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Abstract

CELESTE is an atmospheric Cherenkov telescope based on the sampling method which makes use of the de-
commissioned THEMIS solar electrical plant in the French Pyrénées. A large (2000 m?) mirror surface area from 40
independent heliostats followed by a secondary optic, a trigger system using analog summing techniques and signal
digitization with 1 GHz flash ADCs make possible the detection of cosmic y-rays down to 30 GeV. This paper provides
a detailed technical description of the CELESTE installation. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The high energy ends of the spectra of some
Active Galactic Nuclei and pulsars dominate their
power output. Studying the vy-ray emission,
especially in the context of measurements made
over the entire electromagnetic spectrum, provides
critical tests of our understanding of the structure
of these objects and of the acceleration processes
involved [1,2]. Measurements also give informa-
tion on the extragalactic medium: y-rays incident
on near-infrared photons are absorbed, over
cosmological distances, through electron—positron
pair production. This phenomenon can produce
source-distance dependent cutoffs in spectra in the
GeV-TeV range, indirectly probing the infrared
background [3].

Over the last decade, the study of the electro-
magnetic spectrum was extended into the low end
of the GeV region by the EGRET satellite
instrument which measured the spectra of nearly
300 point sources between 0.1 and 10 GeV [4,5]. In
addition, it came to include very high energies
from a few hundred GeV to beyond 10 TeV,
through the use of Atmospheric Cherenkov Tele-
scopes (ACT) [6-11], although only few sources
have been detected so far. CELESTE aims to
cover the energy range between EGRET and
previous ACTs.

ACTs make use of the fact that the interaction
of an incoming y-ray with the atmosphere results
in an electromagnetic shower whose ete™ pairs
produce Cherenkov light. Below a few tens of TeV,
the substantial information reaching the ground is
the light, which is what ACTs detect. Two
methods have been successfully used.

1.1. The imaging technique

An image of the shower is formed in a
multipixel camera mounted on a single large
mirror. Discrimination between vy-ray induced
and hadron-induced showers is obtained from
image shape analysis and directionality [12].
Several telescopes now operate all over the world
[13—16] with energy thresholds between 250 GeV
and 1 TeV.

1.2. The sampling technique

Pioneered by ASGAT [7] and THEMISTOCLE
[8], this method uses multiple mirrors distri-
buted over a surface comparable in size to that
of the 200 m in diameter area illuminated by
a shower. In general, each mirror has a single
phototube associated with it, providing a
sample at that point of the Cherenkov photon
flux and the arrival time of the Cherenkov light
wavefront.

Energies above 10 GeV are presently only
accessible using ground-based ACTs, although
ongoing satellite projects, notably GLAST [17],
to be launched in 2006, and in a narrower energy
range AGILE [18], scheduled for 2002, will have
sufficient sensitive area to reach 50 GeV and
beyond. In addition, the possibility for AMS in
the International Space Station Alpha to detect vy-
rays in 2003 is under study [19].

With a minimum energy threshold of 250 GeV,
current ground-based imaging telescopes leave
a window open in the energy range 10-250 GeV.
Several projects aim to lower the energy
threshold to 100 GeV or lower. CANGAROO3
[20], HESS [21] and VERITAS [22] will use arrays
of several telescopes, while MAGIC [23] and
MACE [24] will operate with a single very large
(17 m diameter) mirror on a single mount. They
will be brought into operation over the next few
years.

In the meantime, the solar plant variant of
the sampling technique is proving to be a good
alternative to detect y-rays in the 10-250 GeV
energy gap Dbefore the next generation of
satellites and imagers arrives. The use of existing
solar installations provides a unique
opportunity to open this particularly rich
window rapidly and at a relatively low cost.
Currently, STACEE [25], GRAAL [26] with a
higher threshold, and CELESTE are in operation.
A fourth telescope is under construction at the
SOLARC-II plant [27].

In the next section we describe the wavefront
sampling approach to vy-ray detection in the
50 GeV range. Sections 3-5 detail the CELESTE
optical, electronic and data acquisition systems,
respectively.
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2. CELESTE: using a solar installation to reduce
threshold

2.1. Design considerations

The minimum energy threshold of a Cherenkov
telescope is limited by the rate of accidental
triggers produced by the night-sky background
light:

‘qusnsl
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where Q is the solid angle seen by the photo-
detector, 7 the integration time necessary to collect
the shower light and produce triggers, ¢,q the
photon flux of the night-sky background, A4 the
light-collection area and ¢ the photon detection
efficiency.

In the 30-300 GeV y-ray range, the angular size
of the induced electromagnetic shower as seen
from the edge of the light pool is several
milliradians which constrains the minimum solid
angle Q. Moreover, 7 is in practice limited by the
duration of the shower to a minimum of about
5 ns. The level ¢,y of the night-sky light in the
330-550 nm range of interest here is roughly
1800 photons/ns/m”/sr [28] for clear skies and
an average background starfield. In the future,
new photodetectors may lead to improved values
of ¢ but currently photomultiplier tubes (PMTs)
are universally used, with a typical efficiency in the
20% range. These general considerations single
out the light-collection area parameter 4 as the
most promising way to reduce threshold. For low
detector threshold the counting rate due to atmo-
spheric muons increases rapidly. These muons are
easily rejected by requiring coincidences between
heliostats separated by more than 15 m, and in this
context the large collection area of solar plant
mirrors comes to mind [29,30].

2.2. Making use of the THEMIS plant

Located near Font-Romeu in the French Pyr-
énées (42.50N, 1.97E, 1650 m a.s.l.) THEMIS,
built and operated by Electricité de France (EDF)
in the 1980s, had 200 54 m? in area heliostats.

After it was shut down, the ASGAT [7] and
THEMISTOCLE [8] experiments were built to
explore, respectively the sub-TeV and the multi-
TeV regions, taking advantage of the heliostat
mountings and the general infrastructure, and in
the mid-1990s the CAT high-resolution imager [14]
was installed. However, re-use of the heliostat
mirrors implies collecting the Cherenkov light near
the point where the solar energy was focussed,
close to the top of the 100 m THEMIS tower due
south of the heliostat field. Consequently in 1995
the solar furnace was removed from the tower and
replaced first by two 1.6 m in diameter secondary
mirrors for feasibility studies with 6 heliostats [28],
and then by the present secondary optics which
can accommodate up to 90 heliostats.

2.3. Overview of the CELESTE detector

Until October, 2001, the experiment used forty
of the 54 m? mirrors, chosen to have a uniform
distribution over the 200 m x 300 m field (Fig. 1).!
Typically the showers that trigger have a projected
impact point <50-100 m from the center of the
field, leading to an effective sensitive area in the
10,000 m?> range. The secondary optics (Fig. 2)
defines the field-of-view of the heliostats, equaliz-
ing it over the full heliostat-to-tower distance
range of 3. In addition, the light detected by a
given PMT is restricted to that from the appro-
priate heliostat with an undetectable cross-talk
from its neighbors. The geometry of the setup
associates a large collection area with a small solid
angle resulting in a high, but tolerable, continuous
background light flux on the PMTs.

After amplification, the PMT signals are split,
with one of the two resulting channels digitized by
flash ADCs (FADC:s) clocked at 1 GHz. The other
channel goes to a trigger system combining analog
summing of the signals in 5 groups of 8 heliostats
followed by a digital majority coincidence logic
using the signals produced by the group discrimi-
nators. When a trigger occurs, the FADC data are

'Since October, 2001, we use 53 heliostats. Apart from the
tracking, the additional heliostats have the very same features
as the former ones.



74 E. Paré et al. | Nuclear Instruments and Methods in Physics Research A 490 (2002) 71-89

250 T T T T T T T T T T T
L mZonmm -
me” oo DDD‘:'D
L oo Ooo 4
200 oo Bogg ® ASGAT
| goP om002@agn O _
o L] THEMISTOCLE

=
L =) i
150 [m) 0- qemoomong a5 I CELESTE
(=] [
o

Y (m)

100f o

50 fooZeq 1

-150 -100 -50 0 50 100 150
X (m)

Fig. 1. Heliostat positions for the THEMIS solar plant. Of the
three sampling experiments, CELESTE is the only one to use
the original heliostat mirrors.

read out, and their subsequent off-line analysis
provides accurate time values as well as informa-
tion on the pulse shapes and amplitudes. A Global
Positioning System (GPS) time is also recorded for
each event. Weather conditions (temperature,
humidity, pressure) and PMT currents are re-
corded during data taking, as is the Flash ADC
clock frequency.

2.4. Data-taking and analysis considerations

For primary energies above 1 TeV, the Cher-
enkov light wavefront is conical and accurate
timing is enough to reconstruct the direction of the
incident y-ray (Fig. 3). At lower energies, however,
the wavefront becomes essentially spherical and
the determination of the incident angle requires
reconstructing two points: the center of the sphere
using the arrival times, and the impact point using
the pulse heights.

Fig. 4 illustrates the characteristics of the light
pool on the ground for a typical y-ray shower
(E, =40 GeV) and a proton shower (E,=
150 GeV). Different energies were chosen here in
order to have the same amount of Cherenkov light
at the heliostat level, since below a few TeV a
proton tends to be less efficient than a y-ray in
producing Cherenkov light due to the rapid energy
degradation that occurs in the initial hadronic
cascades. The electronic sub-showers, once pro-
duced, are of lower average energy and the particle
energies fall below the threshold for producing
Cherenkov radiation sooner. For y-ray showers
one clearly sees a disk-like structure with a ring of
higher density at a radius of about 130 m; this

Fig. 2. Secondary optics: the light from a given heliostat reaches only one phototube.
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E=1TeV E=100GeV

Fig. 3. The principle of the sampling method (see text).

value turns out to be independent of the y-ray
energy in our energy range. The structure varies
much more in the case of protons mainly because
of the angular and energy dispersion of the
massive particles produced in the first stages of
the shower. Moreover, this dispersion induces
larger multiple scattering effects. Finally we note
that the 150 GeV proton shown would not trigger
the experiment because of its large arrival time
dispersion (see Section 4.3).

Fig. 5 shows the average Cherenkov photon
density within a 10 mr field-of-view for a 30 GeV
v-ray and two different pointing strategies, con-
vergent pointing, where the heliostats reflect light
from a region above the field at an altitude chosen
to be close to the shower maximum, and parallel
pointing with the heliostats aimed to see the
astronomical source at infinity. For an array of
the size of THEMIS, the density distribution
obtained with parallel pointing allows for a better
determination of the impact parameter of the
shower, while convergent pointing maximizes the
total number of collected photons, and therefore
minimizes the energy threshold for reasonably
well-centered showers. For our first data sets we

chose convergent pointing, using the observed
light distribution to reconstruct the shower impact
parameter. More recently a “mixed pointing”
strategy [31,32] has most often been used, in which
half of the heliostats form a group converging to
11 km in altitude and the others to 25 km.
Extracting a signal requires comparison between
observations of a potential y-ray source (ON-
source) and a background control region offset in
right ascension from the ON-source position
(OFF-source). The task is complicated by subtle
triggering effects induced by variations in the
extremely high background light level (see Section
4.3). In the analysis process, a software padding
technique [33,34] is used to equalize noise levels in
the ON and OFF data samples. The application of
such a procedure takes advantage of the fact that
the experiment is fully simulated, from shower
development to the output of the electronics. The
v-ray interaction is reproduced using the KAS-
CADE code [35]. Each Cherenkov photon is then
followed through the optics to the photocathode
of the PM tubes. Finally, the electronics response
is simulated. Careful attention is paid to the latter
because of the precise timing needed in the
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Fig. 4. A y-ray shower (40 GeV, left), and a proton shower (150 GeV, right). Top: Cherenkov photon density on the ground relative to
the extrapolated impact point of the primary particle. Bottom: Cherenkov arrival times for 10 m x 10 m bins.
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analysis. A full description of the simulation can
be found in Ref. [31]. More details on the analysis
procedure can be found in Ref. [33].

3. Optics
3.1. Heliostats

Fig. 6 shows a single heliostat which consists of
8 modules, each having 6 clementary mirrors
measuring 60 cm x 181 cm. An additional central
module has two 256 cm x 41 cm panels. Each is
made of a 2 mm thick back-silvered glass layer
glued to a 5 mm thick sheet of float glass. The
panels are supported at 60 cm intervals using
shims that produce a slightly curved cylindrical
surface corresponding to the desired focal length.
When the modules were assembled, the panels
were oriented so as to obtain this same focal
length, as was the case when the 8 modules were
mounted on the heliostat structure. The focal
length category for a particular heliostat was
chosen to correspond to its distance from the
tower. Table 1 gives the overall properties of the
heliostats. It should be noted in addition that
the reflectivity falls steeply around 330 nm, in part
due to the glass front surface, so the UV part of
the spectrum is cut off.

In spite of the fact that the heliostats had been
left unused for over 10 years, it was possible to put
them back into operation, often with only minor
component-replacement work. This included the
on-board microprocessor system controlling the
two DC motors of the alt-azimuth mounting.
Replacement parts could be obtained, except for
the microprocessor chip itself for which the
original THEMIS stock is sufficient for a 40
heliostat array to run for several years. In the field,
some sections of the control cabling had deterio-
rated and required replacement. (The 13 heliostats
added in October 2001 are now being brought into
operation, with a newly developed, radio-con-
trolled electronic system.)

The heliostats now receive their pointing in-
structions from a central PC computer in the tower
near the secondary optics via a differential
transmission link, followed by signal conversion

Fig. 6. View of a single heliostat.

Table 1

Heliostat properties

Size (m?) 7.34 x 8.84
Reflector area (m?) 54

Focal length (m) 100, 140, 200, or 240
Reflectivity (%) 90 at 400 nm
Pointing accuracy (deg) <0.1

in the field to the standards of the original EDF
current loop system. The software was developed
from that of the THEMISTOCLE experiment and
is used both by CELESTE and CAT. The pointing
step is 0.14 mrad. A source moves in the sky with
an angular velocity corresponding to at most 1
step every 2s, and the 10 s necessary to send
pointing coordinates to the 40 heliostats gives an
uncertainty of 0.7 mrad which is far less than the
measured angular resolution of the telescope.

In order to verify the quality of the pointing, we
monitor the phototube anode current while
following a star, introducing small corrections in
the pointing direction so as to scan around its
nominal position. Fig. 7 shows the result for # Her
for one heliostat. The plot is 14 mrad wide in both
directions and indicates that the pointing accuracy
is satisfactory considering the field-of-view of the
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telescope. The center of the distribution may vary
slightly as an object is followed over the sky, but it
always stays well within the 10 mrad field-of-view
of CELESTE. The accuracy of the pointing is
further confirmed by the detection of y-rays from
the Crab Nebula, the detection of the optical
component of the Crab pulsar, and the presence of
common y-ray events with the CAT detector; all of
these exclude significant pointing errors [33]. This
technique of ‘“‘scanning stars’ is periodically used
in order to check the pointing quality over the
observations periods.

3.2. Secondary optics

A solar plant delivers the light collected by the
different heliostats to a common receiver, while a
Cherenkov sampling telescope needs to obtain
separate information from each primary mirror,
requiring a secondary reflection system (Fig. 2).
The secondary optics of CELESTE consists of
three groups of composite spherical mirrors with
focal lengths of 1.8, 1.1 and 0.65 m directed
toward heliostats located at the far, middle and

DR
S
IDRKE

AW
NSNS
PR HENEHNS
IR NN
s SN AN <
RN IS NS
A NN IS
R #AV//A\\A/“ AR Z0N
AR
NARLASISAS >

S

X

N
D
|

=

2l

Fig. 8. Secondary optics of CELESTE, showing the three
groups of spherical mirrors (see text). The PMTs with their
associated cones are also shown.

near parts of the field, respectively (Fig. 8). The
circular borosilicate-glass mirror elements are
50 cm in diameter and 11 mm thick, with front-
surface aluminization protected by a SiO, layer.
These elements overlap slightly to reduce gap
losses to < 10%.

We have adopted on-axis optics (Fig. 9) which
provides good field-of-view definition and small
cross-talk, but induces a loss in the light-collection
efficiency due to shadowing by the cameras (PMT
blocks). This is estimated from simulation to be
20-30% [31]. Off-axis optics gives better light
transmission but with bigger cross-talk and less
well defined fields of view.

3.3. Winston cones

The field-of-view is defined by Winston cones
glued to the phototubes. A Winston cone [36] is an
optical device with a revolution symmetry axis
whose contour is generated from a parabola. A
characteristic angle 6 defines the parabola’s focal
length by f = &, sin(0)(sin(0) + 1)/2 where &, is
the entrance diameter of the cone. The relationship
between the entrance and exit diameters is given by
&, = @, sin(f) and the height of the cone is & =
f cos(H)/sinz(H). The incident light rays that can
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Fig. 9. Schematic of an “on-axis” secondary optics. Each phototube sees a single heliostat defined by the entrance window of the

Winston cone. Note the shadow from cone-phototubes assembly.

exit the cone are those with an angle in the 0 — 0
range with respect to the symmetry axis of the
cone. The entrance surface of the cone is
positioned to receive the image of the heliostat
formed by the secondary mirror. Thus we limit the
part of the secondary mirror ‘“seen” by a
particular phototube to a zone of 10 mrad angular
diameter viewed from the heliostat. This limitation
also ensures that light from the environment of the
heliostat (objects on the ground and also neigh-
boring heliostats) which reaches the cone as a
result of spherical aberration after having been
reflected from other parts of the same secondary
mirror does not reach the photocathode. Fig. 10
shows the principle of a Winston cone and the
angular acceptance as a function of the photon
incident angle.

In principle, the exit diameter of the cone
should simply be made equal to the photo-
cathode diameter. In practice, the photocathode
has some curvature which causes losses at the
interface. This problem was solved by shortening
the cone and therefore virtually moving its exit
surface into the phototube. Fig. 11 shows the
results before (dotted line) and after (solid line)
this modification.

The cones are all made of FK5-487704 glass
from Schott. Their absorption is 1% or less for a
2.5cm length in the 350-800 nm wavelength
range, with an optical index varying from 1.5 to
1.48, close to that of the photocathode.

4. Photomultiplier tubes and electronics

Fig. 12 gives a schematic overview of the
electronics. We will detail the different parts of
this apparatus in the next sections.

4.1. Photomultipliers

Very accurate timing is the key to correct
reconstruction of the wavefront of the Cherenkov
light. The XP2282B 8-stage photomultiplier tube
from Philips is well suited to our purpose with the
following characteristics:

Entrance window: Borosilicate glass,
Photocathode sensitivity: 300-650 nm,
FWHM single photoelectron pulse: 2.2 ns,
Optical index of the photocathode: ~1.48
(close to that of the Winston cones).
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Fig. 12. Schematic diagram of the CELESTE electronics.

Special tube bases were developed for the
experiment. The cathode to first dynode voltage
is fixed at a relatively high value, 520 V, in order to
minimize fluctuations and therefore improve the
time resolution. To prevent damage to the tube,
when the anode current exceeds 40 pA this voltage
is switched off rapidly and replaced by 20 V of
reverse bias, reducing the overall gain by a factor
of roughly 1000. The residual sensitivity can be
explained by photoemission from the first dynode.
The remaining voltage is approximately equally
distributed over the 7 other stages, the last two
being transistor-stabilized. The total voltage is
typically 1200 V for a PMT gain of 5 x 10%, kept
low to limit the DC anode current from the night-
sky light to less than around 10 pA. This low gain
is compensated for in the tube base using an
INA10386 x25 amplifier having a 1.5 GHz band-
width.

A further x5 gain is provided in modules
located close to the secondary optics. These also
include fan-outs for test signal charge injection at

the PMT anode level and circuitry to monitor the
anode currents and implement the rapid first-stage
voltage cutoff. The anode currents are digitized
and recorded using a PC; the data are stored for
off-line use. The signals reach the counting house
after a total of 25 m of RG-58 coaxial cable and
the pulse widths are slightly under 5 ns FWHM.

4.2. Phototube calibration

The first step in the energy calibration of the
detector is the knowledge of the relationship
between the output voltage of the PMTs and the
number of photoelectrons (pe) on the photo-
cathode. We have calibrated the PMTs using the
single photoelectron technique. We illuminate them
in situ with a low visible light flux and extract the
single photoelectron spectrum for each of a set of
high voltages using a variable-threshold discrimi-
nator and a scaler. Fig. 13 shows the result for one
channel and nine high-voltage values.
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Fig. 13. Single photoelectron spectra for one typical channel and several high voltages.

Because of the large night-sky light flux and
since we wish to run the PMTs well below the
recommended maximum anode current of 200 pA,
we have chosen a gain of ~5 x 10* giving a
sensitivity of 10 mV/pe on the average at the input
to the acquisition and trigger electronics in the
counting house, and after amplification. For most
of the 40 phototubes it has been possible to
measure the single photoelectron peak down to
10 mV; to complete our calibration for the few
others we extrapolate down to 10 mV per photo-
electron using the following function:

V — 520\""
f(V)=10mV x <p0 — 520)
where 520 corresponds to the fixed cathode to first
dynode voltage. Typical values for py and p; are

1250 V and 6.5, respectively. Fig. 14 shows the
result of this fit. Thus the PMT gains can be
adjusted to obtain 10 mV/pe. In practice, how-
ever, the final gain values used also take into
consideration relative heliostat efficiency as deter-
mined through measurements of the hadronic
shower charge spectra using the FADCs, com-
bined with results of simulations. This subject,
closely related to the question of energy calibra-
tion, will not be treated in this paper.

4.3. Trigger

The goal of the experiment is to have as low an
energy threshold as possible, but at E, = 30 GeV,
for example, the mean number of Cherenkov
photoelectrons per heliostat is only 3. This must be
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compared to the night-sky background which
gives a mean value of 1 and 0.7 pe/heliostat/ns
in the Crab direction and zenith, respectively. For
a trigger, a pure analog sum of the signals of all the
heliostats would maximize the ratio of signal to
background fluctuations. At first sight this might
appear to be the best solution. However, such a
trigger would be very sensitive to local muons and
large amplitude after-pulses from the PMTs.

Instead, we have chosen a hybrid analog-logic
trigger in which we first sum 8 heliostats at the
analog level, applying a threshold to the resulting
signal. A majority decision is then taken submit-
ting the five discriminator output signals to a
CAEN V495 majority logic module using a
coincidence width of 10 ns. This method takes
advantage of the increased signal/background
ratio while the muons and after-pulses are rejected
by the group coincidence requirement.

Since the source being observed is continuously
moving across the sky, the relative arrival times of
the shower light on the heliostats are constantly
changing, and it is necessary to compensate for
this in the trigger system. The maximum angular
velocity of an object in the sky is 15°/h, so the
delay variation between two distant heliostats

(200 m) is at most ~ 1.5 ns/min; a delay correction
increment of 1 ns is used, computed every 30 s,
sent to the electronics, and also recorded by the
acquisition system.

A specially designed module (see the central part
of Fig. 12, labelled “One group timing’’), one per
group, adjusts the relative delays during data
taking and also performs the summing. For each
heliostat a fixed delay accounts firstly for the
different arrival times at the heliostats, calculated
for the wavefront of a source located at the zenith,
and secondly for the path differences from each
heliostat to the secondary optics. Then the variable
delay corresponding to the actual source position
is performed in two stages, first individually for
each heliostat and then on an intermediate signal
obtained by summing a group of three. (The
module has 9 inputs of which only 8§ are currently
used.) The total delay range obtainable is 254 ns.
To compensate for the varying cable attenuation,
when a length of cable is removed it is replaced by
the appropriate fixed attenuator. This system
receives its commands via an RS 232 serial link.

To obtain the final trigger, the 5 logic outputs of
the delay module discriminator are put in time by
a CAEN V486 programmable delay circuit with a
500 ns range. Its deadtime, roughly 1.5 times the
delay value, currently limits the minimum thresh-
old that can be applied with the discriminator.
However, we have developed a delay circuit with a
deadtime of only ~20 ns which will accept the
higher rates incurred when lower threshold settings
are used. It should be noted that the limited range
of the programmable delays restricts the observa-
ble part of the sky to within 30° of zenith but this is
of little importance since the heliostats optical
losses increase for sources far from the transit.

We want to emphasize the muon rejection
power of this trigger. By requiring several (typi-
cally 3) groups of 8 heliostats for a trigger, we
select only the showers which illuminate a large
fraction of the field. Muons from hadron-induced
showers only produce significant Cherenkov light
close to the ground and the spatial extension of
their light pool is <20 m, making it impossible for
them to trigger. This result is confirmed by
studying common events with the CAT imager
[14], which is very sensitive to muons. CAT events
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re-triggered with CELESTE show a dramatic
suppression of muons [31,37].

4.4. Trigger performance

As indicated in Section 2.1, the main limitation
encountered when attempting to lower the energy
threshold comes from the accidental coincidences
produced by the night-sky background light. Their
rate changes with the pointing direction (stars in
the particular field of view, zones of the sky
affected by urban light pollution, etc.) and from
night to night (relative humidity, snow covering
the ground, etc.). We check the threshold for each
observation of a source using a measurement of
the trigger rate as a function of this threshold.
Fig. 15 shows a typical trigger rate curve recorded
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Fig. 15. Trigger rate as a function of threshold in photoelec-
trons/heliostat for a ““3 groups out of 5 majority coincidence.

while following the BL Lac object 1ES2344 +514
and using convergent pointing. The steeply rising
portion at low threshold is caused by the
accidental coincidences from the night-sky light
fluctuations. The flat decrease at high threshold
corresponds to cosmic rays and in fact these
triggers disappear when the timing between the
groups is incorrect. The threshold value adopted
lies in the region where the rate of night-sky
background triggers has been reduced to <1%.
For most observations its value is in the range
4-4.5 pe/heliostat and the corresponding trigger
rate is about 20 Hz.

The inset of Fig. 15 shows the counting rate for
the five individual groups. The differences in rate
from one group to another mainly come from the
slightly different parts of the sky seen by the
heliostats leading to small differences in the night-
sky background, as well as to the residual
attenuation in the switched cable delay modules.
The night-sky light clearly dominates below
7 pe/heliostat; above that value the rate levels off
at ~10 Hz.

To investigate this behavior further, we have
performed the same experiment by illuminating
the phototubes in order to reproduce the anode
currents observed in the 1ES2344+ 514 measure-
ment, the front door of the tower being closed.
Fig. 16 (bottom) shows the rates for each of the
five groups. They look very similar to those of the
inset of Fig. 15. We interpret the flattening of the
curves at high threshold as being due to muons
passing through the Winston cones with sufficient
light output to trigger a single group at a rate of
about 1 Hz per channel, i.e. 8 Hz per group. Once
a coincidence is required (upper part of Fig. 16, in
this case between 4 groups out of 5), the flat part of
the curve vanishes as expected due to the absence
of showers. The final trigger rate stays below 1 Hz
for a threshold >4 pe/heliostat so we can con-
clude that accidental coincidences are negligible in
an ON-OFF analysis procedure.

4.5. Digitization
Timing being a key requirement for the analysis,

we chose to digitize at a 1 GHz rate. In this way
both time and amplitude information is available
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from the readout channel, even for channels which
would not have participated in a more conven-
tional discriminator+TDC setup. The two-channel
ETEP 301C module used was specially developed
for CELESTE [38]. It is clocked at 940 MHz with
a circuit also specifically developed for our needs
and now available from ETEP [38].

Capacitive coupling the DC component of the
signal, and since the 8-bit FADC is unipolar (0—
—2 V), a voltage offset of —0.25 V is introduced to
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Fig. 17. Typical Cherenkov signal in the flash ADC, after
pedestal subtraction, in digital counts versus time samples
(1.06 ns). One photoelectron is approximately 3 DC.

ensure that positive fluctuations and overshoots
will be recorded.

The digitized data are stored continuously in an
8-bit memory 2048 words deep. Due to speed
limitations, eight 125 MHz memory circuits are
used in parallel, receiving the data via a fast
multiplexer. When a trigger occurs, the encoding is
stopped and the memory is made available for
readout. An internal register locks the memory
address when the stop signal is received, and this
makes it possible to calculate, channel-by-channel,
the address of the zone in memory where the signal
is expected, based on the nominal arrival time of
an on-axis shower incident on the center of the
heliostat field. The Cherenkov readout is limited to
a 100-sample window centered on that point.
Fig. 17 shows a typical signal recorded by the
ETEP 301C.

As mentioned in Section 2.4, the arrival times of
the signal are used to reconstruct the interaction
point of the y-ray in the atmosphere. The accuracy
of this position measurement depends directly on
the precision of the time values used and therefore
requires knowledge of the various signal delays
leading to the digitizer. A database contains all
the relevant delay values for the cables and the
electronics modules. This database is used by the
main control computer to access the relevant
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words in the FADC memories and also for the off-
line analysis.

A measurement of the timing quality has been
performed using a nitrogen laser (A = 337 nm)
installed for THEMISTOCLE which illuminates
the whole field through a diffuser located near the
top of the tower. The light pulse width is
comparable to that of a Cherenkov signal. The
positions of the diffuser, heliostat and secondary-
optics elements are precisely known so the relative
arrival times of the light pulses at the photo-
cathodes can be calculated accurately.

For each channel and laser pulse, the pulse
positions in the FADCs are obtained by fitting the
pulse shapes; the mean values for a large number
of laser pulses are then compared to the calculated
arrival times. This provides a residuals histogram
for the 40 channels as shown in the upper
histogram of Fig. 18. The standard deviation of
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Fig. 18. Residuals of the arrival times for a laser run and for
the 40 FADC channels, before and after corrections.

these values is ¢ of 1.5 ns, reflecting systematic
errors in the delay values used. We then introduce
channel-by-channel corrections in the database
using these residuals. The bottom part of Fig. 18
shows the result of a different laser run making use
of this correction. The dispersion is much better,
going down to 0.4 ns.

The trigger is asynchronous with the FADC
clock. When the trigger occurs close in time to a
clock pulse the stop value that is recorded can
differ by one count between two channels, giving a
+1.06 ns from one channel to another for a
particular event. The top histogram of Fig. 19
shows this difference for two typical channels. The
data are obtained using the charge injection test
signal sent to the phototube bases (see Section 4.1).
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Fig. 19. Time difference between two channels in a charge
injection run (see text). Top: raw data. Bottom: after correction
using fiducial peaks.
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This effect concerns of course the Cherenkov
shower data as well.

The solution used to improve the synchroniza-
tion between channels was to implement a fiducial
peak in the data. When a trigger occurs, a test
signal is sent out and after an additional delay the
stop signal is sent to the FADCs. By reading out
an additional sample of 28 ns, both the Cherenkov
and the charge injection signals are available in the
data. In this way we have an event-by-event time
reference in each channel. The bottom part of
Fig. 19 shows another charge injection run making
use of the correction from the fiducial peaks. This
reduces the time dispersion inherent in the
electronics to the ¢ = 0.15-0.20 ns level. We want
to emphasize the charge injection technique which
allows a control of the experiment; each night of
observation begins with such a run in order to
check all the FADCs’ channels and the acquisition
system.

The FADCs have been calibrated in amplitude
by encoding a signal of 5 ns FWHM which was
itself calibrated with a Tektronix TDS620B
oscilloscope. We found a small dependence (3%)
on the pulse shape. A one photoelectron pulse
corresponds to about 3 digital counts (DC), for a
full range of 256 DC including the ~30 DC offset
mentioned above. The measured variation was
within 20% for the 40 channels and is corrected
for in the data analysis.

5. Data acquisition and system monitoring

The acquisition is organized on a client-server
basis with the same architecture as for the CAT
telescope [14]. A master HP-UX workstation
running LabView code starts all the processes,
each one on a dedicated platform. Using this
scheme is natural because of the relatively large
number of tasks and control operations to per-
form. Moreover, this allows for the addition of
new clients when needed. All data transfers
between computers use standard TCP/IP protocol.

The clients presently used perform:

® control and pointing of the heliostats (PC),
® phototube current readout (PC),

weather data acquisition (PC),

® High voltage power supply control (LeCroy HV
system),

® FADC and GPS readout, trigger control,

scalers readout (3 VME crates).

The PCs run with MS-Windows 98 while the three
VME crates each have a Motorola MVYME162/172
68xxx processor board running the LynxOS v3.1
real-time system. Two of the crates contain only
FADC modules while the third is used to control
the trigger system, and read scaler, a GPS clock
and a frequency meter to monitor the 940 MHz
FADC. During data taking, all the calculations
(e.g. trigger delays, pointing coordinates) are
performed by the master machine then sent to
the concerned client. Data are also collected by the
master process which writes the data files to disk.
The total acquisition time is approximately 7 ms,
mainly due to the FADC readout, leading to a
20% deadtime at 20 Hz counting rate. This turns
out to be very stable for a given set of observing
conditions and is therefore easily corrected for in
the analysis using scaler information.

One major concern is the stability of the
experiment and the monitoring during data taking.
In this spirit, several procedures are in places,
which we want to summarize.

The accuracy of the heliostats pointing is
periodically checked with the “star scan” proce-
dure as described in Section 3.1.

Before every night we check that the electronics/
data acquisition chain is working properly by a
“charge injection” run with the setup described in
Section 4.5.

Since the threshold may change with atmo-
spheric conditions as well as with the sky region
where the telescope is pointed, its value is checked
by making a “trigrate” for each observed source
(Fig. 15).

During data taking, several parameters are
recorded:

® the PM tubes’ high voltages and their anode
currents are readout every 15 s,

® the heliostats’ coordinates are readout every
30 s,

® the digitization clock frequency is recorded,
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® in addition to the individual FADC channels,
the analog signals from the trigger groups are
digitized, allowing trigger control in the soft-
ware analysis,

® the scalers record the trigger rate, the group
rates,

® the weather parameters (temperature, dew
point, pressure, humidity, wind) are recorded.

Finally, an on-line event display procedure is used
to sample the data flow and check the data quality.

6. Conclusion

We have described the CELESTE atmospheric
Cherenkov detector currently in operation at the
THEMIS site in the French Pyrenees. CELESTE
takes advantage of the large heliostat reflecting
surface available combined with specially designed
secondary optics in the THEMIS tower to make
possible wavefront sampling at 40 points distrib-
uted over the 200 m x 300 m field. The electronic
system was devised for accurate time measure-
ments on signals superimposed on a high back-
ground noise level, and it provides triggering at a
threshold between 4 and 4.5 photoelectrons per
heliostat.

Results from data taken during the 1999-2000
winter period indicate clear detection, for the first
time, of both the Crab nebula [33] and the Active
Galactic Nucleus Mkn421 [31,39,40] with an
energy threshold close to 50 GeV. This validates
the CELESTE design described in the present
paper and opens prospects for beginning systema-
tic exploration of this region of the y-ray spectrum
in the near future.
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