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The new Tien-Shan Atmospheric Cerenkov Telescope (TACT).

Contemporary status: all-particle spectrum measured
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Abstract

Results for the primary cosmic ray energy spectrum at 100-1000 TeV, data on the lateral distribution function for
Cerenkov light of EAS and curvature of Cerenkov photon front are presented. Measurements were carried out using
an array for observation of discrete gamma-sources in the TeV region.

1. Introduction

The Cerenkov method was first used for obser-

vatinn nf avtangive choware (RAQ)Y hy (1al
vation OI CXICnSIive all SnOWeIS (LAYS) Oy Jal-

braith and Jelley [1]. Later it was developed for
study of EAS characteristics in the energy ranges
10'5—10V17 eV [2-4] and about 10" eV [5]. The
use of Cerenkov light for the search for discrete
gamma-sources was began in 1960 by Chudakov
et al. [6]. At present this method is used by
different gamma-astronomicai groups in the en-
ergy range 0.1-100 TeV (VHE gamma-astron-
omvy)

omy).

The results of recent measurements at ener-
gies > 1 TeV do not confirm the existence of
some gamma sources that were observed at these
energies earlier. At the same time the existence
of other sources (Crab, Mrk 421 AGN) is con-
firmed at a high level of confidence [7,8]. There-

fore the main gUdlb of VHE gamimna- dblI'OIlUIl'ly

are to increase the experimental sensitivity for
finding gamma-sources in the TeV region and to
measure their energy spectra. Another important

nreahlam oroatinm gamma talagrnema

plroviLinl lD Lh\.« vivaiiuvil Uf th Baliillla LVILdSLUPV
network that would be able to observe the
gamma-sources intensity variation.

There exist two main modifications of the
Cerenkov method. These are “image-sampling”
and “time-sampling”. The first one implies the
using of the parabolic or spherical mirror di-
rected accurateiy to the object that has some
number of PMTs in the focal plane (for example
"xvll'llt\ﬂ]n 71 UEGR A f01 FT AQ in r‘rlrno f1n1\

hipple [7], HEGRA nea [10]).
The pattern of light for each shower is analyzed
to locate the EAS axis and to determine the
primary particle type. The “time-sampling” tech-
nique presents an array of observation points that
are also mirrors with PMTs (THEMISTOCLE
[11], ASGAT [12]). One has to measure the ar-

rival time and amplitude of the Cerenkov light at
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each point to obtain the arrival direction and
other characteristics of the primary particle.
TACT array constructed in the Tien-Shan moun-
tains belongs to this latter type of gamma-tele-
scopes. For each event the location of the shower
axis, the arrival direction of the primary particle
and the energy of the particle are determined.
This allows one to obtain the energy spectrum of
the charged component of high energy cosmic
rays in the range from a few TeV up to about
1000 TeV or even a few PeV as a “by-product™ of
gamma-astronomy. Such measurements are of in-
terest in connection with some experimental evi-
dence [13-15] for the possibility of a sharp steep-
ening of the primary proton spectrum in the TeV
region. It has to cause some feature in the all-
particle spectrum. Modern experimental data are
not rich enough to give conclusive results. It is
necessary to carry out measurements in a wide
energy range by the same device with high energy
resolution. Detection of EAS Cerenkov light per-
mits such an experiment, but it has not yet been
carried out. Further measurements of the “knee”
at ~ 10" eV are of great interest too.

2. Detector array

The detector array is situated in the Tien-Shan
mountains at a height of 3300 m (43°04'11” north
latitude, 5 h 07 m 52.3 s east longitude) 40 km
from Alma Ata (Kazakhstan). At present it con-
sists of six parabolic mirrors, situated in the ver-
tices of a regular hexagon, and a data collecting
and processing center. The radius of the array is
approximately 115 m. The mirror diameter is 1.5
m. In the focal surface of each mirror there is a
photomultiplier. During the preliminary technical
runs we used FEU-49B PMT (photocathode di-
ameter 15 cm), which yields an angular aperture
of about 6 X 6°. Photomultiplier signals were
transmitted to the data processing centre through
a coaxial cable 150 m long. Charge measurements
were carried out using strobed (strobe duration
30 ns) 12-bit ADC. For timing purposes a con-
stant fraction discriminator and 10-bit TDC with
0.6 ns time bin were used. 6-fold coincidence
(within 0.6 ps gates) signal was used as a trigger
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Fig. 1. Angular sensitivity of the detector versus detector cone
half-angle 6, ,, for different dizmeters of photocathode. (a) 8
cm, (b) 15 cm (FEU-49), (¢) 37 cm (““‘Quasar”™).

and start signal for TDCs. The array timer may
be set by an external synchro signal.

The very important parameter of our array is
the Cerenkov front timing accuracy for a singie
detector under heavy background light condi-
tions. Calculations [16] showed that TACT may
yield angular resolution 0.1-0.15° if timing accu-
racy (standard deviation) is ~ 1 ns. FEU-49 has
poor temporal resolution: one-electron pulse jit-
ter (FWHM) is ~ 20 ns wide which means it is
impossible to achieve enough timing accuracy
(and thus high angular resolution of the array) if
the number of registered photoelectrons at each
of six points is less than ~ 103. Later we plan to
use the “Quasar” phototube, which is already
used by the Baikal neutrino telescope NT-200
[17]. The “Quasar” phototube has good temporal
characteristics (jitter <3 ns) and large photo-
cathode area (diameter is 37 cm). Angular aper-
ture of the detector will amount to about 12 X 12°
while timing accuracy may be about 1 ns [17]. Fig.
1 shows the angular sensitivity W and Fig. 2
shows the area with ~ 100% efficiency of regis-
tration for FEU-49 and “Quasar”.

3. Energy treshold
The energy threshold is determined by the

ratio U/o(u) where U is the amplitude of the
Cerenkov flare and o(u) is the standard devia-
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tion of the amplitude u determined by starlight
background.

If the current pulse from the PMT is of the
form

i(ty=i,e”"/™

and the output of the PMT has 7, = RC then we
have

n
o) =QRV (1 + 1)

where n is the number of photoelectrons per
second due to starlight, g is the output charge
corresponding to one photoelectron. 7,=10"" s
for FEU-49.

If 7, <1, then

U o [2

a(u) B q nt

where @ is the output charge due to a Cerenkov
flare. To evaluate n=1-5s-£2-k we used the
following values: I = 10'?> photons/m? s sr — the
starlight intensity, s = 1.8 m?- the area of mirror,
0N=22x%x10"? sr — the effective detector solid
angle, and k = 0.04 - the photocathode quantum
efficiency and sum losses of light in the detector.
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Fig. 2. Area of registration with 100% efficiency versus EAS
energy for different PMT half-angles.
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Fig. 3. Cerenkov light lateral distribution function for wave-
length band 300-800 nm. Solid curves - primary gamma
quanta; dashed curves — primary protons. E =10 TeV. Half-
angles are plotted in the figure.

If the trigger condition is U/o(u)> 5, then
the threshold signal at each detector is U, =40
photoelectrons. Such a threshold corresponds to
the photon flux density 610 photons/m*. The
threshold energy is determined by the shape of
the lateral distribution function (LDF). Fig. 3
shows LDFs calculated for TACT with different
angular aperture (i.e. different PMTs). For FEU-
49 with @, ,, = 3° the threshold energy for a pri-
mary gamma will be few TeV, while for protons
~ 10 TeV.

4. Rejection of charged particles background

The sensitivity of a ground-based gamma-tele-
scope in a high background situation is deter-
mined by its angular resolution and the possibility
of the flash image analysis. One way to improve
the rgjection is to record stereoscopic images of
the Cerenkov flashes using two imaging tele-
scopes [7,9]. Another way is the cooperation be-
tween the timing and the imaging gamma-tele-
scopes which was suggested in Ref. [18]. Foresee-
ing this cooperation, the TACT array has been
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Fig. 4. Minimum detectable flux of gamma quanta for 30 h
observation compared to data on the Crab [9].

constructed around the SHALON imaging 1ele-
scope [19]. The sensitivity in terms of the number
of standard deviations above background can be
expressed as

n S tF,f,

,
2n)* (28w 36% Ff,)"

where S and § are registration areas for
gamma-quanta and nuclei (S, =28§), ¢ is time of
exposure, F,, F are integral fluxes from point
gamma-sources and nuclei. The factors f. and f,
are the fractions of showers contributed after
using of the selection criterion, where 38 is the
telescope angular resolution.

Table 1 compares roughly the expected values
of the main parameters of TACT and TACT +
SHALON with the parameters of other tele-
scopes.

Fig. 4 compares experimental data on Crab
compiled in Ref. {20] with the evaluation of F,
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Fig. 5. Average total flux of the Cerenkov light in the 300-800
nm wavelength band for vertical showers. Observation level is
3200 m. Numbers by the curves are the masses of the primary
nuclei and detector half-angles. Dashed curve corresponds to
the charge composition from Ref. [23].

for TACT and TACT + SHALON. Here f2°/f.
=01, 8¢=0.1° =30 h, n,/2n)*° =3, S in-
creases from 3 X 10* m? at 3 X 10'2 eV to 10° m?
at 3 X 10" eV. The evaluation of 36 for TACT is
derived from the Monte Carlo simulation [16].

5. EAS Cerenkov light as a measure of primary
particle energy.

_ In order to clear up the question of EAS total
Cerenkov light flux dependence on primary parti-
cle type, observation level and detector aperture
a calculation was carried out. Fig. 5 shows the
curves for the observation level 3.2 km for differ-
ent primaries (proton, nuclei with A = 15, iron
and gamma-quanta) and detector cones (8, ,, = 3°,
90°). The basic principles of the corresponding
calculation are described in Ref. [21]. The
hadron—hadron interaction model used in the

Table 1

The main parameters of gamma-telescopes

Telescope Whipple [7] ASGAT[12] THEMIST. [11] TACT TACT + SHALON
s, (m?) 3x10* 3x 104 3x 10 3x10* 3% 10*

f,/19 10 1 1 10

39 (deg) 1.25 0.7 0.1-0.15 0.1-0.15 0.1-0.15

n.,/2r)"* (arb.units) 1 0.2 1 10
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calculation was described in Ref. [22]. In the
framework of the model, based on accelerator
data, the inelastic cross-section is assumed to
behave as

o (Vs) = 0,1 +0.03 In(Vs /0.1 TeV)]

(Vs is total center-mass energy) which is believed
to be due to the multiplicity increase in the
pionization region and the inelasticity coefficient
rising with s. As one can see in Fig. 5, the total
Cerenkov light flux at the TACT observation
level is proportional to the primary energy in the
10-10* TeV region to within 10% accuracy on
the assumption of invariable primary cosmic ray
composition (see dots for 8, ,, = 3°). In the 10°-
103 TeV region this statement holds for any
possible behavior of primary composition from
pure proton one to pure iron one. The dashed
line in Fig. 5 corresponds to the composition
measured in the SOKOL experiment at 10 TeV:
31% protons, 30% helium, 14% CNO, 13% Z =
10-20, 12% iron [23].

To check our calculations we compared our
results for the sea level and the full detector
angle with the Yakutsk experimental data pre-
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Fig. 6. Average total flux of the Cerenkov light in the 300-800
nm wavelength band for vertical showers observed by the
full-angle detectors at sea level. Numbers by the curves are
the masses of the primary nuclei. Crosses show the Yakutsk
experimental data [24] for showers with zenith angles within
0-30°.
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Fig. 7. Angular distribution of the detected showers.

sented in Ref. [24] (see Fig. 6). Both data sets
were reduced to the 300-800 nm wavelength
band. One can see that our data agree with the
Yakutsk results to better than 10% accuracy.

6. Data analysis and results

In 1993 the first technical runs were carried
out. All the detectors were aimed at the zenith
with an accuracy of ~ 0.1°. Primary proton and
nuclei background was measured under 6-fold
coincidence. The threshold was about 270 photo-
electrons. During 5.11 X 10* s 377 events were
detected. Time stability of the detector and trans-
parency of the atmosphere were monitored by
the EAS counting rate.

Fig. 7 shows the angular distribution of the
detected showers. The effective zenith angle of
this distribution corresponds to the solid angle of
array 9 X 1073 sr. The data in Fig. 8 illustrate the
spatial distribution of detected shower axes.

The data handling procedure includes three
stages. First, the shower axis direction is esti-
mated as an average of two directions, calculated
using two independent threes of detectors under
an assumption of a flat Cerenkov light front.
Then, using amplitude data of all six detectors
and transition coefficients ‘“amplitude—photon
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number”, shower core location and primary en-
ergy are calculated. At this stage the functional
F, is minimized, which includes the pre-calcu-
lated dependence of the Cerenkov light LDF on
primary energy [21]:

2
Fl — i [QiCXD_Qicazlc(E7x(), y())]

(=1 i calc

where the (J; are experimental and calculated
numbers of photoelectrons at each of the six
detectors, x,, and y, are shower axis coordinates.

Finally, the arrival direction estimate has been
improved. The procedure involves the fitting tim-
ing channel data to a pre-calculated light front
model by minimizing of functional F,:

F2 — i [T"exp _gzcalc(e’ ‘P)]2

i=1 i calc

where the 7. are experimental and calculated
arrival times for each detector, and 6 and ¢ the
shower axis direction.

To check the model of the shower Cerenkov
image used by the handling procedure, at the first
stage of the experiment special measurements
were made of LDF and light front shape and the
results were compared to the predictions. To
exclude possible distortions due to the handling
procedure itself, a special data bank was created

w0

Fig. 8. Spatial distribution of the detected showers (top view).
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Fig. 9. Cerenkov light lateral distribution function. Solid curve
- average LDF calculation, circles - experimental data, aster-
isks — simulated data.

of artificial events which were handled using the
very same procedure as for experimental events.
In the artificial sample shower axes were evenly
spread over a circle of radius 400 m and energy
was sampled from a power law (power index
v =1.6). Fluctuations of photoelectrons were
simulated as well as light front fluctuation in each
detector. Total sample volume was 385 events.

Fig. 9 shows the calculated average LDF curves
for E, =10, 100, 1000 TeV and the results of
experimental and simulated data handling. Simu-
lations were carried out using a hybrid method
[21] involving average calculation data shown. Ex-
perimental data were averaged over the whole
energy range. It was assumed that the total
amount of light was proportional to primary en-
ergy and that the shape of LDF is almost inde-
pendent of primary energy. Numbers of photons,
renormalized to 100 TeV under these assump-
tions, were combined in a curve. Calculated curves
were normalized to 100 TeV in the same way.
Comparison of experimental results with simu-
lated data handling results and calculated curves
shows good agreement. This proves that, on the
one hand, the LDF shape is close to reality and,
on the other hand, the handling procedure does
not distort the LDF shape.
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Fig. 10 shows the time delay of Cerenkov pho-
tons front versus the distance from the shower
axis, also compared with artificial data handling

10”“E
] H*
1 ¢y
10 774 ++.f.|.
R I AR
I 0
- !
10

-, M

dl/dt
)]
. ot aapanl
—_—
O —O—H—

Lt

107"

sooa g il
— e

|

T

10 102 10° 10°*

LB N I R RS | T T

Fig. 11. Differential energy spectra for showers with axes
within R = 30 m (asterisks), R = 60 m (open circles), R =90 m
(full circles), R =120 m (squares).
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Fig. 12. All-particle differential energy spectrum.

results and calculated average curves. It was taken
into account that within ~ 90-110 m the fluctua-
tions of photon front are minimal, the depen-
dence on distance is weak and in almost

events there is at least one detector which has

distance from the axis 90—110 m. For this reaso
the time delay was calculated from the detector
that was within the 90-110 m interval from the
axis. The arriving time for this detector was con-
sidered as zero time. Using Fig. 10 one can draw

the same conclusion as made while considering
Flg 9

L
cosmic rays one h y events with pa-
rameters that yield p -actlcallv 100% efficiency of
registration. This criterion depends on the dis-
tance from the centre of array and on the primary
particle energy. To evaluate the efficiency the
differential spectra of events with axes within 30
m, 60 m, 90 m and 120 m from the array centre
were analyzed (Fig. 11). For each of these radii
there exists a threshold energy where the spec-
trum becomes a power law, and events that be-

long to the power spectrum (hpmnnmo from the

Pt \OCENN g 110 W

biggest radius} were taken for the fma! process-
ing. These were 213 events. Fig. 12 presents the
differential energy “all-particle” spectrum as de-
rived from our experiment compared with data of
Refs. [14,25,26]. Spectral indices for 100-2000
TeV, 200-2000 TeV and 200-1500 TeV are 2.60
+0.11, 2.65+0.12 and 2.64 + §.12 respeciively
(only statistical errors are indicated). We evaluate
the systematic uncertainty of intensity connected
with the energy measurement as 20-30%. The
solid line is the illustration of the spectral feature
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that will take place if the proton spectral index is
0.6 more at 10 TeV. Much more experimental
accuracy is needed to study such a feature than in
previous experiments.

7. Conclusion

Test runs of the TACT array made it possible
to test its ability to determine individual shower
parameters as well as to measure the cosmic ray
spectrum, The results obtained are consistent with
theoretical calculations and with results of other
authors. As to the energy spectrum of the charged
component, the problem of possible proton spec-
trum steepening in the 1-100 TeV range may be
solved by increasing the statistical accuracy and
by measurement of the all-particle spectrum over
this energy region with the same apparatus.
TACT, having energy resolution about 30%, may
try to solve this problem (no matter what primary
composition would be as it was shown above)
when its energy threshold will be decreased to a
few TeV. From the other point of view it is
possible to obtain data on the “knee” at ~3X
10 eV if the observation time will be long
enough.
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