4.3. This figure indicates about a 10% 

variation in output pulse height with temperature between -5°C and 

+20°C. To test the temperature properties of the phototube in the 

linear region (most importantly, tube gain variations), weaker LED 

pulses were used, as well as the absolute standard, at various temper

atures. Over the above mentioned temperature range, no perceptable 

change in output pulse characteristics was noticed. 

4.2.6 Magnetic Field Orientation 

Although the phototubes are operated with mu-metal shields to 

protect against defocusing due to stray magnetic fields, the large 

photocathode of the RCA 4522 made it conceivable that fields could leak 

into the PMT. To test this possibility, the phototube's response to a 

pulsed LED source was observed for various tube orientations. Results 

of these tests indicated that there is no measurable effect due to 

magnetic fields as long as the mu-metal shields were used. 
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Fig, 4.3. Variation of phototube pulse height with temperature. 



CHAPTER 5 

SYSTEM CALIBRATION 

The desired end result of the measurements made in this experi

ment is a plot of count rate versus energy for the various detector 

systems used. The raw data consists of plots of count rate versus 

channel number. It was therefore necessary to obtain a relation between 

channel number and energy. This was done in three steps. First, and 

absolute calibration point was obtained by placing a source whose 

photon content (total number of Cerenkov photons per pulse) was known, 

to about 15% accuracy, and recording the resulting channel number 

triggered. This procedure was done periodically throughout the data 

taking phase of the experiment (about one time per dark period) to 

check for long term drift, and provide an absolute point for each large 

segment of data. Next, this point was converted to energy using the 

simulation data (section 5.5). Finally, an extensive series of relative 

calibrations were performed, using a fast strong light source, capable 

of saturating the PMT, and calibrated neutral density filters to produce 

linearity curves, that is, plots of channel number triggered versus 

relative light intensity. These curves were made for all photomulti- . 

plier tubes used, and at various ambient temperatures. The resulting 

set of calibration curves was then folded into the raw data (see 

Chapter 7). 

104 
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5.1 Absolute Calibration 

The absolute calibration source used was obtained as a result 

of the work done by Gerdes (1974). It consisted of a Pilot B scintil

lating plastic with 0.1 micro-curie americium 241 embedded in it. This 

source had been calibrated by comparing its light output to light pro

duced by muons in three plastic standards. It is found to emit an 

amount of Cerenkov light equivalent to 2212 ± 215 photons in air. The 

reader is referred to Gerdes (1974) for a detailed account of the 

experimental and calculational procedures used in the production of 

this source. Confirmation of the accuracy of this source was obtained 

by comparing its light output with another commercial source (Turver 

1976) consisting of americium 241 embedded in plastic scintillator. 

The ratio of the two sources' quoted light intensity agrees well with 

the measured intensity ratio. 

5.2 Relative Calibration 

Relative calibration of the system was performed using the 

experimental arrangement shown in Fig. 5.1. The three main parts of 

this arrangement are 1) pulsed light source and associated optics, 

2) environmental simulation apparatus, and 3) electronic recording 

system. 

The light source used was a Monsanto type MV50 light-emitting 

O 
diode. This is a red LED with spectral response centered at 6500 A 

and FWHM at 600 A. Several other types of fast light sources whose 

spectral content was more appropriate, including mercury and xenon 

lamps and a pulsed ̂  laser, were considered. However, these sources 
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Fig. 5.1. Block diagram of arrangement used during relative calibration procedure. 
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were unstable, and had an intolerably large amount of R.F. noise 

associated with them. It was believed that the ideal source for 

these calibrations would be a blue LED. However, development of such 

a source, with fast enough time characteristics, was still in the 

research stages at the time of this experiment (Kissinger 1975; 

Johnson and Tolfree 1975), and the MV50 was still considered as the 

optimum choice. The most serious weakness of this light source is 

associated with the fact that temperature dependency of the photo-

cathode's resistivity is stronger at large wavelengths than at short 

wavelengths. This means that during the calibration procedure the 

ambient temperature must be carefully controlled. 

The pulser circuit used to drive this LED is shown in Fig. 5.2. 

This circuit is based on a circuit developed at CERN (Turver 1976). It 

is an avalanche transistor circuit and is capable of driving the MV50 

LED hard enough to saturate the photomultiplier tube. Figure 5.3 shows 

a PMT pulse obtained (after some light attenuation) using this circuit 

and the MV50 LED, along with a typical PMT pulse produced by Cerenkov 

radiation. 

Light was attenuated in 2 db steps through the use of calibrated 

glass neutral density filters. Figure 5.4 shows a diagram of the LED, 

filters, and associated optics used in the calibration procedure. The 

primary functions of this unit were: a) to provide a means of manually 

inserting and removing the neutral density filters with ease; b) to 

ensure that, while the filters are in place, reflections of stray light 

from the source to the PMT are virtually eliminated; and 3) to make it 
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Fig. 5.3. Comparison of calibration PMT pulse and a Cerenkov PMT pulse. 

Part (a) shows pulse obtained using the avalanche pulser-
MV50 arrangement. Part Cb] shows a typical Cerenkov PMT 
pulse. 
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Fig. 5.4, Schematic of the optical system used in the relative calibration procedure. 
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possible to change these filters in daylight without having to adjust . 

the PMT voltage while doing so. 

The neutral density filters used were obtained from Rolyn Optics 

Co. (#65.050). These were absorption type glass filters and were speci

fied at tolerances ranging from ±5% for the thinnest filters (low light 

attenuation) to ±0.5% for the thicker filters (high light attenuation). 

They made it possible to attenuate the light in steps of 0.1 n.d. (2 db) 

over as much as five decades. 

5.3 Environmental Simulation 

The two main factors taken into consideration were background 

light and ambient temperature. The background light was simulated by 

introducing diffuse light from a tungsten lamp to the photocathode of 

the photomultiplier tube. The resulting anode current was monitored 

and kept at a constant value by a servo circuit (Gerdes 1974). Using 

this circuit, the anode current was maintained at a value equal to the 

measured anode current due to starlight. [This value was different for 

the 10-meter reflector system O 100 pA), the 1.5 meter searchlight 

system O 50 uA), and the bare phototube system (y 40 yA).] 

Ambient temperature was simulated and maintained using a CC^ 

expansion chamber system which cooled the environment. The resulting 

temperature was maintained by introducing CO 2 when necessary. Using 

this technique the temperature was kept constant to ± 2.8°C. The 

phototube, light source, and associated optics were kept in the expan

sion chamber. 
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5.4 Procedure 

Separate calibration runs were made for the different phototubes 

used in the experiments at different operating temperatures. Generally, 

for a given range of temperatures over which a given phototube was 

operated, separate runs at 6°C intervals were performed (this is the 

observed variation in temperature during an evening's running) until 

the temperature range was spanned. 

During a given run, the temperature and ambient light level were 

maintained at their specified values while data were recorded on tape 

for the channels triggered with the various values of light attenuation 

used. For a given value of light intensity used, histograms were formed 

of number of events recorded versus channel number. The result was a 

narrow gaussian distribution about a mean value (see Fig. 5.5). The 

same type of distribution was obtained for the absolute standard (see 

Fig. 5.6). 

These calibrations were performed at the end of each month 

data was obtained. In addition, the absolute calibration runs were 

made before dark periods. Figure 5.7 shows typical response curves 

at two different temperatures for one of the phototubes used with the 

searchlight system. The plots are made logarithmic, showing that in 

the nonlinear region the detector response is approximately logarithmic. 

We note that the main difference in the response at the two different 

temperatures is in the nonlinear region and is about 10%. 
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Fig. 5.5. Typical pulse distribution obtained from the avalanche 
pulser-MV50 LED-electronic recording system. 
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Fig. 5.6. Typical pulse distribution obtained from the absolute 
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5.5 The Energy Axis 

Once a relation between channel number and photon density was 

made, it was necessary to produce an energy axis from the photon density 

axis in order to relate the derenkov pulse spectrum to the primary 

cosmic ray spectrum. As discussed in section 2.6.2, this can only be 

done if the pulse response curves are energy dependent. However, if 

this is the case, an energy axis can be produced first by determining 

the energy threshold of each system and relating it to photon density 

using the Turver simulations, and then assuming a linear relationship 

between energy and photon density (section 2.6.1). 

The method of determining the energy thesholds of the systems 

is modeled after a technique developed by Weekes (1976) for determining 

the energy threshold of the 10-meter reflector system for y-rays. 

Figure 5.8 shows average lateral distribution curves (not normalized 

to particle energy) for the 1.5 meter searchlight system, obtained from 

the Gough and Turver (1976) simulations, along with the dotted horizon

tal line, depicting the system threshold, in photoelectrons. This is 

done by using the results of the absolute and relative calibration 

procedure. By finding the intersection point of the system threshold 

line and the average lateral distribution curve, one can associate an 

"effective shower radius" for a given energy, beyond which no pulses 

are detectable. By plotting this effective shower radius (Rq) versus 

particle energy (Fig. 5.9), one can extrapolate back to the point at 

which Rq = 0 (more points for this curve can be produced by scaling up 

13 
the 10 eV distribution curve by factors of ten). At the point 

Rq = 0, no showers of energy corresponding to this would produce 
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Fig.' 5.8. Lateral distribution curves (not normalized to energy) for 
the 1.5-meter searchlight system. 

These plots determine the effective shower size R0 at various 
energies. Note that the plots at 1014 and iq15 ey are extrap
olations of the plot at 10^3 ev. 
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Fig. 5.9. Plot of effective shower size R0 versus primary energy for 
the 1.5-meter searchlight system. 
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— 2  6  
detectable pulses. Next, by weighting RQ(E) with the factor E~ * , 

which is approximately the cosmic ray spectrum, we get plots for each 

detector system, as shown in Fig. 5.10. The energy threshold can then 

be defined as that energy at which the two shaded portions shown have 

equal area. (This procedure was actually performed using a linear-

linear plot, although for convenience Fig. 5.10 is shown as a log-log 

plot.) This method for determining the energy threshold of the systems, 

uses average quantities only. However, detailed consideration of the 

effects of fluctuations for the case of gamma ray induced showers 

(Browning and Turver 1977; Weekes 1976) showed that the energy threshold 

was different by about a factor 1.5 with and without consideration of 

the fluctuations. This discrepancy is not intolerably large since the 

measurements were over several decades of energy. 
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CHAPTER 6 

PROCEDURE 

The data accumulation phase of this experiment lasted for eight 

months (Dec. 1975 - July 1976), during which time a total of 250 hours 

of data was obtained. Table 6.1 shows how much time was allocated to 

the various types of detection systems. The bulk of real observation 

time was devoted to accumulation of bare phototube data, since the count 

rates were the lowest for this detection system. Due to the very large 

(y 45°) field of view of this system, it was not possible to run two of 

these systems simultaneously without incurring a high coincidence rate. 

Data from the searchlight-PMT system was all obtained during the dark 

period of Jan. 1976. However, at this time only one system was opera

tional so all data were obtained on it. While the bare PMT experiment 

was being run, it was possible to run a searchlight system at low zenith 

angles (30° and 45°) to compare the measured spectrum to the spectrum 

due to vertical showers. Also, during this time detector fields of view 

were measured, and other minor experiments were performed. The 10-meter 

reflector-PMT system data were all obtained during two nights of running 

in the month of June and were intended primarily as a system check, 

since this measurement has been made before; the nonlinear portion of 

the response was not measured for these observations. During this run 

both systems accumulated data simultaneously, making it possible to 

check for any obvious systematic differences between the two systems. 

121 
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Table 6.1. Summary of allocation of observing time. 

Detector Experimental Conditions Number of Hours 

10-meter reflector zenith 20 

1.5-meter searchlight zenith 75 

bare phototube zenith 110 

1.5-meter searchlight 45° elevation 18 

1.5-meter searchlight 30° elevation 9 
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The data recording system was automated as much as possible so 

that it could be operated by one person with a minimum of effort and 

knowledge of its inner workings. A typical evening's ran was initiated 

by going through a check-list of activities in which the optics was set 

up, PMT voltages turned on, record heading generator data set (including 

clock, weather code, temperature, atmospheric pressure, etc.)> and 

various quantities, such as phototube current, counts above threshold, 

pedestal channel numbers, and coincidence rates (when both systems were 

in use) were measured. Data were recorded on digital tape as well as on 

a pulse height analyzer (six most significant bits only) to provide a 

means of real time analysis. This was particularly useful during the 

early stages of the experiment. 

The phototube currents were measured periodically (about once 

per hour) by switching an ammeter into the circuit while an EOF was 

being recorded on the digital tape recorder. Count rates were monitored 

continuously, as well as the coincidence rate between the two systems. 

These rates, along with the PMT currents gave a good measure of the 

relative phototube gain versus time as the evening progressed. Photo

tube anode current was not maintained at a constant level as previously 

(Gerdes 1974) since presence of this circuit had a detrimental inductive 

effect on the shape of the PMT pulses. 

Data were accumulated in this manner during the evening until 

morning twilight or light from the rising moon make the phototube 

currents rise. 
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Relative and absolute calibration runs were made during the 

daylight hours of the dark periods using the environmental simulation 

apparatus described earlier. This data, along with the actual spectrum 

data, were then taken to The University of Arizona Computing Center for 

subsequent analysis. 



CHAPTER 7 

DATA REDUCTION 

Reduction of the raw data from the experiment was a straight

forward and simple process, although it did involve several stages. 

The most involved portion of this process was the various cross checks 

that were made for internal consistency of the data. Most of those 

cross checks were made possible through the existence of two spectral 

measurements for each system (see section 3.5 on the recording system), 

corresponding to two different digitizers and two different system 

gains. A great deal of effort was also spent providing a self-

consistent method of determining the system offsets, or pedestals. In 

addition, the data were checked, small portions at a time, for long term 

drifts or variations. Finally, the normal curve fitting procedure of 

the final data was performed. The results of the systematic cross 

checks that were made indicated that the data had a high degree of 

internal consistency and was reproducible from month to month. 

7.1 Pedestal Determination 

It is- well known that with any pulse processing system involving 

amplifiers there is an inherent system offset, due primarily to ampli

fier nonlinearity at low pulse height levels. With the present system 

there exists, in addition to this offset, a built-in "pedestal", below 

which no counts will occur. The presence of this pedestal is an 
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artifact of the QD410 digitizer system. The digitizer's input consists 

of a differential amplifier, kept active by a current source, and the 

value of this current is proportional to the pedestal. The nominal 

pedestal value is Channel 20 (out of 1024) and is adjustable. Figure 

7.1 shows how the overall offset will be a combination of the pedestal 

and the amplifier offset. Experimental measurements of this system 

offset had a precision of only about ± 5 channels. It was deemed 

imperative to determine this offset to better precision, so the 

following technique was devised. 

Consider the simultaneous measurement of a power law spectrum 

by two systems. Assume system 1 has relative gain A and system 2 has 

relative gain 1.0. Then for any given event, two numbers will be 

returned, by system 1 and N2 by system 2. Each of these numbers is 

a combination of the two system offsets and the actual channel numbers 

proportional to the Cerenkov light output. If we call Q the channel 

number, with offset subtracted for system 2, and P^ and P2 the two 

respective system offsets, then we have 

Nx = QA + P: (7.1.I) 

N2 = Q + P2 . (7.1.2) 

Eliminating Q and solving for P^ in terms of P2 we get 

Px = P2A - K , (7.1.3) 

where 

K =* N2A - N: 



127 

50 

t 40 

N 
30 

•Total offset 

Pedestal 20 

10 20 30 40 50 
Q (pc) 
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or 
Nx = N2A - K . (7.1.4) 

Therefore, a plot of versus ̂  for different values of 

and yields the average values of <A> and <k>, along with cr^a^ and 

0( K) for various sets of data. By comparing the value of <A> and (<> 

for different time periods, it was possible to check for variation of 

system gain with time (long term drift) and with pulse height (system 

nonlinearity). These checks showed that the relative system gain 

stayed constant in time to within 3% and with respect to pulse height 

to within ±4%. In addition, the value of (A) could be compared with 

the measured value of A. These comparisons agreed also to within 5%. 

Once <K> and (A) are determined, the relation between P^ and 

(equation 7.1.3) becomes 

P x  = ? 2  <A> - <K> . (7.1.5) 

An additional constraint exists which can be used to relate P^ and P 

This constraint is based on the assumption that the experimental data 

v 
can be fit to a power function. If this is so, and if the Cerenkov 

light pulse height spectral index, y, is constant over a gain interval, 

then y can be written as 

Y = . C7.1.6) 
log(QVQ) 

Here M1 is the number of counts observed at channel Q1 and M is 

the number of counts observed at channel Q. From this equation, it is 

clear that if is the spectral index measured in system number one, and 

is the spectral index measured in system number 2; then, since 
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Q2 = QXA 

Q2 = qJa , (7.1.7) 

we get the important result that the measured spectral index is inde

pendent of the amplification factor, as long as A is constant and y does 

not change in the interval in which this measurement takes place. This 

condition (Yj = y2) may be written, by using equation 7.1.6 

"l'vy"1**2 • NjCNj-Pj)"17"2 

pi = V2 ,x • <7-1'8) 
Cn2-p2) - cn*-p2) 

where 

a2 = log (Mj/Mj) , 

a2 = log (M2/M2) . 

This gives a second relation between Pj and P2, which is inde

pendent of equation 7.1.5 as long as ^ a2- In the case = a^, it 

can be shown that equation 7.1.5 reduces to equation 7.1.8. Equations 

7.1.5 and 7.1.8, then, give two constraints for the two variables P^ and 

which can then be solved for. The uncertainty in the values of P^ 

and ?2 related to the uncertainties in the other variable in equa

tions 7.1.5 and 7.1.8. Although these two equations could be solved for 

in the conventional way, it was found economical from a computing stand

point to use an iterative technique. Starting with an arbitrary value 

for P^, P2 was found from equation 7.1.5. Then the quantity (y2 - Yp 

was formed. P^ was then incremented by one and (y2 ~ Yj) was again 

computed. In this way, with 4 or 5 computations, a plot of (Y2~Yj) 
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versus Pj was formed (see Fig. 7.2). The zero intercept was found and 

P^ was broken into fifths and the procedure was repreated so the P^ was 

determined to within 0.2, which is much less than the actual uncertain

ties. Figure 7.3 shows the method by which AP^ and were determined. 

Using the values for P^ and determined in the above manner, the 

extremes of the functions in equations 7.1.5 and 7.1.8 were found by 

plugging in the extremes of their arguments. (The quantities M all 

obeyed Poisson statistics, while the values N were all specified at ± 1 

channel by the manufacturer of the digitizers.) The values of AP^ and 

AP2 were then taken as the extremes of the shaded portions in Fig. 7.3. 

This graphical method, while not exact, gave a good approximation to the 

uncertainties in the system offsets. For all the data taken, the values 

of AP^ and AP£ were approximately ± 2 channels. 

7.2 Formation of Histograms and Rejection of Data 

Accumulation of data at the experimental site was performed on 

a live time basis. That is, the information from each event was written 

immediately onto tape. (This is to be compared with a dead time system 

where data are stored temporarily by some means, and then dumped at 

regular intervals onto tape, during which time no data is being accumu

lated. ) These tapes were then brought to The University of Arizona 

Computing Center where they were analyzed on the CDC-6400 computer. 

The first step in this process was the formation of histograms from raw 

data tapes. This simply involved extracting the data from the tapes, 

one event at a time, and incrementing histograms at the appropriate 



Fig. 7.2. Iterative method of determining the system offsets 
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channel numbers. All records were checked for parity errors and 

rejected if any were detected. 

Each even was checked for internal consistency by measuring 

the quantity K (discussed in the last section) and comparing it to a 
o 

running average <k>. Any even for which |k - <k>| was greater than 

10 standard deviations on <k> was rejected. This was a very loose 

criterion and was intended primarily for detecting any events which 

could have been due to system transients. The effect of such tran

sients would be to override all built-in dealys, causing pulse-gate 

timing to be incorrect for these events. The result would be that 

there would be no correlation between channel number triggered for 

the two digitizers. This effect was observed by artifically producing 

very large system transients. However, it was found that there were 

no such events in any of the data taken except for the searchlight data 

of Jan. 1976, where 4 such events were rejected. 

As a result of this first pass at the data, a new tape, with 

data rejection completed, and with values of ( A) and <K) for each file 

of data was formed. Each file of histograms corresponded to one hour 

of accumulation time or less. Along with this tape, an extensive 

printout was produced showing the histograms from each file, a running 

account of (A) and (k> and printing out all data from the record 

heading generator, including time of day, atmospheric pressure, temper

ature, type of data taken, and a weather code number. This was a 

purely subjective code in which the general weather conditions were 

observed and graded by number according to the following number 

criteria: 
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1 - clear-photometric 

2 - clear-hazy 

3 - thin cirrus above 

4 - patchy low cloudiness 

5 - overcast 

The data were then visually inspected for pedestal drift. Such 

drift would be caused by ambient temperature variations or power supply 

instability. Temperature drift would be characterized by a drifting of 

the pedestal channel number back and forth about its normal value, while 

power supply instability could manifest itself in a number of different 

ways, but could be of a larger magnitude than temperature drift. There 

was no evidence for drifting of the latter type, except for the search

light data of Jan. 1976, in which the pedestal was observed to decrease 

by approximately five channels over a .14 day accumulation time. The 

source of this problem was identified as a slowly decreasing gate width 

caused by instabilities in the power supply driving the gate generator. 

(Pedestal number is proportional to gate width.) Since the overall 

effect of this systematic problem was to change the charge conversion 

gain from 0.250 pc/channel to 0.248 pc/channel ('y 1% effect), it was 

eliminated from subsequent data by replacing the defective power 

supply and leaving all equipment on at all times. The pedestal was 

observed to drift back and forth about its average value from hour to 

hour by approximately one channel, although it did occasionally drift 

as much as two channels in one hour. This type of drift in the digi

tizers, due to ambient temperature fluctuations, was well within the 

manufacturer's specifications, and was considered by this experimenter 
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to be minimized as well as normal temperature compensation techniques 

will allow. 

7.3 Pedestal Normalization 

After the data histograms were inspected visually, a nominal 

value for the pedestal for each hour's running time was obtained simply 

by identifying the channel number below which there were no counts. 

Each file of data was then normalized to a nominal pedestal value 

(typically channel 20) by shifting the data by the one or two channels 

necessary. Such a shift has a negligible effect on the data except at 

the very low channels where pedestal effects predominate. 

During this pass at the data, records for which the weather 

code was 3 or above were rejected from the data. The data were then 

summed up to form files of data accumulated in consecutive hours for 

which the temperature was within 6°C intervals. The proper calibration 

data were then applied to this data to form a set of histograms of 

counts versus relative photon density. These files were then summed 

to form a final set of data. 

7.4 Data Fitting 

The final sets of data; searchlight, bare phototube, 10-meter 

reflector, and searchlight (nonzenith); were then prepared for fitting 

to a power function by producing bins of increasing size for increasing 

photon density. This was done to make the number of counts in the 

larger bins have a larger statistical significance. All vertical error 

bars were computed by using Poisson statistics, while the horizontal 

error bars (photon density resolution) were found by assuming that the 
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individual systematic uncertainties (pedestal determination, channel 

number resolution, and relative calibration accuracy) were independent 

and so could be combined by squaring their magnitudes, summing, and 

taking the square root. At the very large photon densities, these 

errors are to be added to the bin's width in the same way. (This is 

why the plots show horizontal error bars at the high photon densities 

overlapping somewhat.) 

The fitting of the final data was made using an in-house non

linear fit program called "FIT" (see Appendix C). This program accepts 

data as an array of y values, a values, and x values. It assumes the 

ax values are all small and identical. 

This, of course, was not strictly true. In order to incorporate 

the values of a into this program, a new value for a was assigned 
x y 

(ap, defined as 

r ' [&) 2+ (f)2Ty • C7-4-15 a 
y 

This new value for was used in the data fitting procedure. 

Although not strictly correct, this method does allow one to take into 

account systematic error in the statistical analysis procedure. Results 

of this fitting procedure are discussed in detail in section 8.2. 



CHAPTER 8 

RESULTS 

There are several portions of data making up the final experi

mental results. These are summarized in Table 6.1. First, the search

light data (90° elevation) consists of 75 hours observing time. Second, 

the bare phototube data consists of 110 hours observing time and is 

broken into two parts, corresponding to different observing seasons and 

two different phototubes used. Third, the 10-meter reflector data con

sists of two ten-hour segments of data taken at the same time with two 

different systems. Finally, there are two sets of searchlight data 

taken at 30° elevation angle (9 hours) and 45° elevation (18 hours). 

On the spectra shown, the quantities plotted are number of events per 

bin versus energy. This energy axis was derived by calculating the 

energy threshold of each system from photon number per event, based on 

the absolute calibration points (see section 5.5), and then assuming a 

linear correspondence between photon number and energy (the credibility 

of this assumption is discussed in section 2.6). 

8.1 General Results 

The spectra from the data obtained are shown in Figs. 8.1 

through 8.7. Figure 8.1 shows the searchlight data, while Figs. 8.2 

and 8.3 show the bare phototube data from the March-April and May-June 

1976 dark periods, respectively. Figures 8.4 and 8.5 show the 10-meter 

137 
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Fig. 8.2, Bare PNTT (March-April} experimental results. 

Total observing time: 67 hours _ 
Total number of events: l.ll x 10 
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Fig. 8.4. Ten-meter reflector (system number I) experimental results. 
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Total observing time: 9 hours ^ 
Total number of events: 1.4 x 10 
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reflector data from the two different systems, taken in June 1976, 

while Figs. 8.6 and 8.7 show the 45° and 30° elevation angle search

light data, respectively. Only the gross features of these spectra are 

discussed in this section, while the important results of curve fitting 

are discussed in section 8.2. 

All of these plots are characterized by horizontal error bars 

as well as vertical error bars, the vertical error bars corresponding 

entirely to the statistical errors in counting events (assuming Poisson 

statistics) and are standard deviations. As discussed earlier (section 

7.4), the horizontal errors correspond to photon number resolution and 

are caused by a number of contribution factors, including pedestal 

uncertainty, bin size, and calibration uncertainties, such as filter 

accuracy and LED pulse height half width. At low photon numbers, the 

primary contributions to these errors are pedestal uncertainty'^ ±2 

channels) and digitizer channel resolution (±1 channel). These errors 

can be significant when the system threshold is set at a low channel 

number (as in the searchlight data). At high photon numbers, the 

uncertainty is primarily due to the larger bins used. The overlapping 

of the horizontal error bars at high photon numbers is due to the 

presence of the additional uncertainties related to calibration 

uncertainties. 

8.1.1 Bare Phototube Data 

We notice that the bare phototube data appear to fit to an 

inverse power function with spectral index of about 2.5 up to a photon 

number corresponding to an energy of ̂  10^ eV, at which point a gradual 
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break occurs. The point at which this break occurs can be compared to 

the point at which the phototube deviates from linearity. (This point 

is rather sharply defined, e.g., Fig. 5.7.) The dotted lines on the 

plots in Figs. 8.1 through 8.7 refer to the photon number at which the 

phototube's response is down by 2 db from the expected linear response. 

From these reference points there are two things which can be said: 

1. The position of the phototube break point varies with 

phototube used as well as ambient temperature. (This is also apparent 

from the phototube response curves.) 

2. There is not apparent correlation between the position of 

these break points and observed structure in the measured spectra. 

CThe two different sets of bare phototube data, taken with different 

phototubes and at different times and temperatures, have different 

phototube break points, correspond to the same energy.) This evidence 

is highly supportive of the success of the calibration technique. 

8.1.2 Searchlight Data 

Visual inspection of this data does not yield as much informa

tion as with the bare phototube data. The pedestal error bars are 

larger because of the lower threshold used, and it appears that one 

could easily fit the entire set of data to an inverse power function 

with constant spectral index, except the last few points do fall below 

the extrapolated fluxes based on this assumption. The point at which 

phototube nonlinearity sets in again does not seem to correspond to 

any particular structure in the measured spectrum. 
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8.1.3 10-meter Reflector Data 

The data obtained in this measurement were intended merely as a 

system check and no calibration was done in the nonlinear portion of the 

system. The data shown in Figs. 8.4 and 8.5, therefore, show only that 
3 

portion which is known to be linear. The important part to notice about 

this data is that the two systems give the same spectrum and that there 

are no anomalies observed. 

8.1.4 Searchlight Data (Nonvertical Showers) 

Figures 8.6 and 8.7 show the spectra obtained from these mea

surements. Due to the limited observation time, the statistics on these 

plots is not as good as with the searchlight data from vertical showers. 

The primary reason for conducting these experiments was to see what 

effect the nonvertical showers would have on the measured spectral 

index. Measurement of the spectral indices for these cases indicates 

that they are slightly flatter than for the vertical shower data. This 

result is compatible with the results of the Turver simulations (see 

Chapter 9). The implication is that one might expect to get a different 

measured spectrum with the different detectors (particularly the bare 

phototube system, which has a very large acceptance angle), so that a 

simple combination of the data from the three different systems is not 

appropriate. It is likely, however, that the three different detectors 

are all sensitive to changes in the spectral index and that comparisons 

could be made between systems in this case. 
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8.2 Data Fitting Results 

For the case of the bare phototube and searchlight (vertical 

showers) measurements, the final data were fit to various functions 

using nonlinear regression least squares fit program (see Appendix D). 

The first function attempted was an inverse power function, i.e., a 

functin of the form 

"P2 
y = P1 x , (8.2.1) 

where and P£ are fit parameters. The other function chosen was an 

inverse power function with a change in the spectral index at some 

specified point Xq. Using this constraint, three parameters are 

required, namely the two spectral indices and one other parameter 

analogous to P^ in equation 8.2.1. Table 8.1 shows a summary of the 

results of these fits. In this table, the quantity P is defined as 

the probability of chi square being greater than the value obtained 

in the fit, and has an optimum value of 0,5. 

8.2.1 Bare Phototube Data 

The first function attempted in fitting the bare phototube data 

was an inverse power function. This resulted in a very poor fit (P = 

6.8 x 10"*®), as a visual inspection of the data implies. Next, fits 

to an inverse power function with a change in the spectral index at 

various photon numbers were attempted. The best fit to this function 

dictated a break in the spectrum at a photon number corresponding to 

an energy of about 2 x 10*^ eV. This fit gave spectral indices of 

2.49 ± 0.03 and 3.26 ± 0.15 before and after the break points, 



Table 8.1. Summary of data fits. 
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Functions Parameters 

Power function 

Power function-
break at E 

Power function 
data before E 

o 

Power function 
data after E_ 

Power functions 

Power function-
break at channel 
number corresponding 
to Bare PMT 
break point 

Power function-
break at E 

Bare PMT 

Y = 2.5 

Y, = 2.49 ± 0.03 
Y^ = 3.26 ± 0.15 

E = 1.8 x 1015 eV 0 
Y = 2.49 ± 0.003 

Y = 3.18 ± 0.01 

Searchlight (zenith) 

Y = 2.72 ± 0.05 

Yx = 2.72 ± 0.01 

Y2 = 3.0 ± 0.4 

Yn = 2.72 ± 0.03 
Y2 = 3.94 ± 0.05 

E = 1.5 x 1015 eV o 
Searchlight (45° elevation) 

Y = 2.67 ± 0.1 

Searchlight (30° elevation) 

Y = 2.64 ± 0.3 

10-meter reflection (zenith) 

system #1 Y = 2.62 ± 0.1 

system #2 y = 2.63 ± 0.1 

6.8 x 10 

0.45 

-10 

0.75 

0.42 

1.1 x 10 
-5 

8.0 x 10 

0 .1  

-6  
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respectively. After this optimum break point was determined, the data 

were broken into two parts and fits to a straight power law were made 

on each side of the break. This procedure resulted in values for the 

spectral indices of 2.49 ± 0.003 and 3.18 ± 0.01. 

8.2.2 Searchlight Data 

The fitting procedures for this data was analogous to that for 

the bare phototube data. First, the data were fit to a straight power 

law. This resulted in an extremely poor fit (P = 1.1 x 10 . Next, 

to check for systematic errors, the data were fit to a power law with 

a break at a photon number that corresponded to the same channel number 

at which the bare phototube break was observed. This also resulted in 

a bad fit (P = 8.0 x 10~^). Finally, fits were made to a power law with 

a break at various other points, and it was found that the best fit 

yielded a break point at an energy of 1.5 x 10*^ eV. The spectral 

indices for this fit were 2.72 ± 0.03 and 3.94 ± 0.5, and the value of 

P was 0.1. This value is lower than was obtained for the bare photo

tube data. Two reasons for this are postulated. First, the break 

point is at a high channel number, so there are very few points to fit 

the second power law to. Secondly, the pedestal was not as well defined 

for this set Of data, and a systematic error such as this can cause the 

value of chi square to become quite large. It was observed that by 

eliminating the first thirty points from the data set and redoing the . 

fit, a much higher value for P CP = 0.25) resulted. 
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8.3 Summary 

The results of the data fitting procedure, then, indicate that 

both the bare phototube data and the searchlight data can be fit best 

to a power law with a break at an energy of approximately 2 x lO**' eV. 

The values of the spectral indices for the two different detector 

systems do not agree. The searchlight data give a steeper slope than 

the bare phototube data. The reason for this is postulated to be the 

large acceptance angle of the bare phototube system (see Chapter 9). 

Supportive evidence for this view is given by the flatter spectral 

response measured by the searchlight data at lower zenith angles. There 

seems to be little difference between the measured spectral indices for., 

the searchlight data and the 10-meter reflector data (within the experi

mental accuracies). 



CHAPTER 9 

DISCUSSION 

9.1 Experimental Results 

The measurement made during the course of this project have 

.  v  
yielded Qerenkov pulse height spectra for various types of detector 

systems and configurations. These results show a high degree of inter

nal consistency and reproducibility, and it is believed by this experi

menter that they are an accurate representation of the actual Qerenkov 

pulse height spectrum. 

In fitting the measured data to an inverse power function, it 

is found that both the searchlight data (vertical orientation) and the 

10-meter reflector data fit best to a spectral index of about 2.7. 

(The spectral indices for these two systems agree to within one standard 

deviation.) The searchlight data, however, exhibits a change in the 

spectral index at very large photon density (which is beyond the range 

of the 10-meter reflector system). Beyond this point the spectral 

index is 3.94 ± 0.5. To fit the bare phototube data with an inverse 

power function, a change of spectral index at one point is also required. 

The spectral indices in the lower and upper regions are 2.49 ± 0.03 and 

3.18 ± 0.15, respectively. This is a flatter spectrum than is observed 

with the searchlight data. Finally, data were accumulated with the 

searchlight system pointing at two different nonvertical zenith angles 

152 
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(45° from horizontal and 30° from horizontal). The accumulation times 

were not long for this data (18 hours for the 45° data, 9 hours for the 

30° data), so the uncertainties in the measured spectral indices were 

larger than for the vertical shower data. Although the spectral indices 

agree with each other within one standard deviation (y = 2.67 ± 0.1 for 

the 45° data and y = 2.64 ± 0.2 for the 30° data) and with the search

light vertical orientation data, the 30° data does display a slightly 

flatter response than the 45° data. These differences can be understood 

by the following argument. 

The measured quantities associated with a shower as it propa

gates through the atmosphere depend heavily on how deep in the atmo-

_ 2  
sphere the detection system is (in g cm ) and how far away from the 

detector the light is produced. For the vertically oriented 10-meter 

reflector system and the 1.5 meter searchlight system, this depth is 

_ 2  
constant at 760 g cm . However, in the case of the bare phototube 

system, which has a very wide opening angle, the atmospheric depth 

through which a shower propagates depends on its angle of incidence. 

(This is depicted in Fig. 9.1.) For small showers, whose maxima will 

be above the detector system for vertically incident as well as 

obliquely incident particles, there is little: difference in the response 

of the three systems. However, for larger showers initiated by verti

cally incident particles, development may not be completed before 

reaching the detector system, whereas for those initiated by obliquely 

incident particles, because of the increased air path, shower develop

ments could reach their maxima above the system. Consequently, the bare 
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Fig. 9.1. Effect of the angle of incidence at the top of the atmosphere 
on the total depth traversed, for the bare phototube system. 
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phototube has a higher response sensitivity to larger showers, 

resulting in a flatter spectrum. 

This concept also holds for the searchlight data at large 

angles with respect to zenith (ag., Fig. 9.2), although the variation 

of the atmospheric depth over the detector's field of view (4.0°) is 

not as large as for the bare phototube configuration. 

We recall that in developing the theoretical basis for this 

experiment (section 2.6), it was shown that the measured pulse height 

spectral index becomes identical to the cosmic ray spectral index pro

vided that the function K(E,r,h) can be neglected. This of course 

assumes that the atmospheric depth through which all showers propagate 

is the same. It is therefore not surprising that the bare phototube 

data exhibits a flatter spectral response than the other data. Since 

the vertically oriented detectors that had a small opening angle main

tain a nearly constant atmospheric depth, it is believed that the mea

sured spectral indices for these systems should give a more accurate 

representation of the cosmic ray spectral index than the bare phototube 

data. On the other hand, this wide angle effect is not serious enough 

to impare its sensitivity to variations in the cosmic ray spectral index. 

In order to relate the measured derenkov spectrum to the cosmic 

ray spectrum, it was necessary to relate the abcissa of the measured 

spectrum, which is in number of photons, to energy. This was done in 

two steps. First, using the absolute calibration point and the tech

nique developed by Weekes (1976), the energy threshold of each system 

was determined. In this step the average lateral distribution curves 

obtained from the Turver simulations were used. This step was reasonably 
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Fig. 9.2. Effect of the angle of incidence at the top of the atmosphere 
on the total depth traversed, for the searchlight (45° eleva
tion) system. 
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insensitive to the fluctuations in shower development. Then a linear 

relationship between photon density and energy was assumed, as described 

in section 2.6. It should be kepc in mind that this assumed relation

ship is rough because it ignores the fluctuations in shower development. 

When these steps were made, it was found that the point at which the 

spectral indices changed for the two different systems (as described by 

best chi square fits) agreed to within a factor of two (y = 1.5 x lO*^ 

eV for the bare phototube system). It was noted that these "break" 

points are not in the same system channel number, and are not related 

to their respective phototube linear deviation points. Furthermore, 

the data were taken over a large time period, with two different 

recording systems, and several different phototubes, all with their 

own calibration curves. Therefore, it is believed that the observed 

breaks in the measured spectra are not instrumental, but are caused 

by some physical reasons which will be discussed in the next section. 

9.2 Interpretation of the Results 

Because of the highly complex mechanisms which occur in the 

cosmic ray induced extensive air shower, and the very large fluctuations 

which occur from one shower to the next (as demonstrated by the Turver 

simulations), interpretation of the results of this experiment must 

depend to some degree on a shower model. Since the results of the 

Turver simulations are inconclusive at this point, it is not possible 

to make a one to one correspondence between the measured ^erenkov pulse 

height spectrum and the input primary cosmic ray spectrum at this time. 

Ideally one would like to obtain from the shower model a plot of input 
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cosmic ray spectral index versus £erenkov pulse height spectral index 

for all of the different detection systems used. This was the original 

aim of the Turver simulations, which were designed specifically for the 

interpretation of the results of this experiment. However, because of 

the large fluctuations encountered in the simulations, and the enormous 

computer time required, this ultimate objective could not be accom

plished. Therefore it is only possible at this time to list the various 

possible ways of interpreting the data and weigh their credibility 

according to the information available at this time. 

The first possible interpretation, and the most pessimistic one, 

is that due to the large fluctuations which occur from shower to shower, 

. V 
all cosmic ray spectral information is lost and the measured Cerenkov 

pulse height spectrum is simply a reproduction of the response curves 

discussed in section 2.5. This would mean that the measured change in 

the spectral index is also a manifestation of a change in the nature of 

the response curves. 

The second possibility is that although cosmic ray spectral 

. V 
information can be detected in the C.erenkov pulse spectrum, certain 

mechanisms in the shower process may be superimposed on this informa

tion. For example, a rapidly increasing nucleon-nucleon cross-section 

could cause the nuclear cascade processes to change enough to cause a 

change in the measured Cerenkov spectrum. However, it may be noted that 

even if fluctuations in shower development are small, they are still 

probably large enough that the shower mechanisms are relatively insensi

tive to such changes. 
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The next possibility, and in the opinion of this experimenter, 

the mostly likely one, is that the cosmic ray spectrum is reflected in 

the £erenkov spectrum, especially at high energies. A sharp steepening 

15 
of the cosmic ray spectrum at ^ 10 eV is in agreement with that shown 

in Figs. 1.1 and 1.3. Since this feature occurs in two entirely differ

ent measuring systems, and the internal consistency of the data is high, 

it is believed that these results are more reliable than earlier experi

ments (Gerdes 1974). 

It is interesting to note that since this experiment is sensi

tive primarily to protons, a measured break in the proton spectrum 

could have implications about the composition of heavy particles at 

high energy. If we extrapolate the results of heavy particle abundance 

measurements (Balasubrahmanyan and Ormes 1973) to higher energy, we 

see that an increased iron abundance in the cosmic ray spectrum would 

have to be accompanied by a sharp decrease in the proton spectrum. 

9.3 Further Work 

The experimental results obtained in this project have yielded 

highly dependable ̂ ferenkov pulse height spectra. It is believed that 

these results are the best that are possible for a single detector 

system. The simulations done by Gough and Turver (1976) have indicated 

that interpretation of the data may not be as simple as was originally 

hoped. 

It is believed that many of the problems encountered in this 

experiment could be circumvented by replacing the single detector 

system with an array of £erenkov detectors. This array could 
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conceivably map out isophotes for individual showers and thereby 

determine the total amount of £erenkov light produced in the shower. 

This quantity, along with the isophotes, could be used to infer the 

energy of the primary particle. The technique alluded to here is 

similar to the one used with large air shower arrays which measure the 

total number of particles produced in the shower. The measurement of 

Cerenkov light with arrays would be equivalent to these arrays with 

5 v 
the important exception that these are approximately 10 Cerenkov 

photons per shower electron. This type of experiment would not be so 

heavily dependent on simulation models. Such an array does exist 

(Tornebene 1977), but its primary function is to study extensive air 

showers in search of showers induced by gamma rays. However, it is 

likely that in the near future such arrays will be used to measure the 

primary spectrum in this energy region. 



APPENDIX A 

ISOPHOTES FROM THE GOUGH-TURVER SIMULATIONS 

V 

In the following pages are several isophotes (constant C.erenkov 

photon density contour maps) produced by the air shower simulations of 

Gough and Turver (1976). In these isophotes the intensity of light 

produced may be deduced from the symbols shown by using the following 

legend: 

: - 1 < p < 3.16 

+ - 3.16 <p< 10.0 

- - 10.0<p< 31.6 

x: - 31.6 <p< 100. 

/ - 100. < p < 316.2 

I - 316.2 <p< 1000. 

0 - 1000. <p< 3162. 

0 - 3162. <p< 10000. 

8 - 10000. <p< 31620. 

fi - 31620. <p 

In this legend p refers to number of photoelectrons produced in 

the PMT. In all plots the shower axis is defined by the intersection 

of the x and y axes, and the limits in vertical and horizontal distance 

are ± 500 meters in each case. 
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We note that two of these isophotes show no light over the 

area provided. This is an example of a simulated shower in which all 

of the light produced was displaced more than 500 meters laterally 

from the shower axis. 
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APPENDIX B 

DATA RECORDING SYSTEM 

The data recording system consisted of three main parts. 

1. The CAMAC-recorder interface transferred data from the 

digitizers to the digital tape recorder on a real time basis. The 

circuit diagram for this interface is shown in Fig. B.I., while the 

IC list for the parts used is in Table B.l. 

2. The record heading generator wrote all pertinent data at 

the beginning of each record on the digital tape. The circuit diagram 

for this is shown in Fig. B.2, and the IC list is in Table B.2. 

3. The digital to analog converter, used in parallel with the 

other recording system, provided a means of feeding the digitizer data 

into a pulse height analyzer for on line analysis of the data (only the 

6 most significant bits of each 10 bit event was used). This system 

was particularly useful during the early stages of the experiment when 

the system was being tuned. This circuit is shown in Fig. B.3, and the 

IC list is in Table B.3. 
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Table B.l. IC list: CAMAC-recorder interface. 

IC Number Part Number 

(13) 7442 

(14) 74193 

(15) 7474 

(16) 74121 

(17) 74121 

(18) 74121 

(19) 74128 

(20) 7404 

(21) 9309 

(22) 9309 

(23) 0309 

(24) 74121 

(25) 7400 

(27) 74121 

(10,11,12) 4050 
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Fig, R,2, Schematic of the record heading generator circuit. 
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Table B.2. IC list: Record heading generator. 

IG # Part # IC # Part # 

(1) 74193 (22) 74150 

(2) 74193 (23) 74150 

(3) 7425 (24) 74150 

(4) 2421 (25) 74150 

(5) NE555 (26) 7475 

(6) NE555 (27) 7404 

(7) 7404 (28) 74121 

(8) 7408 (29) 74121 

(9) 7408 (30) 74121 

(10) 7474 (31) 74121 

(11) NE555 (32) 7404 

(12) NE555 (33) 7407 

(13) 74193 (34) 74121 

(14) 74193 (35) 7402 

(15) 7421 (36) 7474 

(16) 7421 (37) 74121 

(17) 74193 (38) CD4050 

(18) NE555 (39) CD4049 

(19) 74121 (40) CD4049 

(20) 74150 (41) MM5313 

(21) 74154 (42) AT 
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Fig. B.3. Schematic of digital to analog converter (DAC) circuit. 



Table B.3. IC list: Digital to analog converter. 

IC Number Part Number 

(1) CD4011 

(2) CD4011 

C3) CD4049 

(4) CD4049 

(5) 7406 

C6) 7406 

C7) 7493 

(8) 7493 

C9) 7406 

cio) 7406 

(11) 74121 

(12) 723 

(13) LM318 

(14) LM318 



APPENDIX C 

DATA ACQUISITION 

Data from the CAMAC digitizer system were written onto a seven 

track tape recorder in the manner shown in Fig. C.l. For each event 

— there were two ten hit binary numbers to be recorded along with infor

mation stating whether system I or system II was triggered. This was 

done by filling up 6 characters on the digital tape per event. The 

system fiducial marks were written first and were coded so that the 

number 01 meant that system I was triggered and 10 meant that system II 

was triggered. The last character on the tape was a fill character and 

was inserted so that there would be exactly 30 bits (one half of CDC 

word) per event. 
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Bit Number 

i 2 3 4 5 6 

A 
System 

9 

System DO or 02 DO or D2 DO or D2 DOor D2 
X Fiducial Fiducial Bit 9 Bit 8 Bit 7 Bit 6 

O DOor 02 DOor D2 DOor D2 DO or D2 DO or D2 DO or D2 
c. Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 

System System 01 or D3 Dl or D3 Dl or D3 Dl or D3 
3 Fiducial Fiducial Bit 9 Bit 8 Bit 7 Bit 6 

A 
Dior 03 Dior D3 Dl or D3 DiorD3 Dl or D3 Dl or D3 

H  Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 Bit 0 

Fill Fill Fill Fill Fill Fill 
O 0 1 0 0 0 0 

Fig. C.l. Data packing scheme for the digital tape recorder. 
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APPENDIX D 

PROGRAM "FIT" 

This program was obtained from a program library (L'Heureux 

1977) and originated from The University of Chicago Physics Department. 

It was designed to determine a set of parameter values for a given 

mathematical relationship which is nonlinear in its parameters and is 

capable of handling up to six parameters and six independent variables. 

at a time. An iterative technique was used, and the fits which were 

2 
being made were refined until no further reduction in x was possible, 

until the parameter values did not change more than a specified amount, 

or until a specified number of iterations had been made. 

In using this program, the criterion used for termination of 

2 
the iteration process was that no further reduction in x was possible. 

The x distribution curve was assumed to be gaussian. 

The input required was the function to be used in the fitting 

procedure and its first derivatives with respect to its parameter. In 

these fits, two different types of functions were used. The first was 

an inverse power function (two parameters) and the second an inverse 

power function with two different spectral indices, separated by a 

"break point," Xq (three parameters). The following list shows these 

functions and their derivatives. The inverse power function with a 

break was normalized in its parameters so that the function looked 

similar on both sides of the "break point," xQ. 
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Inverse power function: 

f = Pj_ X~P2 

1ST = X~P2 

||- - Px X~P2 An X 

Inverse power function with "break" at xo X < Xo: 

f = P3 xo~(-P2~Pl)/2 X"P1 

= P3 x°~^P2~Pl^2 X"P1 Ch  An xo - An X) 

|f- a P3 Xo"CP2~V/2 X'P1 C-W An xo 

If- = Xo-CP2"PP/2 X"P 

X - x° 

f = P3 xo+CW/2 x"P2 

||- = P3 Xo+CP2"Pl-)/2 X_P2 ft) An xo 

If- = P, XO+CP2"Pl-)/2 X_P2 (h  An Xo - An X) 
2 3 

= Xo+CP2-Pl)/2 X~P2 
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