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We present here experimental evidence that extensive air showers (EAS)
have been detected via their isotropic light emission. In some cases,
the light emitted from the shower was detected at emission angles up*
to 150° and at distances more than several Km away from the détector.
Furthermore, on ‘the basis of observed data rates and shower size deter-
minations we demonstrate that the resultant sensitivity of the detector
for observing EAS is consistent with expectations.

1. Introduction. Night sky radiation provides a flux of background light
against which faint optical sources (such as EAS, generated air fluorescence)
must be detected. The relatively severe brightness of the night sky (about 10
photons st7! m-2 ysec-1 at Volcano Ranch, N.M.) coupled with the rather meager
efficiency of the atmosphere as a scintillator (about 0.05%) might lead one to
believe that an EAS would have to be improbably large in order to generate suf-
ficient light to be visible to an optical detector. This requirement of large
shower size coupled with a rapidly falling cosmic ray spectrum would thus render
ineffectual almost any conceivable air fluorescence detection scheme. Thus,
the fact that previous attempts at seeing EAS via the air fluorescence tech-
nique1’2’3 have not achieved hoped-for results is easily explained. However,
we present here overwhelming evidence that EAS can and, indeed, have been un-
ambiguously detected via their isotropic optical emission and in the accompanying
papers 5 we present additional evidence that on the basis of such optical
measurements (1) shower sizes can be accurately determined, (2) expe%imentally
viable event rates can be achieved for showers in the energy range 10 <E <
1021 eV, and (3) the potentiality exists for measuring shower sizes throughout
a reasonable portion of their trajectories, thus making possible a new class of
EAS experiments.

2. EAS Source Strength and Triggering Sensitivity. Here we estimate how
large an EAS must be in order to be seen by the Fly's Eye along with an assess-
ment of the probability of simultaneous detection by the Fly's Eye and the
Volcano Ranch Array. Shown in Fig. 6 (about which more will be said later) is

PR,

© Bulgarian Academy of Sciences * Provided by the NASA Astrophysics Data System



. 8..258C

19771 CRC. . .

259

a reconstruction of one of the events actually seen simultaneously by the
Fly's Eye and the Volcano Ranch Array. As a shower passes through the field
of view A6 of one of the photomultiplier '"eyes," it will generate a photo-
electron yield Npe:

Npe = NgY 4555 exp RIA pp (D
4R
where Ne = shower size in electrons
Y = fluorescent light yield (~4 photons per meter per electron)
€ = combined light collection and photoelectron
conversion efficiency (0.17 = 20%)
A = effective light gathering area for 2
mirror array (1.7 m® £ 1%)
A = attenuation length of 3600 A photons in air (=18 Km)
R = distance of EAS source from Fly's Eye
; AR = differential path length along trajectory during

which EAS is within field of view A8
Letting © be the optical emission angle for light seen by the Fly's Eye and
RL be the shower's impact parameter we have

= A(Ri/tane) = RuAG/sin’e @

Consequently, the size N, of the EAS is

- 4 1 R1
e Y €A 06 pe

where we have neglected the attenuation of light due to atmospheric scattering
since R << A. Clearly, the accuracy which we c¢an obtain in measuringhkadepends
upon how accurately we can determine the factors RL and N__. for each event as
well as the other factors which are essentially event 1nd£pendent We might
anticipate that scatter in our size measurements most certainly will result from
inaccuracies in measuring Ri and N,, from event to event. In particular N &
is difficult to measure near threshold where noise and pulse slewing effecg
are most severe. We anticipate inaccuracies for near-threshold events of the
order of *(25-50)}%. Systematic difficulties could result from uncertainties

in the light generation yield factor Y. These effegts will be more fully dis-.
cussed in the following paper.

In order to trigger the Fly's Eye signal discriminators, the photoelec-
tron current must induce a voltage pulse greater than some threshold value which '
is determined primarily by the night sky background. With our optics, each eye
was bathed in enough light to generate about 6200 photoelectrons/usec. The
lo fluctuation in this number which represents the noise is about 80 V't photo-
electrons where t is the pulse width. The voltage, then, at the input, to the
discriminators due to noise pulses of No standard dev1at10ns is roughly

V 2 eG ;%e- R, (1-e'T/T] (4)

N (3

o~

where e is the electron charge, G (= 8-106) is theelectronicgain of the
detectors, R (=275Q) is the relevant input impedance, and T (=0,2 usec1 is
the input filter time constant. Since noise photoelectrons scale as T

obtain
N (l—e-T/T] (5)

=40 mV 173

T
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where T'is in #sec and.N is :
the number of standard devia- 500 . .
tions. We plot V vs t in Fig. aasiigai%?nmgﬁw .
1 for various values of N. ) v 9
Also shown by the solid line - 400k puise Width

is the operating threshold
(V¢ =~ 180 mV) for our slow
channel discriminators. (We
ignore the fast channel which
was primarily used for timing
purposes.) In this experiment -
the zange of igpact parmeiors B
while the range of angles 6 100§ .

(see Fig. 6) is about '

(20° £ 8 < 150°). These fac- . ol

tors combine to yield a range : v v Ea— :

of pulse widths (discussed in © ez 04 06 08 10 I2

section 3) of about 100 nsec Puise Width = (u sec) —

€1 21,3 usec. From the plot Fig. 1. Noise-induced discriminator

we estimate that all 5o pulses voltage vs pulse width
regardless of pulse width
should trigger the Fly's Eye.

We might note that our discriminator thresholds were under computer control
throughout the course of the experiment. Count rates were monitdred cantinuous-
ly from each photomultiplier and the discriminators adjusted up and down accord-
ingly as the night sky brightness changed in order to preserve those counting .
rates. Single tube counting rates were thus fixed at about 100/sec thusiholding'fﬁ
the dead time constant to a value less than 1%. As a result .of this count rate
monitoring and control process, the relationship of thediscriminator threshold -

. to noise pulse size indicated.
in Fig. 1 was preserved.
Hence, our triggering sensi-
tivity was always as good as
it could be for any given le-
vel of night sky brightness.

The actual triggering of
the Fly's Eye event by event
is a fairly complicated func-
tion of geometry, but we can
roughlyestimate from equation
(3) and Fig.l a minimum show-
er size necessaryfor-atrig-
ger. Let Ri be 1 Km, then
Npe (50) is about 250 photo-
electrons and from equation
(3) we obtain N (threshold)

Gl
Q
O

2]
(o]
[}

Voltage (my })—e

Event 14

| — I5Km —| ~ =3.5-107 electrons. Due to
Fig. 2. Projection of EAS #14 as seen by the electronic pulse slewing and
Fly's Eye onto a vertical plane above the our consequent inability to
Volcano Ranch Array. The solid line is the accuratelymeasure-pulse inte-
. trajectory as determined by the Fly's Eye while grals for voltage levels near
the dotted line represents that determined by triggering threshold, we might
the VRA. The projected angles differ by 3°. expect an effective threshold
-
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of Ng ~ 5107 electrons. This is a very fortuitous situation since VRA trig-
gers on showers of such sizes about 1 per hour. Hence, a rate of 1 reasonably
well-defined shower once wvery several hours of operation time is not an un-
reasonable expectation. These estimates are, in fact, close to reality since
we detected 44 events in coincidence with VRA in about 100 hours running time
during November 1976. The smallest of these events triggered only two photo-
multiplier eyes (the minimum number required for an "event" trigger) and typi-
cally the corresponding shower sizes were about 5-107 electrons.

3. Event Geometry. The
crucial parameter of interest Eventld \ Y
in the experiment is, of ! l l ﬂ\ L l
course, the number of shower

electrons N, as a function of L,L‘TV [ [ T\I L lA
its trajectory. In order to HEERN L1 ]
measure this number the tra-
jectory first must be accura-

______ .24 Km

tely determined. This can be . FTTTTIT1

done by locating the plane in TTTTTT N
space which contains the show- TTTTTI1 l']
er axis and then by locating [ C ]
the shower's impact parameter =

Ri and its ground impact L—L—l—J

angle y (see Fig. 6). The
Fly's Eye observables used to
make these determinations are X 088KM Fly's
the geometrical pattern of the Eye
phototubes which were trigger-
ed by the shower along with

Fig. 3. Projection of the planecontaining the
axis of EAS #14 and the Fly's Eye (the shower-
" detector plane) onto the hori-
zontal VRA. The core location
of the shower as determined by
" the VRA is denoted by X.

measured the progress of the
shower through the Fly's Eye
field of view. The geomet-
rical triggering patternisa
direct measure of the shower's
vertically projected zenith
.angle. This locates the show
er-detector plane in space.
We illustrate this by example
for one of our observed events.
Shown in Fig. 2 is a projec-
tion of the 3 Fly's Eyemirror
! - LS Km | clusters onto the vertical
plane above the centerof the
VRA. The horizontal extent
of the VRA is about 1.5 Km
and unfortunately we do not
completely cover its field of
view. To some extent we

Fig. 4. Fit to the vertical projection of
EAS #14 as seen by the Fly's Eye obtained by
constraining the ground impact point to the
position determined by the VRA. The projected
angle determined by the VRA and the Fly's Eye
is nearly identical.
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sacrificed total coverage
{(and subsequent event rate)
by positioning the field of
view of mirror 1 above mirrors Event 14
2 and 3 in order to gain.more
redundant information on a
select sample of events, The
X's in that figure indicate
those '"eyes" which were trig-
gered by shower #14. Note
that the shower makes a fairly
well-defined line through our
field of view. Furthermore,
each eye was triggered in a
well-defined time sequence,
progressing downwards along )
the X's. 0 1 ] L
Shown in Fig. 3 is a ho- 20° ~40° 60°

rizontal view of VRA. The , Light Emission Angle 8
projection.of the shower-
detector plane onto this hori-
zontal plane is indicated by the
straight line extending from
the Fly's Eye. This particular
shower impacted the ground
1,52 Km away as determined by the VRA and marked by the X. In order to deter-
mine Ry and ¢ from our timing data we constrain the shower to impact the ground
at this_position. The result of this constraint is pictured in Fig. 4. We now
show in Fig. 5 a plot of the elapsed time of the shower as it passes through the .
field of view of each eye. The actual values of these elapsed times can be used
to determine Ri and ¢ (see Fig. 6) 1n the f0110w1ng way: since the shower tra-
vels at the same speed as the
light it generates, the light
reaching the Fly's Eye lags
the passing shower front by
a time

__Rs " Ra Re. 86
t(8)=g siné ~ ¢ tan® c -any
(Eq. 6). A best fit of the
data to this timing function
yields the shower axis indi-
cated by the solid line in
Fig. 6.

.2-0l T 1 »

[V

Time (us)
ime (-
@

O
>

Fig. 5. Time in psec at which a given
photomultiplier "eye" in the Fly's Eye
(indicated by the X's in Fig. 2 and 4) trig-
gered on the light generated by EAS #14 as
it passed through the field of view.

Event |14

4. Results. We present in
Table 1 the results of our
geometrical analysis for each

‘Edge of V.R. ' of the 16 events (out of a
: array total of 44) for which wehad
Fig. 6. The solid line indicates the geomet- a maximum "2 mirror'" field of
rical reconstruction of the shower trajectory.. view. In all cases, agreement
using the Fly's Eye spatial and timing data. with VRA-determined parameters
The dashed line represents the VRA-determined is quite good. The average
trajectory. value for our projected zenith
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Table 1
Comparison of EAS Geometry as Determined by Fly's Eye and VRA

_ Ground-Impact  Net
Projected Zenith Angle ¢ Angle ¢ Space-Angle
Unconstrained Constrained , Constrained Difference
Event #|Utah VRA  |A¢| | Utah VRA  |A¢| |Utah VRA  |Ay] AB
2 -21 -6 15 -17 -6 11 108 113 ~ 5 11
4 19  -36 17 -25  -36 11 122 120 2 9 v

13 -11 -13 2 -13 -13 0 62 46 16 17
14 -23  -20 3 -20  -20 0 111 109 2 1
17 -2 -5 . 3 -8 -5 3 87 78 9 10
18 4 9 5 10 9 1 111" 106 5 5
25 -1 -14 13 -8 -14 6 118 127 9 11
26 17 20 3 25 20 5 58 69 11 12
28 -28 =32 4 -21 -32 11 98 115 17 20
29 -6 6 12 0 6 6 108 90 18 19
31 -22 -19 3 -20 -19 1 85 91 6 6
32 38 28 10- 30 28 2 112 117 5 6
37 5 10 5 13 10 3 123 121 2 4
39 10 -3 13 1 -3 4 95 97 2. 5
42 35 17 18 27 17 10 105 126 21 24
44 18 5 13 7 5 2 84 76 8 9

Averages 8.7°1-1.2° -3.,3° 4.8° 99° 100° 8.6° 10.6°

angle is -1.2°, thus no systematic geometrical bias is indicated, Events
enter and leave our field of view from each direction with equal probability.
The average ground impact angle ¥ (99°) indicates a mild bias for events com-
ing somewhat towards the Fly's Eye. This is to be expected due to the en-
hancement of triggering probability at small angles 8 via directly beamed or
forward-scattered Cherenkov light. Nonetheless, it is extremely unlikely that
such light could result in significant triggering enhancement at angles § 3 45°,
This effect will be discussed in the next paper.

We conclude by reasserting our conviction that EAS have been unambiguously
detected at distances far from our detector via their isotropic optical emissions.
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