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We report the details of the design, operation and performance of the University of Utah Fly’s Eye detector which was built to
record the passage of ultra-high energy cosmic rays through the atmosphere via atmospheric fluorescence. Emphasized in the
presentation are (1) light production by charged particles in the atmosphere, (2) kinematics of an EAS as seen by the Fly's Eye, (3)
signal to noise considerations and its impact on detector design, (4) details of detector hardware and software, (5) detector calibration,
(6) techniques employed in measurement of shower longitudinal development profiles and primary particle energy, and (7) assessment
of detector performance by a comparison of Monte Carlo and real data distributions.

1. Introduction

The University of Utah has constructed a large high
energy physics/astrophysics observatory on top of Lit-
tle Granite Mountain, Dugway, Utah, approximately
160 km south-west of Salt Lake City, Utah. The ob-
servatory was designed to detect the passage of exten-
sive air showers (EAS) through the atmosphere by means
of the nitrogen fluorescence light given off after excita-
tion by the relativistic charged particles in the shower.
Experiments being carried out with the detector in-
clude: (1) a direct measurment of the proton—air cross
section at 572 =30 TeV, (2) an analysis of the primary
cosmic ray spectrum in the energy range 0.01-100 EeV
(10" eV) with emphasis on the 3 K blackbody cutoff
region near 60 BeV, (3) an extraction of the composition
of high energy cosmic ray primaries, (4) a search for
anisotropies in arrival directions, (5) a search for deeply
penetrating showers indicative of primary neutrinos,
heavy lepton production or quark matter in the primary
flux, and (6) a search for sources of y-rays near 1 PeV
(10" eV).

Previous experiments with EAS have involved
ground-based particle detector arrays in which the prop-
erties of the showers have been inferred from a sample
of the secondaries taken at a few locations along the
shower front at a single atmospheric depth [1], or
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Cherenkov detector arrays which employ fast timing
measurements of samples of the shower-generated
Cherenkov wavefront to obtain an integral history f
the shower [2]. In each of these cases, observations a
limited to small areas and low event rates for hi
energy showers as well as poor (if any) resolution
shower longitudinal development. The Fly’s Eye detel
tor was designed and built to overcome these (wo ex
perimental deficiencies. ; o
The attractiveness of the Fly’s Eye techniqu

unfortunately, tarnished somewhat by the low duty ¢y
(5-10%) imposed by the constraint of operating a :
field of view optical detector only on clear, moonle
nights. However, it was hoped that this effect coul

more than offset by detecting events at distance
perhaps, 20 km or more away from the observal
giving rise to an incredibly large fiducial area on IR
order of 103-10% km? sr. The experimental goals to-
carried out by the Fly’s Eye experiment depend
cially upon its ability to not only “see” the hi
energy cosmic rays at such remote distances but also!
see each event with enough clarity such that the et
of the primary cosmic ray can be ascertained-in &
model independent way. Furthermore, it was 2
ipated that shower profiles of a subclass of events
more restrictive energy range could be Wﬁll' k-
resolved that information on primary composition
proton—air total cross section could be obtainl?d: 1
following sections of this paper, we present desigh
operational details of the Fly’s Eye detector along
those results so far obtained which illustrate h )
this novel experimental technique has evolved 11 12
of the abovementioned goals. '

—ﬁ
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I.1. Brief description of the Fly'’s Eye

The Fly’s Eye observatory (fig. 1) consists of two
experimental stations (Fly’s Eye 1 and Fly’s Eye II)
separated by 3.3 km. Fly’s Eye I consists of 67 62-inch
front aluminized spherical section mirrors, associated
winston light collectors, photomultiplier tubes (PMT)
and data acquisition electronics. The Winston light col-
lectors and PMTs are hexagonally packed in groups of
either 12 or 14 light sensing “eyes” mounted in the focal
plane of each mirror. A motorized shutter system keeps
the eves both light tight and weather proof during the
day and permits exposure to the sky at night. Each
mirror unit and associated light sensing cluster is housed
in a single, motorized corrugated steel pipe about 2.13
m long and 2.44 m in diameter. The units are turned
down with mirror and open end facing the ground
during the day (to protect cluster and mirror from light
and weather), and turned up at night to a prede-
termined position so that each “eye” observes a desig-
nated angular region of the sky. In all, there are 880
eyes at Fly’s Eye I, which completely image the entire
night sky. The projection of each hexagonal “eye” onto

al view of the F]

the celestial sphere resembles the compound eye of an
insect; hence the name, Fly’s Eye. Shown in fig. 2 is a
picture of a single mirror housing unit and associated
optical cluster. Fly’s Eye II is a smaller array of identi-
cal units, 8 in all, with 120 total eyes. Fly’s Eye 11
observes roughly one azimuthal quadrant of the night
sky with elevation angles ranging between 2° and 38°
above the horizon.

Signals from each PMT are cabled to a central trailer
which houses all data acquisition electronics, computers
and living quarters. Each PMT is operated in a grounded
cathode configuration followed by a transconductance
amplifier to convert the PMT anode current to a volt-
age. The PMTs are serviced by a signal cable, HV cable,
and a 4-conductor cable carrying a test strobe input to
the pre-amp, +15 V supply and ground. All cables are
housed in grounded steel conduit to protect them from
weather, lightning, and certain undesired life forms
which populate remote desert areas.

Briefly, the central electronics consists of triggering
and pulse integral measuring circuitry, arrival time
latches, digitization and control electronics. The elec-
tronics operates under computer control and extensive

Wi y’s Eye I detector. The detector is located on top of Little Granite Mountain, elevation 860 g cm ™2,
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Fig. 2. Single mirror unit. A 62 in. mirror is housed in a large 2.13 mx2.44 m motorized, corrugated steel pipe. A cluster of 14
Winston cone light collectors, PMTs and associated preamps is mounted in the mirror’s focal plane. An optical pulser unit is.
positioned just inside the corrugated housing above the PMT cluster.

sofware exists for circuit diagnostics, data acquisition,
pattern recognition and system control.

On clear, moonless nights an operator at each site
activates the detector which records the pulse integral
and arrival times generated by each visible EAS as it
progresses across the celestial sphere. Whenever Fly’s
Eye I triggers, it sends an infrared flash of light toward
Fly’s Eye II which, if also triggered by the “simulta-
neous” observation of something in the night sky, re-
cords its own pulse integral and arrival times. EAS track
geometry may then be reconstructed either from hit
patterns and timing by a single Fly’s Eye detector or by
stereoscopic viewing and relative timing by both Fly’s
Eyes. Once the geometry of an EAS track is determined,
shower longitudinal development profiles and total
shower energy can be obtained on an event by event
basis from measured pulse integrals after suitable cor-
rection for light attenuation and Cherenkov light con-
tamination.

2. EAS light production mechanisms

The fundamental problem of detecting an EAS via
air fluorescence can be best imagined as follows: Con-
sider an apparent blue (actually near uv), 5-W light bulb

o ¥

streaking through the sky at the speed of light againsta 3
continuous backdrop of starlight, atmospheric airglow
and man-made light pollution. In addition, sporadi¢
sources of light such as lightning, auroras, airplane and
smokestack strobe lights (visible for hundreds of miles)
create a certian visual havoc. The task of the Fly’s E
is to pick out this faint, but fast signal from the ambi
background noise.

Four basic mechanisms contribute to the generat
of the light signal seen by the Fly’s Eye detector:
fluorescence, (i) direct Cherenkov light, (iii) Rayleij
scattered Cherenkov light, and (iv) Mie-scatte
Cherenkov light. Of these, fluorescence is the one Wi
relates most directly to the numbers of charged partic
in an EAS seen by any particular PMT. Fortunatel)'f
is the major light contributor for showers seen both
altitudes and impact parameters exceeding 2 km Of
relative to the detector.

2.1. Atmospheric fluorescence

Most of the energy of a primary cosmic I
dissipated in the atmosphere by the ionization
excitation of air molecules. Nearly
fluorescence comes from the 2P band
lar nitrogen and the 1N band system O

system of m
f the N m

Jar ion [3-5]. The measured fluorescence spectrum is
shown in fig. 3a. It is normalized to 4.32 y/MeV at
137.1 nm. We use an EMI 9861B PMT with a super
G-11 response which has a fairly uniform quantum
efficiency over the spectral range 310-440 nm (the peak
quantum efficiency is e=021 at A=360 nm). The
resultant fluorescent yield as a function of altitude
integrated over our spectral response is shown in fig. 3b.
It is mildly altitude and temperature dependent. The
mildness of the altitude dependency is the fortuitous
result of two competing effects: (1) the number of
excitations per unit path length is proportional to pres-
sure while (2) the fluorescence efficiency is inversely
proportional to pressure due to the increasing probabil-
ity of collisional de-excitation. The angular distribution
of the fluorescent light can roughly be approximated by
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where NV, is the fluorecent yield in photons/electron,/m
and N, is the number of electrons in the EAS gener-
ating the light. The resultant light yield corresponds to a
scintillation efficiency of only 0.5%. However, the poor
efficiency is compensated for by the overwhelming
amount of energy being dissipated by a 100 EeV EAS -
more than 1 J in 30 ps!

2.2, Cherenkov light

Electrons in an EAS (which typically overwhelm all
other charged particles by about a factor of 10?%) gener-
ate a prodigious amount of Cherenkov light which is
primarily beamed in the forward direction [6-8]. The
amount of Cherenkov light at any point along the
shower front depends upon the previous history of the
shower, and thus is not strictly proportional to local
shower size as is the case for scintillation light. Unfor-
tunately, directly-beamed Cherenkov light dominates
_}h.e light seen by the Fly’s Eye detector at emission
angles relative to the EAS axis of less than 25° which
makes the inference of shower size difficult for early
‘§t'ages of development. Moreover, as the Cherenkov
component builds up with the propagating shower front,
it‘]_Jna-rresult:mt intense beam can generate enough scattered
'_ﬁghl at low altitudes such that it competes with the
cally produced scintillation light from the rapidly-dy-
nstliltf;\:fer..Even $0, scatt~ered Cherenkov light usually

€s In worst case situations no more than about
er.:;:he total light seen whereas the directly-beamed

1 OV light at small angles may swamp scintillation
3 t.t}fez cfcactor of 102, These considerations severely

'ﬁrhich U:F}Ey Of. sh_ower size measurement for those
eteot(): 11 e within a kilometer or so of the Fly’s
e()bs(ﬂ'r:ru‘lice mugh pf the developing shower can
B €d at emission angles less than 25° under

ances. The Cherenkov problem obviously
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Fig. 3. (a) Atmospheric fluorescence spectrum emanating mostly
from the 2P band of molecular nitrogen and the 1IN band of
the Ny molecular ion. (b) Fluorescent yield (equivalent 360
nm photons/(electron m)) as a function of altitude (km).

becomes less of a nuisance for the more remotely-viewed
showers. An exact calculation of the Cherenkov light
signal (both direct as well as scattered) is quite com-
plicated and must be carried out numerically. Here, we
present simplified calculations whose results are accu-
rate to within roughly 10%.

A single relativistic particle in air produces N,
Cherenkov photons per unit length
dN‘y 1 v
4(17=2‘1Taf(17* anz)dc, (2)
where » is the frequency of the radiation and » is the
index of refraction of air. Practical limits for the range
of integration are determined by the spectral response
of the viewing optical system and the transmission
properties of the atmosphere. Since n =1, the above
integrand can be approximated as

1(Bn)2=1—(1—’“;"4)— (14+8)"2

2

mlc4

Sl E2 2 (3)
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where 8 = n — 1. The electrons in an air shower have a
distribution f(E) defined such that

F(E) = ["/(E)E @)

is the fraction of electrons in the shower with energies
greater than E. The rate of Cherenkov photon genera-
tion by N, electrons distributed according to f(E) is
then

dN, 2qa met
2

— fTNefdvf:f(E)(ZS# :

where E, is the Cherenkov photon production threshold
energy for a relativistic electron in air given by

E =mc? /28 . (6)

For an isothermal atmosphere approximation, § is ap-
proximately

8 =28,/ Ho, (7
where §, is the value of § at the local surface. At Fly’s
Eye altitude (860 g cm™2) 8,=2.4x10"* and the
atmospheric scale height is Hy=7.3 km.

The distribution F(E) has been evaluated by Hillas
[9] and found to be mildly dependent on shower age.
We use 1.0 for the age in evaluating F(E) since the age
of most particles observed in an EAS are not too
different from that value. Thus, we find

34.8
(404 + E)(1+107*E)

)dE, (5)

F(E)=

(8)

(with E in MeV). Therefore, to within a few percent, we
obtain

f:f(fs)(za—

Given that the bandwidth of Fly’s Eye spectral response
is roughly 250 nm we estimate

I’fTZC4
EZ

)dEﬁZb‘F(l.S’fEt), (9)

N,
d—;z33NeF(1.57El)exp(—h/H0) (10)
Cherenkov photons/m produced along the shower’s
trajectory.

The angular distribution of scattered Cherenkov light
has been calculated most recently by Elbert et al. [10],
and is due primarily to the angular distributions of
electrons in the shower. For the most important angular
region (f < 30°) under consideration here for direct
Cherenkov light, d N /d#@ is an exponential whose char-
acteristic angle 6, depends on Cherenkov threshold and
is given by

g, ~ 0.83E, 97, (11)
The resultant Cherenkov light production is then
d’N, dN, o-f/8

X v B (12)
d/dQ d! 27 sin 8

2.3. Rayleigh scattering

Light signals seen by the Fly’s Eye are both en-
hanced as well as diminished by two mechanisms,
Rayleigh and Mie scattering. Light scattering removes
light from a beam propagating towards the Fly’s Eye
from an EAS source while it enhances the source bright-
ness by scattering the accompanying Cherenkov light
beam toward the Fly’s Eye. Rayleigh scattering (scatter-
ing of light from air molecules) is proportional to
pdi/A%, where p is the local air density and A is the
wavelength of the scattered light. At sea level the
Rayleigh scattering length [11] is 23 km at 400 nm
which corresponds to a mean free path of xp =2974 ¢
cm 2. Thus, the amount of light Rayleigh scattered
from a beam of N, photons is

a2, o
FYRL S W )

For an isothermal atmosphere

p=poe "o, (14)

where p, = 0.00107 g cm™? at 0°C at Fly’s Eye altitude,
For the purposes of estimating the amount of

Cherenkov light scattered out of the Cherenkov beam

accompanying the EAS toward the Fly’s Eye at an angle

@ within an solid angle d© we have

d’N, dN, 3

—kdldg_ dl 16—w(1+C0526). (15)

2.4. Mie scattering

Mie scattering is scattering of light by small, par-
ticulate particles (aerosols) whose size is comparable to
the wavelength of light. It constitutes only a minor
correction to the light received by the Fly’s Eye detec-
tor. According to the observations of Flowers et al. [11],
the Dugway, Utah location of the Fly’s Eye is in one of
the most favorable, clean air locations of the country

where aerosol contamination is minimal. Also, the Fly's '_}r
Eye sits on a mountain top at high elevation which 15

also advantageous, since aerosol concentrations fall
rapidly with altitude.

Estimates of Mie scattering are based upon the model
of Elterman [12]. Here, for the sake of simplification,
Mie scattering is assumed to fall off exponentially with
altitude. The amount of light Mie scattered from a beait
of N, photons is approximately

any &e—h/ﬂm, (16)
d/ Ly :
where Hy; =12 km is the scale height, and Ly =148
60 ﬂmt‘

km, a typical Mie scattering mean free path at 3
The angular distribution is strongly peaked

in [he fOl"-"l

ward direction although not so strong as that of the

R.M. Baltrusaitis et al.

direct Cherenkov light. An approximate angular form
which works extremely well for angles in the range
50-60° is given by

El—d)ﬂ = ag o B (17)
where fy = 26.7°.

2.5, Attenuation

Measured light yields at a receiver must be corrected
for beam attenuation losses due to Rayleigh and Mie
scattering. Let the location of source and receiver be x;
and x, given in atmospheric slant depths, i.e.,

x=Xg g~/ Hogec @, (18)

where xo =860 g cm™?, the vertical “depth” of the

Fly's Eye detector. The Rayleigh transmission factor,

Ty, or that fraction of photons not Rayleigh scattered

from the beam can easily be calculated from eq. (13).
Since pd/ = dx we have

TR=EXP{_ ( |x1XRx2I)(4OOAnm)4}. (19)

For Mie scattering we obtain a corresponding trans-
mission factor, in this case relating the two heights of
source and receiver h; and h, by integrating eq. (16)
(hy>hy):

el 2]
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fexp(f %;))HM seCB/LM}. (20)

The overall transmission factor for a light beam
propagating from source to receiver is thus

T =TTy (21)

2.6. Total signal strength

Shown in fig. 4 are relative photoelectron yields
generated by a shower of size N, via the various light
generating mechanisms discussed above. The curves
labelled Sc, C, R and M refer to yields generated by
scintillation, direct Cherenkov, Rayleigh and Mie
scattered Cherenkov light. Scattered light is always in-
consequential during the early developmental stages of
a shower. Hence, the initial size of the shower can be
deduced by assuming that the received light is all direct
Cherenkov and scintillation light. This permits an accu-
rate estimate of the Cherenkov beam build-up which is
necessary for calculating those scattering corrections
which must be applied at subsequent stages of shower
development. Upon applying those corrections to the
total yield, the residual yield due to fluorescence can be
used to directly infer the size of the EAS as a function
of depth.

2.7. Noise

Essential noise mechanisms limiting detector sensi-
tivity include night sky radiation which is produced by
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8.4, Relative photoelectron yields produced via all light generating mechanisms as a function of altitude above the Fly's Eye (upper

m;z:nd EAS emission angle @ (lower scale). Sc is for scintillation light, C for direct Cherenkov, R for Rayleigh scattered and M for
3 attered Cherenkoy light. The curve labelled N, is the actual shower profile whose size is on the right.
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scattered starlight, diffuse radiation of the galaxy, light
from subthreshold stars, light from other galaxies and
intergalactic matter, sunlight scattered by interplanetary
matter and light produced by photochemical processes
in the earth’s ionosphere [13,14]. These sources of light
induce a dc signal in any phototube aimed at the night
sky and fluctuations in this dc signal constitute the
noise. An additional important source of noise is caused
by Cherenkov light generated by low energy cosmic rays
( E <1 PeV) which strike the detector head-on resulting
in a “rain” of sharp, fast pulses. In fact, this latter noise
source can be treated as a real signal if one is interested
in the physics appropriate to such low energy cosmic
rays. Other noise sources, such as airplane and smokes-
tack strobes, meteors, or fireflies, though an incredible
nuisance, do not constitute a fundamental problem.

In the relevant spectral region covered by our PMT
response, the night sky background averages about a
fourth magnitude per square degree [15,16]. This corre-
sponds o a brightness B of about 5 X 10° photons m~?
st~ ps™!. This value should be roughly doubled to
account for long term atmospheric airglow. Moonlight
at quarter phase doubles the amount of background
light while at full phase it makes the night sky more
than 10-20 times as bright, completely eliminating the
possibility of detector operation during such times.

The sky brightness fluctuates during the course of a
night but typically by no more than a factor of two
from detector turn-on to turn-off. More troublesome are
local wandering “hot spots” caused by certain stars,
planets and the milky way disk. The average brightness
seen by a Fly’s Eye PMT corresponds to about a first
magnitude star. Hence, when a star or planet brighter
than this (about 15 or so in the northern hemisphere)
enters a PMT field of view the dc background more
than doubles (in the case of Venus, it climbs 10-fold!).
This situation has been handled by programming all
input thresholds to keep count rates constant.

3. Fly’s Eye parameters

Establishment of design parameters for the Fly’s Eye
detector depends not only upon estimates of signal
strength and noise but also upon the kinematics of the
EAS signal source. The conversion of “apparent”
brightness to “intrinsic”” brightness depends upon accu-
rate geometrical reconstruction of the observed track. In
this section, we discuss the kinematics of an EAS as
seen by the Fly’s Eye detector and outline the technique
employed to reconstruct the geometry of a shower. We
then complete the appraisal of signal to noise and
discuss the resultant implications for detector optimiza-
tion.

3.1. Kinematics ‘

An EAS trajectory appears as a sequential track
propagating along a great circle projected upon the
celestial sphere. The PMT “hit pattern” determines g
plane in space within which the EAS trajectory lies,
Shown in fig. 5 is the trajectory of an EAS as seen by
the Fly’s Eye. Four parameters are necessary to com.
pletely specify the EAS geometry. The shower-detector
plane is specified by two parameters, the azimuthal ang
zenith angles of the unit vector # normal to the plane, |
This vector can easily be found by minimizing ¥Yr.p |
where r, represents the ith observation direction vector
toward a source on the EAS.

The timing sequence of the light pulse arrival times
can be used to determine two additional parameters
which characterize the orientation and distance of the
EAS trajectory relative to the Fly’s Eye. The expected |
timing sequence is derived from the fact that an EAS [

“—Shower Axis 5

Zenith

Shower
Detector
Plane

Fig. 5. Geometry of an EAS trajectory as seen by the Fly’s E)'e‘
The shower-detector plane contains both the EAS shower 4
the center of the Fly's Eye detector. It is specified by fits (o
spatial pattern of “hit” PMTs which must lie along 2 &F
circle on the celestial sphere. The angle ¥ and impact P?ram
ter R, are obtained by fits to observation angles x; V8 Hillg
observation.
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Fig. 6. Kinematics of EAS timing. Light received at the Fly’s
Eye from a point P on the EAS trajectory lags behind the light
arriving from oo (or the time of passage of the EAS shower
front) by a time: 81(8)= R /(csinb)— R, /(c tan )=
(R,/c)an(8/2).

propagates in a straight line at the speed of light. Thus,
the light reaching the observer from any point P (see fig.
6) is delayed from the arrival time of the passing shower
front by a time

R R R tand/2
8{(9)_ P P P

" csinf ¢ tanf c

, (22)

where 6 is the light emission angle from the shower
axis, From fig. 6 it can be seen that

xU:Xi+6! (23)

where x; is the observation angle in the shower-detector
plane of the ith phototube and x, represents the direc-
tion of the approaching shower. Thus

x‘-(I,)=x0—2tan’l(c(li—ta)/Rp). (24)

A best fit of the observed x;(r;) to this function yields
the parameters R, and x, which completes the specifi-
cation of the EAS trajectory.

: Application of the above reconstruction technique
yields fairly accurate results for tracks whose lengths
Cxceed a total subtended angle on the order of 50° or
0. Between 30° and 50° the technique can be applied
but with minimal accuracy obtained for the fitting angle
Xo- The accuracy obtained for the impact parameter
R_p,' even down to track lengths on the order of 30°,
pically remains quite good, usually to better than

- +30%.

If a shower is scen by both Fly’s Eyes I and II, a best
OWer—detector plane for each detector can be de-
mned and the intersection of those planes defines
shower trajectory. In addition, for each event ob-
b.y the two detectors in coincidence, a timing
TXELIS sent via an infrared optical flash from Fly’s

Eye I to Fly's Eye Il which permits clock synchroniza-
tion to within +100 ns. Thus, for each such event,
including the degenerate coplanar case where direct
stereoscopic reconstruction fails, a technique relying
simultaneously upon the extended geometry of both
detectors and absolute time recordings of all hit PMTs
regardless of position (either at FEI or FEII) has been
used to obtain the final geometry of the observed track.

3.2. Detector optimization

Using the constraints imposed by the kinematics and
signal of an EAS event as well as the noise caused by
the not-too benign night sky we can now estimate the
parameters required of a reasonably optimal Fly's Eye
detector if extensive air showers are to be seen via
atmospheric fluorescence. Clearly, any given eye in the
Fly’s Eye detector must be endowed with sufficient light
gathering power and angular resolution to pick out the
signal generated by an EAS against random night sky
noise. Secondly, since light from a shower is *com-
pressed” in time during approach and “stretched out”
in time when receding (see eq. (22)) and since 1 km <
R, Z20 km, the electronics must have a wide dynamic
range in time which greatly complicates trigger optimi-
zation.

For the purposes of making conservative estimates of
required detector parameters, we will consider only the
fluorescence signal which is N, = 4 photons/(electron
m) (eq. (1)). From fig. 6 we see that in a time A¢, the
EAS source as seen by the detector moves a distance

AL=A(R,/tanf) = cAr(1 + cosf) /sin’8, (25)
and the number of photons reaching the detector is
N, =NNALAe /% /f4mr?

(1+costl) 4

2

=N.N.

ety

—r/Ar

sind  dxr F L (26)
where 4 is the optical gathering area of a Fly’s Eye
mirror and Ay is the Rayleigh scattering length. Letting
¢ be the overall optical efficiency for converting photons
into photoelectrons and noting that R, =rsinf we
obtain the number of signal photoelectrons § generated
in a time At during which the track is in view of that
PMT

(1 + cosd) R
2
P

S§=N,N,c rdelt. (27)

47 R

The background noise N, due primarily to fluctuations
in the dc PMT current arising as a result of exposure to
the ambient night sky background is

N = (4eABAQAL)"?, (28)

where B is the night sky starlight background and AR is
the solid angle seen by a single PMT. The factor of 4 is
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used to account for an effective increase in starlight
background due to long term airglow and low energy
cosmic rays as mentioned in the previous section. Hence
the overall signal to noise o is

S 1+cosf) _ eAAr 2
G:‘ﬁzNENTCLm—)c r/AR(m) (29)
Clearly, one optimizes signal to noise by maximizing e,
A, At and minimizing AS.

A few words about A are appropriate. Essentially, it
is an integration time over which noise fluctuations are
“smoothed out”, A priori one does not know this time
since it is event dependent. Events detected by the Fly’s
Eye can generate pulses whose widths range from 50 ns
to 10 ps! Hence, to take full advantage of time integra-
tion in minimizing noise, we have employed a parallel
triggering system with different time filters in order to
trigger on nearby as well as distant events with opti-
mum efficiency. Assuming optimized efficiency, A¢ in
eq. (29) can be approximated by A7 ~ R ;A8 /c. Further-
more, we note that Af, the linear angular resolution of
the detector and ASQ, the solid angle resolution, for an
//1.0 mirror can be expressed as
7d?

and AQ=—, 30
4p? (30)

d
AG—D

where ¢ and D are-the diameters of the PMT and
mirror aperture respectively. Neglecting the cosf angu-
lar factor, we obtain

NN, (f_)]/ze_"ﬂ\R eD*\'?
87 R;ﬂ d

(31)

o=

B

for an estimate of signal to noise in terms of convenient
detector parameters.

Final choice of detector parameters involves consid-
erations other than signal to noise. In particular, enough
points along the shower trajectory have to be sampled
in order to accurately reconstruct the geometry of the
shower as well as to provide reasonable resolution of the
shower profile. Such considerations led us to the conclu-
sions illustrated in fig. 7, in which are plotted the
number of phototubes actually needed to image the
entire sky along with time and cost of Fly’s Eye con-
struction in order to achieve a given angular resolution
and number of track sampling points. From such an
analysis, we concluded that 880 PMTs with an angular
resolution of Af ~ 0.09 radians and Al ~ 0.066 sr would
be required for a reasonably optimal Fly’s Eye detector.

Resultant energy triggering thresholds and event rates
depend on the actual signal to noise value practically
obtainable. We estimated during design studies that a
40 triggering threshold should be achievable and would
result in only a few noise triggers per event. Given that
the noise spectrum is so steep, only mildly lower trigger-
ing thresholds would jam the system, while higher ones
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Fig. 7. Design—cost optimization. Five curves are shown: Error
in shower size determination due to errors in (1) geometrical
reconstruction g, OF (2) photoelectron statistics €, Vs number
of viewing cells of given angular aperture along the bottom
axis. The number of such cells required to completely image the
entire sky is shown on the upper axis. The other curves include
(3) the time resolution 7 required for the electronics servicing
each cell, (4) the time T and (5) the money § required to
construct a Fly’s Eye.

would result in loss of data. Actual noise rate measure-
ments summed over 880 tubes looking at all directions
in the clear night sky are shown in fig. 8. Also indicated
is the threshold required to maintain a single PMT
count rate at 50 Hz. The line superimposed on the data
is the upper tail area function of a Gaussian probability
distribution which describes the data almost exactly.
The equivalent o scale is shown along the upper X-axis.
It can be seen that resultant thresholds correspond
almost exactly to 4a as expected. Since thresholds are
automatically set by computer to fix PMT count rates at
50 Hz, the Fly’s Eye detector is always as sensitive as it
can be.

Finally, we convert electron size N, to energy in
order to obtain an estimate for energy triggering
thresholds and event rates. We take [17]

E=1.6x10"°N,

Also, letting D=1.6 m and d=55 in., final values
chosen for mirror diameter and PMT aperture to achieve
the previously mentioned angular resolution factors, We

obtain
E(EeV)=0.1R¥?eRe/M (R, inkm), (32

where all angular factors have been ignored. Thus,

should be feasible to trigger on EAS showers of encté

E~01EeVatR,~1kmand E ~100 EeVﬂtRp"z
km. Shown in fig. 9 is a scatter plot of E vs Ry fo
approximately 4000 real events detected by the F[Y'
Eye. The solid line (eq. (32)) represents the above St ‘

(E in EeV). (G1)

- =01 R‘pjekp/h

R ERm—..
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Fig. 8. Noise rates vs threshold and equivalent signal to noise
ratios o =S/N. The curve through the data represents the
upper tail area function of a Gaussian distribution. The data
points represent sums over 880 tubes looking in the five zenith
angle rings comprising the Fly’s Eye, ranging from 8, =0° out
to 8, ~ 82.5°. Fixing PMT counting rates at 50 H, effectively
forces triggering at a signal to noise ratio of 4.0.
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Table 1
Fly's Eye detector parameters

Number of mirrors
Diameter of mirror 1.575 m

Focal length 1.50 m

Number of PMT (and Winston cones) FE I: 880, FE 11: 112

FEI: 67, FEIL: 8

Mirror obscuration 13%
Mirror-cone efficienct product ~70%
PMT EMI 9861B
Peak quantum & at 360 nm 0.21
Angular aperture /PMT 91.5 mr

Solid angle/PMT
Number of electronics channels FE 1. 2640, FE 11: 336
Charge dynamic range 10° linear

Time resolution 25 ns

6.57 msr

ple estimate of minimum energy required for detectabil-
ity at any R . Clearly, the simple analysis presented
here is approximately correct. The events below the line
at small impact parameters represent Cherenkov as-
sisted triggers. Using the current best estimate for the
integral cosmic ray spectrum [18] we obtain rough
estimates for anticipated number of triggers per year

N(>E)=1I(>E)A§(E)1, (33)
where A%(E) is the aperture of the Fly’s Eye as a

function of energy and 7~ 2x10° s, the amount of
observing time available each year. We obtain

E>01EeV: I=3x10""m 2sr 's71,
A% =107 m* st, N = 6000 events,
E>100FeV: I=4x10""m 2sr!s7!,

A =10° m? sr, N =1 event/y

as event rates that can be anticipated for a Fly's Eye
detector with parameters outlined in table 1.

4. Detector operation
4.1. Electronics and software

The Fly’s Eye detector operates under computer
control. Main control functions deal with automatic
adjustment of 'thresholds to maintain constant count
rates at the 4o triggering level. Simply raising thresholds
and running “open loop” is obviously possible but
would result both in reduced aperture as well as a loss
of track length information which would severely com-
promise geometrical reconstruction. Control also exists
for changing trigger requirements, activating and
deactivating specific sensors, monitoring light collection
efficiency, both external and internal temperatures, elec-
tronic gains and pedestals, positioning mirrors and ex-
posing photomultipliers to the night sky.

Data acquisition software runs on a PDP 11 /34 with
128 Kwords of memory, a 30 Mbyte Winchester disk,
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Fig. 10. Block diagram of the Fly’s Eye data acquisition electronics.

and 3 RKO05 2.5 Mbyte disks. The operating system
currently in use is Digital Equipment Corporation’s
RSX-11M v4.0, a real-time, multi-tasking software sys-
tem. Data acquisition is interrupt-driven with all 1/0
performed under programmed, parallel I /O via a num-
ber of 16 bit 1/0 external data busses connected to the
PDP 11,/34 unibus via DEC’s DR11 parallel interface
units.

When Fly’s Eye triggering conditions are met, an
interrupt is generated by the master coincidence unit
which causes the computer to: (1) Read in all “hit” bits
to determine which signal processing boards are holding
analog information needing to be digitized and which
timing “latch” boards are holding arrival time data. (2)
Send commands to digitize and read in all pulse-in-
tegrals currently being held. (3) Digitize and read the
operating thresholds of all PMTs that fired. (4) Read
the latch timing boards to obtain the relative firing time
of each PMT. (5) Read the precise time of day (+1 ms)
from a WWVB clock. (6) Store all information on a disk
file. (7) Pass relevant information to an LSI-11 com-
puter which then displays the event in *real-time” on a
3 ft diameter hemispherical dome representing the celes-
tial sphere. A block diagram of the data acquisition
electronics which performs these tasks is depicted in fig.
10.

Typically, it takes about 1-10 ms to process a single
event. Trigger rates are about 1 s! and dead time
about 1%. All analog integrals can be held for 20 ms to
within a few percent of their original value prior to
digitization. Threshold adjusting to stabilize count rates
at 50 Hz and any other currently executing tasks such as

temperature and voltage monitoring are immediately
suspended upon the occurrence of an event interrupt.
The main data acquisition task, among other things,
monitors the operator’s teletype keyboard for operator
commands and performs them when called for. Com-
mands include manual threshold control, activating and
deactivating selected tubes, mirrors or groups of mir-
rors, changing running parameters such as minimum
and maximum thresholds, count rate intervals and
windows, trigger requirements, plotting histograms, re-
cording all temperatures from a large array of both
external and internal temperature sensors, getting status
reports, displaying events, logging operator messages,
monitoring the infrared optical trigger from Fly’s Eye
to Fly’s Eye II, and enabling and disabling data acquisi-
tion. In general, these commands permit an operator (0
easily bring the Fly’s Eye detector into operation and to
quickly ascertain that it is performing properly.

4.2. Optical calibration

Converting measured photoelectron yields into num-
bers of photons requires a knowledge of the overall
efficiency-gain product eG, of each Fly’s Eye data chan-
nel. An absolute measurement has been performcd ona
single channel and the G factors of all others h?ve
been obtained by relative normalization. In situ optical
pulsers continually monitor the ¢G factors for each data
channel at all times subsequent to the time of absolute:
calibration.

Absolute PMT quantum efficiencies, mirror and
Winston cone reflectivities were measured in the 1abor

R.M. Baltrusaitis et al. / The Utah Fly’s Eye detector 421

tory and the following values obtained

Epmt = 0.212 £ 0.015, £, =0.80 + 0.05 and &0
=0.83 +£0.04 giving an overall product efficiency of
¢=0.141 + 0.016. The gain factor G includes PMT
gains, preamplifier transconductance, finite cable dc
resistance, charge-integrator board input impedance and
voltage-time input to digitized voltage output conver-
sion factors. The resultant overall gain is:

G =0.757 + 0.076 mV /photoelectron.

Thus, the absolute number of quanta seen by the ith
PMT is N,, = V,/(eGn,), where V; is the digitized volt-
age and n; is the ratio of teh G factor of the ith data
channel to that of the one whose absolute value is
known. Typically, values of #, are known to +5%
accuracy. Hence, errors in absolute quanta measure-
ments, 6N,, are on the order of +16%.

Relative efficiencies m; are monitored by optical
pulsers permanently installed in each mirror housing
unit. The optical pulser consists of an argon flash bulb
with an optical fiber bundle to transmit the light flash
to the mirror’s focal plane. On computer command, an
optical flash illuminates each mirror uniformly and the
response from every PMT is recorded. Resultant pulse
height distributions (~1.5% fwhm) are used to de-
termine all relative efficiencies 7; on a nightly basis.
Each year, a new absolute measurement on the standard
channel is performed and all in situ optical pulsers are
re-calibrated. None have been found to drift more than
3% between absolute calibrations.

Overall absolute efficiencies for all 1000 tubes typi-
cally degrade no more than 20%/y. Efficiency loss is
due primarily to tube gain drift and mirror-cone reflec-
tivity degradation. All mirrors are cleaned and re-
aluminized once a year to recapture efficiencies. Win-
Ston cones are protected from the environment some-
what better and need replacement once every 2-3 .

As a final check on optical calibration (as well as
calculations of Rayleigh and Mie scattering) a pulsed
Nitrogen laser has been installed at Fly’s Eye II and
aimed over Fly's Eye I at a variety of different zenith,
éI‘Zimuth angles and impact parameters. The scattered
]{ght from the upward-going laser light pulse simulates
light emission from an extensive air shower. The ab-
Solute light yields measured by the Fly’s Eye for each
laser pulse can be used to calculate the number of
Photons in the pulse given a knowledge of its trajectory
nd a correct treatment of both Rayleigh and Mie
Sallering as outlined in sect. 2. The resultant estimates
-‘z:e'tai;i laser’s photon source strength based on Fly’s Eye
'ﬁleasurcmems of the scattered light agree with direct
._odfements of the laser output to within 20%. The

fement obtained implies that (1) absolute Fly’s Eye
.1 calibration is well known to within estimated
‘“f_nental errors, and (2) the treatment of Rayleigh

1€ Scattering of g propagating light beam through
Mosphere has been treated adequately.

4.3. Checks on geometrical reconstruction

The techniques of track reconstruction described in
sect. 3 have been applied to a series of “upward-going”
showers generated by an array of collimated xenon
flashers which are permanently positioned around the
Fly’s Eye detector. The flasher units are battery powered
and activated by photodiode sensors to fire at two hour
intervals between sunset and sunrise. A permanent
flasher has also been installed at Fly’s Eye II and aimed
over Fly’s Eye L This unit is triggered to within +1 ms
by a WWYV clock every hour on the hour, thus providing
an accurate time fiducial for each Fly’s Eye well as a
spatial fiducial for Fly’s Eye I. In addition, a mobile
xenon flash unit was fired vertically from each of 20
equally-spaced azimuthal positions on a 2 km radius
circle around Fly’s Eye I. Thus, fiducial tracks have
been generated for every mirror in the Fly’s Eye detec-
tor. As a final check the nitrogen laser was fired over
Fly’s Eye I at a variety of angles and impact parameters
to search for any systematic geometry-dependent recon-
struction problems.

Shown in figs. 11 and 12 is an example of the
reconstruction of a trajectory generated by measuring
the scattered light of a laser pulse. Fig. 11 illustrates the
fitting technique employed to determine the shower-de-
tector plane. The figure is a projection of the celestial
sphere onto a horizontal plane. Zenith (due overhead) is
located in the geometric center while the horizon is
represented by the dashed circular line. Each “hit”
PMT is given by a number with each number repre-
senting the firing time order. X’s represents noise, i.e.,
hits which occurred during the event gate but correlated
neither in time nor space with the real event PMT’s. The
line through the track represents the best plane fit.

Fig. 12 illustrates a fit of the function given by eq.
(24) to the observing angles vs arrival time. Resultant
geometrical parameters obtained for the event are shown
in the insert. The laser was actually fired at a zenith
angle of 65° and impact parameter of 1.31 km, in
excellent agreement with track parameters obtained from
the fit.

Shown in figs. 13a and 13b are distributions of the
difference in zenith angle &6, and impact parameter
dR, from known values for all vertical-going xenon
flasher pulses generated at the 20 equally-spaced
azimuthal positions around Fly’s Eye I. The rms recon-
struction errors for all these trajectories are 1.7° and
100 m respectively. The non-Gaussian tails in the distri-
butions are due to the presence in the data of a wide
variety of track lengths ranging from 40° to 120° each
of which is Gaussianly distributed with a different width.
The most probable fitting error estimated for all events
is 1.7° which agrees with the o of the distribution of fig.
13a. We infer that inaccuracies inherent in the geometri-
cal reconstruction process are well-understood.
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Fig. 13. Distributions of reconstructed (a) zenith angle and (b)
impact parameter deviations from known values for 20 fiducial
xenon flashers located at 18° azimuthal intervals around the
Fly’s Eye detector. Fiducial tracks from these flashers have
been generated through the field of view of every mirror in the
Fly's Eye array. The o’s of the distributions are 1.7° in zenith
angle and 100 m (out of 2 km) in impact parameter.

Finally, in figs. 14a and 14b, we show the distribu-
tion of differences in 6, and R, obtained by single eye
and steroscopic reconstruction for a sample of real
events observed simultaneously by Fly’s Eye 1 and I1.
Each difference has been normalized to the rms value of
the sum of squares of the single eye and stereo fitting
CITOrs on an event by event basis, thus “pulling” the
re.sultam distribution towards a Gaussian of anticipated
Vf'ldth lo. Indeed, the resultant distributions are essen-
tally Gaussian and no systematic differences within
anticipated errors are to be found.

S. Data analysis

5' i
L. Size and to1al energy measurements

The chief v

i irtue of the Fly’s Eye detector is its

verti ot
.:;Hze‘i‘ ability to make total energy measurements
Metrically in a model-independent way. The anal-
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Fig. 14. Distribution of measured (a) impact parameter devia-
tions RPULL = t31‘?p/(-:rl2 + 0#)!/% and (b) zenith angle devia-
tions TPULL = 88, /(o, + 07)'/? between single eye (1) recon-
structions and double eye (2) reconstructions. The distributions
should be Gaussian with a 1o width if errors are properly
estimated. A small (about 1/3¢) systematic shift can be seen in
the R, data which implies that single eye reconstructed events
may have slightly larger impact parameters than estimated.

ysis procedure is carried out in several stages. First,
trajectory parameters are reconstructed as previously
described. An example of applying both single eye as
well as steroscopic reconstruction to an event observed
simultaneously by Fly’s Eye I and II is shown in figs. 15
and 16. Resultant geometrical parameters and associ-
ated errors are indicated in the figure inserts. Also,
during this stage of analysis, pulse integrals for each
PMT are corrected for pedestals and relative efficiencies
and then converted into photoelectron yields.

During the next stage of analysis, the EAS longitu-
dinal size N, as a function of atmospheric slant depth is
calculated using an iterative process to remove the pho-
toelectron contributions due to the direct and scattered
Cherenkov beam. Shower size at the calculated depths is
then determined from the number of residual photoelec-
trons presumably due to the atmospheric scintillation
process. Finally, each resultant longitudinal profile is
fitted with two functions in order to obtain best esti-
mates of (1) the shower size at maximum development
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Event 459 Nopaxs (2) the location of maximum development X,
67:50.3 + 1.0° and (3) the track length integral of the longitudinal
@ -196.5 £0.7° development profile [N,(x)dx. The two functions used
Rp=1.8 £0.1km N are: (1) An unconstrained (3 free parameters)

Fig. 15. Stereoscopic reconstruction of an event seen simulta-
neously by Fly's Eye T and II. The lines drawn thru the dots
(indicating “hit” PMTs at each eye) represent the best fit for
each of the two shower—detector planes. The intersection of the
two planes gives the EAS trajectory whose parameters are
indicated above the figure.

Gaisser— Hillas shower development function of the form
(17]

X%
N () = N

)‘ X nax — X0 )/A
max X0

e(xmnx_'\-)/h’ (36)

where x, is the depth of first interaction and A =70 g
cm ™2 and (2) a Gaussian. An example of applying these
two fits to the size data is shown in fig. 17. Even though
the Gaisser—Hillas and Gaussian functions have differ-
ent shapes the integral of the shower [Ndx can be
estimated directly from either of these two fits with an
accuracy indistinguishable from each other or from
estimates based upon direct numerical integration of the
data points. Finally, the energy of the primary particle
is obtained from the integral of either the Gaussian or
Gaisser—Hillas integral:

E=?szc(x)dx, ) (37)

where &,/x, is the ratio of the critical energy of an
electron to the radiation length in air [18]. This ratio
converts track length integrals into total energy loss by
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Fig. 16. Timing fit for Fly's Eye I data only for the same event reconstructed stereoscopically in fig. 15. The geometrical pa
(R, 0., ¢, etc.) reconstructed by each technique agree within errors.
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Fig. 17. Shower development curve (numbers of electrons vs atmospheric slant depth). Two fits have been employed to estimate
shower parameters. (1) a Gaisser—Hillas (solid line) and a (2) Gaussian (short dashed line) fit. The parameters and associated errors

are listed for each fit.

egxcitation and ionization [19]. We take g, =81 MeV
and x,=37.1 g cm™? giving an energy loss rate of 2.18
MeV electron™' g cm 2. In additon, we apply roughly a
10% correction to account for undetected energy lost
via: (1) undetected neutrals that fail to quickly decay
into detectable charged particles before striking the
ground, (2) a significant number of high energy muons
or (3) nuclear excitation by the hadrons in the shower.
We wish to point out that this particular assignment of
energy to the incoming primary cosmic ray is virtually
independent of any high energy physics models, a situation
that holds true for no other EAS detector of which we are
aware. The energy assigned to the shower depicted in
figs_.lj,]‘] is E=(0.55+0.04) EeV while the size at
Maximum is N (5.0 + 0.28) x 10® electrons. The ratio
B, =11 GeV /electron is close to a value based
fbon Monte Carlo simulations of EAS in this energy
'eglon using high energy cross sections measured at
;‘c}fif!icrator_ energies along with radial scaling [20,21].
ros Value. is also. close to that estimated by Linsley [22]

M a wide variety of cosmic ray data and in direct

F;;g;? with predictions based on Feynman scaling

3.2, Real vs-Monte Carlo response

A ; . )
Monte Carlo simulation of the Fly’s Eye aetector
€N performed in order to calculate the com-

plicated energy-dependent detector aperture as well as
to check the validity of the overall analysis procedure.
An isotropic cosmic ray flux incident upon a model
atmosphere [25] has been generated by selection from
quasi-random trajectories and depths of first interac-
tions. The resultant EAS is then developed according to
a constrained (1 free parameter) Gaisser—Hillas shower
development function with

(Xpan — Xo) /A =0.51 In(E/Ec) —1

and N, =E/1.64 GeV, where A=70 g ecm~ 2 The
light production mechanisms as outlined in sect. 2 are
then invoked to calculate numbers of photons striking
each PMT. The entire Fly’s Eye optical system and
signal processing electronics is modelled and those PMTs
which generate pulse voltages above the 4¢ triggering
threshold are registered as ‘“hits”. Pulse integrals and
arrival times are then stored for the “hit” PMTs. Tim-
ing jitter in the electronics is simulated by Gaussian
fluctuations of the analytically calculated arrival times.
The resultant simulated “data” are written onto a data
file which can then be subjected to the same analysis
procedure as that of the real data.

The self-consistency of the entire analysis procedure
can be checked by examining resultant response func-
tions (analyzed output parameters vs known Monte-
Carlo inputs). Shown in figs. 18a-18c are response
functions for shower zenith angle 6,, impact parameter
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tector should, with continued diligence, be able to
achieve most of its designed goals. In particular, th.e
goal of an accurate assessment of the high energy cosmic
ray spectrum at energies exceeding the Gre.elsc?n cutoff
[26] at E =60 EeV appears to be well within reach,
albeit at the current slow data rate of 20-30 events/y at
E > 10 EeV. However, current modifications now un-
derway call for the expansion of Fly’s E_ye II. to 36
mirror units (instead of 8), installation of bialkali PMTs
and UG-1 filters (which have been tested and found to
enhance signal to noise ratios by a factor of 2) and
reduction of the bandwidth of the fast triggering chffm-
nel which, interestingly enough, lowers triggermlg
thresholds for the slower, more remote and energetic
events. We note that the most remote and energetic
event seen so far was E =68 EeV at R = 22 km. The
above modifications should expand the viewing aperture
to about 40 km and increase data rates at the high
energy end of the spectrum by about a factor of ?—4. In
addition, the increased aperture for events simulta-
neously seen by Fly’s Eye I and II should result in lthe
detection of 500-1000 events/y in the energy region
0.1-10.0 EeV with a resolution on the order of 50 g
cm~2 making possible an accurate assessment of the
primary cosmic ray composition.

We gratefully acknowledge the National Science
Foundation for its support of this experiment.
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Underground gamma ray fluxes have been measured at a depth of 1230 m, for various thicknesses of lead shielding, in the energy
range 0.5-6.0 MeV. From the results it is possible to isolate and examine both the external and internal components of the response of

the 10 cm cubical Nal crystal.

Future plans of the Sydney Solar Neutrino Group to extend these measurements with a much larger Cherenkov system are

discussed.

1. Introduction

For over a decade now there has been a discrepancy
between the number of neutrinos observed to come
from the sun, and the number predicted by the standard
model of the heating of the interior of the sun. The
main experiment involved in such a measurement has
been that of Davis [1] in the Homestake mine of South
Dakota; whilst the major theoretical contributions have
been dominated by the work of Bahcall [2]. Far from
being resolved, this discrepancy has in fact grown to
something like a factor of 4 as the uncertainties in both
experiment and theory have become better understood;
and this dearth of observed neutrino flux constitutes the
greatest challenge to our conventional understanding of
the energy generation mechanism for stars.

There is therefore strong incentive to remeasure this
flux using a different technique to that of Davis, and the
Sydney neutrino group has for some years been consid-
ering the feasibility of constructing a solar neutrino
detector in Australia, The proposed method involves the
Scattering of neutrinos from electron targets in 100 t of
bure water, and the subsequent detection of these elec-
lrons by means of their emitted Cherenkov radiation.
The advantages of such a technique are at least fourfold,
and can be listed as follows:

(a) There is some directionality involved, allowing
lhg Possibility of correlating the observed events with
the motion of the sun.

&nébd) Pure water is cheap and can serve as both target

. C?ector. The purest waters can have uranium con-
.Gen__tratlons as low as 10710191 g g—ll
Wlfl?aiger;tﬁ 'greatfer 'msensitiviPy to neutrino 'type

. Inverse beta re.acuons..Th}ls, there is
nity to any possible oscillation process
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between the different species of neutrinos.

(d) Cherenkov detection systems such as this will be
insensitive to low energy alpha activity, and hence be
unaffected by the whole class of background events
involving radioactive decay to alphas.

There are, however, disadvantages which should be
listed as well:

(1) The number of photons emitted for any event is
extremely low, requiring high surface coverage and ef-
ficiency for the photon detectors.

(2) There is no characteristic signature defining a
neutrino event. Any incident neutral particle capable of
knocking on an electron (such as a Compton scatter)
will appear as a neutrino candidate. Moreover, because
of the possibility of beta decay from radioactive con-
tamination, one is forced to have a high threshold
(greater than 6-7 MeV) for this electron energy. Thus
one is restricted to consideration of only the high energy
neutrinos resulting from the decay of boron in the solar
cycle.

(3) The cross-section, and hence rate, for neutrino
electron scattering is extremely low (about 25 events per
ton per year with electron energy in excess of 6 MeV)
requiring large detectors running for a long time with
extremely low background. This poses stringent require-
ments for stability of equipment and shielding against
background. There is a constant and unavoidable back-
ground, no matter what the depth of the experiment.
This is due to uranium and thorium associated decays
in the surrounding ore body giving rise to gamma rays
and neutrons. Spontaneous fission of uranium is capa-
ble of giving gammas with energy considerably in excess
of 14 MeV (the maximum energy of the boron neutri-
nos), thus posing a real problem for any direct detection
experiment such as ours.




