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Chapter 1
INTRODUCTION

- Cosmic ray particles play an important role in the
energetics of the galaxy, involving an energy density of about
1 ev/ca (3), comparable to the energy density of galactic
magnetic fields and of galactic turbulent gas motion, and
greater than or comparable to the total energy density of
electromagnetic radiation, including starlight (10, 11).

There is considerable interest in the study of primary
cosmic rays of very high_eqergy, i.e.; eﬁergies above about
1015 electron volts, in order to throw light on a number of
basic physical questions, such as: ]

(a) the origin and acceleration mechanisms of cosmic

ray.particles,

(b) the propagation of cosmic rays in galaxies,

(c) the elementary interactions of very high energy

particles. |

The observable properties of the coﬁhic ray flux that are
of interest in solving these problems are the charge spectrum
(or composition) of the particles and the energy spectrum of
the diffefent components; the distribution of the directions
of arrival in galactic co-ordinates; and the maximum particle
energy, if any. |

It 1is important to extend these studies to the highest
energies possible in order to reveal most clearly the nature
of the procésses at work. For this reason new techniques must

be evolved which are able to detect and extract information



from these extremely rare events. The purpose of this thesis
is to discuss the technique of using the atmosphere as a
scintillator for the study of these high energy particles, a

method suggested several years ago by Greisen and others.

Survey of Cosmic Ray Studies -

Above about 1017 ev, because of the rarity of'events,
cosmic rays are studied almost soieiy by their interaction in
the earth's atmosphere, where a cascade of secondary particles
1s generated by radiation and pair production proceéses;
following a few major nuclear interactions. (The mean free
path for nuclear interaction of a very high enefgy proton in
air is about 80 gms/cm? (1) as compared with the vertical
thicknesé of the atmosphere of 1000 gms/cm?.)

Thus our present knowledge of cosmic rays above 1013 ev
stems from analysis of these "extensive air showers". Good
reviews of the information now available concerning the
composition, spectra and directional agsymmetry of primary
cosmic rays can be foupd in references 2 through 9. To sum yp
very briefly, the integral energy spectrum on the next page
shows the observed rate of arrival of primaries of energy
above E electron volts plotted against log E, as summarized bj
Greisen at the 1965 Cosmic Ray Coﬁference (24). This spectrum
sums over protoné, neutrons, heavier nuclei and gamma rays
since air shower studies do not in general reveal the nature

of the incident particle, the development of the shower being




- 4 [ T T 1 3 ;i
e
2 ¥ L
0 ) _:
' -
-2 Yer'e )
| ;.,
D 3
g - -;;
: 3
" -g 4 |
® fo2
. [*+—{IM"x|Year)
N -8r .
< L - 5 - 4
= 2x10 10107122\
-0 .~ - :
o
3 - :
-2 F :1
i - :
-14 F =
el ,  4x107C05%e® N\
o h'---(IOCJOKm x| Year) B
. : . . ‘\ -
-8 F | I I

12 14 16 18 20 22

Figure 1.1 Approximate Integral Energy Spectrum
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dominated by electromagnetic processes involving thousands of
secondary particles spread over a relatively wide area.

The increase of the slope of the integral spectrum in the
vicinity of 1015 ev is now quite well established (8, 12, 96,

97). Although the statistical accuracy of the experimental

18

points in the region 1015 ev to 10°° ev is not excellent, the

slope can be measured accurately even without knowing the

absolute rates.
18

However, the reduced exponent above 107 ev is not well

substantiated; it represents only the fact that in experiments
at Cornell and at Volcano Ranch, in a region where 2 or 3
events were expected on the basis of the 2.2 sldpe, about 9
were recorded (9). |

Emulsion measurements for particles of several Gev per
nucleon have shown that primaries having a given velocity (or
energy per nucleon) consist of about 93% protons, 6.3% alphas,
and 0.7% heavier nuclei (3).

Furthermore, there is strong evidence that the spectra of
these components are very parallel up to at least 1013
ev/nucleon (9,12,98,99,100). In the regime of extensive air

- showers the observed energy spectrum of the primhries relates

' to the total energy of the particles causing the showers rather

than to the energy per nucleon. By this measure, cosmic rays

are less than half protons, as shown in the table on the next
page (3,16). Clearly, a satisfactory theory for the origin and

motion of cosmic rays must explain this unusual charge distri-

bution, as well as the presence of anomalous isotopic ratios,



-Pfotons
Alphas
"Li, Be, B
C, N, 0, F
Z > 10
Z>2

Y-rays

2
2

Table 1.1
Cosmic Ray Composition

With a Given
Energy/Nucleon

93 %
6.3
0.1
0.42
0.4
0.04
0.1

With a Given
Total Energy

b9 %
26

2
11
12

7
0.1



such as the observed high relative abundance of He~ nuclei.(6,8).
VThis observation has been interpreted as the result of frégmentaq'
tion of heavier nuclei in nuclear interactions in the inter-
stellar medium. Calqplation then indicates that these cosmic
rays have passed through from 2 to 10 gm/cm2 of material, which
corresponds to many galactic rotations, if these particles are
contained in the galaxy. The chemical composition (Table 1.1)
indicates either that the sources of cosmic rays are anomalousiy
rich in heavy nuclei or, more probably, Ehat the acceleration
| of heavy nuclei is more efficient than that of protons and
alpha particles. |

It has been suggested that the question of the composition
of the cosmic ray flux at very high energies may be linked with
the observed changes in the slope of the spectfum through the
following explénation (3,13,108). 1f the galaxy is only able
tp contain particles up té‘é rigidity of 1015- 1016 ev/c, then
protons should disappear from the galactic component.of the
cosmic ray flux above 1016 ev and higher-Z primaries at propor-
tionately higher energies. Therefore between 1016 and 3x1017 ev

the spectrum may be expected to reflect only the flux of heavy

18

primaries in our galaxy. Above 10 ev, however, the flux of

galactic cosmic rays falls so low that the extra-galactic-
cosmic rays dominate. These particles have travelled much
longer paths than galactic cosmic rays and may be assumed to
have undergone considerable fragmentation by nuclear inter-
action and photodisintegratidn. Hence, only protons may remain

in the cosmic ray flux above 1018 ev, if the acceleration and




loss mechanisms of extragalactic cosmic rays are similar to
those within our galaxy. However, alternate explanations of
the changes in spectral slope have been offered, and the
answer is not yet well-established. ‘

With regard to ;he asymmetry of arrival of cosmic rays,
particles of the highest energy have the largest radius of
curvature in the galactic magnétic field, and hence are
expécted to reflect'best the direction of their socurce region.
At present, although there are indications of a preference for
‘trajectories lying-in the galactic plane (7,8), the isotropy
is good to within 0.1% at 1014 ev, to within 1% at 1016 ev
and to within 3% at 1017 ev (2,3).

The highest energy so far observed is about 1020 ev in a

particle that may have been a proton (13,17). Using

: - =21 __ E(ev
Cyclotron radius = 3,5x10 Z_E"{EE%EET light years, (1.1)

and accepting a field étrength of 10"5 gauss (10), which
represents an upper limit for our galaxy, we arrive at a
-radius of curvature of at least 3x104 light years, and a
diameter of at least 6x104 light years, which is about 60 times
the thickness of the galactic dise. It is difficult to find a
mechanism for cohtaining pérticles efficiently over such a
vast distance, since such containment implies a coherent

magnetic field over distances greater than the cyclotron

diameter,

AT T



Cosmic Ray Astrophysics -
| To understand the importance of extending our present
kn&wledge of the high energy cosmic ray spectrum we must
1§quire briefly intq_current theories for the.acceleration and
logs mechanisms of these particles. |

Most theories for the origin of cosmic rays maké :use of
an electromagnetic acceleration meéhanism and a magnetic field
which varies either in time or in space. The presence of a
magnetic field B causes a particle to be deflected with a
radius of curvature gived by |

- - p{ev/c)
P =350z B(gauss)

cm. (1.2)

where p is ;he momentum of the particle,-and Z is the particle's
charge. 1f the acceleration is slow, requiring very many
orbits or magnetic reflections of the particles to build up

the energy by a substantial factor, the fields must be able

to contain the particles for véry many orbits despite the drifts
caused by'the piﬁch angles andhfield gradients. Then the |
dimension R of the field-containing region must exceed the

cyclotron diameter p by at least, let us say, a factor of 30.

Therefore
E(ev
F > 30 355_ZLET%EE§§T cm. - (1.3)

Furthermore, the source size must be large enough to avoid
losses which deplete the flux of high energy particles more
rapidly than they are accelerated. For very high energy

protons, synchrotron radiation becomes an important energy



drain (24), amounting to a relative loss of

%‘4 - %ﬁcg% ZE°B (radian)~1 ©(1.%)

(wvhere M = proton mass), which must be very small compared to
one. For protons-ofﬂlo20 ev, this implies B << C.l gauss,

Combining this restriction on the magnetic field strength
with (1.3), the source size is restricted by

R> 2 x 100 g5 cm | (1.5)
or : R> 2 x 10712 43 cm, | | - {1.6)
for protons, where v = E/Mc?, (1.7)

Therefore for protons of energy E = 1019 ev, v = 1019 and R
must be >> 2 x 1017 cm = 0.2 light year, and for E= 1020 ev,
R>2x 1020 cm = 200 light years.

Therefore to allow the acceleration of particles to very
high energies without severe loéses requires a source region
of very large volume and‘ébnsequenc large total magnetic

energy. Writing the total magnetic energy as

o3 ( B2) (1.6
wm = 3 r R ( Bi‘-) » (1.8)
from (1.3), ‘
W, >3 x 107" E> (ev) ergs (1.9)

z’ B(gauss)
and therefore from (1.4%),

4k gD (¢
W, >>6x10 aa E_még!l e:gs,r (1.10)

or

W, >> 50 75 ergs. (1.11)

T N o
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Therefore, for example, a source region having a total magnetic
energy much greater than 5 x 1056 ergs is required for the
production of 10°° ev protons., This is comparable with the
estimated magnetic energy content of galactic nuclei or
quasars (3,24). h |

The preyence of a substantial fraction of heavy nuclei in

12

the cosmic ray flux up to an energy of 10~° ev implies that the

acceleration process be collisionless and gradual (3). One
mechanism that has been advanced in various forms is that of
statiétical acéeleféélon of particles by repeated scatterihg
off moving magnetic field inhomogeneities,("Fermi mechanism")
(3,4,5;101). For particles to receiye a net energy gain by
this proéess, it is necessary that they be injecte& with
energies on the order of 1 Gev (4). This injection'might be
provided by supernovae (3,18,19,20), either with the accelera-
tion to high energies taking place at the shock front of the
expanding supernova envelope (20), or with the supernova
injecting into a large-scale interstellar Fermi mechanism (3 4)
Supernovae occur in our galaxy every 50 to 200 years (3), with
perhaps 0.1% of a typical 1072 ergs energy release going into
high energy particles. In this case one expects a high propor-
tion of heavy elements (ffom the interior of the highlyrevolved
star) up to iron, and cosmic abundance above iron (20). One
can also make predictions about certain isotopic ratios injected
(21).

The Fermi acceleration mechanism predicts a pover law

energy spectrum of the form (3,5,11,22)



1

I (>E) = (constant) x E af ' (1.12)
where a 1s the relative rate of increase of energy

E -, E=E &% | (1.13)

-

and T is the mean life of a particle in the region where the

acceleration is active

1 ) 1
- + -+ (terms for other losses).
T 1‘Il‘di.f.f:.zsion Tnuc lear ( ' )
interaction

(1.1%)

The coefficient a is given by (3)
v2 (1.15)

Q@ = e .
c“ 1 -

where V = avérage velocity of the magnetic clouds,
T = mean travel time between clouds.

If the mean lifetime T is dominated by diffusive leakage out
of the accelerating region, then T will be independent of
chargé Z, for particles of a given rigidity. If the rate of
aceeler#tion a is also independent of Z then the energy
spectrum will have the same slope for all constituents.

However, the Fermi model is basically an'ine££1c1ent
acceleration mechanism, requiring many repeated scatterings to
achieve very high energies. Statistical acceleration can
hardly ;ccur in interstellar space because the vast distances
involved lead to time constants for acceleration on the order
of 1018 seconds (101). Furthermore, the arguments advanced
earlier concerning the size and energy content of the source

regions restrict the maximum particle energy attainable by

,/:'lr‘rs{ e
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this process. The spectral index of the integral cosmic ray

12

spectrum in the energy range 10™ to 1015 ev has a value of

1 - c2 s 1
T ?—; .5

which requires the mean life against loss, T > T, the mean time

(1.16)

between scatterings, unless V = ¢. This condition may still
be met in the expanding envelopes of supernovae (3,101) or
the region near the galactic center, where higher velocity,
relatively small-scale motion may produce more rapid accelera-
tion (3). In these cases we might expect a power-law spectrum
up to some energy depending on the source size, followed by a
fairly fast cut-off due to rapid leakage loss from the source
region. The interstellar galactic fields would then serve to
diffuse the accelerated particles throughout the galaxy leading
to an isotropic flux up to, say, 1016 ev/nucleon.

In summary, localized galactic sources may contribute
the main part of the observed cosmic ray spectrum up to the
energy at which leakage into intergalactic space becomes rapid,
beyond which only extragalactic and metagalactic cosmic rays
remain, arising for example from quasars or other extra-
galactic radio sources, where the existence of synchrotron
emission signals the presence of an abundance of high energy
particles. |

It 18 of interest to consider some predictions applying |
to the very high energy primaries. For cosmic ray nuclei abeve
1016 ev ordinary starlight photons can produce photodisintegra-

- tion with a fairly high cross section. At higher energies,




infrared photons and radio waves can produce the same break-up
of heavy primaries (3,24). This effect could be important for
very high energy primaries passing-near the Sun, and leads to
the possibility of deﬁééting correlated extensive air showers
a few hundred kilometers apart on Earth (3,25). Also, photo-
disintegration of heavy nuclei could produce very high energy
neutrons, which are undeflected by galactic magnetic fields

16

(28). A neutron of 10" ev could travel 400 light years before

decay, and a 1020

ev neutron could reach us from as far as

2 x 107 light years. Thus, for example, a neutron would have
to have 1017 ey energy to reach us from the Crab Nebula. The
‘possibility exists of observing some anisotrbpy of very high
energy particles by this effect. Also, if photodisihtegracion‘
“affects the majority of very high energy primaries béfore
hreaching the eafth, this could explain Linsley's observation
of muon ratios which indicated that primaries above 1017 ev’
are most pfobably all single nucleons (13).

‘ Greisen (24) has pointed out that the structure of very
high enetgy.air showers may be affected, since the decay of
the rpkmesons is inhibited above 1019 ev, thus delaying_ihe
growth of the electromsgnetic component of the showers.

1f we accept the hjpothesis that cosmic rays of energy

1018 ev and greater may have travelled over intergalactic
distances, it is.importaht to calculate the effect of various
~loss mechaniswms on thege particles.

The mean free path for nuclear interaction between
protons is approximately 50 gmlcm?, which imposes a restriction



again on the source region, namely that
o mR < 5 gnfca® (1.17)
where n = gag density in source region in protoﬂs/cm3
m = proton mass in gm,
R = radius of source region in cm.

Writing this condition in terms of the mass M of the source

region, _
H:--%»r'n m.R}-, | (1.18)
and therefore
' 1/2
R (% 5%) cm, (1.19)

implying, for example, that R >> 10° light years for a gaseous
mass equal to thé total mass of our }alaxy. The probability
of an additional interaction in interstella; or intergalactic
space is small, since the maximum thickness of the galaxy is
less than 0.1 ngcm &nd even the thickness of the observable
nniverse i3 only about 0.2 gm/cm® (10).

The probabilities fbr nuclear interaction are somewhat
greater for heavy nuclei, but a much more rapid loss occurs
for primaries above 5x1018 ev/nucleon in the previously men- )
tioned photodisintegration. The threshold for this reaction
is on the order of'IOZHév for most nuclei in the frame of
reference of the nucleus, and the cross section rises ra?idly
to about 10722 o (29). Ihisvfeaction will then occur with
the recently discovered thermal microwave radiation (102),

which is assumed to pervade all space uniformly, provided the .

particle energies are above 5x1018 ev/nucleon, with a mean free




i

path of only about 10°2 cm = 10% light years.

The thermal microwave radiation also imposes an upper limit
on the expected spectrum of cosmic ray protons, through the
action of pion photoproduction (103), which has a threshold

near 1020 ev and & cross section which quickly rises to about.
4x10” 28 3 |

+ (1.20)

y+p => %+ P
¥ +n j}

Accepting an average cross section of 2x10” -28 cm® and a photon
density of 600 photons/cm:, the consequence of these reactions
1s a mean free path of about 1022 cm = 107 light years, which
18 approximately‘thé_diameter of the "Local Group" of
galaxies. Only if the high energy protons are generated ﬁell
withiﬁ this radius will they avoid this effect for energies
above 1020 ey, '

A less strong loss of energy for vety hiéh energy protons

arises from the momentum transfer when a microwave photon under-
goes pair production in the field of a proton (103):
vY+p = e++e'+p (1.21)
This reaction has a threshold at a proton energy of about
7x1017 ev with a cross section of about 2x10 27 em? (103).
.Greisen has shown (103) that the fractional energy loss to the
proton in this reaction is approximately
-3
10 Bthresh
E

where Ethresh - 7x1017.ev. This has the effect of reducing



the primary spectrum by a small factor in the energy range 1018
to 10°° ev.

Finally, an effect has been predicted (10%,105) which
severely limits the spectrum of very high energy primary gamma

rays due to pair production in photon-photon collisions:

y+vy > et +e” (1.22)

For thermal photons of energy about 7x10'u ev, this reaction

has a rapidly‘rising cross section for gamma rays near 1014 ev
and reaches a maximum average cross section of abouﬁ 10723 cm?,
The mean free path for this catastrophic loss of high energy
gamma rays reaches a minimum of 1022 cm = 104 light years, at
a gamma energy of 101 ev.

 The discovery of this low energy black-body spectrum, which
is interpreted as a red-shifted remnant of the primeval fireball,
thus has important implications for cosmic ray astrophysics, and
provides incentive for a search for the upper limit to the
primary proton spectrum. .An observational study of this upper

limit not only can provide additional confirmation of an

evolutionary cosmology, but may yield an estimate of distance

to the sources of very high energy cosmic rays.




Chapter 2
THE ATMOSPHERE AS A COSMIC RAY SCINTILLATOR

The passage of high energy particles through a gas résults
in the ionization and excitation of its molécules. The elec-
tronic excitation enérgy of the.molecules is either digsipated
non-radiatively by coliisional or internal quenching processes*
or it is emitted as visible orrultraviolet photons. This
radiation is called fluorescence {or more technically exact,
luminescence) or scintillation light. To estimate tﬁe qualitf
of air as a scintillator it is necessary to find the efficiency
of the fluorescence, that Iﬁ; the fraction of the energy lost
by ionization and excitation that goes into fluorescence
photons. _

In the case of cosmic ray shdwefs, the ionization and
excitation are produced by a sort of shock front of secondary
particles;‘mostly electrons, which propagates down through the
atmosphere at velocity m c. Since the lateral distribution of
these secondaries is on the order of tens of meters for a

primary energy of 1016 ey (2) and the thickness of the shower

front is even less, typically 2 or 3 meters, then when observed

at distances of several kilometers, the shower can be considered

*By'internal quenching we mean any process by which an
isolated molecule can accomplish a downward electronic
transition without radiation, such as transfer of electronic
excitation energy to high vibrational levels of a lower elec-
tronic state, with subsequent emission of infrared radiation.
See reference 26, pages 59, 72, 574. .-

17
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as a small source of isotropic light moving through the atmos-
phere at velocity c.

The detection of cosmic ray showers by this process offers
several advantages over conventional particle sampling tech-
niques. The fluorescent intensity as & function of distance
aldng the trajectory yields directly the longitudinal structure
of the shower, Abbut which little is known at present. Con-
ventional detection methods observe only a cross section of the
shower at ground level and may leave an ambiguity as to whether
an observed secondary particle distribution represents a large
air shower grawihg towards maximum or a smaller shower decaying.

Similarly, a spectrum of shower sizes recorded with a ground-

‘level detector may display a deceptive bend in the energy region

corresponding to air showers which reach their maximum near
ground level (97).

In the case of the air fluofeséence detector, the total
light output yields the total energy dissipated in the atmos-
phere and hence the ptiméry enefgy without being subject té
the fluctuations of a particle sampling determination, provided

' most of the energy has been dissipated before striking the

earth. Most important, if the radius of visibility is limited
only by Rayleigh scattering and is therefore roughly 20 km
{(at %000 R) then the effeccive a:eé for detection can be as
great as 6000 km® - steradians. | ‘

The primary limitation is the presence of a background of
light from the night sky. A photoélectric detector viewing




-z

this background produceé a signal which is subject to statisti-
cal fluctuations. Since a pulse of light no longer than 100
microseconds (travel time through the atmosphere) is expected,
the background consists of the.fluctuations having this time
scale or shorter. Included in the background will be
occasional pulses of'light from the Cerenkov radiation of
small air showers (27) and possible contributions from man-
made sourxces. |

Therefore, this technique is restricted to clear,“mdénless
‘nights free from atmospheric electrical disturbances and well

removed from artificial light sources.

Longitudinal Shower Development -~

High energy nucleon induced air showers consist of a
"backbone" of nuclear interactions with an accompanying
electromagnetic cascade of electroné, positrons and gamma rays.
A number of authors have attempted to account statistically for
the complexities of the nuclear cascade (6;8,9) but the cross
sections for multiple pion generation, photoproduction, nucleon
antinucleon creatidn, etc., are not well known at very high
energies, and the relativeiy few high energy nuclear inter-
actiﬁns comprising the shower “backbone“ makes the end result
subject to large fluctuations. However, a few "rules of
' thumb" have evolved: A usual assumption is that an air shower
from a primary of A nucleon masses of energy E, is equivalent

to a superposition of A showers from primary nucleons each of

SE T
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energy EOIA. The nuclear interactions give rise to secondary
nucleons, antinucleons, hyperons and mesons. The decay of
i.mesons and charged T mesons produces muons which lose their
energy by ionization.. The decay of z° mesons produces gamma
rays, each of which Initiates an electromagnetic cascade, the
theory of which is well known; see, for example, Rossi and
Greisen (28). When the shower reaches its maximum in terms of
number of secondary particles, electrons and positrons are by
far the most numerous particles. After this "soft component"
has been absorbed, mainly muons remain.

In order to predict the output of fluorescence light along
the shower path, it is necessary to know the rate of energy
loss by collisions as a function of éistance along the path,
and the fraction of the collision loss that goes into visible
photons. Since the dominant contribution to the collision
loss in a high energy shower comes from minimum ionizing
particles, and since the majority of the particles in the main
part of the shower are electrons and positrons, then it is a
safe assumption that the rate of energy loss by collisions is
simply proportional to the number of secondary particles in
the shower.

The probability for a charged particle of kinetic energy
E and velocity B traversing a thickness dx gmlcm? to transfer
an energy between E' and E' + dE' to an atomic electron is

given approximately by (1)




®col (z,z')dz'dx.?%’-’:e- Z g% dax (2.1)

where m = electron rest mass

Z = charge numbef'of the material traversed

A = mass number of the material traversed

C = 0.1%0
This formula treats the at@mic electrons as free, and is valid
when B shbstantially exceeds.che velocities of the atomic
electxoﬁs, provided ) <<‘E' << E_ where €4 are the binding
energies of the electrons and E, is the primary energy of the
ionizing particle. Under the above condition on 8, it is also
true that the ratio of ionization and excitation probabilities
is independent of the nature and energy of the incident
particle (pﬁdvidéd it is singly éhﬂtged).

Io-a_firét appfoximacion, we can therefore assume that
the rate of excitation is proportional to the number of secon-
dary particles in the shower.

Rossi and Greisen (28) have calculated theoretically the
number of secondary particles N of energy greater than E
electron volts as a funétion of distance t for an electro-
magnetic shower of initial ehergy E, under two approximations:
(a) assuming energies large compared with the criticél
energy Ec* and neglecting collision losses and Compton effect,
and (b) neglecting Compton effect and describing the collision

‘kc = the energy at which a particle would dissipate all its
energy by collision loss in one radiation length, = 84.2
Mev for air. .
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loss as & constant energy dissipation. Their results are ghown
on pages 23 and 24. The distance t is measured in radiation
lengths, whére one radiation length is the length in which a
fast electron loses all but 1/e of 1tsAenergy‘by radiation;
this length is equal to 37.1 gm/cm2 in air (29).

Since, from the point of view of numbers of secoﬁdary
electrons, a nucleon induced air shower can be considered as
some sort of superposition of electromagnetic cascades, and
since the ﬁuclear interaction length in air is not very
different from the radiation length, it is expected that: true
(nucleon induced) air showers will exhibit shower curves

similar to those shown.

-Theory of the Fluorescence Process -

Now it is of interest to determine the efficiency of the
fluorescence process on particle bombardﬁbnt. Many authors
have studied this problem, both experimentally and theoreti-
cally (26,30,31,32,33). It has been shoﬁn experimentélly
(30,32,34) that, down to very low pressures, the fluorescence
radiation from air éésults almost entirely from electronic
transitions in the N, molegule and'N2+'molecular ifon. A
schematic energy level diagram of the N, molecule including
some levels of the N2+ ion is shown in page 25, where the
qlecéronic levels (heavy horizontal lines) are labelled
according to standard spectroscopic notation (34,35) and the

vibrational sub-levels of the electronic states are indicated
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by the short lighter lines.

It has been found that for pressures down to at least 40
microns Hg, corresponding to altitutdes up to 60 km, the
fluorescence spectrum consists almost entirely of the N,

second positive (2P) system and the Hé+ first negative (IN)

system (36,37).

Let us consider the possible excitation mechanisms for
these systems. The upper level of the N2+ IN system can be
excited by direct ionization with excitation by any high

energy incident particle, for example
- e _
Ny +e >N, +e+te (2.2)
On the other hand, theaﬂé 2P (and also N, 1P) upper levels
cannot be directly excited from the ground state by a high

energy interaction beéause a change in the resultant elec-

tronic spin of the molecule is necessary which is forbidden

(38,39). However, these levels can be excited by low velocity
electron collisions involving electron exchange with a resultant
spin change (37,38,%0), or by cascading from higher levels,
for example following recombination

i.e. Ny +e(t) —>N,"(N) +e(v) (2.3)

or N e — x4 . (2.4)

‘Exeitation -

The absolute intensity of a band in terms of photons per

unit time, in the absence of collisional quenching, is

AP B TR I MG o 2 oy e w1 b im0 M <0 4 g e e



7

proportional to N&'Av'v"’ where N, is the number of molecules
per unit volume in the state v', and A 1 n is the transition
probability for a radiative transition from the level v' to
the level v". The Einstein A coefficients for nitrogen have
been tabulated, for example, by Nicholls (51).

The distribution of populations in various excited states
of nitrogen on electron iﬁpact has been calculated approxi-
mately by Bates (52) using the Frank-Condon principle, the
principle that“molecular electronic transitions (both
excitations and de-excitations) occur so rapidly that the
internuclear separation stays constant (34,38,53). Then the
probability of an allowed trahsition between states a and b
is proportional to the overlap integral of the wave functions

of the two states: _
| ' 2
Pop o< d/;h(r) % (r)dr . (2.5).

Figure 2.4 shows Ehe potentia1 energy=fﬁnctions of
several Né and N2+ states (69,%8).' Since the Frank-Condon
brinciple demands that transitions be vertical on this diagram,
it}is clear for example that the transition probability for the
Vegard-Kaplan VK(0,0) transition must be very small.

At the normal temperatures prevailing in the lower atmos-
phere and in most laboratory experiments, the undisturbed
nitrogen molecules are almost entirely in their ground
electronic state and zeroth vibrational level. The rate of

excitation to a level v' by electron impact is then, to a first

=y

LT

" i

T T s
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approximation, proportional to ——-;;- where V; represents the
: vvi

initial state and Ev'vi is the change in energy level (52). 1In

this case the photon flux corresponding to the transition

(v',v") would be proportional to

T3 Ay (2.6)

We may define a cross section o o(E) for excitation of a
level v by bombardment‘of particles with kinetic energy E by

the equation

No. of-v excitations

cm3 o — = N o, (E)n (2.7)

where N = number of molecules per cﬁ;
- n = incident flux in particles per cm°-sec.
Similarly the cross section for ionization producing
free electrons in an énergy range (E', E'+dE'), which we call
%sonl{E-E'), is defined.by

No. of ionizations ?roducing
electrons in (E'.E

sec dE' = Nojon(E,E')n dE.(e.B)
The excitation cross sections for some of the staées of
“2 and Né » 88 well ag the total ionization cross section, are
shown in Figure 2.5 for electron excitation up to 10 Kev (65).
The ionization potential of.N2 is 15.7 ev, whereas the average
energy loss per ion pair in air is about 3% ev, so it is clear
that ionization results in a distribution of secondary elec-

trons (delta rays) having typically several electron volts
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energy, sufficient to excite both the B %Z:I level and the
>
C TTu level of N,.
. Therefore a single high energy electron of energy E
passing through pure nitrogen will produce N oion(E,E') dg'
secondary electrons in the energy range (E!, E'+dE') per

centimeter. The total number of excitations produced by a

secondary electron of energy E' is given by
E.

av(p) dE
J &)

where g% is the rate of energy loss of the electron per

S(E') = (2.9)

gmicma, and M is the molecular mass of the target gas.
Therefore the number of excitations to upper levels of
~ the 2P system, for example, will be
Bpax
2P excitati e e :
SRESERSO0% = N oLp(E) + N J 03 on(E:E')S(E')dE"
° - (2.10)

ignoring third order effects and recombination.

Also, since a high energy particle has about equal proba-
bilfty of interacting with any atomic electron, a certain
aumber of ionizations will liberate K-electrons and lead to
the emission of Auger electrons. In fact, since the probk-
bility of Auger (radiationless) transition is close to 100%
for nitrogen (49), apprbximately 2 out of 7 secondary electrons
will be accompanied by Auger electrons, having an energy of

about 322 ev., For oxygen, the ratio is 2 out of 8 and the

L,

AR AW R BB A L S b e

" e

s

4



prAa

- energy is 4U6 ev.
If we define a cross section for the Auger process for an

incident particle of energy E by

No. of Auger electrons of energy EA :
= No, (E) (2.11)

cm

then the total number of 2P excitations for an incident elec-

tron is

) E;ax
2P excitations e e :
, = NcaP(E)-l-N J cion(E,E')S(E')dE'
o

cm
+ Noj (E)S(E,) (2.12)

again ignoring third order effects and récombination.
On the other hand, because of the impossibility of protons
directly exciting the upper level of the 2P system, a proton

in nitrogen will produce

' 2 itati
N2 - ofon(EsE')S(E')dE" + No}(E)S(E,) P e ALIon (2.13)

o

De-excitation =

If m molecules are excited to a levei v and if 7, 7, and

T4 are the mean lives of the excited state for radiation to
any lower state,; colligional de-excitation and internal quench-

ing (26) respectively, then the total rate of de-excitation is

dm ( 1,1 .1
= m(=——+ =+ =] molecules per second 2.1%4
dt Ty e Ti) ( )

iaatatbolint i L dd ontoth g 1 .

e s anna
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or, letting
1 1 1
To Ty T4 : | ( )
% - m(ia-i- ,-}-) - molecules per second (2.16)
o c ,

and the quantum efficiency of fluorescence is the ratio of the

rate of de-excitation by radiation to the total rate of

de-excitation:
Fl t Effici (/1) hot itati
uorescen ciency = photons per excitation.
1 + 10.7 Tc

(2.17)

From kinetic energy, the mean time between quenching
collisions in pure nitrogen is given by
1

T - R — 2. 18
¢ ZNg, v ( )
where Onn = cross section for nitrogen-nitrogen colligional

de-excitation in cm2 .

V' = mean molecular velocity = L—Brﬁz .

Therefore <t = ths—_ !TErTM (2.19)

nn

where M = molecular mass.

In general, Onn Will be different for different excited states

and will be a function of temperature.

Using the ideal gas law, p = RkT, and therefore we may-

vrite 1, in terms of the gas pressure, p:

O N e A N ek e e aum v,

ey, —— e mnnes

oMo s



r =| TMKT 1
c Eonn P
v -4 '
= JEMET 1'87XIO seconds (2.20)
o P ,
nn
where p is measured in mm Hg.
Letting
[T 1.67x10°"
p' = ‘;fﬂ-c'l’ 1 81:{10 ma Hg, ‘ (2.21)
nn o
we then have _
Fluorescent efficiency = (rof7y) hotons per excitation
n Y " TFp/p" P P .

(2.22)

The decdy time of the fluorescence, T, is given by

1 1

1 l1 , 1 1
< tv 11 Te To Tc
or,
T T '
0 0
TRTFEA A, TTEFE O (2.28)

Thus To 18 the fluorescence decay timg in the absence of
collisional quenching.‘ | 1

Various authors have discussed collisional deactivation
in molecular nitrogen (26,38,45,48,50). While the déscription
above measures the Quenching effect in terms of deactivation
cross seétion g, or reference pressure p', an equivalent
description can be given in terms of quenching speed & or
quenching coefficient z defined below.

The quenching coefficient is defined as

-4
S gl - Lxl0 M opP g (2.25)
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The quenching speed is defined as & = uo, where u is the
- average relative velocity of the gas molecules and equals [2

times the mean molecular velocity, v (44). Therefore & = %L ,

X o
and is measured in cm}/sec. 8 i8 also the rate of reaction in
the equation

dNI-

. ,
r: (i -N N, (2.26)
where N represents the density of excited molecules. '

In a gas which is a mixture of two components the above
equations must be modified. For example, an excited N, mole-

cule in air may encounter a deactivating collision with an 0,

molecule, the number of such collisions being

1

—.._-No‘ u
Tho 0 no )
2kT + M
- 2N ¢ : (Mh 0 _ deactivations
ikd T
(2.27)

with oxygen per second (38) where o o 18 the effective nitrogen-

n
oxygen collision cross section for de-excitation, N, is the
number of oxygen molecules per cm}, and M, and M, are the
nitrogen and oxygen molecular masses.
Then if m nitrogen molecules are excited to a particular

excited state, tﬁe total rate of de-excitation is given by

%‘-:l - m ;% -l-:r-:!fn; + -;;-];;) molecules per second. (2.28)

Therefore the decay time of the fluorescence is given by

= To | {2.29)
T .
1 . 1 :

N

Py e A LY o — o= — —_—

S S
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and the fluorescent efficiency is

< /T
% 1") I photons per excitation
L+ 1 (— +— |
oli o ¥12)
(v,/%,) ‘
®. ——— - photons per excitation, (2.30)
14+ p/p’
where
1 T, : Hn'l'Ho -1
il 1.87:10-41—_—13’1‘. fnann + fo"“no _EH;— (mm Hg)
N (2.31)

fn and £ being the fractions by volume of the two constituents.
Therefore the quenching speed becomes

6 =4 l% fn_onn + fodno ’—“2;-:[_°).cm3/sec. | (2.32)

—

+ M

For air, fn = 0.79, -fo = 0,21, and the fac:or[—’lég—o = 0.967. |

_ o
The radiative lifetimes and the quenching cross sections

depend on the excited state and in general depend on the
vibrational quantum number as well as the electronic parameters
of the state (50). In fact, the inverse radiative lifetime of
an éxcited state v*' 18 equal to the sum of the Einstein
transition probabilities for all the possible radiative

transitions from this state: 7
Ty Avryn (2.23)
’ v v'" ] .

The fozegoing analysis can be applied to all the excited

states of nitrogen and in particular, if the excitation cross




sections are such that the fluorescent efficiency of a band
at Ay in the absence of collisional quenching is E(A;) (electron
- volts of optical output per ev deposited), then the pressure

dependence of the efficiency will be a sum over all bands:

Ll E(2)
E(p) ;-i_-!-_p/_p-{_ - {(2.34)

The deéay of the fluorescence from many bands will, of
course, no longer,bé a simple exponential if the various
excited stétes have different decay times, and in fact the
intengity of the fluoreséence as a function of time I(t) will

obey a sum of exponentials

I(t) =< Zz(m_i) exp {- -,f: (1+ f?e")] (2.35)
i ‘ '

Experimental Studies -
To compare these predictions with available experimental

Information, it is necessary to understand that méasurements

on the excitation of a gas may be made under thin target, thick
target or total absorption conditions. Thin target conditions
mean that the exciting particles lose a small fraction of their
kinetic energy in travefsing the measurement volume. In a

thick target, account must be taken of the changing energy and
'consequent changing specific ionization of the exciting particle.
In the total absorption case, the number of excitations and

~ ionizations produced is a function of the incident particle

energy only, and not of the gas pressure. The equations on

P



pages 31-32 refer to thin target conditions.

Table 2.1 summarizes the predicted low pressure relative
intensities of the prominent nitrogen bands for electron
excitation, based on calculations of Bates (52) and low
.pressure measurements by Tyte (57), Smyth and Aﬁnott (56).

The accuracy is poor for the weaker bands. The units are
arbitrary, normalized to 100 for the 1N (0,0) band and to 30
for the 2P (0,0) band. The relative intensity of the IN and

- 2P systems depends strongly on the gebmetry of the arrangement
for light collection from the target gas beéause of the
difference in excitation mechanisms. The energy distribution
of thé secondary electrons becomes softer in the region
peripheral to the exciting beam and near the end of the range
of the primary particles, preferentially exciting the 2P
system in these regions. The measured ratio of the intensi-
ties of the transitions 1N(0,0)/2P(0,0) for electron excitation
ranges from 2.5 to 5 (31,39,52,56). The ratio of 1IN intensity
to 2P intensity is considerably greatér f;} heavy particle exci-
tation (37,58,59), because of the impossibility of heavy
particles d;rectly exciting the C 3r]u state.

The absolute fluorescent efficiency at low pressures has
been studied in detail for one transition, the famous 3914 &
band (55,50;61). The results of calculations by Frankenthal,
Manley and Treve (61) and an experimental measurement by
Hartman (31) are summarized in Figure 2.6 for electron impact

on nitrogen. The-fall-off of fluorescent efficiency for




Table 2.1

Predicted Low Pressure Relative Intensities of Nitrogen Bands
(normalized to 100 for 3914 R)

System v' v"' A(R) Iﬁtensity System v' v A(R) Intensity

1N 0 O 3914 - 100 2P 2 0 2977 4.6
1 L4278 32 . 1 3136 8.1
2 470 6.7 2 3309 0.6
3 522 1 i 3500 1.2
3711 2.7
1 0o 3582 5.6 5 3943 2.0
1 288# 3.8 6 4201 1.3
2 236 3.8 7 &490 0.4
2, 4652 1.8
5149 0.4 _
: 3 0o 2820
1 2962 4.1
2p 0 0 3371 30 2 3117 3,2 -
1 3577 19 a 3285 1.4
2 5 6.6 3469
R 052 1.8 5 3672 0.8
L34 0.3 6 38 4
5 4667 0o g 141 0.5
k16 0.2
1 0 3159 25
1 3339 1.3
2 3537 - 8.8
3 3756 8.2
3998 3.7
5 270 0.4
6 4574 0



electrons above 1 Mev is due mainly to the onset of radiative

enexgy loss (bremsstrahlung). The variation with electron

energy-beIOW'loo Kev is due largely to the fall-off of the first

negative excitation cross section (Figure 2.5) as the average
energy of the seconda;§ electrons, which are mainly responsible
for the excitations, falls below 100 electron volts.

The absolute efficiency at high pressures has been
measured for nitrogen and for air by Davidson and 0'Neil (32)
and Bunner (30), with fair agreeﬁent (see Table 2.6). The
pressure dependence of the 2P(0,0) transition in air has been
measured directly by Bunner-(}O) which, along with revised
calculations, yields a value for p' 2P, O(Air) of 15 5 mm Hg.
These results are shown in Figure 2.7. Also,-Schmidt (41) has
measured the scintillation decay time of pure nitrogen at high
pressures as a function of pressure, yielding p'2P,O(Né) = 90
mm Hg. The difference of a factor 6 between this value of p'
end the value obtained by Bunner for air reveals the strength
of the quenching influence of oxygen. _

Armed with these experimental data, we are now prepared
to calculate the quenching coefficients or deactivation cross
sections for the various radiative species of nitrogen. These
numbers are shown in Table 2.2, and refer to a gas temperature
of 300°k. The veleee p'iN'O(Né) = 15 mm Hg and
p'aP’O(Air) = 90 mm Hg are accepted, and values for the other
cases are calculated by comparison of the low pressure relative

intensities (Table 2.1) and the high pressure measurements of

PR " o
' . . AL
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Davidson and O'Neil and Bunner. Also shown for comparison are
tﬁe results of experimental studies by Brocklehurst (50). The
right-hand column shows the radiattve lifetime of the important
levels, from Bennett and Dalby (63) and Nicholls (51).

Therxe are_experimental discrepancies, however. The
neasurementé of bavidson and 0'Neil indicate,-provided'their
method of excitation of ﬁitrOgen and of air were the sanme,
that p'2P’0(N2) is about 20 times larger than p'er’o(Air),
inconsistent with the results of Schmidt and Buoner, and with
the results of Brocklehurst. .In fact, a comparison of Davidson
and 0'Neil's results for nicfogen and air yields directly the ;

ratios shown in the table %elow:
Table 2.5
P'1n,v(M2) /P’ 1y, y(ALT) P'op v(8o) /P 5p o (ALT)
v =0 1.38 A_ 2.3 +3
1 " , | 10.5
2 7.4
3 ' | _ : 3.8

Brocklehurst measured the deactivation of nitrogen

fluorescehcg by bombarding nitrogen and nitrogen-oxygen mix-
tures at various pressures with 5 Kev to 45 Kev X-rays. How-
ever, some doubt is cast upon his results due to his assumption ]
that the pressure variation_qf his 1light cqllecting.efficiency ;

is the same for all bands. In fact, at low pressures, secondary
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electrons may reach the walls before disgipating all their
energy, thus decreasing the yield of 2P radiation relative to
IN radiatién. This wbuld_mean that radiating species actually
having small p' values would appear to have higher values. |
Calculation of q&énching speeds and deacciﬁation cross
gsections from p' requires knowledge of the radiative lifetime
v, which also has some uncertainty. While most investigators
accept the values found by Bennett and Dalby (63), Schmidt (%1)
has inferred considerably shorter lifetimes from a study of

8

scintillation decay times, namely 3.4x107" sec for the IN

8

sec for the 2P system. Jeunehomme and

system and 2.4x10°
_ | 8

Duncan (68) have measured a lifetime of 3.8240.8x107" sec for

the 2P,0 state, while a later paper by Jeunehomme (84) finds
T,(1N,0) = 7;15ﬁ3.50x10'8 sec and 7_(2P,0) = 4.919.5x10'8 sec.
Anton (83) has used a modulated discharge and phase'sensit£Ve
- detector to find 7 = 3.739.3x10'8 sec for the spectral region
3000 & to 3900 R, which is predominantly 2P,0 radiation. These
results afé summarized in Table 2.5. At very low pressures,
the measurements of radiative lifetimes may be affected by
contxibutions due to recombination or cascading processes. In
this case the decay of the fluorescence may reflect a super-
position of two or more decay processes. After consideration
of these question#, Jéunehomme (84) has recommended values of
6.7539.5x10'8 seconds for the true 1N,0 radiative lifetime and
#.7&9.8x10'8 seconds for the true 2P,0 lifetime.

A number of other laboratory experiments have studied



40

Table 2.5

Experimental Nitrogen Radiative Lifetimes
"in Nanoseconds

Reference - IN 2P 2P ..ep 2P
vl =0 vim0 viel v'=2 ¢v''=s3

Bennett and Dalby (63) 65.8+3.5 44,546

Nicholls (assuming

To(2P,0) = 44 5) 9.3 44,5 66.5
Schmidt (41) 34 24
Jeunehomme and _
Duncan (68) _ 38.248.0
Fink and Welge (92) 65 + 4 2T + 5
Jeunehomme (8%) - TL.545.0 49.+5

Anton (83) 50 +20 37T+ 3
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various aspects of the fluorescence of nitrogen without resolv-
ing the spectral components of the radiation. Grun and
Schopper (45) have measured the fluorescent yield of nitrogen-
oxygen mixtures at a constant pressure p = 585 mm Hg as a
function ofo2 concené;ation. They do not observe as strong an
oxygen quénching effect as Davidson and 0'Neil's results would

predict, finding

%%g%%.{ﬁi;l = .20 at p = 585 mm Hg. (2.36)
2

However, Grun and Schopper's data are éonsistent with thé
parameters P'ap,o(Na) = 90, P'IN,O(NE) = 1.18, p'aP’O(Air) = 15
and p'lu’o(Air) = 1.0 om Hg of Table 2.2, and a best fit then
ylelds that at an oxygen concentration of 21%, the composition
of air, the emission seen is 70% 2P, v' = 0 radiation.

Grun and Schopper also measured the pressure dependence_
of the fluorescence of pure nitrogen bombarded by 4.6 Mev
alpha particles under thin target conditions (45). Their
regsults are consistent with a single quenching equation of

the form _
Yield o< 1—1-%7-5,- , with p' = 35 mm Hg. (2.37)

However, the data may also be fitted quite closely by the sum

of three terms

.05p .27 .65
Yeld = =0 + T55/555 * TP (2-38)
whichrtakes account of transitions from the three levels

2P,0 2P,1 and 1IN,O.

Ty



. L T T T T

Grun and Schopper applied a photomultiplier with an S-5
spectral response, thus observing fluorescence from well into
the ultraviolet.

Legler (93) repeated the experiment of Grun and Schopper,
exciting pure nit:oged-with a low energy electron swarm and
viewing the fluorescence with an S-11 photomultiplier. Legler
found p' = 60 + 10 mm Hg, which may be understood as the conse-
quence of a more restricted spectral response. Also, the low
energy electron swarm may be expected to excite more second
positive emission relative to first negative emission than the
alpha particle source. |

The pressure aependenée of pure niﬁrogen emission on alpha
particle bombardment has also been stﬁdied by Brown and Miller
(64) under thin target conditions. Their data are quite detailed
in the pressure range 0.2 to 100 mm Hg and are not consiétent
wvith p'm(Na) = 1 mm Hg, provided the conditions of excitation
are still linear at this low pressure, that is, provided the
secondary electrons which are predominantly responsible for the
excitation are still totally absorbed in the target gas. How-

ever, the data may be fitted quite well by the sum of three

implying p' ) = 0.5 mm Hg. Brown and Miller's experiment

terms

iz not, however, a sensitive test of the high pressure parameter

P'op,0(N2) = 9.
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Schmidt (41) has made a detailed study of the scintillation
decay times of nitrogen and other gases, excited by 50 Kev
electrons, as a function of pressure, by means of a mo&utated
source and a phase sensitive detector. His results are plotted
in FPigure 2.8, Schmidz interprets these results as due to 1IN
radiation with v = 3;4x10-8 sec and p'lN(Nz) = 4.6 mm Hg for
p < 10 mm Hg, and primarily 2P radiation for p > 10 mm Hg with
T, = 2.4x10°8 sec and p'zp(Na) = 90 mm Hg.

The observed decay time of the fluoregscence as seen by a
detector lacking spectral resolution will be a weighted average
of the decay times of the different upper levels involved, the
weights being the observed relative intensities of the radiating

species as a function of pressure.

Tlg(o) Tgp(o) .
1f rln(p) =T FoTp 1 and T,p(p) = IF p/p5p °  (2.40)
then | | '
. N 14(0) L X 75p(0) |
(observed) ~ Y, ¥V, \T+ /P 1y YL \TF P/P op)’
(2.41)
and if _
. L cp - Ap
then
.CPTIN(O) 4 APTQP(O)
() | (L+p/p'1)° (1 +p/p'yp)°
P (observed) Cp + Ap

TFe/pT )y THelvgp
{2,43)
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_ Fitting Schmidt's data to this function, a somewhat
smaller value of p'1H is required than Schmidt’s value. 1In
fact, & good fit to the data is obtained with the parameters

Pin = 1, _ P'op= 90 m Hg
71“(0) =3.73 , 12?(0) - 2.63x10'8 sec (2.44)
C/A = 10,

implying as usual that the first negative emission is dominant
by a large factor at veiy low pressures. No explanation is
offered for these apparently low values of the radiative life-
times, | ,

Schmidt (41) has also studied the scintillation decay
times of nitrogen held at a fixed partial pressure of 100 mm Hg,
adding oxygen to determine its quenching power. At this
pressure the fluorescence is predominantly 2P,O'rad1ation. He
finds |

-8
T(p) = L. klg(oajec ’ : (2-—-45)

14 oo
where p(oa) is the partial pressure of oxygen, which implies
that o (2P)/o _(2P) = 33, 1f‘p’2P(Né) = 90 mm Hg. This
result agrees well with Brocklehurst (50), who finds the ratio
Opo(2P,0)/0, (2P,0) = 31, although Brocklehurst reported
' N,) = 66.7 mm Hg. |
P gp’o( o) 7 mm Hg
The results of Davidson and O'Neil, on the other hand,
show & more severe effect from oxygen on comparison of their
fluorescent efficiencies for air and nitrogen, yielding a |

ratio o, (2P,0)/0  (2P,0) = 100, fairly insensitive to the



.very poor. In fact, combining Bunner's results with the

value of p'QP(Né); The possible errors in these ratios are on
the order of 10 to 20% and this discrepancy remains unrésolved.
Finally, Grun (33) has measured the fluorescent efficiency
of air bombarded by 4 to 40 Kev electrons, under thin target
conditions, as a func;ion of pressure from 10 to 600 mm Hg.
Plotting the reciprocal of the light yield versus pressure,

Grun finds a linear function that is fitted by

+— - 1+ ok - (2.46)

| However, again because of the property that a sum of terms of

B
/p‘eff’

At _ ;
the fbrm-If;—ETETI may closely resemble a function T+
Grun's data may be fitted to within the accuracy of the
experimental points by the sum of three terms: |

. _ .58 .32 -7
¢ T+ Y TFpe5 P THpT 0 (2'47)

which we interpret as the contributions of the 2P,0 2P,1 and

IN,0 band systems, respectively. However, Grun's data do not
provide a sensitive test-of the value of the low pressure
parameter p',.(Alr).

An esﬁimate of p'm(Air) = 6 mm Hg was made by Bunner (30)
on the basis of measurements of'the.ﬁbsolute fluorescent
efficiency of the 3914'R.band at a few different pressures.
Howéver; the preséure was accurately monitored only as low as

20 mm Hg and therefore the accuracy of this determination is

absolute 3514 & band measurements of Davidson and 0'Neil (32)




22

and Hartman (31) yields the graph shown on the next page, which

is fairly well fitted by'p'IN(Air) = 1.1 mm Hg.

n- For the first negative, v' = 1 level, comparison of
Davidson and O'Neil's figure for the fluorescent efficiency
of the 5149 & band a£ 600 mm Hg with the low'pressure me#sure-
ments of Hartman (31) and with Table 2.1 indicates that
pnln’l(Air) = 2.0+1.5 mm Hg and p'lN’l(Nz) < 7 mm Hg. The
radiative lifetime of this state, from Jeunehomme, is
7.6x10'8 seconds, and therefore o _(IN,1) > 8x10"16 cn,

In summary, the best self-consistent set of collision
quenching parameters is provided by Table 2.2. Since the dis-
tribution of secondary electron energies and the energy
dependence of the excitation cross sections are still not weil
known for high energy particle impact, in order to calculate
the absolute flucrescent efficiency, E(hi), in the absence of
‘quenching, we must combine these quenching parameters with the

~ absolute efficiency measurements of Hartman, Bunner, and

Davidson and O'Neil. Table 2.6 shows their experimental results

for the 2P and 1IN band systems extrapolated to zero pressure

using Table 2.1 along with the low pressure discharge relative

intensity expectations from Bates (52) and Tyte (57), normalized

arbitrarily to 0.33% at 3914 £. Hartman's attention was con-

centrated on the 3914 -1 band, and the efficiency for other bands

in this column has been estimated from his published spectrum
(31). Davidson and 0'Neil's study extended well into the red
end of the spectrum, and Bunner's results went well into the

‘ultraviolet. All three experimenters estimated an accuracy of
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Table 2.6

Experimental Results for Efficiencies of 2P and 1N Bands
in Air, Extrapolated to Zero Pressure

Transition
v f ’V")
2P system,
unless other-
wise noted)
(3,0)

(2,0)
(1,0)
(3,3)
(0,0)
(3,%)
o . (2,3)
_—_;_"' (1’2)
(0,1)
5 (3,5)
S I (2,%)
(1,3)
(0,2)

I (0,0)
(2,5)
(1,%)
(0,3)
(2,6)
(1,5)
Z v (0,1)
) - (o0,4)
(2,7)
‘ (1,6)
ﬁ ' (0,5)
' 1N (032)
o (2s8)
(1,7)

A, R

2820
977
3159
3285
2371
3469
3500
3537
2577
3672

371

3756
3805
3914
3943
3998
hos9
4201
4270
4278
L35y
4490
4574
L66T
1709
4815
4917

Réf.
32
%

.0154
.086

.0063

.0029

.0298
.0615
.00%6
.010
.028
.0213
42l
.0064
017
.00T%

.0046

~.0035
.120
.0019
.0015
.0015
.0004
.021
.0008
~.0004%

Ref. Ref.

30 31
% %
.011
.019
.050  .029
.0000 .01%k8
.035 .082
.0193
.0092
.017 ~.029
.024  .066
~.01.
010 ~.03
L0168
017
272 .33
.014§ ~.016 °
.0067 ~.013
~.0035
~.11  .082
,0018
0016 ~.003
~.004
.020  .009
.0008

Low
Pressure
Relative
Intensity

.015
.084
L0046
.100

.0040
.0291
.0628
.0026
.009
.0271
.0218
33
.0066
.0122
.0059
.00%1
.0013
.106
.0010
.0011

.022

Best
Value

.01l
o016
0050

.0154

.082

L0063

.0040
.029
.0615
.0046
.010
.0271
0213
.33
0064
.016
.0067
L0046
.0035
11
.0019
.0015
.0016
.0004
+020
.0008
.0004



not better than + 30%. Agreement is fair, with the most
serious discrepancy being between Bunner and Davidson and
0’Neil concerning the 2P(0,0) and 2P(0,1) bands. Since the
latter used 50 Kev electrons rather than heavy ions, we are
tempted to favor'thei; values. Also, the spectral resolution
of the D and O experiment was higher, allowing less possibility
of error due to overlapping bands. The final column offers a
set of weighted averages which appear to provide the best
available numbers for the E(A;) for high energy electrons.
Until more detaiied measurements for individual spectral bands
are m&de we shall use these-figures, along with Table 2.2, for
estimation of the photon yield from cosmic ray air showers.

These estimates are summarized together in Table 2.8.

Other Band Systems -«

Low pressure studies have shown that considerable energy
is also channelled into excita;ion of the A ef]u and Cc ?2:;
states of Né+, the upper levels 6f the Meinel and second nega-
tive band systems. In fact, nitrogen ibnizations on electron

impact appear to divide up approximately as follows: (65,66,67)

50% X 22:;'(Ground State)

2
hog A “M1, (Meinel) o
2 :
8¢ B Z: (First Negative)
1 ¢C 22:: (Second Negative)

Excitation cross sections for N, published by Green and




‘Barth (65) show that excitation to singletlstates such as

a ;[]8,’b lf]u, h %Z:z' must account for much of the energy

. deposited in nitrogen excitations. The fact that the resulting
emission bands (Lyman-Birge-Hopfield, Gaydon-Herman, etc.) are
observed'only at very low pressures seems O imply that these
states are strongly quenched, although mogt of these emissions
lie in the ultraviolet region and are thus also lost throﬁgh
absorption. The Lyman-Bifge-Hopfield bands result from a
magnetic dipole transition with a radiative lifetime which has

. been measured as 1.7x10-4 seconds (69). I1f we assume a Quénch-

2

ing cross section of leo'lsfcm we would then expett a pressure

constant on the order of p' ~ 0.5 microns Hg.

The fourth positive system, anotﬁer-ul;raviolec Né band
system, has been observed by the author after deuteron bombard-
ment in air at atmospheric pressure with an efficiency on the
order of 0.3 photons per Mev (30). Since this systeé is
telatively weak even at low pressure (35), it is evidently not
strongly quenched in air and may have a pressure conétant of
.about p' ~ 30 mm.Hg; in spite of a relatively long radiative
.1ifetime, estimated By Jeunehomme and Duncan as about |
3x10~C seconds (68).

| The de-excitation parameters have been measured in more
detail for some other band systems. Nicholis, Reeves and“
~ Bromley (36) obsérved a fall-off of intensity of thé N, first
positive syétem, which dominates ﬁhe infrared emission spectrum,

between 63 p Hg and 5 mm Hg, implying p'lP(Na) ~ 0.1 -> 1 mm Hg,



and the results of Keck et al. (46) on the emission from shock-

heatred air indicate p';,(N,) ~ 0.3 mm Hg.

Jeunehomme and

Duncan (68) observed the first positive fluorescent decay time

1n.nitrogen.as a function of pressure and vibrational quantum

nmumber, leading to the results shown below.

Table 2.7

Deactivation Parameters for First Positive System

v p'lP,v'(Né)
.23 mm
.23
.12
03
036
.04
.08%
037
.028
-030
LO85
058
.50*

O O~ OWN U N = O

PES

T, (sec)

10 x10~
10.4
16.9
18.1
18.3
18.3
12.0

o (1P,v') ca®

7.5x107 18

5.9

6.8

8.4
7.7
5.2

’ 6.2

1.1 - -

’Ihis anomalously high value has not yet been confirmed
by other experimenters,




Calculations for v' = 0 to 4 are based on the results of
Hartman (31) and Davidson and O°'Neil (32). Figure 2.10 shows
the variation of the pressure constant p'lp(ﬁe) with vibrational
: qﬁanrnm numbér v'. There is some question as to whether the
values of p' from Jeunehomme and Duncan's data‘truly reflect
the deactivation of the state in nitrogen,-since at pressures
on the order of 0.1 to 1 mm Hg it may be possible for a long-
1lived higher level to populate the jf]g level by cascading.

In any caze, the results of Davidson’agd 0'Neil show that the
firast positive system is even more strbngly quenched by oxygen,
with

p'yp(Air)
P 1piNy)

0.06- (2.58)

Thus the first positive system does not contribute significantly
to high pressure fluorescence, and the yield from air at atmos-
pheric pressure within the.range of sensitivity of S-11 photo-" ~
cathodes is less than 1% of the 2P and 1N yield (32).

The Meinel band system of N;, another system in the far
red, has been well studied in the course of auroral research.
Sheridan, Oldenburg and Carleton (70), working in low pressure
~ 'nitrogen, found a half-life for the strong (2,0) Meinel band
at 787% R of about Z'vxlo'6 seconds and a pressﬁre constant of
P’ = 7.7 p Hg, which combine to yield a collisional deactiva-

-1 2

tion cross section o (Meinel) » 2x10 cm”,

o

n _
The Gaydon Green band system has been observed in both

low pressure and high pressure nitrogen with excitation by low

energy electrons (35,9%). The fluorescent efficiency of the

*
e e e
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strongest band, the (0,1) transition at 5815 R, has been
measured by Davidson and O'Neil (32) in 600 mm Hg nitrogen as
4.6x10'u%. Anton (83) has measured the radiative lifetime for
this system, finding 1; - 2.8619.3x10'8 seconds, and has esti-
mated p'(Né) - 15Q1L6 mm Hg. Accepting these values, the

deactivation cross section in nitrogen is o (GG) = 1x10"16 cm®

However, a small addition of oxygen is sufficient to remove

‘all traces of these bands, and it seems likely that

p'(Alr) < 1.5 mm Hg, implying a deactivation cross section
with oxygen o, (GG) > 5x;0'1u cm?

The Herman Infrared band system has been observed in high

pressure nitrogen by Davidson and 0'Neil (32) with a fluorescent
efficiency of 7.7x10'4% for the (O,d) band at 8058 &. Low
pressure spectra show a comparable intensity (95), indicating
very little deactivation in nitfogen. However, this band sysﬁem '

18 also not observed in air, apparently due to an efficient

‘quenching by oxygen.

The forbidden triplet-singlet intercombination trangition,
A 32::'~> X‘lz:;', which leads to the ultrgviolet Vegard-taPIan

~ bands, has a radiative lifetime variously reported from 1 to

30 seconds (66,72). 1In very pure nitrogen these bands remain
intense up to atmospheric pressure (71), indicating a_deactiva-
tion cross section om(VK)-é.lo'a3 cm?, but small amounts of
impurities efficiently quench the state and the bands are not
observed in high pressure air, and are probably even influenced

by deactivation at auroral altitudes (52).



General Remarks on Quenching -

The mechanism of quenching is not well understood. In
general, a strong, long-range interaction, such as that between
an ion and a molecule, ieads to a-higher deactivation cross
section ﬁhan that which results from collisions between
identical neuﬁral molecules such as N,—N,, where the inter-
action is weaker and short range.

Quenching cross sections appear to be generally higher
for higher vibrational excitation, although the results for the
first positive system'(Tablé 2.7) provide a notable exception.
It may be that the strength of the quenching depends on an
overlap integral (see page 27) of the wavefunctions of the
excited molecule and the possible vibéational levels of the
ground state of the target gas molecule. |

Molecular oxygen ié a very efficient quencher for two
-reasons: (1) Having an unpaired electron, the oxygen molecule
~ has a permanent dipole moment and a. triplet (S=1) ground

‘8taté;’unlike most diatomic molecules (3%), and (ii) the
oxygen molecule has many low-lying energy levels to which
excitation energy may be gransferred in a collision.

It is interesting to compare these measured quenching
results with the ﬁredicéions of gas kinetic theory. Using the
tabulated "molecular radius* of 1.90x10f8 cm for nitrogen;
gas kinetic theory indicates a value of Pp'(¥,) = 10 mm Hg.
Therefore observed values of p'(N,) which are muchAlarger'than

this, such as for the 2P, v' = 0 state and for the A 32::

state in pure nitrogen, might be interpreted as due to an
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effective excitation transfer mechanism, whereby a degree of

excitation is transferred without radiation from molecule to

molecule through successive elastic collisions, yielding a

small apparent deactivation cross section.

Recombination -

It is of interest to calculate the contribution of
recombination and cascading processes to the observed
fluorescence at high pressure. This can be done most easily
by comparing various competing reactions. First of all, the
charge exchange reaction | '

+

+
Ny’ + 0, — 0 + N, (2.49)

;hAS-a rate constant of 10~ 10 cm?/sec (73) and thus dominates

by at least a factor of 107 over 6thér reactions in the lower

atmosphere such as

LY + e — N + N* (2.50)

+ N ' :

in the removal of N2+ ions. The reaction (2.49), which occurs
in about 10'9 sec in air at atmospheric pressure, must lead to
some production of the second positive system upper state
Ny (c 3T1u), but the failure of Grun (33) and Bunner (30) to
obgserve a pasdependent contribution to the second positive
yleld in air indicates that such production is less than 1% of

the primary production of Na(c 3Ilu) excited states. Also, for

excited N,, the reaction



+

R

becomes possible, which may have an even higher rate constant
than (2.49) because of the increaged phase space available to
the three-body decay. The contribution of atomic oxygen lines
to the air flubrescence spectrum has been measured at high
pressure and is about 0.4% of the total fluorescent yield

- within 3000 & - 10,000 & (32).

Free electrons in air, after having fallen to a few
electron volts, are most quickly absorbed by the electron
attachment process

0, + e — 0, ' (2.53)
which has a rate constant of about 2x10”11 e’ /sec (53) and
thus removes electron# about 10“ times more efficiently than

reactions such as

e + N, S o, (2.54)
+ )
or e + 0, — 0, (2.55)

There are no known excited states which can lead to pro-
duction of the 2P system upper state N, (C 3[1u) by cascading,
nor are there any known H2+’states which can produce first
negative, second negative, or Meinel bands by cascading.
However, at very low pfessures, high-lying excited states
which are normally rapidly de-excited by collision may live to
decay by radiation to form the B 22::' or C 3f]u states,

+0, — o + 0+ N  (25)




Evidence of such cascading has been reported for both the IN
and 2P band systems by Jeunehomme (84), who studied the decay
of the fluorescence from pure nitrogen, obtaining results which
could only be interpreted as a superposition of two or three
diffgrent decay mode#l At a pressure of 7 microns Hg,
Jeunehomme found -

Yield (IN) o< 88 e~7/6608 15 o-7/375ns (2.57)

Yield (2P) o 100 e 7/7908 4 1p o~7/1.22 18 4 14 o=7/13.Tus
 (2.58)

The shortest decays are proﬁinenc and are assumed to be the
true decaya of the N2+'(B EZZ:D and 32 (c 3['lu) states. The
other decays may be interpreted as the result of cascading from
longeliéed higher states, poséibly foiloﬁing recombination in
the case of the 2P system. | _

It is well-known, on the other hand, that the N, firét
positive system is generated by cascading, and in fact every
2P radiation yields a 1P excitation. However, since C-3r1u
levels having v' > 2 are effectively quenched in high pressure
air and since 2P transition probabilities for A&v > 2 are smgll,
only B 3[]8 levels with small v' are produced, which lead to
very long wavelength 1P emissions (A > 7000 R). )

Thus we are justified in claiming that air is a very fast
scintillator, the decay time of the fluorescence being less
than 2x1072 seconds at atmospheric pressure, as compared with
~ 8x1077 second; typical of plastic scintillators, or 10°6 to

10'5 seconds for activated ionic crystal scintillators.

ot s -

e e



Also, air is a very linear scintillator, the light output
being linearly proportional to the energy deposited over many
orders of magnitude, the final limitation being the generation
of heavj concentrations of.N2+ ions under extremely high dosage
conditions, leading to're-absorptioq of the 3914 R emisgsion.
This has been 6bserved in the atmosphere following high altitude
hydrogen bomb explosions, where the dosage was as high as
1013 * fons per e (77) -

The Effect of Argon

- An enhancement of the fluorescent efficiency of nitrogen
on the addition of érgon has been noted by many experimenters |
(45,74%,75) and in fact forms the basis of the inert gas
scintiliation counter. Since the atmosphere contains about 1%
argon it is of interest to calculate the effect this has on
the atmosphere as a cosmic ray scintillator.

The effect appears to be due to a high cross section for
the excitation reaction
. e + A — A" (2.59)
followed by the excitation exchange reaction | |
A"+ B, > A+ R (€0N) . . (2.60)
Since the excited states of’argon lie above the N, (C 3f1d)
level, the nitrogen acts both as a quencher-and as a wavelength
shifter. Since the argon lines themselves lie far in the

ultraviolet, the highest fluorescent efficiency for ordinary

phototubes occurs for some mixture of argon and nitrogen.




The detailed mechanism of the excitation is complicated,
probably procee&ing via excitation transfer in argon - argon
collisions resulting in an overpopulation of the 3P2 metastable
level in argon (26)

* - * |
A+ A — A+ A" (Ppy) (2.61)

in which case the observed 2P yield will behave as

P p 1
Y (2P)~ A : N . (2.62)
1+lc1pA+k2pN 1+k3pA+k4pN 14 ksp‘A-i-kaN

where PA and Py represent the—partial'pressures of argon and
nitrogen and the k's are the various collision constants
involved. Experiments on argon-nitrogen mixtures (45;74) have
verified that for small argon concentrations thé enhancement

is small, and in the case of air, impurities further quench the
exchange mechanism (75). Thus the argon contribution to the

second positive emission from air is expected to be less than

1%.

Temperature Variations -

We have noted earlier that the quenching constants listed
in Table 2.2 refer to laboratory conditions (T = 300°K) and we
have seen (equation 2.21)'chat the pressure constant p' varies
as the rdoc of the absolute temperature and inversely as the
~ deactivation cross section o, which is a function of tempera-
ture. This has two effects on the yield of atmospheric

fluorescence: (a) day-to-day or seasonal variations; (b) a



variation with altitude in addition to the pressure variation.
VBoth of thesé effects are worth estimating.

The temperature dependence of o for air is not well known,
.but there is some evidence from deactivation measurements in
other gases that it is not strong (38). Let us assume that
the deactivation cross sections are independent of temperature.

Assuming a mean'temperaturé of about 290°K; and hight-to-
night variations of ~ 5%, the fluorescent efficiency varies
only on the order of 1¥. Between summer and winter, however,
the sea level temperature falls on the average 20°K and the
fluorescent efficiency (optiéal output per unit energy lbss)
goes down 4%, while the fluorescent.yigld per unit path
length goes up 4%. _ | |

To a first approﬁimation, the temperature.of'the atmos-
phere decreases linearly with temperature (78) according to

z) = T, - az |  (2.63)
where T, = temperature at sea level
r = altitude in km
a = 6%/km. |

Therefore at an altitude of 10 km the temperature has dropped
by 60°K; the efficiency is then lower by 11%, while the
ionization rate is higher by 225,_30 that the fluorescent-

yield per unit path length is higher by 11%.

ST A Ay




The Transmission of the Atmosphere -

| Perhaps the most serious limitation on the use of the
atmosphere as a scintillator, after the low conversion
efficiency of the fluorescence process itself, comes from the
absorption and scattering of the lighé in the atﬁosphere.
Between 3500 R and 4500 R'the dominant effects for'very clear
air at sea level, in order of‘importaﬁce, are Rayleigh
scattering, scattering by dust and water vapor, and absorption
by ozone.(10,76).' At longer wavelengths, scattering by dust
becomes the dominant accenuation mechanism. At shorter wave-
lengths, the small amount of-ozone carried into the lower
'atmbsphere from higher altitudes usually dominates..

A worrisome problem arises from tﬁe variability of this
attenuation. Baum and Dunkelman (76) have measured the trans-
missio@ of the atmosphere over lqng horizontal paths near sea
level and have shown that Raylefc h (molecular) scattering
falls far short of accounting for the total attenuation under
normal conditions. It seems necessary to invoke scattering by
small particles (Mie scattering) to explain the degree and
- variability of their measured attenuation. Since the attenua-
tion by Mie scattering depends strongly on particle size

distribution and density, day-to-day variations are not

unexpected.
The extinction of a beam of light is best described by

the exponential attenuation coefficient k, defined by

I = I ek | (2.6%)




where I/Io is the fraction of the intensity transmitted through
a distance x, and the coefficient k may be considered a sum of
individual coeffiéients for molecular scattering, particle
scattering and absorption, and is of course a function of wave-
length. . |

-Figure 2;11 shows Baum and Dunkelman's results for the
total attenuation coefficient k in (km)'l for several different
dgys at Pasadena, California, under visibility éonditions
ranging from hazy to very clear, to illustrate the severe
variability. The contribution of Rayléigh scattering, kg, 1s
drawn for 0% and 760 mm Hg: |

' 2
ky = L.32x10° -—-—,1—(%;1) oL (2.65)
where A = wavelength in & |
n, = refractive index of standard air at %000 .

It is therefore important_fbr the calculation of absolute
intensities of sources of light in the atmosphere that the
attenuation be known at the time an event occurs, either by
directly measuring the transmission over a fixed path at
frequent intervals, or at the very least by viéual estimates
of visibility. Baum and Dunkelman arrived at a purely
enpigical approximate formula for the attenuation coefficient

in terms of the visibility V used by meteorologists, valid for

hazy air in the absence of pollutants such as smoke or sulphuf

dioxide.
. - \.‘3
80-A . / 800 -1
- ‘ : km 2.66
k %Wv—-l- K=15%0; (2.66)

e T -
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where A is-in Angstroms and V is the horizonbai visual range
in kn. | |

‘Baum and Dunkelman's results apply for the loss from a
direct beam of light measured within an angle of 2 minutes of
arc. However, a largé_fraction of the loss cccurs in the form
of small angle scattering so that a detector of wide angular
resolution may actually receive more light than is indicated
by the above discussion, with negligible time delay.

Predictions for Cosmic Ray Air Showers -

Consider a cosmic ray-generated air shower of initial
total energy E, passing down through the atmosphere at an
angle { with the zenith. When the shower is at an altitude z

above gea level the path traversed will be

t = E%‘;(jp(z)dz gn/cm® - (2.67)
z

where p(z) is the density as a function of altitude for the
atmosphere in gmjcm3. The number of secondary particles {in
the shower at this point we call K(E ,t). Assuming that these
particles can all be considered minimum fonizi=nyg, we then have
a diséipation of qp(z) Mev/cm per particle alomg the shower
path, where q = 2.2 HEVI(gmlcm?) (1). Writing the conver#ion
efficiency for the fluorescence process as E{z) we then have

a fluorescence yield, isotropically emitted, of

Y = R(E,,t) qp(z) E(z) Mev/czm. (2.68)




Taking the temperature profile of the atmosphere into account

- to first order, we have seen (equation 2.63) that

2z) = /. — E‘T’

R T R - -

az
Pi(To 1

-1j2 * .(2'69)
=)

assuming the deactivation cross sections are independent of

temperature. The pressure profile can be calculated from the

pexrfect gas law and is given by (78)

p(z} . 1n {1 - azk _ (2.
In B % o T (2-70)
or, ‘
’ . o %
p(z) = p, (1 - T_) (2.71)
‘where- P, = B8ea level pressure
‘g = acceleration of gravity
M = molecular weight of air = 29.0
R = gas constant '
and for a = 6°K/km, the quantity «% = 5.67. Therefore
p(z) - po(l- %5)5'67, accurate up to about 10 km altitude.
o

Therefore
E(A
E(z) =/ (24) ' (2.72)
| T 1 4 o0 1 - az)5'17 "
Pi(T,) To.
and | Mp .67
o(z) = R - ( 1- ;f) (2.73)

Finally, if we approximate p(z) >> pi, valid below 10 km

for most of the fluorescence light, we arrive at a fluorescence

W e



yield of

Y= N(EGE) - T L p{TR0y)  Meviem,  (2TH)

T, [1-0=
o( To
or )
- - M M 1
Y N(EO’C) T L. az 1/2 1 m pi(TO)E(Ri) photons/cm
o\" T,

(2.75)
for A in Angstroms.

Table 2.8, drawn from Tables 2.2 and 2.6, presents a
summary of the predicted fluorescent efficiency for high
energy electrons in the lower atmosphere. These figures imply
that for a wavelength range of 3400 & to 4500 R, for example,
the total fluorescent efficiency is

.44 .092. _.076 ~.027 .017
TFp/I0 .'+T—2f1-5+p *rFe st T A FTE ez B
| | (2.76)
or for a wavelength range of 2800 ] to 4500 R, the efficiericy
- 1is '

K1 174 ~.130. LOTY 062
TFp/T.0 +1_'%T5+p YTFeest T T Trierzs B
(2.77)

with.preﬁsures measured in mm Hg.
For purposes of equation 2.74, the su_mgpi(ro)z(xi)- 2.48
for the interval 3400 & to 4500 &, or, ; P{(TIE(A;) = 3.52
for 2800 & to 4500 Z. |
This is equal to 2.85 photons in the range 3400 R to 4500 §
per meter, or 4.77 photons in the range 2800 & to 4500 & per



Table 2.8

Predictions for Cosmic Ray Fluorescence in Lower Atmosphere

Band

1N 0-0
0-1
0-2
0-3

2P 0-0
0-1
0-2

0-3
| 0-5
1-0

1-1
1-2

| 2943

A, &

3914
4278
470
522

3371

2977
EBOS

4667

3159
3339
3537
3756
2998

270
4574
4917

2977
3136
2309
2500
o711

4590
90
4815

- 2820

2962
2
2469
3672
fik1

4416

E(A
ﬂ%i)

I3
11

.020
.003

.0820
.0615
.0213
.0067
.001

.000%

.050

.0041

.0280

- L.0271

0035
.0016

p' (mm)

1..0

15

- 6.5

.000%4

.016

.0020
.0040
.0100

.0046
.0015
.0008

011
014
-005
0154
0063
.0046
.003
.0017
.0007

4.6

2.5

Sea Level

Effici -
ety

4.33
1.44
.26

.039

23
.12
1.30
%74
07T

3
3D
2.48
2.31
1.36
<0
.14
034

.96
1.74
.12
-2
58
.28
.09
.05

.Es
46
.16
-0
.21
.15
.10
056
023

Sea Level
Efficiency
Photons/Mev

1.37
.50
.10
07

3,32

3. 5%

1.2
4

.03

1.09
094
.71
&
A4
.10
064 -
014

23

. 44

D 032

.068
18

.09#
-033
.02

.08
11
.ol
13
.06
.085
.03
.02
.08

AP R AV TR A, RO s .



meter of path length, for each minimum ionizing electron near

sea level. The light emission in units of photons in 3%00 &
to 4500 & per meter as a function of altitude z above sea
level as calculated from equation (2.75) is shown in Figure
2.12. The positive slope of this curve is due primarily to
the decrease of temperature with altitude.

We have mentioned earlier that the lateral extent of the

air shower is on the order of tens to hundreds of meters for a

glant shower. We thus have a diffuse source of light moving
at velocity c across the sky.r The time between the arrival
at an observer O of the first light (from infinity) and the
light from any point P (see Figure 2.13) is given by

t(6) = T3ims - Tras " ¢ 20 3 - (2.78)
where @ is the angle between the line of sighﬁ and the shower
axis, and R is the distance of closest approach of the shower
axis to the observer, or "impact parameter". |

Differentiation yields

%g- - § (1 + cosé) (2-.79)

for the angular velocity of the source to an observer 0, and

since -
R = r siné, (2.80)
the observer sees the source approaching or receding at a

rate

. 9 A -
%i—. - _-C'l—fo%m . (2.81)

L=ty

|
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R/tansg P

r = R/sing

Figure 2.13

Figure 2.1% shows the time variation °f'a- and 6, where
the time is shown in units of = R with t = 1 at closest apprcach.
It 18 clear that for a shower approaching the observer the , |
radiation is compressed into a aﬁorter time span, while the
radiation from a receding shower is stretched out in time.

The total léngth of time, At, during which radiation is received
is given by . “ 5

cAt = x + j x2-R2 ' (2.82)

for a "receding" shower, one with the showexr plane passing the

observer before the shower arrives at ground level, where x is

the distance from the observer to the point of arrival of the

shower at ground levél, or |
edt = x - |x%-8% (2.83)

for an "approaching" shower, when the shower plane passes the

W% o bbbyl s

observer after the shower reaches ground level, the -case
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illustrated in Figure 2.15. There is, of course, no Doppler
.shift to the radiation itself, which is emitted by more or less
stationary molecules. |

In 2 time dt the source as seen by the observer moves
d(fé%ﬁ) - -chsczede; so that the light flux reaching the
observer 1is

2 :
Y{z)-R csc“9 d6 photons
(=, ) byr® dt cm© sec ( )

in the absence of atmospheric absorption, or making use of
equation (2.64),

y 2, ,-kr
F(z,0) = XZ1 Rcge b e 3 (2.85)

where k represents the mean free path for absorption of the
fluorescence light in the atmosphere. Using equations (2.79)
and (2.80), the total light received from the shower per unit

tme is 4 -kR
F(z,0) = cY(z) (1+ cose)esIng_ photons . (2.86)
? ByR® cn® sec

Solving equation (2.78) for cosé, and letting

2.2
T - °—R§- , (2.87)
we find
cosf = %;—: - (2.88)
and i
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Therefore, the time variation of the signal received, from

(2.86), 1is given by

F(r) = —2) (2.90)
orR? (1 + 9;5—)

-

in the absence of atmospheric absorption, where the
fluorescent yield Y 1is understood to be a function of time.
Thus the expectéd signal pulse shapes may‘be visualized as a
product of the shower growth curve (Figure 2.1) and the 3"
curve (Figure 2.14a), with a truncation at some value of t
corresponding to impact with the ground. For "approaching"
showers, this impact occurs for v < 1; for "receding" showers,-
1mpa¢t occurs for T > 1.

Examples of éuch pulse shapes as they would be seen in
the experiment to be described in the next chapters are shown
in Figure 5.3. "

Including the effect of #tmdspheric absorpﬁion, since

28t |
stng = 3T - _— K (2.91)
1+ S

we have | [ kkz( <2, 2)]
. c¥(z) exp | 2ct —_2_
F(t) = 2-2) N (2.92)

21R (1 +-——§m




Chapter 3
DETECTION SCHEMES

The basic requiremehts of a detection system to-utiliie
the fluorescence radiation are a sensitivity to very low
levels of light flux, the ability to discriminate favorably
towards the spectral region of the fluorescence light, the
ability to trigger on a signal having the appropriate time
characteristics, and the capacity to reject to some extent
spurious sources of light pulses, such as generally slow-rising
man-made disturbances or distant lightning flashes. The design-
should also provide for coverage of as much as possible of the
sky and thé available time to maximize the counting rate of

the desired type of events.

Many schemes can be considered which satisfy these require-

ments in different'wayé. In general, for optical detectors,
the limitation on the accuracy with which a very weak signal

. can be measured will come from the noise which results from
the fluctuations in the emission of photoelectrons. For
example, a photomultiplier ﬁaving area A and a sensitivity
leading to the arrival at the first dynode of s(A) photo-

' electfons pef incident photon of waveleng;h A, will respond to
& flux of F (A)dA photons/Cma-sec Qith an average current of

photoelectrons T, given by

T = ea fF(?\)s(?\)d?\ - (3.1)
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The emission of photoelectrons is a statistical effect,
governed by the Poisson distribution, and therefore super-
imposed on the average photoelectron current will be a noise

current having an RMS amplitude equal to

i ! ce T Af . | {(3.2)

where Af 1is the frequency band width of the detection system
(26,80). For very low levels of light flux there will also be
a dark current conﬁribution, 14> yielding a total noise current

at the first dynode of

[ocirtyee 53

where the dark current

ig = ce AT® exp igﬁ (3-4)
where T is the absolute temperature, e the electronic charge,
k Boltzmann's constant, and ¢ and ¢ are characteristic of the
cathode material. If in addition we assume a Poisson distribu-
tion for the number of secondary electrons from each photo-
multiplier dynode, each of gain k, the anode noise current is
enhanced approximately by the factor (&)1/2’ (26), yielding

an RMS current at the anode of

(é‘eg Af (EgI)T;)lle o (3.5)

- where g is the overall photomultiplier gain and T =gl is the

average anode current.
With these factors in mind, the signal-to-noise ratio can

be predicted for a variety of optical detection schemes. For

peaidn i
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a thorough discussion of signal-to-noise questions, the reader

is referred to Lawson and Uhlenbeck (81).

Detection by'Integrated Image -

It has been suggested by S. Ozaki that an air shower might
be photographed in its own fluorescence light by means of a
'detector with high spatial resolution such as an image intensi-
fier. This scheme has the advantage of séeing the projection
of the shower on an image screen’ in geometrical detail, but if
turned on for the entire history of the event, will integrate
the background light at evéry point over a time longer than the
image takes to pass that point. If the resolution of the system
is &w #teradians and if the source is-ﬁ radians wide as seen by
the detector, (4w < 52), then the signal light collected in a
small area is proportional to the flux of source photons emitted
within the resolved region Aw times the time ;he source takes

ta pass through this region. Also, if an air shower has a

diameter b, assumed constant,

b = pr =R | . .

and therefore the apparent angular size of the source, B, is

8 = Esine., | i (3.6)
then, from (2.75) and (2.81), '
Y{l + co86) . An
Signal << 22 B(d5/dt)
Y(1 + cos6) Ao - Yhw cscé-
ot R2 B(I + cos6) '__"5_-—“ (3.7)



independent of R, apart from the effect of atmospheric absorp-
tion. The cscfd factor is the familiar limb brightening of.

optically thin sources.
The shower history has a typical duration, from (2.82),

of At »

nlxm

. 1f the intéérating time of the detector is fixed

8o as to compose images over a time comparable with the

Rma

duration of the most distant events expected, (8t) oy & —— >

and during this time the light received from a background flux

of B photonslcma-ster-sec is proportional to

3 Boax 40 (3.8)

c

B&n(At)mu
Therefore the signal-to-background ratio in this case behaves

as |
Y 2Y
S/B < FRE__P " FEX —sinZd ° - (3.9)

provided the resolution is finer than the image size.

If the resolution is not high enough to resolve the
angular width of the source, but is less than the angular

‘length of a shower, the light collected is proportional to

%}Jig; , and _
S/B « . (3-10)

BR Ry, JA

However, the imaging technique offers the advantage of

displaying a pattern in the recorded signal. Let us accept,

as a rule of-thumb, that the readability or‘qﬁality, Q, of the
picturé as a whole is proportional to S/B J-;', where n is the
number of independently resolved areas along the track and /B




is the average signal-to-background ratio. The angular extent
of the complete trail of light, from Figure 5.1, ignoring the
finite thickness of the atmosphere, is

de = 1!'-sin'1(§) - 7 -9,
where v is the angle between the line from the observer to the

fmpact point and the shower axis. The number of resolvable

cells along the complete shower path is then given by

n - I-I_:E,-‘!- . (3.11)
fhetefore 1/2
Y -
Q o — R:x (2)114 (3.12)
for the resolved image case, or -
Y (r - v)lf-a |
Q — : (&n)jlq (3.13)

for an unresolved image. |

A basic disadvantage of a system lacking time fesolucion
1s the difficulty of imposing a satisfactory triggering
requirement. No decision can be made on whether to record
the information collected in a time interval T except on the
basis of the total light received in that time; in other words,
it f8 difficult to take advantage of the spatial resolution for
triggering purposes. One solution might be to integrate-blindly
over successive fixed intervals T, where T is roughly equal to
duration of the longest expected shower event, recording the

plcture only if some external triggering condition is met.

R AP ST ST e ST



However, in this case the probability of recording at least
3/% of an event of duration T arriving at a random time is
only about £0%, and the probability of recording a truncated

event, which may lead to error in geometrical analysis, is

high.

e

Wide Angle System -

A system may also be considered whiqh_is the exact
opposite to the integrated image system, namely, one which
resolves the event in time but not in space. Such a method
might be, for example, to ﬁnnitor thé entire night sky with a
single photomultipiier which is prepgred to record a signgl
current as a detailed function of-tima. In this case we
obtain a set of signal measurements made against a background
of noise due to fluctuations in the photoelectron current,
measured over the relatively short time 1/Af (the response time
of the photomultiplier system). |

If i, is the signai'current, understood to be a function
of time, and i, is the current due to the background night
sky light plus dark current, then, from equation £3.2),'the
signal-to-noise ratio is

i

N = 3 {3.14
S/N 'Jﬁziiijisz?ﬂ- ’ .(? 14)

which may be limited by the background or by the signal
itself, whichever is larger. Assuming the system sees the

entire event, the number of independent readings which may be




made is approximately -

&/ . (3.15)

and therefore the readability factor is

- R ‘
Q is \l E’m:(?.'8 + Ib) ’ ('3._16)

independent of the detector bandwidth, provided Af is large

enough to follow the.changes in the signal 1i,(t).

Ignoring dark current, the background current is given by

o
L, = eaA Am,[ﬁ(m)s(m)dx (3.17)
where B(A)dA is the flux of night sky light photons of wave-
lengthrx per cm?-steradian-second, A is again Fhe area
receiving photons, and &w is the effective solid angle of
acceptance of the system. Both S/N and Q are proportional to
(A)lla; It is clear that it is important to maximize the ratio

j‘F(l)ls._(R)dx
( [ B-(A)'s('?\)dl) 1/2

or in other words to match the spectral response of the

»

detector to the source spectrum. This might be accomplished
for example by narrow band filters which admit the relatively
naxrow spectral bands produced by-molecular’fluoresceﬁce.

A wide angle system utilizing interference filters has
‘been proposed by Hoerlin and Westervelt (77) for the detection
of aﬁmoapheric fluorescence produced by the X-rays from nuclear

explosions in space.A Since an entire hemisphere of the earth's



atmosphere may be illuminated by X-rays, there is no require-
ment for spatial resolution. However, the use of narrow band
interference filters centered at the very narrow and very
efficient 3914 & band ﬁakes it possible to obtain a reasonable
S/N ratio over the duration of the event even under daylight
background cbnditions. In our case, however, the use of
collimating lenses would so reduce the effective light

collecting area that there would be no net gain in S/N.

Spatial Plus Temporal Resolution -

There are several ways in which time resolution and
spatial resolution can be combined to yield more information.
Perhaps the most obvioué schemes wouid be either to cover the
sky with %%' time dependent signal detectors, where 4w is
the finest angular resolution desired, or to produce an
imaging system which could collect enough light to record a
picture every At seconds, where At is the finest time resolu-
tion desired.- However, both are clearly prohibitively
expensive and the latter not only would require an aperture -
for light collection iarger-than gseems feasible, but also
suffers from the aforementioned triggering difficulty.

A compromise with good time resolution but only'partial
space resolution would be effected with a limited number of
wide angle detectors, each viewing a sector &n of the sky and
recording the light signal as a function of time. This is
the basic schéme proposed by K. Greisen in 1962 for the

Cornell University air scintillation detection experiment




discussed in detail in the following chapter. We assume such
a system 1s background noise limited. Then we have a signal
in each channel, from equation (2.86) corresponding to the

number
c(l + gose) A cos$ At fY()\)s(l)dA photoelectrons
4R ; (3.18)

in a small time At, where A cos ¢ is the effective area of a
detector receiving light at an angle of incidence ¢ , and
atmospheric attenuation is for the moment ignored.

The bgckground photoc‘urrént collected in the same time is

A Mo At j B(A)s(A)d\. We may abbreviate our notation with the

followin‘é definitions:

Let |
| [ Y(A)s(A)dA = As __Y(xo)s(xoj | - {(3.19)
fn(x)g(x)dx - j\b B(2,)s(r,) (3.20)

A [

where /\_ and M\, represent the equivalént optical bandwidths

(in units of wavelength) of the signal light spectrum and the

background sp-ectrum 'réspectively, s(k) Vis sons'idered to be

the overall sensitivity of the optical system in photoelectrons

per inéident' photon, including the transmission‘of optical

filters, and A  is the wavelength where s(A) is a maximum.
Then the signal-to-noise ratio for each channel, a

function of time, is given by

.....



-

As (A )At

1+cos 6 - o) :

S/N = -(—2—-)- cos Y(A . .21

This illustrates the advantage in making At sufficiently long

to effectively smooth out the noise, provided At is not

longer than the time in which Y(l+cos9) changes significantly.
The night sky brightness B(A) for clear air in

photons/ cm’-sec-ster-8 1s tabled below (10):

Table 3.‘1
AR) 3200 3600 4000 5500 5000 5500
B(r) 2.3x10" 2.0x10" 2.6x10% 4.5x10% s5.0x10% 8.3x10%

This is a re}.atively-flat spectrum and” for an S-11 photocathode
with no optical filter corresponds to an equivalent optical
bandwidth of about I\ = 3000 R (By compari.son, the
equivalent optical bandwidth of the sea level air scintillation
spectrum, which consists of bands typieaily 10 R wide, with an
S-11 photocathode, has been calculated and is As = 4o R.) |

The total number of independent signal measurements is
approximately B.‘éi; , which ma} .be spread, wi_t:h some overlapping,
over several channels. | | o

The closest spacing at wh'ieh_ uncorrelated i:eading-s may be
made, and thus the most information extracted, is here

considered to be At = 1/rAf. This is an approximation since

the output of a detector of bandwidth Af at any instant t, is



an exponentially weighted average of the signal received over
all past time, the weighting function decaying away in past
time as

o T (Eoe)AE |  3.22)

Accepting At = 1/rAf, the figure of merit for the overall

event becomes

- As(r)
- {1 + coss o
Q -(WTZ—)- COSQI As Y(KO)J CAbBDto)ACD -
- (3.23)
This quantity is calculated for the specific conditions of the

Cornell University air écintillation detector in Chapter 5.
Leaning in the opposite direction, a design can be |
- considered with good spatial resolu-tidn but limited time
regolution, which is signal noise limited. Such a design
could be a mosaic o.f small pholtotﬁbes uh.ich cover the sky with
an angu.iar resolution as fine, say, as a typical air shower
width (abou: one degree at r « 10 km) and within which a
linear sequence of delta function pulses records the passage
of a shower through the sky.
If the signal exceeds the back_'_ground light collected and
the time of passage of the .li_ght source through the angular
aperture Aw of an individual channel is longer than 1/Af,

then from equations (3.14) and (3.18), for each channel,
c(l + cose)AI\ Y(A, )s()\ ) 1/2

as usual increasing with the‘squa're root of the collection

S/N =

area A, and



(3.25)

((1 + cos6)A ASY(xo)s(mo)) /2
Q = SoR _
independent of both Af and Aw under the above assumptions.

The relative merit of these two suggested “compromise'
schemes depends on the particular values of many parameters,
but it is clear that the narrow angle system reduces the noise
to a8 minimm in each channel by reducing the area of the sky
that each channel sees without reducing the signal strength,
provided the resolution is not finer than the source width.

A potential danger in this design is that the number of photo-
electrons produced in each channel by the light signal may_bé
too small for a statistically significant result, or in other
words, that the signal qoise-limiéation_itself may be sgevere.
However, this limitation 1s no more severe here than in the
 scheme previously discussed if the effective collecting area
A is kept large, for example by the use of lens optics.

VThis scheme is now being developed at Cornell University
using 18o1nch diameter Fresnel lenses:and‘é-inch photomulti—
plier tubes, each of which observes &Aw = .01 steradian. It
should be noted that the lenses in a design of this type do
not need to be of high quaiity, since the incident light need
be focused only into discrete cells of angular size Am.

ggticalrFilters -

We have discussed the advantage of matching the spectral
reaponse:of the detector to the air fluorescence spectrum for

optimizing the signal-to-noise ratio. If a particular



photocathode must be chosen for other reasons such as cost or
availability it is still possible to optimize‘S/N by the use
of optical filters, matching the filter transmission to the
product of the cathode sensitivity function and the
fluorescence spectéﬁm, In general, a narrow band (interference)
filter is to be preferred if the expected photon flux in one
emission band is great enough to produce good photon statistics
and i{f the maximm angle of incidence can be kept small.
Interference filters are available, both of the transmission
and reflection variety, with bandwidths as narrow as a few
angstroms at normal incidence. '

Roughly speaking, the bandwidth A\ of an interference
filter to light incident with an angulaz'séread of A6 1is
limited by .

M > A (L - cos 5P , (3.26)
so that, for example, a desigﬁ reqdifing7a bandwidth of 20 &
near 4000 & can collect light with an effective aperture no
greater than 0.03 steradiéns. Therefore the use of inter-
ference filters severely restricts the light gathering power
of a de:ector. On the other hand, a chemical abgsorption filter
can be used, having a passband typically several hundred or
several thousaﬁd angstroms wide whicﬁ decreases with ihcreasing
angle of incidence, in contrast to an interference filter.

In the Cornell wide angle system the choice of an S-11
photocathode was dictated by its availability in a iarge area

(A = 1060 cm?) and the use of interference filters was precluded



fﬁr both of the reasons mentioned in the preceding paragraph.
A chemical absorption filter was then found, Corning Glass

No. 5970, which could be manufactured in a convenient size and
which decreased the equivalent optical bandwidth of the night
sky spectrum (equation 3.20) from 3000 R to 590'3 while only -
changing the equivalent bandwidth of the sea level air
scintillation spectrum from 40 % to 24 R, thus enhancing the
signal-to-noise ratib by about 1.35, as well as greatly
reducing the additional bﬁckground of artificial light produced
by filament lamps which is strongest to the red of the filter
passband. The response of this filter is discussed further in
Chapter 4. o

Clearly, in a highly resolved system such as we discussed
in the last section; the use of optical filters is unneceséary
if S/N is truly limited by the signal noise itself.

It is interesting to note from the results of Chapter 2
that if the fluorescence light flux were great enough to allow
the use of narrow band interference filters with statistically
accurate results, an additional dimension could be added to the
information extracted from an event by simultaneously recording
two wavelengths resulting from transitions having different p'
parameters, such as the strong 391% & 1N(0,0) and 3577 & 2P(0,1)
bands. However this technique would only be of value in deter-
mining altitudes above 8 km, early in the shower history, and
it is unlikely that any feasible means can be found for collect-
ing a aﬁfficient flux of photons from this early in an air

shower.
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Cerenkov Light Contribution - . -

| It has been shown (85) that cosmic ray air showers
produce Cerenkov light with an efficiency comparable to that
of the air fluorescence. The intensity and spectral composi-

tion of the Cerenkov emission are given as a function of

frequency v by

Yc(v)dv - 2%?3 (1 - nga)dv photons in (v,v+dv)/cm (3.24)

where a = fine structure constant = 1/137
N = number of'secqndary particles in the shower
p = secondary particle velocity
n = 1gdex of refraction of air,
In an air shower the secondary-particles have a range of
values for . Writing N{E)dE for the number of particles in
the energy range (E, E+dE) and noting

2 .
1 .
1 “'TQ s 1 - (%T—) s (3.25)
£ n _
where E, = Cerenkov threshold energy, = 21 Mev at sea level,
we have - .
27
2ra Ep
Yc(V)dV - e N(E) {1' (—E—) ]dEdV
' phofons in (v, v+dv) (3.26)

<m

The Cerenkov light is intense only along the shower axis,
owing to the fact that the emission occurs at an angle cos'l é%-
to the path of ;he radiating paréicle, where B and n are both
very close to 1. For impact parameters greater than 2 km,

even for the largest air showers, the only Cerenkov light seen



by an observer is that produced by widely scattered electrons,
and the fluorescence radiation dominates. Moreover, the
Cerenkov radiation near the axis arrives with the shower front
in a very short time, typically less than 1/10 microsecond, and
therefore can hardly ﬁfeéent confusion with the pulses from‘
fluorescent light, which are sought with widths of typicaily
10 to 40 microseconds. The analysis of the Cerenkov contribu-
tion to shoﬁers is discussed in more detail in Chaptér 5.

| As far as the relative merit in utilizing the fluorescence
light for the study of air showers is concerned, although
considerable success has come from experiments observing the
Cerénkov emisgsion (86,87,88), the isotropic property makes the
fluorescence radiation visible from as far away as atmospheric
transmission and the inverse square law allow, and even visible
from receding showers. Furthermdre, the time structure of the
fluorescent radiation yields important information concerning
the history of the shower which 1is ébsent in the Cerenkov

radiation.




Chapter &
THE CORNELL WIDE ANGLE SYSTEM

While an initial study of the efficiency and spectral
distribution of air fluorescence was being carried out by the
author (30), plans were made by K. Greisen and S. Ozaki for a
wide_anglg time depéndent detector that would satisfy the
requirements that are discussed in Chapter 3.

The purpose of this detector was to serve as a. pilot
'device for a study of the feasibility of detecting air showers
by the fluorescence technique, with the view in mind of apply-
ing the method on a larger scale at a better location if the
scheme should prove fruitful.

During the first part of 1964 a first detector station
was constructed and put into operation by S. Ozaki and the
author. Later in 1964 Dr. G. Tanahashi joined the experiment
and supervised the construction of a second and third detector
which began operation during 1965 and 1966. During this time
Mr. E. Jenkins pursued a computer study of the simulation of
cosmic ray air showers and the techniques of data analysis

as applied to these detectors.

Optical Design Considerations -

In order to calculate the direction of a light source at
any instant of time from the signals received, a minimum of

four phototubes pointing in different directions to cover the
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sky (for example in a tetrahedron arrangement) are necessary.
Furthermore, it is necessary that the response of the detector
as a function of angle of incidence be & monatonic function
with non-vanishing derivative, in order that there be a unique
solution for the direction of the light source from the ratio .
of the signals received in two channels. (For example a set
of detectors which respond equally to light from all directions
would yield no information concerning the location of the source.)
A flat photosurface which presents an effective area A cos¢,
where ¢ 1is the angle of incidence, satisfies this condition.
However, to introduce an element of redundancy, to provide
a4 more Cartesian set of pointing directions and to place less
emphasis on the response of the deteétors at large angles of
incidence, a five-channel system with flat-surfaced detectors
was chosen with photomultipliers in a hexahedron arrangement
pointing north, south, east, west and upwards. The four
horizontal tubes were tilted upwards 30° to avoid pointing
uselesaly-below the horizon and also to reduce again the
dependence on the detector sensitivity at large angles of
incidence. This geometry is shown in Figure 4.1. The net
result 1s a system in which different parts of the sky are
viewed Sy 5, 4, 3 or 2 tubes, where measurements from 3 channels
are necessary to fix any point source in the sky. Figuré 4.2
shows a schematic map of the sky in a poiar projection repre-
sentation with letters illustrating-the channels which view

each sector, drawing the borders of a sector where the
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Figure 4.2




sensitivity of a detector falls to 10% of normal incidence

| sensitivity.

Oh the Use of lLenses -

Consideration waé-given to the suggestion that
hemigpherical condensing lenses of large size be mounted
directly in front of each photocathode. This "immersion
lens® system hgs the obvious advanﬁage of increasing the
effective area of the detector witﬁout reducing its angular
field of view. If the lens has a radius r and index of
refraction 1.5 and a.photomﬁltiplier of diameter r is placed
immediately behind the center of the lens, as shown in Figure
§.3, then the effective area of the dééector to light incident

at an angle ¢ to the axis is approximately
- A(¢) = =g~ (1 + cose) cose (%.1)

‘The area of lens presented to the source is approximately
I{-E (1 + cose¢), and the efficiency of focussing the light on
the phoi:ocathode is approximately cosse.

Since the effective area of the phototube alone is 7

2
%— cose, the gain is

2

%f—- (1 + coss) cose
<

I cose

= (1 + cose) (%.2)

and the ioncrease in S/N ratio is l+cos ¢ , on the average
about a 30% improvement. For r( Ieixs) << r(tube) the improve-
ment in light collection is simply n2 for normal incidence,

e
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which is never much better than a factor of two for ordinary
materials, the same factor gained by doubling the phototube
area. For large phototubes, increasing the tube size is the
cheaper alternative. Moreover, such a lens, used in conjunc-
tion with a large phoEomultiplier, implies a ldng path-length
for radiation to reach the photocathode through the lens
material. Since the signal light is in the near ultraviolet
region, absorption losses partly cancel the geometrical
improvement factor. Hence this idea was abandoned for the

fluorescence detection experiment.

Wavelength Shifters -

Anbther suggestion studied-for tﬁe:improvement of signal-
Vtofnoise ratio in a wide'anglelsystem was to apply A
fluorescent chemical” known as a "wavelength shifter™ and trap
the re-emitted light by internal reflection in an optical
system that channéls incoming light collected over a large
are to a comparétiﬁely small photocathode area.

A fundamental theorem of statistical mechanics, known as
Liouville's theorem, is frequently applied to optics to show
that the product (solid angle) x (effecfive area) for light |
entering an optical system can be no greater than the same

product for the light leaving the optical system. This

*We are here using the term "fluorescent” in its proper sense,
signifying the property of absorbing light of one wavelength
and emitting light of a longer wavelength.
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implies, for example, that there is no optical arrangement
that allows the area of a light gsensor to be reduced without
at the same time reducing the volume of sky viewed by the
sensor.

The use of a wavelength shifter offers in principle an
escape from Ehis restriction. Liouville's theorem applies only
to situ#tiona where the mapping between source and image is
conformal, such as in geometrical optics with lenses and
mirrors. However, the direction of light emitted in the
fluorescence process is independent of the incident light and
is, in face, isotropic.- Hence a detection system can be

envisioned, such as that illustrated below, in which light

2

Figure 4.3
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fncident on a sheet of indefinite area interaéts inside the
sheet with a molecule of the wavelength converting material,
re-emitting a photon which has an average probability given by
(1 --55);12 = 0.75 for n = 1.5 of being internglly reflected
at a surface of the sheet and thereafter trapped within the
sheet. An obvious condition that must be met is that the
material be opaque to the incident radiation but transparent
to the secondary radiation; hence the need for & wavelength
change. A material which allowed resonance absorption would
continue to re-absorb, and eventually lose, its own secondary
radiation.

The sheet could then be traversed by cylindrical channels
of transparent material of index n whiéh would serve to collect
the secondary radiation from tﬁe sheet and carry it by
successive internal reflections down the channels to photo-
multiplier tubes at the ends. | |

The effective area of such a device would tﬁen, in
principle, be given by Acos ¢ , where A is the aféa of the
surface containing the wavelength shifter and ¢ is the angle
of incidence. Five such sheets of large area facing north,
south, east, west and up would thus provide excellent wide
angle coverage of the sky. An additional advantage is that
such a wavelength shifter often serves to convert ultraviolet
radiation, to which a photomultiplier is insensitive, to
visible radiation, thereby matching more closely the-photo-

multiplier spectral response. -



The disadvantages of this scheme are technical ones. For
most fluorescent compounds known having che.appropriate proper-
ties of flﬁorescént efficiency, decay time and solubility
there is.some degree'of'overlap between the ébsorption spectrum
and the emission spectrum (26), that is, the material is not
completely transparent to its own secondary radiation. More-
over, the material cannot be made completely opaque to a desired
spectrum of incident radiation, since consideration of losses
at the edges of a liéht-collecting sheet require that the sheet

be thin.

The efficiency of such a detector may be loosely written

ne=- f[l’e(?s) I_?f(?\') F P, dada’ , (%.3)

- where P_(A)dA = the probability that an incident photon
of wavelength A excites a state capable of

| fluorescing, | '

P¢(N)AN' = the probability that the state undergoes
radiative decay with the emission of a
secondary photon in (A',A' + dA'),

F = the fraction of secondary photons trapped
within the 1light collector,

P, = the probability that a trapped secondary

photon i{s collected at a phototube.
" Wavelength shifting chemicals are available for which the
probability of an incident photon interacting with a molecule

of the wavelength shifter is high, but the probability of an

-
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excitation to a suitable level may be of the order of 0.1 (26).
Re-emission in a solid material then compétes:with internal
quenching processes, whereby the excitation energy is trans-
ferred from one electronic state to another at_a.point where
the potentiai energy curves of the two states are close enough
to be strongly coupled. P, may vary from 0.5 to 1072 (26).

The probability that a secondary photon reaches a photommlti-

plier, Pc, depends largely on absorption and scattering losses
and may be written as
P, < /2 (5.4)

where x is the total path length traversed in the material and
a ig the meaﬁ freg path of a secondafy photon. Laboratory

~ tests conducted on models of this type using p-terphenyl and |
POPOP ™ in polystyrene and POPOP in mineral oil showed that the
neén free path, a, is on the order of 1 meter or less and is
partly determined by impurities and microscopic scratches in
the material, especially at the surfaces. In addition there
is about a 10% loss for each reflection at the edges of the
sheet. Taking a median angle of incidence for internal
reflections of 60° and an average of 2 edge reflections, the
total path length traversed by a typical light ray in reaching
a photomultiplier from an actual distance of 1 meter is

approximately 2.3 meters.

* “pOPOP" = 2,2'-p-phenylene-bis-(5-phenyloxazole}.
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Therefore the efficiency at an actual distance of 1 meter

from the photomultiplier is approximately
1 < 0.1x0.5%0.75xe™2"7 = .0038 .

This low efficiency makes it necessary to position about one
_photomultiplier per 2 m> of light collector, and the effective

area of the system in this case is approximately .01 m? per

photomultiplier. This is a factor of 4 gain over a 25 cm®
photomultiplier alone, but this improvement is not considered
sufficient to warrant the cost and difficulties of applying
the wﬁvelength shifter tecﬁnique. Furthermore, it has been
found that protection of the device from weatﬁering under out-
- door conditions presents a serious problem, since microscopic
scratching of the surface by dust particles and thermal_strain
spoils the internal reflection p:opefties. Also, rad;ation
damage of the light-collecting material bj sunlight may act to
reduce the transmission to the re-emitted light.

Therefore it was decided to employ large phototubes
without either lenses or wavelength shifters. |

Spectral Sensitivity -

The desire for the largest pbssible phocdcathode area
led to the choice of the DuMont K-1328 photomultiplier tube,
with a photocathode diameter of 37 cm and sensitive area of
1060 cm?.“ This tube has a cesium-antimony cathode and a
5 mm thick lime soda glass window. Manufacturer's specifi-

cations describe the spectral response as S-11, with a




maximum cathode efficiency of 11% {photoelectrons per incident
photon) at 4200 8. The S-11 spectral sengitivity is shown in
Table 4.1 for a selection of wavelengths both in terms of
radiant sensitivity s(A) (amperes/watt of incident radiation)
and quantum efficiency-e(h) (photOeléctrons/inci&ent photon),
in both cases normalized to 1 at maximum.

The optical fiiter chosen to enhance the S/N ratio by
spectral matching, mentioned in Chapter 3, is of dimensions
13" x 13" by 3.0 mm thick. Placed directly in front of the
photomultiplier face, this reduces the useful sensitive area
to 1000 cm>. The transmission of this filter as a function of
wavelength is shown in the first column of Table 4.2, for normal
incidence, as measured by an absorptioﬁ spectrophotometer.

In addition, to protect the phbtoCathode surface from
direct sunlight, a shutter was arranged to autéﬁaticaIIy draw
an opaque screen over the phototube in the daytimé, and replace
this screen with a thin (.003") transparent mylar sheet during
the nighttime observing period. h

Finally, to provide'optical matching (to minimize surface
reflection losses) between the convex phototube surface and
the surfaces of the mylar sheet and optical filter, these
optical elements are surrounded by a bath of mineral oil
(index n = 1.50). It was COnsidered.simpleﬁt to enclose the
phototube, filter, tﬁbe'base'with voltage divider and pre-
amplifier, all in a weatherproof container of galﬁanized'iron

with a transparent 1/2-inch ultraviolet transmitting plexiglas
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A, R

3000
3136
3159
3285
3339
3371
3469
3500
3537
3577
3672
3711
3756
3805
3914
4059
4201
4278
4344
4574
4709
5000
5228
5500

6500

Table 4.1

Nominal S-11 Spectral Response
Radiant Sensitivity

8(3)

0
1020
.029
.120
.185
250
.527
.600
.678
.725
.819
844
852
.869
.899
.921
.972

1.000
.981
953
.861
727
57
.195
.020

Quantum Efficiency
- &(A)
0
.028
.041
.158
.2ko
321
.657
751
.829
877
.965
-984
.981
.988
+993
.981
1.000
991
+996
.927
.875
735
.601
448
141
013



Table 4.2

| £(1) e(A)t(2)
Filter Plastic-01i1l Net
Transmission Transmission Transmission

2800 <.003
2900 <.005 046
2962 .0059 . 165 00097
3000 .020 231 0047 0
3136 .237 431 .102 .0029
3159 .296 U456 .135 -0055.
3285 .627 597 3Th .0591
3339 <T83 .660 490 118
3371 .798 694 554 .178
3469 .903 .T79 703 462
3500 .926 .806 .T46 .553 -
3537 949 .828 .785 .651
3672 975 .907 .884 .853
3711 975 913 .890 876
3756 .966 .929 ~ .898 .881
3805 921 944 .869 .859
3914 <T92 .968 .767 .762
4059 .2_98 .986 204 .289
3201 .25 .998 . .285 245
3278 0039 1.000 .0039 .0038
3344 .00086 ~.00086 .0008
574 .00002 .00002 1.00002
4709 <.00002 <.00002  <.00002
5000 <.00002 <.00002 <.00002"
5228 <.00002 <.00002 <.00001
5500 <.00002 <.00002 <.00001
6000 .0001 \ .0001 .00001
6500 <.00002 '1.000 <.00002 <.00002




face plate, filling the entire unit with mineral oil to satisfy
the optical matching requirement. = Figure 4.5 presents a cross
section view of the top of one such unit, showing the path a
typical light ray must travel to reach the photocathode.

Column 2 of Table 4.2 shows the measured transmission of
the plexiglas; mylar and mineral oil, which has an average
thickness of 2.1 cm. The net transmission of the systenm is
tabled in column 3, and column 4 lists the overall optical
efficiency, the product of the system transmission t(A) and
the photocathode efficiency e(A). These functions are
illustrated in Figure 4.6, which shows algso the atmospheric
transmission for one atmosphere (~.8 kilometers) at sea level
under very clear conditions. The phototube unit sensitivity
in this diagram is the combined photocathode efficiency and
plexiglas-oil iransmission. |

The manufacturer's specifications for cathode sensitivity
were tested by laboratory measuremenﬁs for one particular
K-1328 phototube, yieiding a maximum quantum efficiency of
0.13 + .O% and a spectral_distributioﬁ between 3100 & and -
4100 & which agreed with the manufacturer's S-11 specifications
to within the accuracy of the measurements. While the spectral
sensitivity above 3700 R is determined completely by the cesium=-
antimony photocathode surface, the short wavelength respénse
and in particular the 3000 & cut-off, is determined by absorp-

tion in the lime sode glass face of the phototube.

All of the transmission functions discussed above refer to

normal incidence conditions. When the light is incident at an
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angle 6 the optical path length in the absorbing media is

. -1/2
' inZg _
longer by a factor (i -5 ) and the light reachin
g | 7 ght g
the photocathode is further reduced by reflection losses.

Since absorption follows an exponential law, the trans-

( sin29) -1/2
- 205t *
(%.5)

where t(A\) is the normal incidence transmission. This has

mission becomes

£(2,8) = [t(r)]

the effect of somewhat narrowing the absorption filter band-
width at large angles of incidence, with a maximum effect for
very oblique incidence of

e, D - et ()
for n= 1.5, |
The fraction of incident 1light £(6) crossing the air-
plexiglasbboundary after reflection losses can be calculated

from electromagnetic theory and is given by

| £(6) = 1 - tan (9*9'}_+ sin (9-9') (%.7)
2tan® (e+6") 2gin® (e+6")
where
Hnf . n (89). - (.8)

The variation of the index of refraction n with wavelength
between 3000 & and 5000 & is very small and can be neglected.
The response of the detector as a function of angle of

incidence is then given by the product



e(r) t(nr,8) £(8) cose ’ (4.9)

and the angular respbnse function for the fluorescence

gpectrum F(A) specifically can be calculated by the integral

JF(A) e{A) t(Ar,8) £(8) coso dA . (#.10)
o el

E. Jenkins, in his thesis (90), has calculated this

function numerically as a function of angle of incidence 6,

‘and has shown that to a very close approximation the angular

response is proportioﬁal to a power law
(cose)P (%.11)

with p = 1.265. _

'Figure 4.7 shows the result of Jenkins' numerical calcula-
tions of the integral (4.10) for the sea level air fluorescence
spectrum (solid line). The function

(cosa)1‘265

is shown in this figure by the broken line. The small circles
show the function cosf® for comparison.

For experimental verification of the ébove approximation,
Figure 4.8 shows a comparison of Jenkins' calculations (solid
lines) and experiﬁentally measured points (small triangles)
for two specific wavelengths, where a and 8 are the normal
incidence absorption factors for the plexiglas-oil-filter
combination and the glass face of the phototube respectively,

defined by
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Figure 4.7

6 fdc‘grees’)-*

Angular Response of Photomultiplier Unit

A

m o~

COT L A NS YN e e s



N

W B o o

Figure 4.8




i Ny
3 i 1

t{a) = e-®(A) y ¢-8(}) . (#.12)

Cholice of Site -

Several requirements are desirable in the selection of an
experimental location for the detection of atmospheric
fluorescehce, notably: {
1. An area offering clear sky visibility a large percentage

of the time,

- 2, Freedom from background light suéh as scattered light
from populated areas, :

3. An unobstructed field of view down to within say 2° of
the horizon,

h. Line-of-sight visibility between stations requiring
optical communication for purposes of fast coincidence
timing or atmospheric transmission measurements, and

5. Opﬁimum altitude for the size of air shower anticipated.

We have seen in Chapter 3 that although the fluorescent
efficiency inéreases with altitrude dué to a moderation of
quenching reactions, the number of excitations per unit path
length decreases due to the lower air density. The net effect,
shown in Figure 2.12, is a very slowly increasing yield with
altitude. However, for air showers in the energy range 1019 ev

2 ev, the shower maximum occurs on the average close to

to 10
sea level, and furthermore the measurement of total energy in
& shower by fluorescence light collection is facilitated by

seeing well beyond the shower maximum. For these reasons the



lowest possible altitude still satisfying the first four condi-
tiﬁns 18'optimal for these very high energy showers. |

For fhe pilot experiment described here, requirement No. 1
was compromised by the desire to build an experimental facility
with quick access to‘;he Cornell University campus, and
requirements 2, 3, and 4 overruled altitude considerations when
it was found that several bare hilltops in the Ithaca, N.Y.,
area satisfied the visibility conditions nicely. The map on
page 123 shows the geographical location of the detector
stations chosen for this expetiment.‘

Electrical Design Considerations -

The characteristic property bf the pulse of light from a
cosmic ray air shower is the duration and shape of the pulse
as seen by the different optical channels. An effective way
to analyze these pulses is to disblay them directly on cathode
ray.tubes and to photograph simultaneously the éignals seen
in éach chapnél, along with appropriate calibration markers.

Since these pulses are not expected to last longer than
 about 60 microsécOnds, nor to change in amplitude appreciably
' in a time shorter than 1 microsecond, the associated amplifiers
need not respond to frequencies lower than about 100 cps nor
higher than 106 cps to preserve the signal shape. A re;ponse
to higher frequencies introduces noise which 1s due only to
the quantum fluctuations in the photoelectron current and not

to the progress of the air shower.
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Triggering of the cathode ray tubes and camera servo-
mechanism is suitably accomplished by integrating the signals
received over a time comparable with the duration of an
average air shower fluﬁrescence pulse and thus demanding that
a combination of the amplitude and the duration of a pulse
fﬁlfill a-pre;set condition. Further discrimination against
noise is easily effected by demanding a coinciden;e between at
‘ least two of the five channels in a single detecting station.
The use of delay lines with sampling taps at regular intervals
provides at the same time for the above-mentioned integration
and for storage of the signals while a triggering decision is

being made.

Ampliifiers - ‘
Positioned close to the base of each photomultiplier tube

is a voltage d1yider for the photomultiplier dynodes and two
stages of gain 1 preamplifier. The geometry of a phototﬁbe
unit is shown 1h Figutre 4.10. Thé_photomnltipliers are
operated at moderate voltages ranging from 800 to 1260 volts,
depending on the individual tube characteristics, to provide a
dynode gain of approximately 105. This low gain is necegsary
to avoid exceeding the maximum anode current rating of the
tubes when they are exposed to the scattered light from nearby
communities, which is present under 6ver¢asc or haze conditions.
Such scattered ligﬁt-frequently raises the background light
intensity by a factor of 10. The clear night sky light (see
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.night sky light is approximately 2x10~

Table 3.1) seen through the optical filter leads to a photo-
current at the first dynode of about 5x10~ 10 amperes.

The voltage divider and preamplifiei are shown in
Figure %.11. The potential between cathode and first dynode
is kept above 220 volgs to insure adequate collection of
photoelectrons at the first dynode. A high value resistor
(108 ohms) is placed between the cathode and the high voltage
supply as a safety feature to decrease the accelerating
voltage in the event that a sudden intense flux of light .
floods the photomultiplier tube.-

- Stray capacitance in the pre-amplifier liﬁits the
frequency response to about 2 mc/s. With this cut-off
frequency, the RMS fluctuation current at the anode due to the
6 amperes, and the RMS
voltage fed to the succeeding amplifiers is approximately
6.2x10"> volts. The amplifiers are A-C coupled,‘blocking
frequencies below'about 5 cps.

Following the preamplifier, the signals pass in succession
through a variable attenuator, fb adjust for differences in
amplifier gain between channels, a wideband voltage amplifier
of gain 10, a narrow band filter set to eliminate the 120-cps
component of nolse introduced bf artificial lightvsources, a
logarithmic amplifier, a length of HH-1600 delay line which
delays signals by 14 microseconds without appfeciable distor-
tion for frequencies between 5 cps and 1 me/s8, and finally two

stages of gain 10 wide-band voltage amplifier which drive the

y T
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vertical deflection plates of a 5YP1l1 five-inch diameter
cathode-ray tube. Theée stages are shown in Figures 4.12 and
3.13. The overall rise time of the amﬁlifier system is

= 1.5 psec.

The need for a selective electrical filter to prevent
amplificatiph of 120 cps signals became evident after a
strong modulation of the night sky light at this frequency was
observed, even on quite clear nights. This was attributed to
scattered light from incandescent lamps and mercury arc lamps
in the Ithaca area. Since the duration of the cathode-ray
tube sweep (60 usec) is much shorter than 1/120 second, this
modulation had the effect of shifting up'and dowvn the baseline
from which the amplitudes of short pﬂlses must be measured.

The 120-cps filter is a pare11e1 combination of a high-
pass and a low-pass R-C filter; both selected for
1/34RC = 120 cps. A compensating circuit after the filter
corrects for the small negative slope which theufilter intro-
duces intc long §Quare pulses because of the sttenuation of low
frequency components. ' “

The use of a logarithmic amplifier arose from the wish
to display on a siﬁgle cathode-ray screen both the*amplitﬁde
of thé normal backgrcun& noise and the amplitudes of the
largesﬁ cosmic ray pulses. The circuit is modelled af:e¥ a
design by Ophir and Galil (91) and uses the logérithmic
current-voltage characteristic of a Zener diode. The diode

chosen s the 1IN761 which has a reverse breakdown characteristic
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approximately obeying
V = kIn (I-Io) (3.13)

where k is a constant and I, is the quiescent current in the
diode, approximately- 100 pamps in this circuit. A small
resistance (approx. 3 ohms) in series with the Zener diode
fmproves the logarithmic characteristic for large signals.
The amplifier is logarithmic over 3 decades, compressing input
signal amplitudes of .05 volt to 5 volts iﬁ:o an output ampli-
tude range of 0.7 volt'to.2.3 volts. _

The final amplifier stage drifes the two vertical deflect-
ing plates of the 5YPll cathode-ray tube with symmetrical pulses

of opposite polarity. Each plate contributes a deflection factor

of 11 volts per cm. The driver amplifier is designed to produce
pulses up to an amplitude of 35 volts, to produce a maximum
total deflection of 6.4 cm.

Figure 4.1% shows the net amplifier response as found for .
one particular channel. S 'is the pulse amplitude in volts at
the input to the first linear amplifier and x is the pulse
amplitude in cm. resulting on the cathode-ray tube screen.
Experimental curves were plotted for each channel using 10 psec
square pulses, and although éhe chafacteristic'éurves of the
five channels differed somewhat, it was found that they could
all be closely fitted, for purposes of analysis, by a function
of the form

(S45,) = C, +C; x+Cy x° +C3 © + Gy < (3.1%)

I
b ML N R . A A
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where S,» C, --- Cy are constants for a particular channel.

o
A troublesome problem concerns the variation of these
characteristic curves with time. It was found that the
response function depends somewhat on the amplifier snpply
voltages, and also that increased temperature has the effect
of shifting the curve of Figure 4.14 upwards. For these
reasons frequent amplifier calibrations were performed during
the course of the experiment to minimize calibration errors.

As may be seen in Figure 4.1%, the amplifiers respond to
both positive and negative signals. This is necessary since

the instantaneous voltage fed to the amplifiers from the photo-

multiplier anode may be either higher or lower than the average
voltage due to the night sky light, which correspénds to S = 0.

‘Also in Figure 4.14 is shown the sigﬁél amplitude repre-
senting fhree standard déviations of noise for this particular
channel, illustrating the app:bximate.full amplitude of the
noise distribution from the background night sky light.

For the measurement of pulse amplitudés a reference Bésé-_
line is produced by following each cathode-ray tube sweep by
another sweep (within 200 microseconds) during which the final

amplifier is driven into negative saturation.

Pulgse Discrimination -

In order to effectively sense the arrival of a pulse of
'fluorescenée light from an air shower over the distribution of

background noise, a number of requirements are imposed which
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make accidental triggering on background noise rather
improbable. These requirements are illustrated in Figure &.15.
The signal from each photomultiplier passes through a deiay
line and is sampled by‘high impedance taps at intervals of
0.8 usec, slightly less than the response time 1/Af of the
amplifiers. rThe taps are arranged into two groups of five,
separated by a gap of 1.6 psec, and added to form two new
signals, one approximately proportional to the integral of
the primary signal over 3.2 use? and one proportional to the
integfal of the'primafy signal over 8 pusec. A diode coinci-
dence circuit adds the requirement that thé.integrated signal
be non-zero from both groups of 5 delay line-taps§ that is, the
signal must be above the noise for at least 1.6 usec, the length
of the gap in the addition. This in general'prevents triggeging
of the recording System on very narrow pulses such as are
produced by the Cerenkov radiation from low energy cosmic ray
showers in the air directly over the detector or by Cefenkov
radiation from cosmic ray muons traversing the detector itself.

Two discriminators, which are referred to as "High"” and
"Low" and are adjustable 1§'parallel, then produte.outpht_
pulses whenever the signal, integrated over B psec and 3.2 usec
respectively, is well above theravérage integrated noise.

The generation of a "Master" pulse, which triggers the
recording system, requires that there be a "High" pulse in
any channel and, within about 8 psec, a "Low" pulse in at

least two adjacent channels, where we define "adjacent" by the {




Circuit Diagrams

Logic

A. For each photomultiplier

for Recorder Trigger
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chart below:

Figure 4.18

The counting rate of High, Low and Master pulses as a
function of discriminator setting can be calculated from the
following considerations: The mean number of photoelectrons

generated by the night sky light in one photomultiplier within

the response time 1/Af of the amplifiers is approximately 2000,

and since the emission of photoelectrons is a random process,
the distribution of this number may be conﬁidered Gaussian
with mean 2000 and standard deviation [2000 = 45. The
deviation from the Poisson distribution is less than 10€ up to
four standard deviations. |
Assume then that the noise voltage v at any instant obeys
& Gaussian distribution with mean 0 (since our amplifiers pass
only the AC component) and standard deviation o. The inte-
grated noise voltage from five taps iz therefore also Gaussian

with mean 0 and standard deviation ngo, assuming.the five

e




samplings are uncorrelated, and the added noise from all ten
taps follows a Gaussian distribution with standard deviation
10 o. |

The first coincidence circuit is placed before the dis-
criminator in order to first seiéct pulses wider than 1.6 usec
without demanding large pulse amplitudes. In fact, the diode
coincidence network in this case can be described to a good

approximation for small signals as performing the algebraic

operation
1 . 1,1
vo = 0 I ) : Vl, V2 S o

‘where v, is the output signal voltage

vy and v, are the two input signals,
and k is a conmstant, approximately equal to 0.7 in the
citcuits descrided here. N |

Exact analysis of the pulse height distribution of the
output signal v, is complex, but to a first approximation, 1if
v, and v, are Gaussian with the same standard deviation o, and
if we write P(v > x) for the probability that the noise exceeds
the level x within the resolving time of the associated ampli-

fiers, then
2 _
Plvy,>x) = 2 [2(v1 > 2kx)} (&.16)

provided x >> o, _ : -
The probability that the integrated noise voltage from



 five taps exceeds 2kx within the amplifier resolving time 1/Af

is _ 2
~ 1/ v
1 ‘?(Tsv_“) 5173
) P = ime dv | (.17)

)
~ QUE -25; e 5o » for 2kx >> [5o.(4.18)
Therefore the rate at which the coincidence output triggers

the low discriminator, when. the diseriminator is set to trigger

at a voltage level x, is

- -(?_lsx.. 2 |

. Ho

: Af

. . L ﬁﬁ e - 4.19
- ' _?L Mxk“x ° ( )
~ | provided the discrimination level is high enough to avoid

saturation of the discriminator. The discriminator produces
a standard 2 microsecond square pulse output regardless of
the duration of the excess. |

J The trigger rate of the high discriminator is given by

i the rate at which the integrated noise from ten taps exceeds

‘ the level x >

K : - M v )
- L F Y= - (%)
o x |

Y '
aE% e iGe, » if x »A0 o . (4.21)

Ot il ey - bk (- 2




The fipnal coincidence in Figure 4.15 ensures that every
firing of the high discriminator is accompanied by a firing
of the low discriminator.or, in other words, that a pulse
which fulfills ﬁhe amplitude requirement also fulfills the
minimum length requifément. | _

The triggering of the recording system requires a "high"
pulse from any one channel in coincidence with a "low" pulse
from an adjacent channel. From Figure 4.15, it may be seen
that there are 16 ways in which a "high" pulse and a "loﬁ"
pulse can combine from adjacent channels. Therefore the rate

of "master" trigger pulses is given by

Ry = 16 wR , . - (8.22)

where v is the effective resolving time of the coincidence
" elrcuit., Although the actual resolving time of the diode
coincidence circuit is about 2-usec, the signals being fed to
the discriminators are correlated over a longer period of time
since they are generated by integrating the primary photo?
multiplier signal over 4 to 8 microseconds. The effective
resolving time is approximately 8 usec since pulses of minimum
width in different channels can still register a coincidence
when separated by this amount.

When the discriminators are set to trigger at a level
equal to 4 standard deviations of noise at this point in the

amplifier chain, x/oc = 4, and

A MR A MR S . MW . eme e, e en s



Ry 60 counts/sec
Ry ™ 14 counts/sec
and therefore Ry ~-10—4 counts/sec = 4 counts/hour. When
the discriminators are.raised to x/og = 5,
Ry ~ 0.9  counts/sec
Ry ~ 0.07 counts/sec
and Ry ~ 815:_10"6 counts/sec = 1 count every 35 hours.
Clearly an optimum discriminator setting occurs somewhere
between x/c.; 4 and 5. |
This analysis illustrates how critically the accidental
triggering rate depends on diseriminator setting. The sensi-
tivity of the system to signal pulses however doces noé depend
strongly on discriminator setting, and therefore the discriminator
triggering levels may be set to yield an accidental counting rate
~ compatible with the time available for visual scanning of the film
record. _
The practice of integrating the incoming signal implies
that the discrimination against noise is:actually made on the
bagsis of the area of an input pulse. In a hypothetical example,
if a rectangular pulse of amplitude equal to n standard‘
deviations of noise and length sufficient to overlap m sampling
taps passes through the delay line, the mixer output will be a

pulse of'approkimately triangular shape, of peak amplitude

equal to mno, which will then trip the discriminator provided
mno > x. For example, the RMS amplitude of the noise in the.
delay lines is tyﬁically 0.06 volts on a very dark night and
the diode discriminators are then biased by about 0.25 volts




h

. attributed to pulses of Cerenkov light, emitted either from

to yield a trigger level near x/o = 4, 1In these circumstances
a light signal corresponding in amplitude to only one standard

deviation of noise will be sufficient to trigger the recording

system provided its duration is greater than 4 microseconds

in at least two adjacent channels.

In practice the brightness of the night sky may vary by
as much as a factor of 4 from night to night, and the dis-
crimination levels must then be adjusted by a factor of 2 to
retain the same x/o and hence the same accidental trigger rate.
Furthermore, it has been found that even when the discrimination
levels are set very conservatively (x/o = 5 to 6), frequent
pulses are recorded which are of sizeable amplitude but very

narrow, having widths approximately equal to the amplifier

response time. These fast pulses have been tentatively ;

small air showers in the atmosphere above the phototubes or :::
from the cores of small air showers traversing the phototube
units themselves, which have escaped the ﬁinimum pulse width
requirement by virtue of their amplitude.

Another troublesome source of spuricus triggers is
lightning flashes in which the rise of the light'intensity is
fast enough to be amplified and fed to the discriminator logic.
Fortunateiy these pulses leave a characteristic trace which
is easily recognized, being typically much longer than the
duration of the cathode ray tube sweeﬁs. The question of

interpreting such pulses is discussed further in Chapter 6.
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A sixth amplifier channel, identical in all respects to
the five phototube channels except for the photomultiplier
itself, serves to signal the presence of spurious electrical
pulses which may frqp time to time be fed into the amplifiers.
Connected to this spare channel is a highly céllimated photo-
multiplier (Dumont type 6364) which points aloﬁg the horizon
towards the Ithaca airport, an occasional source of fagt~
rigsing light pulses. These pulses are produced as part of‘an
aireraft guidance system which, fortunately, is only operated
in cloudy weather when the‘air‘fluorescenCe detector cannot be
ugsed. To ensure that such spuriou§ pulses are not recorded,
whenever the signal in this channel exceeds a discrimination
level corresponding to several standard deviations of night éky
- noise, an anticoincidence circuit, shown in Figure 4.19, pro-
duces a gate approximately 100 milliseconds long which vetoes
all master trigger pulses within thisg period.

The electronic.discriminatiog system described here is
of course only a partial answerffo the pfoblem of selecting
probable cosmic ray fluoreécence pulses. The film record must
still be scanned carefully for events bearing the character-
istics of a fluorescence pulse, such as a time displacement
of the pulse as seen in different photomultipliers.. Figally,
pulses which satisfy certain criteria of likelihood are

subjected to more thorough mathematical analysis.
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Calibration -

In order to calculate the absolute intensity of a pulse
of light from the recorded cathode ray deflectich and hence
the total energy of a cosmic ray air shower, it is necessary
to know the overall ;ensitivity of the detector in terms of
cathode ray deflection as a function of incident photon flux.
This is accomplished by following each master trigger, after
a delay of 100 usec to allow the cathode ray sweep to be |
coﬁpleted with a light flash lasting SO psec from a pair of
NE-51H neon lamps mounted symmetrlcally above the five photo-
tube units. These lamps have been calibrated and produce a
peak intensity of 6 + 3 xlO5 photons_pcr steradian-microsecond
in the wavelength range to which the phototubes respond. This
light is incident on the faces cf the photOtcbe units at an
average angle of incidence of 58° and results in a pulse of
photocurrent equal to 800 + %00 photoelectrons per microsecond
in the four horizontal photomultipliers, equivalent to about 6
_ standard deviations of night sky roise, and 1600 + 800 photo-
electrons per microsecond in the cpwards—facing photomultiplier.
This pulse passes through the amplifiers and is disPIayed on a
second sweep of the cathode ray tube. After a further 100 psec
delay, a third cathodc ray sweep occurs during which the
amplifiers are driven into negative saturation, to provide a
reference line for the measurement of pulse heights. Super-
imposed on this sweep are narrow positive pulses at regular 8

microsccond intervals which-serve as time calibrationrmarkers.



It is important that these time markers are fed into all
amplifier channels before the delay lines since small
differences in the delay time of the different delay lines
could otherwise spoil the time calibration between channels.

The three cathode ray tube sweeps are then recorded
superimposed on the same frame of film by the camera, whose
shutter remains open, before the film advances. |

The univibrator circuits which perform the above tasks
~ are shown in Figures 4.20 to 4.23. _'fhe complete sequence of
events.following the occurrence of a master trigger pﬁlse, as
outlined schematically in Figure 4.20, is then as follows:

In order that slow-rising pulses which trigger the
discriminators late in their historf'étill be fully recorded
on film, the signals pass through a 6 psec storage period in
all channels as well as the 8 psec delay in which the trigger-
ing decision is made. Therefore a fast pulse, which triggers
the logic as it passes the I.G_usecqéoincidence gap,.ﬁill
appear ofi the cathode ray screen approximately 9 psec after
the initiation of the sweep, which occurs at thé time of the
master trigger. The cathode ray sweeps are 60 usec.lbngs_Wﬁich
allows for the longest cosmic fay events hnticipated to be
fully displayed, along with segments of the normal night sky
noise. ‘ | | _

The neon calibration lamps flash 100 pusec after the master
trigger, and after é further 20 pusec delay to allow the signals

from this flash to pass th:ough-the'delay lines; the cathode

oo,
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ray sweeps are fired again to record most of the calibration
pulse.

At 200 microseconds, a 100 pusec gate is activated which
applies a large posi;ive voltage, the opposite of normal
| signal polarity, to the emitter followers after the
logarithmic amplifiers but before the delay lines in all
channels. This gate aléo allows the narrow time marker pulses
generated by the oscillator V3 to be fed to the amplifiers.
After a further 20 psec delay to allow this baseline pulse to
pass through the delay-lines, the third cathode ray sweep is
triggered. |

At an elapsed time of about 1 second after the master
trigger a pulse is applied to the camera circuits which, in
succession, flashes a lamp within the camera box to illuminate
the clock and counting register, advancés the film by one
fr#me, and advances the qounter”by one,

During this seqﬁence of eventﬁ a 5 second gate, generated
by the master trigger, pfevents other-puises.from entering
the univibrator circuits.. Thus the recording system has a

dead time of 5 seconds.

Accessory Equipment -

In view of the large distance (24 cm) in the K1328 photo-
multiplier tube between the photocathode and the first dynode
the question arose whether the collection éfficiency.for
photoelectrons would be decreased by the deflecting effect of

the earth's magnetic field. Tests carried out in the laboratory
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indicated that an improvement in signal of up to 50% might bé
gained by the application of external magnetic fields. The
most straightforward solution to this problem is to apply a
field so as to cancel as well as possible the earth's field.
- For this reason, a p;ir of Helmholtz coils with a separation
of one meter were constructed at the first detector station,
surrouhding_the five phototubes as shown in Figure 4.1, each
consisting of a single'square turn carrying a direct current
of 60 amperes, thus producing a field approximately equal and
opposite to thé earth's field at the center of the geometry.
In practice the effect of the Helmholtz coils was incon-
sistent, raising the gain of some units while decreasing the

gain of others. At least part of this effect may have been due

to the fact that the phototube containers were made of

galvanized iron and thus allowed the possibility of eddy currents

‘and remnant magnetic fields disturbing the collection of photo-
electrons. Furthermore, when it was found that even a 4% (0.2
volts) 60-cycle ripple in the coil current induced a sizeable
60-cycle signal in the amplifiers, the use of the Helmholtz
coil was abandoned. _

For the protection of the photomultipliers against damage
due to an unexpected flood of light, two safety devices were
incorporated into the automatic switching controls for the
phototube high voltage, a photoresistor switch and a pulse
integrator switch. These circuits are shown in Figures %.24
and %.25. The pulse integrator circuit uses a univibrator to

feed a standard 17 volt, 400 microsecond square pulse to a

P
, R e el e AR Acn Aan. AR ey e erE min
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charging circuit whenever a "High" output pulse is produced
in the discriminator logic of any of the five channels. A
difference amplifier then senses the charge on a 1 microfarad
capacitor and switches the high voltage off the photomulti-
pliers whenever the-total "High" trigger rate in the five
channels rises above 300 counts per second. A thermal delaj
relay holds the high voltage off for 45 seconds, after which
-time the ioltage switches on again. | _
The photomultiplier supply itself (Figure 4.26) remains
on permanently in order to avoid transient warm-up effects and
thus a variability in photomultiplier gain, while high voltage
relays perform the switching between the phototubes and a set
of 5-megohm dummy loads. 1In paréliél with these relays is an:
additional switching rélay which disconnects the master pulse
from the univibrator ciﬁcuits, thus alldwing master triggérs
to occur only when the photomultipxier high voltages are on
and further reducing the number of spurious events recorded.
The photocathodes are protected from direct sunlight
during the daytime by opaque mylar shutters which are clock-
controlled to be drawn open at sunset and closed again Sefore
dawn. A second 24-hour clock turns on and off the phototube
high voltages at times consistent with a twilight period and .
the rigsing or setting time of the moon. 1t has been fdﬁnd
that approximately 80 minutes of twilight must be allowed
before the night sky reaches near minimum brightness, and

similarly 10 minutes of lunar twilight must be allowed during
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most of the lunar cycle.

The phoﬁbresistor switch provides additional security
against mishaps by switching off the photomultiplier high
voltages whenever the background light approaches twilight
1nteﬁsity and holding the high voltages off for as long as
the brightness remains. This feature is particularly designed

against headlights of automobiles which may park near the

‘station, and power failures which may disable the clock

switches, .

In order to provide a permanent record of the periods in
which the photomultipliers are operating, and also to provide
an hour-by-hour record of the baékgronnd night sky brightness,
a linear amplifier circuit with a time constant of about 10
milliseconds, shown in Figure 4,27, drives a graphiéal recorder

with a signal proportional to the average RMS anode current

-(and thus proportional to the square root of the sky brightness)

in one chosen phototube channel.
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Chapter 5
THEORY OF ANALYSIS

LI 4

The observation of the fluorescence signal in principie
allows the determination of 6 independent parameters plus two
functions for an air shower event. Four of these parameters
describe_the geometrical position of the shower axis, one
describes the time of the event, one gives the total energy
dissipated, and two functions describe the lateral and
longitudinal_deveIOpment of the shower. The fluorescence
teehnique appears to be incapable of measuring the proportion
of muehs or the nucleon component, since the signal is
essentially all due to secondary electroms. Also, since the
A_relatively rare very high energy events that this technique is
suited to detect will occur at distances typically several
kilometers from a detector, there is little hope, or indeed
little advantage, in attempting to resolve ‘the lateral |
structure of the showers. As we shall See-in this chapter,
the ptesence of an 6bscuring noise with the signals dimits the
effective angular resolution 1h the preliminary experiment
described here to about 10 to 20 degrees at best, and we shall
hencefbrth consider the lateral distribution function
unmeasurable, approximating the shower path by a straight line.

The determieation of the geometrical position of the shower
is important for two distinct reasons: First of all, knowledge
of the geometry is essential for calculation of the total

- energy of the shower and for calculation of the frequency of

160




events per unit area, after a number of showers have been
recorded. Secondly, the azimuth and altitude of the "vanishing
foint" of the shower axis, along with the time at which the
event occurs, give the direction of the primary particle in
celestial co-ordinates which is important in answering
questions concerning isotropy.

The four geometrical parameters necessary to fix the
position of the shower axis may be chosen in different ways.
For example, the shower-detector plane may be described by two
direction cosines of a vector'orthogoﬁal to the plane (see
Figure 2.15) and the position of the shower axis in the plane
.bj the "impatt parameter” R and'the_anglg ¥ in the shower-
detector plane made by the shower axis with a horizontal plane

through the detector (see Figure 5.1).

<Ana1ysis of’Noxseless Signals -

COnsider now the reception of a perfectly noiseless air
shower fluorescence signal by the S-channel detector described
in Chapter 4. Let us assume that at any instant the light
source is seen by 3 adjacent channels, one of which is the up-
pointing channel. From equation (%.11), the angles of inci-

dence can be calculated from the calibrated signal amplitudes

sls 52’ sus by

cos 6, (Sl)up
cos 8, <= (S,) e (5.1)
cos 6, < (su)llp T



Figure 5.1
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where the subscript u refers to the up-pointing channel.
The altitude angle a and azimuth m within the appropriate
quadrant of the light source at any instant can then be found

by application of spherical trigonometry:
- _ I

cog 6, = sin a ' (5.2)
cos 8; = sin m - cos (a-30) (5.3)
cos 6, - = cos m - cos (a-30) (5.4)

where 30° is the angle of elevation of the horizontal tubes.

Therefore

5 (5.5)

and . ] S11/2
* cos(a-30 cos 91 cos 92)

- s{n a - cos §u + cos

s 2/p S 2/9‘ 12
R e
a a

which can be solved for the altitude a.

If more than 3 channels view the light source, the
position is over-determined and different combinations of 3
signals can be considered for independent determinations of a
and m,

‘To an observer, the linear shower axisg appears as a
section of a great.circle. Thus the collection of sourée
position determinations map out the shower-detector plane
directly. This plane may be described by the azimuth m, and

altitude a, of the orthogonal vector, which can be found from



any pair of source position determinations (my, a;) and
(m5, a,) by means of the equations

' cos tan a, - cos m, tan a
tan m_ = i 1 1 % (5.7)

° ’in_FI tan a, - sin m, tan a;
and
cos(m_. - m cos(m_ - m,) '
tan s, = - oo~ M) o8By T W) g
tan a, tan a,

Continuing our noiseless signal analysis, we may consider
the measurements as é series of determinations of the angle ¢
in the shower-detector plane between the horizon and the light
source, measured from the direction of the impact point, as a
funétiqn of Eime (see Figure 5.1).

The angle ¢ from which the firsE photon is received, call
it ¢,» glves the parameter y directly, if we can ignbre the-

finite thickness of the atmosphere, since

v = 18°-0¢ - (5.9)

o
(In practice the air shower is not initigted'for a depth of
typically 50 gm/cme, which may correspond to an altitude as -
low as 20 km, so that this determination of ¥, even witﬁ
perfect detection capabilities, could be gravely in error.)
In order to determine thé impact parameter R, we make use

of equation (2.79) and note that

O+ ¢ = 180“- Y = constant. (5-10)
Therefore
- ~de :
de . F (5.11)

and
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£ = E(1+cos s, (5.12)
from which-
d%s -c do c?
d—tg *~ gsiné g = 22 sin 6 (1l+cosg), (5.13)
leading to ]
g &
t .
R= -2¢ T = , (5.1%)
&)+ (52

& quantity which can be determined ip principle from each set
of three successive measurements of ¢, 7 _

It should be noted also that the parameter R can be found
more accurately by measurement of the initial value of -g% ’
since

o R e e ~ (5.15)
Furthermore, this ;:epresents‘a maximum value for ,g%' -and the
latter does not change rapidly with time near t = 0. 1In
practice this derivative may be evaluated at the earliest time
1in the shower when the signals are large enough to permit some
precision.

The parameter ¥ can be found, knowing the value of R, from
every determination of g—% » 8ince by inverting equation (5.12),
we have A ' _

v = cos~! (1 +-§--§%) - ¢ (5.16)
Note that for "receding" showers, ¥ must fall in the range
0 £ ¥ < 90°, whereas for "approaching" showers we have

90° < ¥ < 180°. These two cases are defined by whether or not

S A A . ——— e .
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the shower reaches closest approach before striking the ground
(see page 78), and can be distinguished observationally
simply by observing whether the full range of values of ¢

(=¢,) is greater or less than 90°,

The variation of :g% with the observed angle ¢ is

shown in Figure 5.2, where :g% is plotted in units of c/R.

It may be noted that w is equal to 180° - ¢,» where ¢ 1is the
c

value of ¢ for which = —3—

T %F | T
-

S

=41

Figure 5.2

In practice, the determination of y is most difficult for
approaching showers because of the limited range of values of
¢ for which measurements can be made. An approximation can be

considered which makes use of the fact that the time
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- compression of the signal from an approaching shower allows
little error to enter from the finite thickness of the
atmosphere. From Equation (2.83), the total pulse width At

. in this case is given by

c At = x - [x° - R® | (5.17)
where
x = & (5.18)
siny *
so that if the signal pulse width At is wmeasured, we have
I:cgsw - cotg - cé&t , (5.19)

which can be solved for ¥. (The above equation is also true
for receding showers.) )

Oﬁce the values of R and ¥ and the angles defining the
shower-detector plane gre.known, the lohgitudinal shower
function éan be determined from the recorded signal amplitude
function. As in Equations (2.84) to (2.86), let F(¢) be the
signal amplitude at the detector in photons/cme-sec, as a
function of the measured angle ¢. Then thé following reléé
tions hold: | ’

cos 8 = -cos (y+¢) -  (5.20)

gin @ = sin (¥ + ¢) _ (5.21)
sltitude z = X 2i2°(§2:? (5.22)

vhere B is the angle made by the shower-detector plane with

the zenith (equals the altitude angle of the orthogonal vector).
Then, from equation (2.86), the fluorescent yield Y(z)

in photons per cm is given by

I N T N

Ay % R R T T . S e B it i, By e o et bt e

.
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_ =l (5.23)
[1 _ ’CDS(W) ] sin{y+e
and the number of secondary particles N(E »t) at a depth

(R sin¢ coss| _ L S F(¢)
sin (y+¢)

t = __f fp(z)dz . gm/cm ' (5-24)
is found from Equation (2.75):
xe, 11 - 2572 y(z)
N(E,,t) = — ’ (5.25)

W (orip)el(T,) EO)

where the R in this equati@n is Che‘gas constant.

The zenith angle { of the shower axis can be expressed
in terms.of parameters above and is éiven by

cos{ = siny cosp . | (5.26)

The decermination'of'the'initial energy E of the primary
particle follows from the secondary particle function N(E,,t)
through-aniapproximate relationship between E, and the number
of secondary particles at shower maximum found from theoretical

electronuclear cascade calculations (2,79,106,107), namely

E (ev) = ox10? [?(Eo’ti] (5.27)
: max

or, more directly, from an extrapolated integral along the

fY:ds , - (5-28)

where E(z) is the conversion efficiency of the fluorescence

entire shower path

ﬁrocess_(equacion 2.68), and the extrapolation is made to



include the energy dissipated after the shower strikes the

ground, as well as correcting for the energy given to neutrinos

and high energy muoné, _

Equation (5.28) is particularly to be preferred over semi-
empirical relationsﬁips such as (5.27) since the validity of
conventional cascade theory is not well established. Indeed,
as we have pointed out éarlier, the air fluorescence technique
in principle offers a test of theories for very high.energy
longitudinal shower development.

Analvysis of’Signals with Nbi;e -

The inevitable presence of noise due to photoelectron

statistics seriously affects the foregoing analysis. E. Jenkins,'

in his thesis (90), has studied in detail the way in which the
background limits the accurate determination of the parameters
of an event. We shall briefly mention some of the conclusions
of this study, as well as touching on Jenkins' method of
maximm data éxtraction. B
Figure 5.3 shows four oflienkins’ computer-simulated air

~shower events, as they would be recorded with this 5~channel
detector, to illustrate the expected pulse shapes. The
parameters of these eventsrére as follows:

(8) R=3km, E = 5x10'9 ev, y = 56°, p = 25°

(b) R=3km, E, = 5xi0l° ev, ¥ = 30° p= 0°

() R=3km E, =5x1019 ev, y = 90°, p = 0°

{d) R =7 kn, E, = 2x10°° ev, ¢y = 27°, p = 14°

e
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(d)

(c)

' Figure §.3 Four Simulated Air Shower Events-
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Events (a), (b) and (d) are "receding” showers, while event (c)
is a vertical shower striking the ground at closest approach.
The-double lines indicate the envelope of the signal plus and
minus one standard ngiation of noise. The dotted lines show'
the time of reception‘of the signal from the point of impact
with the ground. For event (d) this time occurs 60 micro-
seconds after the point marked.

One of the first consequences of the desire to deal with
signal-to-noise ratios (as defined in Chapter 3) in the range
from one to ten ié.the need for a finite electrical bandwidth
in the recording apparatus, and hence a limited number of
possible independent signal amplitude measurements. This
requirement, together with the additional complication of a
Cerenkov light contribution at small impact parameters, sets
a lower limit to the discanée at which showers can be accurately
analyZQd”Of’ébbﬁt 1 kilometer in this experiment.

At larger distances, the signal pulse widths are generally
longer, and the more {ndépendent measurements of the angle ¢
in excess of three, the more accurately the shower-detector
plane is determined. Jenkins makes use of the known RMS
amplitude of the background noise (derived in Chapter 3) to
calculate the probable error in the signal amplitude for each
channel, which leads to a two-dimensional probability distri-
bution for the azimuth-altitude co-ordinates of the light |
source at any instant. The probable error in each source

position is inversely dependent on the signal-to-noise ratio

in the channel with the strongest signal, and 1s about 10°



for S/N = 10, but is 90° (completely indeterminate) for S/N < S.

However, the positioﬁ of the shower-detector plane may be
determined by a calculation analogous to a least squares fit
among the individual soﬁrce position determinations, leading
to a probable error in the orthogonal vector which is roughly
inversely proportionﬁl‘to the quality factor Q (discussed in
Chapter 3) and is about 5° for Q = 30.

Therefore the presence of noise still allows the shower-
detector plane to be fixed without serious error provided the
quality factor Q is greater than about 15, On the other hand,
determination of fhe-positidn of the shower axis within the
plane depends on effectively calculating the quantities %%‘and-
g%%-for which the probab}e error.due to the presence-qf noise
1z significantly greater, not only because more determinations
of ¢ are required to compute quantities depending on the
higher derivatives, but also because the finite resolving time
of the detector makes the highef derivatives become less
independent between successive readings. ‘Jenkins has applied
the technique of probability analysis to two simulated air
shower events, shown in Figures 5.4 and 5.5, both of the
"receding' class, generated with the addition of randoﬁ noise,

to find the following standard errors in the determination of

R and y:
Table 5.1
Standard Error Relative Standard
Event Q-value in ¢ : Error in R
(a) 27 34° 0%

() 22 20° | 100%

Rt n )
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The probability-distribution for R and y is highly non-
Gaussian. There is a strong correlation between R and ¥
because knowledge of-gég is in principle required to deter-
mine either parameter, whereas once one parameter is deter-
mined, knowledge éf-g% is sufficient to determine the other.
Accuracy in the determination of R isg required for estimation
of the total energj'of the shower and for estimation of the
frequency of events within a given area. Accuracy in the
value of ¢ is importanc for the reconstruction of the shower
curve, since the path travelled by the shower in reaching
ground level depends strongly on the zenith angle.
Therefore the~accuracy of the determination of the shower
curve, the total energy, or the counting rate'at-a.given
‘energy,_from data recorded at a single station, can be no
better than the accuracy to which R and ¥ are determined. (In
Practice the uncertainty in these quantities is further
increased by the +30% uncertainty in the fluorescent
efficiency.) | |
. If two detector stations view the same sbower,"hoﬁever,
the advantages of this stereoscopic viewing are enormous.
Even with no time information whatsoever, the determinations
' of two shower-détector planes define a'line of intecisection
which provides all four parameters of the shower axis itself,
'provided these planes do not intersect at a'very small angle.
Accurate relative timing between stations then allows
calculation of the light yield as a function of position along
the shower axis with little possible error, and thus
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reconstruction of the development of the shower.

For a more thorough discussion on questions of analysis
in the presence of noise the reader is referred to Jenkins'®
thesis (90). | |

Analysis of Nearby Showers -

When the impact parameter R for a shower is less than
about 2 kilometers, two of the approximations made earlier are
no longer valid; namely, we can no longer ignore either the
lateral spread of the shower or the Cerenkov contribution to
the light intensity. |

The lateral distribution of secondary particles may be
approximated by the function )

-rfb A | o
p(N,r) = 5§5§——- particle/m? | (5.29)

with a ~ 2x10™> and B ~ 74 meters at sea level (2). From this
we see that.the density falls off by a factor of 100 beﬁween
r = 1 meter and r ; 80 meters, and the apparént btightness of
thé'fluorescence falls off correspondingly rapidly. CIearly'
this can have little effect upon the interpretation of shower
signals unless the shower comes within 500 meters at closest -
approach. Even in this case, however, little error is intro-
duced into the shower analysis, since the measurement of thé
angle ¢ by the ratio of signal amplitudes in different
channels effectively averages over the light source and still
yields, to a first approximation, the.position of the shower

core.,



The presence of the Cerenkov emission, on the other hand,
requires significant modifications of the foregoing analysis
for the interpretation_of nearby showers and especially for
nearby approaching showers. Considering the Cerenkov light
alone, the geometricéi analysis presented earlier in this
chapter also applies to the Cérenkqv light, with the single
exception that the emission is anisotrOpic, being concentrated

rstrongly along the direction of the particles’ motion..=nisb;
‘whereas the fluorescence intensity indicates the number of
particles with energies-oﬁe: about 20 electron volts, the
intensity of the Cerenkov light reflects the number of shower

particles with energies above about E, = 40 Mev. (The average

threshold for the Cerenkov effect through the lower atmogphere °

is about 30 Mev, but the Cerenkov yield is small near the
threéhold, as is shown in equation 3.é6.) The fraction of
shower electrons with energies above 40 Mev, according to
cascade theory, is about 40% (79).

The angle £ that the emission makes with a particle
trajectory is gtven by (27)

cos £ = % o o (5.39)

where n = the index of refraction of air. The maximum value
for £ at sea level is 1.3°, and we neglect it in comparison
to the angular distribution of the shower particles themselves
due to multiple scattering.

Let the fraction of showef particles (of'energy.E) which
scatter into unit solid angle at an angle 6 be N(E,0).

e

e e
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Assuming that all such angles are small, we may normalize
- |

fn(z,e) ore d6 = 1 ., (5.31)

Let the fraction of shower particles in the energy range

-

(E,E+dE) be f(E)dE. Referring to equation (3.24) and noting
that the threshold velocity for Cerenkov radiation is given
by -
Bp = &, (5.32)
we may write the Cerenkov yield-per particle per meter as

prbportional‘to

Then the number of Cerenkov photons emitted into unit

solid angle per shower particle is

| T 2 | |
o=y, [[i-G) reocme e,
- Ey T | (5.33)

where Y. 1s the total Cerenkov yield per. .particle per meter

in the wavelength region 3400 & to 4500 & for g = 1.
Correspondingly, the number of scintillation photons in
the same wavelength range emitted into unit solid angle per

- shower particle per meter is

1 | photons - .
F&? =53 Y, ster. meter ° (5.3%)
At about 5 kilometers altitude, Y. = 5 photons/meter and
Ys ~» 3 photons/meter , (5.35)

and therefore the ratio of the Cerenkov flux to the scintillation

flux is simply
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Fe 5 Ep ¢
P-s- - sj-xihr f[l '(T) ]N(E,e)f(E) dE . (5.36)
| -2

The distributions N(E,9) and f(E) may be found in reference
79. Numerical integration of the quantity (5;36); using
BT = 30 Mev for 5 kilometers, then shows that

F,>F, forec<23°. (5.37)
In other words, because of the multiple scattering, the
Cerenkov radiation dominates over the fluoresence radiation
for @ < 230, which corresponds to a time

(8t)gey ™ 0.20 R/c (5.38)

in the frame of reference of an observer, independent of ¥
and B . Since the full width of the observed fluorescence
pulse; from (5;19), is

(At)Fluor - %cotg (5-39)

this implies that the Cerenkov emission dominates the entire
pulse for showers having v > 157°, which of course are the
strongly approaching showers; and in general the Cerenkov

emission dominates for a fraction 0.20 tan~g'of the duration

_of the pulse.

The Cerenkov contribution actually aids in the determina-
tion of the shower parameters, if the time resolution of the
detector‘allows it, since at every instant the signal aﬁpli-
tude is enhanced without affecting the values-of ¢, dz , and
g%%-. However, the determination of the shower curve N(Eo,t),
and hence the energy E o» Tequires knowing the relative

contributions of the two radiation mechanisms at each

Ty -’-"Tga_‘ e,



measurement, since we now have a linear combination

N(E,,t) = aF(z,t) + bF_(z,t) . (5.40)
The time dependence of the Cerenkov signal may be derived
by assuming a form for the function N(E,8). For example, if

we approximate

o< 1 A
EO) = S (5.41)

independent of E, we find close agreement with the cascade
t»heory‘ function with 6, - 140, Then, modifying equation (‘2.92),
the time variation of the Cerenkov signal is

 N(E_,t) | B2 2:2 |
F.(z,t) o< — %3 exp |- zz¢ (1 +T » (5.%2)
| Re(o, + <) -
where the exponential factor is included to account for atmos-
pheric-absorption. The Cerenkov signal £alls off as 1/t for
t << Rg/2c but then falls off as 1/ et s much more rapidly than
‘the fluorescence signal, for t >> Ra /2c.

T

Capabilities of this Experiment -

To summarize the efficiency of t:hi.s detection system for
air showers of various energies and at various distances, we
refer back to equations (3.18) to (3.23), which derive the
readability of an event as a funct:ion of shower size N and

impact parameter R.

T -

w 1 + cos8 _-kR A s(x,)

_This expression of course is only approximate, as it ignores
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(a) the variation of the readability with angle y (Figure 5.1),

. (b) the variation of the shower development with zenith angle

£, and (c) the contribution of Cerenkov light. However, with
these reservations in mind, we may apply (5.43) to find the
approximéte average‘counting rate for eventé of a given minimum
Q-value. ‘
Filling in the parameters for the 5-tube detector, ué have
A = phototube area = 0.1 m®
At = amplifier resolving time = 1.5x10'6 sec.
cAp = 3 steradians
8(A,) = 0.10 photoelectrons/incident photon
Y(Aoﬂ\s - 3 photons/meter—particle
B(A A, = 1.45x1011 photons/m® sec ster

Then a shower of N particles with impact parameter R meters

- produces a maximum signal of

_ -kR T
0.43 Née photoelectrons in 1.5 microseconds.

® - (5.4%)
The background from the night sky in this time is 4000 photo-

‘electrons, which corresponds to a noise level of 60 photo-

electrons in 1.5 microseconds. Therefore the peak signal-to-

noise ratio 18
S/N = 7.2x10" %e"m . ~ (5.35)

The number of possible independent signal measurements is

on the order of 2.2x10~ R, which leaves
' ~kR
- -3 Re
Q ~ 3 . 5x10 W . (5.46)

with R in meters.

—
3
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Let dI(N) be the rate of air showers in the size range
(N,NHdN). Letting N represent the number of secondaries at
maximum, we know approximately (24)

dI(N) - 80 Eg?g events/m? sec ster | (5.47)
or

dr g =X g;fN) ~ ng?B' events/m°> sec ster . (5.48)

Then the rate of showers of size greater than N is given by
I(>N) = events/m“ sec ster . 5.49
£5 ? e (5.49)

Now assume that Q = O unless the pulse width is larger
than 4.5 microseconds, a value set by thg requirement.that.at
least 3 independent pulse amplitude measurements be made for a
recorded pulse to be considered as a potential air shower

event. Although the total pulse duration is
at - %cotg . (5.50)

in practice, for receding events, the time dilation of the
receding part of the event reduces the sigﬁal amplitude so much
that the readable pulse duration is on the average only
At = R/c, We therefore must conclude that no events are
measurable for R < c(at) ;. = 1;35 kilometers.

Therefore the number of events expected with Q > Qo,and

having a ghower size N in the logarithmic range d(ln N) = dN/N
is
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R(N,Q,)
1Q>0q) - &;{_}g N | 2 ar (5.51)
- Boin "
- a0 i) - g, 7] s
(5.52)

where R(N,Q,) is the solution of equation (5.46) in meters, and
is o |
. -3 (n\2/3
- R(N,Qo) = 5.0x10 GQ;)- meters | (5.53)
in the absence of atmospheric absorption.‘

The function (5.52) has been evaluated numerlcally using
an atmospheric absorption coefficient k = 0.1 km~ 1 , corre-
sponding to very clear visibility, aﬁd a minimum Q-value ot
Q = 25. The distributioﬁ is shown in Figure 5.6. The detector
is most efficient for seeing air showers of about 1010 parti-
clés, or an energy of 2x1019 ev, Above N = 4x1010 the cosmic
ray spectrum may undergo Q cut-off, in whichrcase this distri-
bution of course over-estimates the counting rate.

We can also derive the distribution of readable events as
a function of distance of closest approach R. Combining _
equations (5.46) and (5.49), the number of events having Q > Q
which fall in the rangé (R,R+dR) 1is given by

Q> Q) = fp 2R B, R >Ry, (5.54)
0o
— -1.6KR
=3, 3x10-1° e_TT'B' for Q - 25, (5-55)

R -
vhere this time R is in units of kilometers. This distribution
is illustrated in Figure 5.7, again using k=0.1 km'l. Both

R A
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atmospheric absorption and the inverse square law combine to
prevent the detection of many measurable events from beyond
10 kilometers. -

The total éredi&ted counting rate is given by the integral

of equation (5.55) over all R, and is
1.6
I(Q > Q, ) = 3, 3x10"1° (éf) f -1. I“ -1. 6deR (5.56)

Bpin
/os\1.6
~ 3x10’7 (%2) events/ster. sec . (5.57)
o .

Taking the effective solid angle of the detector to be 4

steradians,

O

-“ -6 [25\1-6
I1(Q > Q,) = 1.2x10 T events/sec
- 7. -3 25 1.6 E - -.

= §,3x10 (Q_) events/hour . - (5.58)
This result is shown in Figure 5.8. For Q 2 30, which repre-
sents events that could be'analyzed with some accuracy, we may
expect approximately one'eéent.every 300 hours of good running
time. The expected frequency of coincidences between two
stations situated 10 kilometers apart is of course much 1ower.
However, any event that is viewed by two stations, provided a
colncidence is substantiated for example by means of a signal
between stations, then provides many times as much information
and thus may be considered as an event of much higher Q than

that indicated by an individual station.
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Chapter 6
RESULTS AND CONCLUSIONS

Three practically identical experiméntal stations of the
type described in Chapter 4 were constructed and put into
operation in the interval 1964-1966. These stations recorded
data for a combined total effective running time of 1000 hours.
This number represents the sum of the number of hours each
night during which the equipment in any one 5-tube station was
operating correctly, multiplied by a factor indicating the
f:actioh of the sky that was obscured by clouds or haze. The
actual time that the equipment was turned on totals approxi-
mately 2006 hours. _

The 1000 hours corresponds to an effective duty cycle
factor of 3.9%. This low percentage is the result of several
causes, listed below in order of decreasing importance:

(a) Sunlight and twilight

(b) Moonlight and moon twilight

(¢) Haze, clouds and rain

(d) Atmospheric electrical storms

- (e) Proper functioning of equipment.

With the exception of the rising and setting times of
the moon, which advance from 20 to 90 minutes pet &ay,wthe
stations were automatic in turning on and off and in recording
data. Consequently the equipmeht was frequentiy operating in
cloudy or even storﬁy weather when no possibiliéy of recording

a true cosmic ray event existed. Pictures taken during rain,

18R
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fog or snow conditions were frequently rejected a priori from

the scanning procedure.

A grand total of 110,000 pictures were recorded during

this experiment. Approximately 10,000 pictures occurred at

times of instrumental failure and another 10,000 during

extreme weather conditions such as lightning storms. The

remaining 90,000 pictures were scanned carefully for sets of

pulses bearing at least some of the following characteristics:

1.

6.

(e
8.

9.

An easily distinguished pulse in at least one channel,.
Some gemblance of pulses in at least one other channel,
The pulse height in the UP channel should be roughly
as large as that in other channels,

Pulses should be single-~-that is, no long absence

of signal between sizeable pulses in a single channel

, is desired,

Some difference in the time scale of puléés in different
channels,l |

Some differences in the amplifudes of pulses among the
5 channels, |

Pulse duration at least 3 microseconds,

No sizeable puise in the Control ("'Spare') channel,

No rapid éeries‘of cathode ray sweeps close together,
indicating a lengthy rise in light level, such as is
produced by lightning events,

No linearly rising pulse which continues longer than
the cathode ray sweep, {(also typical of lightning
flashes).

S



The initial film scanning for all three stations produced
a total of 263 pictures with some recognizabie pulses occurring
at times when the apparatus was apparently operatiﬁg-ﬁarmally. |
These events were re-scanned with the above criteria in mind,
and after rejecting_i39, mainly for failure to meet criteria
5, 7, 8 or 9, the reamining 124 events were judged to have
some remote possibility of having resulted from cosmic ray
showers. An example of one of these events is sketched in
Figure 6.1. A further 96 pictures were rejected on the bases
of criteria 2, 3, 4 and 7, leaving 28 events which strongly
suggested the presence of‘air showers but lacked sufficient
signal-to-noise ratios and/or durations for reasonable analysis.
Analysis was indeed attempted on se;eral of these events with
no success in even establishing a shower plane. |

Only 10 events from this last selection were of a quality
high enongh'to warrant careful analysis. A photograph of one
of these events is inserted on page 192. These pictures were
 gtudied carefully, and moét were subjected to analysis either
by the maximum likelihood computer program developed by
E. Jenkins and menﬁioned in Chapter.Sl Br‘by a graphical tech-
nique devised by G. Tanahashi equivalent to the description
following equation (5.1) of this thesis. All of these 10
events failed to satisfy the requirement that the appafent-
source of‘light-move in some general «direction in the sky to
yield a self-consistent determination of the orientation.of
the shower-detector plane, and none of these events yielded

credible information on the other shower parameters.

-
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Sketch of One Event as Recorded on Film
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Figure 6.2 Oscilloscope Display of One Event
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None of the events recorded in the 1000 hours have a
quality Q > 30. This may be compared with Figure 5.8, which
indicates that about 3 such events were expected."we feel-
that it is unlikely that our procedure of estimating the
expected counting rate results in an error of more than a
factor of 3. The most serious sources of error are (1) the
inclusion in the running time of periods when the atmospheric
transparency was substantially reduced, and (2) possible
exrrors in the prior information on the frequency of very high
energy primaries. As Figure 5.6 shows, the best recorded |

- events should be representative of shower sizes greater than
1010 particles where the primary spectrum is not yet well-
established. Although this experiment so far does not have
the sensitivity to challenge the estimated primary spectrum in
‘this region (24,97), we at least believe that the true flux can
be no greater than that shown in Figure 1.1.

We may note that if-the 10 marginal events selected above
are assumed to have been due to air showers, this number in

1000 hours would correspond well to Figure 5.8 for Q, = 15.

Narrow Pulses -

We have mentioned in Chapter 4 that pulses of sizable
ampiitude and unresolvable width were frequently recorded by
this apparatus. Attempts to determine the source of these
pulses were not wholly successful, but it appears likely that

at least some of them originated from radiation in the

b
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atmosphere. Evidence in favor of this point was provided by
operating two independent detector stations at a separation
of 50 meters for about 30 hours, during which time many
coincidences of very narrow pulses were recorded. No coinci-
dences were otherwise seen.- Although the frequency of these
fast pulses was not measured carefully, and in fact the
coincidence logic discriminated against them, they occurred
roughly once per 8 hours of running time. This rate is not |
unreasonable for that expected from air showers. The majority
of optical pulses satisfying a'given minimum signa}-to-noise
ratio independent of duration, are those due to the many low

energy showers which occur near the detector. Moreover,

the maximum amplitude for the pulse of Cerenkov light from

hearby air showers, from equation (5.37), is always greater

than the fluorescence pulse amplitude. Hence the frequently
recorded narrow pulses may well refléct the Cerenkov signals
from air showers h#ving energies on the order of '1017 ev or

less. o

Future Plans -

Several reasons exist for the low sensitivity of the wide
angle detector described here. Chief among these is the fact
that background light is collected by éach photomultiplier
from a wide solid angle--about 4 steradians. Also, the
sensitivity of each photomultiplier drops off rapidly with

increasing-angle of incidence. Thirdly, the dependence on




relative pulse amplitudegs for the determination of the light
source position demands accurate calibrations and large.
signal-to-noise ratios to avoid error.

It is clear that”this sensitivity must be greatly
increased to take adv;ntage of the special properties of the
fluorescence radiation for the detection of high energy air
showers at large distances. .A désign‘whicﬁ greatly alleviates
the above limitations is currently being developed by the
Cornell University Cosmic Ray Group and is described below.

The sky is to be divided into 500 sectors, each of solid
angle 0.01 steradian, by a ﬁetwork of 500 two-inch photo-
multipliers placed in the focal surfaces of OQL meter> Fresnel
lenses. Optical filters will reduce the night sky background
to a negligible level as well as eliminating the light from
filament lamps visible near the horiion. A cross section of

one lens unit is shown in Fignre 6.3. Triggerihg will be

accomplishéd by seeking a delayed coincidence between any two |

adjacent channels. The pulses are then to be diéplayed on a
lérge bank of 3-inch cathode ray tubes and photographed on
70-mm film, |

The improvement in signal-to-noise ratio by this design
over the five-channel system is gmpressive: The backgropnd
light is reduced by a factor of 4/.01 = 400. The two-inch
phototubes have cathode efficiencies typically 70% higher
than the 15-inch tubes. Thé effective area remains the same
(0.1 m?) while all angles of incidence are reduced-.to near |

zero. The determination of the shower-detector plane follows
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from the identification of the channels bearing pulses, with
no amplitude measurements necessary. Even ¢(t) and its
derivatives are found without reference to pulse amplitudes
and hence without reference to photomultiplier and amplifier
calibrafions. (Thesé latter are of course necessary for
reconstruction of the shower curve.) |

The net improvement in signal-to-noise ratio in each
channel, from eqﬁation (3.21), is a factor of 50 (with only a
factor of & increase in cost). Moreover, events may be
analyzable with signal-to-noise ratios a factor of 2 lower than
for the five-channel detector, so that the frequency of
analyzable events may be expected to rise by a factor of 1000.
Again, viewing an event simultaneously with two or more detector
stations will fix the position of the shower axis with a mini-
mum of error, but this will only be possible for a fraction of
&11 the recorded events.

It is hoped ultimately to combine the long-distance vision
-of the fluorescence technique with the dépendability of a large-
scale ground-based particle sampling technique in the same
location, to provide detailed information on the source direc-
tion an& shower structure of every very high energy primary
particle falling in the vicinity. Indeed, these two techniques
for air shower study are complementary in several ways: for
example, the ratio of the fluorescence yield to the muon
density at sea level may indicate the charge of the primary

cosmic ray. It is clear that such an amalgamation will

e N N



contribute much more information concerning the highest energy
cosmic rays than either technique alone. The locale in which
it is anticipated that these experiments will be joined is a
large area in the Piiliga state forest in Australia, near the
location of the Siding Springs Observatory and the Brown-Twiss
intensity interfercmeter. Extensive information on climate
and observing conditions in that vicinity indicates promise

that another important gain will be a factor of 3 or % in

useful observing time.
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