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Abstract

Experimental results on the shapes of atmospheric Cherenkov light
images from Extensive Air Showers at Ey = 1013 - 1014 eV are presented.

The results are based on data obtained by the first element of the
Cherenkov light array of the EAS-TOP expériment at Campo Imperatore
(2005 m a.s.l.,, National Gran Sasso Laboratories, Italy). Images are obtained
with pixel field of view ® = 1.5 10-5 sr and full field of view Q = 10-3 sr.

The shapes of the images agree with the expectations and their
fluctuations are large and significant. Experimental data on the dependence
of the image shapes on the detection geometry are reported.

The images are well reproduced by two independent side by side
detectors, within measured accuracies. Such accuracies (=15% for large
photoelectron content) define the level at which each pixel content is related
to the shower structure.

The presence of events characterized by patterns with multiple
structures is proved. It is shown that such features are related to physical
fluctuations of the shower structure.



1. Introduction.

Cosmic rays and their interactions at primary energies Eg > 1014 eV are
studied through the detection of the cascades they induce in the atmosphere
(Extensive Air Showers, EAS) by means of ground based observatories (i.e.
by observations at fixed target thickness). Different EAS components can be
recorded, but the main limitation to such experiments arises from the lack of
information on the shower development above the observation level. This is
related to the rate of energy release by the primary particle and represents
therefore an important datum for the identification of the primary itself, the
measurement of its energy and of its interaction properties.

The main tool for obtaining such information is provided by the
detection of the Cherenkov light (C.l.) signal produced in the atmosphere by
the ultrarelativistic electrons and positrons of the cascade. In fact, while the
total C.I. flux provides a measurement of the total energy released above the
observation level, the structure of the C.l. signal (lateral, temporal and
angular distributions) is related with the development of the cascade. In
particular the angular distribution, i.e. the shape of the Cherenkov image,
contains the information on the direction of production of the light, and
therefore on the detection geometry and on the electron density in space, i.e.
the EAS longitudinal development and lateral distribution.

The recognition of the physical information achievable through the
study of the angular distribution of the light across the C. 1. image occurred
in the sixties, when first calculations [1] and simulations [2] were performed.
A first pioneering experiment was carried out by means of an image
intensifier system [3]. The experimental difficulties limited, however, for
many years the exploitation of the technique, and the information on the
EAS longitudinal profile (atmospheric depth of maximum development,
X max) was mainly obtained through the analysis of the temporal shape of the
pulses [4,5], and, at the extremely high energies, through the atmospheric
fluorescent light technique [6].

More recently the rejection of a large fraction of isotropic hadron
primaries vs. y-ray primaries with arrival direction from a point source has
been achieved through the analysis of the C.l. images. The technique has lead
to the detection of TeV gamma ray signals from the Crab Nebula [7] and
Markarian 421 [8]. A new window has thus been opened to the research in
high energy astrophysics.

From the experimental point of view new techniques are now available,
such as arrays of photomultipliers [9,10,11,12], multi-channel
photomultipliers [13,14] and further possibilities are foreseen for the future
[15,16]. Moreover arrays of C.l. detectors can operate in coincidence with
detectors of other EAS components (electrons, GeV and TeV muons, hadrons),
thus providing a complete information on the recorded events [17,18,19].

The integration of angular measurements of atmospheric Cherenkov
light with the information of a complete EAS array is within the aims of the



EAS-TOP experiment at Campo Imperatore (2005 m a.s.l.,, above the
underground Gran Sasso laboratories [20,21]).

In order to meet the required resolution in the spatial reconstruction of
the events, C.l. measurements are performed in stereoscopic mode, by means
of an array of eight steerable telescopes (four in operation, and four on
advanced stage of construction) separated of about 60 m from each other.
Each telescope loads:

- two large angle detectors (= 18° full field of view) to provide a good
measurement of the total C.l. signal and a large effective detection area;

- an high resolution (@ = 1.5 10-5 sr) imaging detector based on multi-
channel photomultipliers to investigate the angular distribution of the light
across the Cherenkov spot.

In the present paper the data obtained from the imaging detectors are
used to discuss the shapes of C.l. images, the accuracy and significance of the
information they contain and the influences of geometrical and local effects.
It is shown that besides the average parameters used in V.H.E. y-ray
astronomy [22], the whole pattern of the light spots carries significant
informations on the shower structure. Complex images are also observed and
they reflect real EAS structures.

The data have been recorded by two imaging detectors located side by
side on the same mounting (the first element of the array), and with
parallel optic axis. The EAS primary energies are between 1013 and 1014
eV.

First results on the telescope operation, on the detector resolutions, and
on the shapes of the C.l. images are reported in refs. [23,24,25,26,27,28].

2. The detectors.

The two imaging detectors consist of multi-channel photomultipliers
Philips XP1704 (hereafter referred as A) and XP4702 (referred as B) having
respectively useful photocathode areas of 6 cm2 (96 pixels on an almost
circular pattern) and 4 cm?2 (64 pixels on a square matrix) [29]. Pixel
dimensions are 0.25 x -0.25 cm2. The photomultipliers are positioned at the
foci of parabolic light receivers 90 cm diameter, 64.5 cm focal length, for
total apertures of 1.4 10-3 sr (A) and 9.6 104 sr (B), the field of view of
each pixel being 1.5 10-3 sr. The distance between the optic axis of the two
detectors is 1 m.

Due to the large apertures of the optical systems, the effects of
aberrations (maily coma) have been calculated and measured: for a point
. source at infinity, 0.8° off the optic axis, 90 % of the ligth falls inside one
pixel’s area.

The pointing and the orientation of the photocathodes are measured and
monitored through the observation of stars crossing their fields of view. On
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the analyzed data set the pointing of each individual pixel is known with
accuracy better than 0.1°,

The pixel outputs are read through ADCs CAEN C205 with sensitivity
0.033 pC/count (15 bit dynamic range) and integral non linearity < 0.2 pC.

The conversion factor between ADC counts and number of
photoelectrons (2 ADC counts/photoelectron) has been obtained from the
nominal gain of the photomultipliers at the operating H.V. (8 105 and 2 106)
and from the attenuation of the 45 m cables connecting the pixel outputs to
the ADCs.

The gate width is 70 ns, being 0.5 photoelectron/pixel the average
accumulated background from the nightsky inside the integration time.

The trigger condition is provided by the coincidence, within 30 ns,
between the anode signals of detector A and of a photomultiplier XP3462B,
positioned at the focus of a similar light collector, housed on the same
mounting and having the field of view reduced to 10-3 sr. The triggering
threshold is set at 50 photoelectrons on each detector. The trigger rate is 0.4
Hz with the telescope axis pointing to the zenith.

The mean recorded number of photoelectrons/event is <Nppe> = 200; the
fraction of coincidences with the EAS e.m. detector of EAS-TOP, operating in
fourfold coincidence mode, is = 8 %1. The typical primary energy of the C.L
events, (from trigger rate, number of collected photoelectrons, and
coincidence rate with the EAS e.m. detector) is Ey = (2 - 3) 1013 eV,

The image preparation consists of a three steps procedure: subtraction
of the ADC pedestals, equalization of the channel gains and zeroing of the
pedestal fluctuations.

The ADC pedestals are measured under normal operating conditions
before and after each run by feeding the ADCs with artificial triggers to
integrate the nightsky background. The pedestals are also determined
directly from the data: each image involves, in general, only 10-15 pixels
and the differential charge distribution for a particular channel shows a clear
maximum centered on the pedestal value. The two values agree within 1-2
ADC counts, the widths of both distributions being 2-3 counts. The latter
method has been preferred in the following analysis as it compensates for
possible drifts during data taking.

IThe detection efficiency of the detector of the e.m. component operating in
four-fold coincidence mode increases from 20% at primary energy Egp= 25
TeV to 80% at Eg= 55 TeV, and in seven-fold coincidence mode from 20% at
Eg= 55 TeV to 80% at Eg= 110 TeV (for primary protons in the vertical
direction). The detection geometry is reconstructed with a resolution of Ar
=10 m in the core location and AP = 0.5° in the arrival direction at Ne = 107
particles, i.e. Eg= 300 TeV.



The relative gains of the individual channels are equalized by
normalyzing their average numbers of photoelectrons recorded in the whole
observation to the overall mean value. The result of this calibration agrees
within 20% with the relative gains obtained from the measurements of the
pixel nightsky currents and within 25 % with the pixel gains provided by the
photomultiplier manufacturer. The procedure is applied to both detectors
and, on average, it implies a 10% gain renormalization between them.

The content of the channels whose pulse charge is less than three ADC
counts (equal to the observed r.m.s. value of the pedestals) are set to zero
for all the analysis unless for the one described in section 3.3 where no
zeroing is applied.

Only events with the maximum number of photoelectrons recorded by
an internal pixel of photocathode B have been considered for further
analysis.

3. The experimental results.

The study of the shapes of the images, of their fluctuations and of their
physical content is achieved through the parallel analysis of the events
registered by the two detectors with the telescope looking to the zenith and
the comparison with the expectations from a full M.C. simulation.

It concerns: the general features of the images, the parameters used in
the field of V.H.E. y-ray astronomy and the influence of the detection
geometry (3.1), the measurement of the direction of light maximum (3.2),
the physical content of the observed light patterns (3.3) and the existence of
events with complex features (3.4).

The simulation of the Cherenkov photon emission by the electrons and
positrons of the cascade has been obtained by a routine run by means of the
GEANT code (ver. 3.21) [30] reproducing the EAS cascade in the atmosphere.
The hadronic part of the cascade has been simulated by the GEANT/FLUKA
interface. The atmosphere has been divided into 16 layers with scaling
densities, the light absorption in air is taken from ref. [31]. Primary protons
are uniformly generated with spectral index ¥=2.7 in a cone 10 degrees
aperture around the optical axis. The detector response (optics and
electronics ) is included following the data reported in section 2 and,
concerning the fluctuations, in the expression (5) of this paper . The same
procedures of analysis are applied to the simulated and experimental events.

3.1 General features and parameters of the image

A first information on the concentration of the images is shown in fig.1a,
where the fraction of the total light signal contained inside a given opening
angle around the pixel with the maximum photoelectron content is drawn.
On average, 90% of the signal is contained inside 1.3°, as expected from



calculations [1,2]. A few individual events are also drawn, to show that
fluctuations among different events are rather large. The same plot made for
events obtained with the described simulation is presented in fig. 1b: both
the mean value and the extent of the fluctuations of the experimental data,
are well reproduced.

The general features of the images have been studied following the
parameters introduced in ref. [22]: length (L), width (W), azwidth (Az), i.e.
the dispersions of the distributions of the recorded number of photoelectrons
with respect to the major (L) and minor (W) axis of the image, and to the
azimuthal angle with respect to the axis of the detector (Az). The
experimental mean values and the s.d. of the parameters are reported on
table 1. ‘

The comparison of the measurement of the same parameter on the two
photomultipliers provides the accuracy of its determination. As an example,
the scatter plot of the lengths, as measured by the two detectors (A,B), is
shown in fig. 2 for events with total number of photoelectrons (Nphe) on
both photocathodes > 150. The dependence of the standard deviation of the
distribution of the differences between the two measurements on the
average number of collected photoelectrons is shown in fig. 3 (a,b,c) for the
parameters length, width and azwidth. The fits lead to the expressions:

612 = (1.1)2/Nphe + (0.01)2 deg2 (1)
ow?2 = (0.992/Nphe + (0.02)2 deg? (2)
GAz2 = (1.1)2/Nphe + (0.04)2 deg? (3)

for the variances of the parameters measured on a single imaging device for
fixed Nphe. The standard deviations of the parameters for Nphe =400 are
also reported in tab. 1, showing that about 50% of the contribution to the
dispersions of the experimental values of the parameters is of physical
origin.

The influence of the detection geometry on the parameters (L,W,Az) has
been studied by analysing their dependences on the tilt angle (a) between
the shower axis (obtained by means of the e.m. particle detector) and the
optical axis of the C.l. detector. Such dependences are shown in fig 4 (a,b,c),
proving that EAS propagating along the optical axis of the detector have
smaller parameters. Also shown in fig. 4 are the behaviours expected from
the described simulation. The trends of the measured and simulated data
agree; small differences in the absolute values are due to the uncertainties in
the angular measurements of the e.m. detector.

3.2 Direction of light maximum

The atmospheric depth of the shower maximum (Xgax) can be derived
from the measurement of the arrival direction of the maximum light
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intensity (Cpax). The precision on the measurement of X, .x is therefore
related to the experimental accuracy when measuring Cpax on single events.

On our analysis the direction Cp,, is defined as the position on the
photocathode of the barycenter of the four brighter pixels.

The error in the measurement of C.,x is obtained from the distribution
of the angular distances between the two measurements. Fig. 6 shows the
dependence of Gcmpax (standard deviation of the bidimensional gaussian
error distribution on a single imaging device) on the mean number of
photoelectrons detected on the photocathodes. The trend can be expressed
by the relation:

OCmax? = (2.0)2/Nppe + (0.1)2 deg? (4)

For large values of Nphe the asymptotic value of Gcmpax (= 0.1°) is
about half of the pixel dimensions. The corresponding error in reconstructing
the direction of light maximum for individual events from two observation

points is = 0.2°
3.3 Light pattern on the photocathodes

The study of the physical information carried by the full pattern of the
image requires the separation of the contribution to the shape due to the
EAS structure from the fluctuations introduced by the local and instrumental
effects. This has been performed through the comparison between the light
patterns detected on the two photocathodes. The pixel grid of
photomultiplier B has been projected on the pixel grid of photomultiplier A.
The photoelectrons of each pixel of detector B are re-distributed over the
‘new’ ones assuming their distribution inside the pixels to be uniform. The
procedure leads to two photocathodes of 60 pixels fully superimposed and
the comparison between the number of photoelectrons recorded on the
corresponding channels (nppeA, Nphep) can thus be obtained. Fig.6 shows the
dependence of the standard deviation of the distribution of (nppeA -
NpheB)/(npheA) on the mean number of photoelectrons on the channels of

photomultiplier A. The fit leads to the expression:
62/nphe? = (1.5)2/nppe + (0.15)2 (5)

for the dispersion in the photoelectron counting of each individual channel
assuming OppheA = OnpheB: Nphe 1S the number of photoelectrons on the
individual channels. The asymptotic value of 15% is mostly related to the
uncertainties in the described procedure of relative gain adjustement.
Expression (5) represents therefore, in our measurement, the accuracy
in reproducing C.l. images with pixel resolution ® = 1.5 10-5 sr, including



instrumental effects, light collection and photoelectron fluctuations, and
'local' effects due to light produced in the lower 100 m of atmosphere,
where the fields of view of the two detectors are not fully overlapped.

A point by point comparison between the images of the same event
obtained by the two detectors can be achieved by means of the distribution
of the differences between the photoelectron counting of corresponding
channels, weighted by the s.d. derived from expression (5):

D2= Z{Ej?[n;m —g;hes]z} (6)

i

where, to avoid the influence on the D2 of the channels not affected by
the image, the summation is extended over the 30 brighter channels selected
on detector A. The D2 distribution is shown in fig. 7 for events with Nphe 2

100: it follows the X2 distribution (29 d.f.), showing that practically all
individual events are well reproduced on the two detectors.

We can conclude that the photon content of each pixel, i.e. the whole
pattern of the image contains a significant information on the shower at the
accuracy level described by expression (5).

Examples of events as seen by the two photomultipliers (A,B) are
displayed in figs. 8 and 9 . The agreement between the shapes of the
images, visible by eye, is confirmed by the values of D2/d.f.

3.4 ‘Multistructured’ images

Structures involving numbers of photoelectrons from the statistical
point of view significantly larger than in expression (5) reflect therefore
physical characteristics of the Cherenkov light spot.

Figs. 10 and 11 _ show images characterized by complex patterns
indicating two different concentrations of light on the photocathodes of both
detectors. The search for images with multiple light clusters
(‘multistructured’ events) is performed independently on the two
photocathodes. A cluster is defined as any combination of two or more
adjacent channels whose photoelectron content exceeds by at least 2 s.d. a
threshold value defining the separation between the candidate clusters. The
fluctuations are obtained from expression (5). The search is performed by
lowering the quoted threshold from the photoelectron content of the
brightest channel to a minimun value set at 2.5 s.d. above the channel
pedestals. Each candidate cluster is classified following its higher
significance. @~ The 2 s.d. separation level guaranties a good rejection of
multiple structures generated by the sole fluctuations of the channel
amplitudes.



The two secondary clusters of the events shown in figs. 10 and 11 are
identified with significances respectively of 4.9 s.d. (fig. 10, PM A), 3.8
s.d.(fig. 10, PM B) and 3.5 s.d. (fig. 11, PM A), 4.1 s.d. (fig. 11, PM B) with
respect to the probability of being generated by the channel fluctuations and
hence they are expected to be of physical origin.

On other side the D2 values (expression (6)) obtained from the
comparison of the images (0.94/d.f. and 1.06/d.f. ) demonstrate also these
events are well consistent on the. two detectors within the uncertainties of
expression (5).

With the described criterium, on the data set presented in this paper, 10
% of the events are classified as ‘multistructured’ events in coincidence on
both detectors. This value is 7 s.d. above the rate of multistructured events
expected on both detectors by chance, as it can be obtained from the rate of
multistructured images found independently on the two single detectors.
This further confirms the non instrumental, non statistical and non local
origin of the observed composite structures. As we can see from figs. 10 and
11 such substructures are characterized by 50-100 photoelectrons that are
detected, if occurring the best geometrical conditions, from a 100 GeV e.m.
cascade.

The maximum rate of cosmic ray primaries of such energy in our
detector is = 40 Hz, and the probability for one of them to occur inside the

ADC gate (70 ns) is less than 10-5. The possibility for such a double structure
to be due to accidental coincidences is thus excluded.

The angular distance of the two spots can be due to a radial separation
(i.e. connected to substructures in the particle lateral distribution) or to a
longitudinal separation (i.e. large fluctuation in the interaction length of a
secondary). Data from different observation points can discrimate the two
cases.

An indication of the presence of multistructured patterns in atmospheric
C. I. images was reported in ref. [32]. Structures in the nanosecond temporal
profile of the C.l. signal, possibly of the same origin of the present ones, were
reported in refs. [33,34,35].

4. Conclusions.

Experimental data on the shapes of the atmospheric Cherenkov light
images from EAS at E; = 1013 - 1014 eV, observed with pixel f.o.v. of 1.5
10-5 sr, are presented.

The images are well reproduced by two side by side independent
detectors, inside measured errors (=15%, besides the photoelectron
fluctuations). At such accuracy level the full pattern of the image is
representative of the atmospheric shower.

Events with complex light patterns are recorded at our energy
threshold at a rate of 10% of the total rate. It is shown that such structures



are of physical origin, connected with the longitudinal EAS development or
the EAS structure.

The  parameters characterizing the shapes of the light spots (length,
width and azwidth) are measured with accuracy =< 20 %. The resolutions
improve when increasing the number of photoelectrons, being on average
<13% for Nphe > 150.

The dependence of the parameters (L, W, Az) on the detection geometry
has been measured and follows the expectations: the images of showers with
axis parallel to the optical axis of the detector are characterized by smaller
mean parameter values. This effect has been calculated [22], and exploited in
the VHE y-ray astronomy applications [7,8].

The direction of the maximum light intensity (Cpa.x) is detected (besides
photoelectron fluctuations) with an accuracy of = 0.1 deg. The relative error
in reconstructing its direction from two obsevation points (0.2 deg.) means
that with three-four observation points separated of 50 - 100 m, as for the
EAS-TOP Cherenkov array, a resolution on the atmospheric depth of Cpax of
ACmax < 30 gr/fcm2 can be obtained in individual events. This resolution has
to be compared with the average separation between the EAS maxima
originated by different primaries; in the case of protons and iron initiated
showers such separation is .= 100 gr/cm?Z.
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Table 1

Parameter Mean Value s.d. s.d.
(deg.) (Nphe=400)
Lenght 0.501 0.103 0.056
Width 0.326 0.081 0.050
Azwidth 0.432 0.106 0.068

TAB. 1 - Experimental mean values and s.d. of the parameters lenght,width
and azwidth. The s.d. of the parameters for Nphe = 400 are derived from
expressions (1),(2) and (3).
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