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Abstract. The “Gamma Ray Astronomy at AlLnier “Plataforma Solar de Almé&”"(PSA), a solar thermal-energy
(GRAAL) experiment uses 63 heliostat-mirrors with a total research centre located in the desert of Tabern&sd383 N,
mirror area ofx 2500 n? from the CESA-1 field to collect 2°.360 W) at a height a.s.l. of 505 m. The 63 heliostats used
Cherenkov light from airshowers. The detector is located in afor GRAAL have a mirror area of 39.7 freach and have a
central solar tower and detects photon-induced showers witlhoughly spherical shape.
an energy threshold of 2568 110 GeV and an asymptotic The heliostats focus the Cherenkov light of airshowers
effective detection area of about 15008.m from the direction of potential gamma-ray sources to soft-
Data sets taken in the period September 1999 - Septembavare adjustable “aiming points” in the central tower (see
2000 in the direction of the Crab pulsar were analysed forfig.1). Cherenkov light from four groups of heliostats (with
high energyy-ray emission. In an analysis searching for an 13,14,18,18 members, respectively) is directed onto four sin-
excess of events from the direction of the source evidence fogle non-imaging “cone concentrators” (truncated Winston
~-ray flux from the Crab pulsar with an integral flux of 222 cones with an opening angle of°)Gach containing a single
0.4 (stat)ﬂjg (syst)x 1072 cm~2 s~ ! above threshold and large-area PMT. They are housed in a special enclosure that
a significance of 4.5 in a total (usable) observing time of is fastened to the outside of the central tower at a height of 70
7 hours and 10 minutes on source was found. However, non. The incoming light from an air shower consists of a train
evidence for an excess in the total counting rate was foundof pulses from the different heliostats, usually fully separated
No evidence for emission from the other sources was seen. by pathlength differences. The arrival time and amplitude of
each heliostat can thus be determined with a flash-ADC in a
sequential mode.
1 Introduction Compared to the three other heliostat field experiments
(“CELESTE"(M. de Naurois et al. (2000)),“STACEE"(M.C.
Measuring atmospheric Cherenkov radiation is presently theChantell et al. (1998)) and “Solar 2" (A.Zweerink et al.
most effective way to detect cosmigrays with primary  (1999))) which focus the light of single heliostats onto re-
energies between about 100 GeV and 1 TeV (F.Krennrichated single PMT's, the night-sky background (NSB) per
(2001)). In order to reach low energy thresholds with tech-channel is about a factor 10 higher in GRAAL (8-10 p.e./ns).
nigues based on Cherenkov light, large mirror collection ar-This leads to a higher energy threshold. The advantage of the
eas are needed. GRAAL is an experiment that employs th@on-imaging approach is its greater simplicity leading to cost
large mirror area of an existing tower solar-power plant for savings by about a factor 5-10 in hardware costs. The pres-
this purpose. This contribution describes the experimentaknce of only four data-acquisition channels makes automati-
results of one season of observation of the Crab pulsar, aneation and remote control more feasible, leading to compara-
other one (F.Arqueros et al. (2001b)) describes the results dble savings in operation costs. In the non-imaging approach
Monte-Carlo studies and what can be learned from them. Ajtisimpossible to avoid a temporal overlap of the signal from
more detailed account of our results has been submitted rezertain heliostats depending on the pointing direction. This
cently (F.Arqueros et al. (2001)). reduces the number of times/amplitudes usable in the recon-
struction by about 20%. On the positive side, calibration is
easier when signals from several heliostats are measured in
the same PMT.

CESA-1 is a heliostat field comprising of 225 steerable Ve register all four pulse trains in only one Digital Oscillo-
mirrors to the north of a central tower located within the SCOP€ with & bandwidth of 1 GHz and a time bin of 500 psec.

2 The GRAAL detector
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about 1 degree offset from the current pointing direction of
the heliostats. The offset was chosen to avoid a bias towards
“correct pointing”. This calculation was performed assum-
ing a point-like shower-maximum at a penetration depth of
230 g/cn? (the mean penetration of showers induced by a
photon of 100 GeV) in the pointing direction. A spherical
timing-front was assumed to be emitted by this maximum.
The shower core was fixed at the geometrical centre of the
field as defined by the used heliostats (it was verified that
this assumption introduces no bias).

The measured arrival times were compared to the “library”.
We define the time difference TIMEDIFF

J— TIMEDIFF = (measured arrival time)—
el B g collectors (nearest expected time from the library) @)
r \\ The direction yielding the smallegf with
AN x:> = > (TIMEDIFF;)? 2)
et fover \\ \ was chosen as the final reconstructed direction of the shower.
AN Fig.2 shows projections of reconstructed directions in zenith
> /n/\;’n/ PP and azimuth angle both for ON and OFF source directions
Z z for a large data sample. The origin corresponds to the point-

ing direction determined by the heliostat tracking. The di-
Fig. 1. Scheme of the experiment seen from the side, north is to theections of events in the “smooth background” extending to
right. The Cherenkov light of a schematic airshower (not to Scale|arge off-axis angles were found to be Systematica”y mis-
with respect to the field) is concentrated by the heliostats of thereconstructed. This effect was used in the later analysis to
CESA-1 field to a focus at the central tower. A dedicated platformnormalise ON and OFF rates.
mounted at the outside of the tower at the 70 m level houses fourIf the “misreconstructed” directions are excluded, the angu-

Winston cones which receive light form 13 - 18 heliostats in theI luti th . | ithi hich 63 of
field. The data-acquisition electronics is located inside the tower. ar resolutionsg; ( _e ope.nlng angie within whic o
all events are contained) is 0.7

This ensures that the FWHM of individual pulses of about _
3.6 nsec is negligibly increased by electronics effects. The# Data reduction
time and amplitude calibration of our setup is performed us-

ing blue LEDs with a calibrator module that is fastened at the . . ,
window of the Winston cones. all four detector channels and the heliostats in the field were

All operations (like opening of the door, high-voltage control functioning normally according to the recorded monitor files

etc.) at the central receiver and the tracking of the heliosteﬁ"":’kre chosen for Lurt"h(.er ana_tIKS|s. lFurtheIrmor:e, only data
field are under remote control via the internet. Under condi-t8ken in “good nights”, i.e., with no clouds, low humidity, no
tions that indicate some malfunction, a physicist on shift is dUSt: remained after our cuts. These “meteorological cuts

phoned by the PC and can check all parameters and imag@sre severe under the weather conditions at the PSA. In the
of web cameras, remotely. For the operation of the heliostaf@t@ Sample on Crab in February/March 2000 only/2af

field and emergencies only the regular night-operator of the?!l data taken on the Crab pulsar passed all cuts.
PSA is on-site in all observation nights. GRAAL is taking '€ fundamental problem of all Cherenkov experiments -
data continously since August 1999 (since March 2000 inespemally for those attempting to detect an excess due to

the final hardware configuration). Here we present data fod@Mmma-rays in the total rate - is the fact that the night-sky
the observation year 1999/2000 of the Crab nebula. background ON- resp. OFF-source differs in general. This
can influence the counting rate and analysis efficiency in var-

ious ways. Whereas random events can be removed (see sec-
3 Event reconstruction tion 6), the change of the effective trigger threshold due to

different noise levels in ON and OFF is a more serious prob-
The different arrival times of the Signa|S from the individual lem. Here’ it was solved by app|y|ng a variable offline thresh-
heliostats were used to reconstruct the timing shower front of|d, calculated from the measured noise level in the related
the individual events. The expected arrival times for all he-{rgces.

liostats in each of the four cones were calculated and store¢hne can attempt to find an ON-source excess in the total
in a “library” for a 5 x 5 degree grid centered to a direction

From a total measuring time of 32 hours, only nights in which
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Table 1. Currents (mean of 4 Cones), single trigger rate of charge integrating channel (mean of Cone 1+2), number of hardware-triggered
events (“raw events”), decadic logarithm mean net-charge of all events in sample (“mean q"), number of events after angular reconstruction
and software trigger (“rec. events”) and normalised number of events in central angular region (within 0.7 degrees of pointing direction)
(“centr. events”) for the samples with pointing towards the Crab pulsar (“ON”) and on a sky position (“OFF”") with a right ascension 2.625
degrees smaller than in the ON direction. The total data-taking time ON was 430 minutes with an equal amount of OFF time.

current uA]  g-rate[kHz] mean ¢ raw events rec. events centr. events
ON 19.0+ 0.4 1.35 2.883t 0.004 68702 33384 9415
OFF 19.3+ 0.3 1.49 2.876+ 0.004 75198 33056 8678
EXCESS -0.3 -0.14 0.00Z 0.006 -6496 328t 258 737+ 165
] E 16000
£16000 - 14000 £ 5 Results
?14000 ? 12000 ;
©12000 5 10000 Several parameters of the data set taken on Crab pulsar are
g10000 £ 6000 b presented in table 1. Fig. 3 shows the number of events as
3 8000 s000 |- function of angular distance from the source direction, both
iggg g 4000 | for ON- and OFF-source direction and the normalised dif-
2000 E 2000 L ference ON-OFF. An excess of events in the angular region
o b v P = ol O BN o expected from Monte Carlo (MC) simulations (fig.3) is seen,

-5

()Azimuths(deg) we find EXCESS = 737+ 165 calculated according to egn
(3). The error is statistical. This corresponds to ad éx-

0 5
Zenith (deg)

%5“0 3 14000 7 cess and a mean excess rate EXCESSL.7/min. An inte-

g‘z‘ggz 3 12000 gral flux ¢;,,; is calculated from this excess according to:

5 F 10000 -

Emooo E 8000 Qint = (EXCESSnr/r'y)(rp/robs)tc¢wl1ipple (4)

= 8000 — E

Z 6000 — 8000 F _Here(b_whipple: fgjhresh 3.3x10"E2*m2s ' TeV ' dE
4000 |- 4000 is the integral gamma-ray flux from the Crab above a thresh-
2"03 - o 2°°z c old energy Enresh as observed by the Whipple collaboration

-5 (A.M.Hillas et al. (1998)). 1 is the gamma-ray rate expected
in GRAAL from the MC simulated effective area for gammas

based on this flux (0.011 Hz). Note that the absolute Whip-

r .
directions as reconstructed from the timing data. Shown is deviatiorplg ﬂu;( CanC?IS 2 I\(jlql;|'lf4), andl ng%rély ad_op';]the spectral
of the reconstructed direction from the pointing direction on the index from ref. (A.M.Hillas et al. ( )-pris the proton

elevation-axis (panels a. and c.) and azimuth-axis (panels b. anft€ expected in GRAAL on the basis of the known absolute

d.). The origin corresponds to the pointing direction as determineddifferential flux of cosmic-ray protons,..; and the effective

by the orientation of the heliostats. The data sample comprises ofirea for protons (4.0 Hz),y; is the observed cosmic-ray rate

32 hours of ON-source time on the Crab pulsar (panels a. and b.)n the final reconstructed sample, corrected for dead time (1.6

and an equal amount of OFF-source time (panels c. and d.) takefz) . The factor (5,s/f,,) is an empirical correction for the

under variable weather conditions in the season 1999/2000. Thegact that our MC calculated proton effective area predicts a

“Gaussian plus linear function fit is performed to each subsample.somewhat higher proton rate than observedis a correc-

Itis seen that the Gaussian - corresponding to successfully directimﬂOn factor for the fact that some photons are expected in the

reconstructed events - is always centred witi0.05". “outer angular region” and was determined as 2.2 from MC
data. The final integral flux above threshold assuming a dif-

ntial spectral source index of -2.4 is:

=224 0.4 (stat)" ]9 (syst) x 107 cm~2 s~! above

0 5 4] 5
Zenith (deg) Azimuth (deg)

Fig. 2. Projections of the number of showers as a function of showe

number of events (see section 6 below). A more sensitivefere
method is to look for an excess in the central angular region, "¢

The normalised excess EXCES®as calculated according threshold
to the following equation:
ON 6 Excessin total rate
EXCESS,, = ON;, — OFF;, <O—> 3)
FF/ out If the detected excess (discussed in section 5) is real, one

Here (ON,OFF);,, stands for the number of events Can estimate thatthere should be an excess 2270 events

within 0.7° from the source, resp. off-source direction, within our measuring time. On the other hand, extrapolating
(ON, OFF)out stands for the number of events with direc- the Wh|pp|e flux for Crab nebula (AMH"IaS et al. (1998))
tions deviating more thanZrom the source direction.
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Table 2. Number of hardware-triggered events (‘total events”), only 5GeV at an energy threshold of 2Te_V already produces
number of events once subtracted the accidental events and co@ difference of 550 events for the same time of measurement

rected for the dead time (“total corrected events”) and using the known cosmic-ray proton flux and a constant
effective area of 8000
Total events  Tot. correct. evs In an alternative approach the software analysis rejects ac-
ON 79194 58107 cidental events due to the low number of peaks and uncorre-
OFF 86428 58550 lated times of the peaks of such events. Less thd 0féhe
EXCESS -7234k 575 -443%+ 483 accidental events pass the analysis for a very similar NSB to

the one of Crab sample. In our analysis, a higher NSB rejects
more accidental events. As seen in the column 5 of table 1

$2000 also here there is no significant excess in the total rate. This
51750 El lack of an excess in the total rate seems to cast a doubt on the
1500 [ | o) reality of the signal discussed in section 5.

O1250 £

£1000 : :

3 750 7 Conclusion

500
250 © The results of the present measurements do not prove that the

S T T T e Ll use of an heliostat array in gamma-ray astronomy is a feasi-
etz 3 4 5 6 Anéular Do (deg‘)° ble alternative to the use of dedicated Cherenkov telescopes.
The principle drawbacks of this approach were found to be
the restricted field of view and the poor weather conditions at
the relatively low elevation of the heliostat field not far from
the sea (frequent high humidity at night). The field-of view
restriction leads to a very similar time structure of the shower
front in proton and gamma induced showers and biases the
direction reconstruction based in timing towards to the point-
ing direction. Both effects together prevent any efficient sep-
F aration of proton and gamma induced showers. This makes
S e B ST a flux determination independent of total rates difficult and
Angular distance (deg) severely limits the sensitivity of the experiment. The fraction
of time (total duty cycle) with weather and moon-light con-
Fig. 3. The upper plot (a.) shows the number of events as a functiorditions sufficient for the detection of gamma radiation was
of angular distance of reconstructed direction from source direc- about 3-4% at the PSA, about a factor of 5 lower than at
tion for ON-source events (full line) and OFF-source events (dashedastronomical sites. Both drawbacks seem to be unavoidable
line). No normalisation of any kind was applied to this plot. The for the heliostat-field based approach also in the future.

lower plot (b.) shows the difference ON - OFF, normalised to the ) )
number of events in the outer angular region, according to eq. (3). AcknowledgementsThe GRAAL project is supported by funds
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