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Fig. 16. PSF of the 5 GeV IACT array. 

actually becomes constant, in essence because of 
the limited field of the view ( ~ 3 " )  of the camera. 

The stereoscopic approach allows the determi- 
nation of the arrival direction of primary y-rays on 
an event-by-event basis. The determination of the 
arrival direction of primary y-rays is described in 
Ref. [6],  and its practical implementation in the 
case of the HEGRA IACT system can be found in 
Refs. [8,28]. In Fig. 16 we show the Monte-Carlo 
calculations of the PSF which can be approxi- 
mated in the simple form 

4 = 0.8(E/1 GeV)-0.4". (4) 

Despite the small pixel size -0.1", the angular 
resolution of the 5 GeV IACT array at energies 
E << 100 GeV is significantly poorer than the reso- 
lution of "100 GeV" threshold instruments, 
which could be as good as 0.1", even for a larger 
pixel-size of about 0.25" [6]. Since for both cate- 
gories of instruments the number of photo- 
electrons, or the so-called size of the image, from a 
detected y-ray photon are comparable (-100(E/ 
Eth) photoelectrons), the lower performance of the 
IACT technique is rather an intrinsic feature of 
Cherenkov images at very low energies (the images 
are less elongated and less regular). This effect can 
be seen also in the so-called ALPHA-distribution of 
images in a single telescope, where the ALPHA 

parameter is indicative of the orientation of the 
image in the camera (see e.g. Ref. [3]): while at TeV 
energies most of y-rays from a point source have 
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Fig. 17. The ALPHA-distributions for a single telescope. 

Table 1 
Efficiency of the ALPHA-cut for a single "low energy" telescope 

Cut, deg K., KCR @factor 
5 0.25 0.0504 1 . 1 1  
10 0.42 0.0972 1.35 
15 0.54 0.1439 1.42 
20 0.62 0.1907 1.42 
25 0.69 0.2348 I .42 
30 0.73 0.2868 1.36 

an angle A L P H A  less than 5-8" [3], the A L P H A  

distribution is significantly broader in the energy 
region around 10 GeV (see Fig. 17). The sup- 
pression of the cosmic ray background at such low 
energies becomes correspondingly less effective. 
The characteristic values of the acceptance of the 
isotropic cosmic ray showers K C R ,  and the point- 
source y-ray showers K.,, as well as the so-called 
Q-factor, Q = K . , / K ; ~ ,  which characterizes the im- 
provement of the signal-to-noise ratio after ap- 
plication of the image cuts, are shown in Table 1. 
It is seen that the best improvement of the signal- 
to-noise ratio is achieved for an A L P H A  cut at 
-20-25" which gives a rather modest Q-factor, 
Q N 1.4. In contrast, at 10 GeV the stereoscopic 
measurements allow the determination of the 
shower direction with an accuracy of 0.3" (Fig. 
16). Therefore the y-ray signal could be improved 
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by a factor of Q = K ~ / K L I ;  = K.,( Y/24 )  x 3.35, 
where the efficiency of the rejection showers from 
cosmic ray electrons  KC^ M (24lY)’ is determined 
by the FoV of the imager, Y N 3O, and the angular 
resolution 4 21 0.3”. Thus, despite the smaller (by a 
factor of two) detection area of the array operating 
in the stereoscopic mode compared with the 
overall area of five independent IACTs (see Fig. 
13), the stereoscopic array would have at least by a 
factor of 2 better sensitivity, even disregarding 
other advantages of the stereoscopic approach, in 
particular, the complete removal of the hadronic 
background. 

5. Detection rates and the energy threshold 

The differential detection rates of y-rays from a 
point source, calculated for the collection area 
given by Eq. (3) and assuming pure power-law 
spectrum in the form 

dl - = lo-’ (E/1 GeV)-” cm-? s-‘ GeV-’, dE 
are shown in Fig. 18a. Eq. (5) implies that, inde- 
pendent of the spectral index a, the differential 
y-ray flux is normalized at 1 GeV to lo-’ 
cm-l s-’ GeV-’. The latter corresponds to the 
typical flux of “standard” EGRET sources. 

In Fig. 18b we show the differential detection 
rates of y-rays with a hard power-law spectrum 
with a = 2 and an exponential cutoff at Eo: 

(5) 

( 6 )  
dJ - c( E-’ exp( -E/EO),  dE 
for four different values of Eo, and assuming the 
same absolute flux normalization at 1 GeV as in 
Fig. 18a. 

It is seen from Fig. 18a and b that for a large 
variety of y-ray spectra the peak of the detection 
rate appears in a rather narrow band between 4 
and 6 GeV. Now, defining the energy threshold as 
the energy at which the differential y-ray detection 
rate reaches to its maximum, we may conclude that 
the suggested IACT array has an effective energy 
threshold of about 5 GeV. 

In Fig. 18a and b we show also the differential 
detection rate of cosmic ray electrons within the 
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Fig. 18. Differential detection rates of y-rays and cosmic ray 
electrons within the cone determined by the PSF of the IACT 
array, calculated for two types of y-ray spectra represented by 
(a) Eq. ( 5 )  (top) and (b) Eq. (6) (bottom). 
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Fig. 19. The flux of cosmic ray electrons. The compilation of the experimental fluxes is taken from Refs. [29,30]. The solid line 
corresponds to the fit represented by Eq. (7). The dashed line correspond to the function dJ,/dE 0: E-".'[l + (E/3.9GeV)]-'.' which 
provides a better fit to the data at energies above 100 GeV. 

cone limited by the PSF of the instrument given by 
Eq. (4). The energy spectrum of cosmic ray elec- 
trons is shown in Fig. 19. At energies above 10 
GeV the differential spectrum is very steep with a 
power-law index a, N 3.2. Below 10 GeV it be- 
comes flatter. Within the uncertainties of the 
measured fluxes, the electron spectrum can be 
approximated in the entire region from several 
GeV to 1 TeV by the following function shown by 
the solid line in Fig. 19: 

x [l + (E /5  GeV)".']-' m-? s-] sr-' GeV-I. 

(7) 

In Fig. 20 we show integral detection rates R, 
( 2 E) for power-law y-ray spectra represented by 
Eq. (5 ) .  It is seen that for a relatively flat y-ray 
spectrum with ci, N 2 and for an integral flux above 
1 GeV of ph/cm' s (this approximately corre- 
sponds to the total, i.e. pulsed plus unpulsed, flux 
from the Crab), the detection rate of y-rays from 
the EGRET sources can be as high as 6 events per 
second, against the cosmic ray background rate of 
about 25 events per second caused by cosmic ray 
electrons. This implies that an observation time of 
approximately 20-30 s would be sufficient to detect 
a statistically significant signal from such a source. 
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Fig. 20. Integral detection rates of y-rays and cosmic ray 
electrons within the cone determined by the PSF, calculated for 
y-ray spectra represented by Eq. (5). 

Remarkably, for the brightest persistent y-ray 
source, the Vela pulsar with photon index ci, - 1.7 
from 100 MeV to 10 GeV, and the integral flux J, 
( 2 1 GeV) zz 1.5 x ph/cm's, the detection 
rates would exceed 100 events per second. Thus a 
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statistically significant signal from the source could 
be obtained during an observation time less than 
1 s! For the given normalization of the differential 
flux at 1 GeV, lo-’ ph/cm’ s GeV, the detection of 
sources with steep y-ray spectra would require 
significantly longer exposure. Even so, the time 
needed for detection of sources with very steep 
power-law spectra with an index aY - 3 (like curve 
4 in Fig. 18a), or with a sharp, e.g. exponential 
cutoff at a few GeV (like the curve 4 in Fig. 18b), 
does not significantly exceed 1 h. 

6. Flux sensitivity 

The curves in Fig. 14 correspond to the detec- 
tion rates before the image analysis. Remarkably, 
even after such effective rejection of hadronic 
showers at the trigger level, there still remains 
room for further suppression of the background 
from cosmic ray protons and nuclei by analyzing 
the shapes of the Cherenkov images of the detected 
showers. In Fig. 21 we show the so-called mean- 
scaled W ID T H  parameter distribution of showers 
which have already passed the hardware trigger 
condition. This parameter represents the mean 
value of the W I D T H  parameter measured by all 
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Fig. 21. Distribution of the mean scaled width parameter for 
electromagnetic and hadronic showers. 

Table 2 
Efficiency of the cosmic ray rejection using the mean scaled 
width cut 

0.8 0.9 1.0 1 . 1  1.2 1.3 (4 
k., 0.28 0.45 0.60 0.74 0.83 0.90 
kcr 0.025 0.044 0.07 0.11 0.15 0.20 
Q-factor 1.8 2.1 2.3 2.2 2.1 2.0 

telescopes and normalized to the impact distances 
and the image amplitudes [8]. It is seen that the 
distributions of the electromagnetic and hadronic 
showers are rather well separated. The efficiencies 
of the acceptance of both type of showers for 
different mean scaled W ID T H  cuts are presented in 
Table 2. We see that even very loose cuts at the 
level of (w) = 1.3 provide suppression of the 
hadronic showers by a factor of 5,  while the y-ray 
acceptance can be as high as 90%. This implies that 
after such a loose cut, which practically does not 
reduce the y-ray (or CR electron) statistics, we 
may push the detection rates of cosmic ray protons 
and nuclei further down, and thus make y-ray 
detection in the entire energy region below 100 
GeV essentially free from hadronic background. 
This makes the calculations for the differential flux 
sensitivity of the instrument straightforward and 
simple and, more importantly, there is no need to 
specify the spectrum of primary y-rays. Indeed, be- 
cause the showers produced by electrons are very 
similar to y-ray showers l ,  the condition of detec- 
tion of a y-ray signal with statistical significance 
rn-sigma in the energy interval [E - AE, E + AE], 
N(E)AE = m m ,  provided that the number of 
detected y-rays Nmin = J ( E )  2 A E  A,fl-(E) T 2 10, 
gives the minimum detectable differential flux for 
the observation time T: 

where it is assumed that AE = E/4,  which corre- 
sponds to a rather conservative 25% accuracy of 
reconstruction of the energy of the primary elec- 
tron or y-ray photon. The results of calculations 

’ Actually there are some differences. In particular the 
primary electrons start to produce Cherenkov light earlier, but 
in this paper we will ignore these effects. 
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Fig. 22. Differential flux sensitivities of the IACT array for 1 
and 25 h observation times. The expected sensitivity of GLAST 
for 30 day continuous observation is shown by the dashed 
curve. 

for the so-called spectral energy distribution 
(SED), E’ J ( E ) ,  based on Eqs. (3), (4) and (7) re- 
quiring 3-sigma detection (rn = 3) at each energy 
E, are presented in Fig. 22 for two different ob- 
servation times, T =1 and 25 h. In the same figure 
we present also the power-low fluxes of y-rays 
represented by Eq. (6 ) .  It is seen that 1 h obser- 
vations by the IACT array would be sufficient to 
detect a statistically significant signal from a 
“standard” EGRET source even at the presence of 
an exponential cutoff in the y-ray spectrum as low 
as 3 GeV. In the case of a cutoff at 10 GeV or 
hgher energies, the detection time ( t  cx 1 /J’) could 
be reduced to 6 1 min. 

For comparison in Fig. 22 we show the ex- 
pected sensitivity of GLAST for an observation 
time T = 30 days. Since at energies above several 
GeV GLAST will operate at almost background 
free conditions (for point-like sources), the flux 
sensitivity is determined by the photon statistics, 
Nmin = 10 (see e.g. Refs. [12,13]). Note that at en- 
ergies above 5-10 GeV, 1 h observation time by 
the IACT array could provide better sensitivity 
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Fig. 23. Event statistics corresponding to the minimum de- 
tectable y-ray fluxes by the IACT array (-) and by GLAST 
(- - -) shown in Fig. 20. The statistics of detected cosmic ray 
electrons by 5 GeV IACT array for 1 h observation time is also 
shown (. . .). 

that the minimum detectable fluxes achievable by 
GLAST during one month of continuous obser- 
vations. Moreover, even very short observations 
by the IACT array can give unusually rich (for y- 
ray astronomical standards) photon statistics over 
the whole energy region from few GeV to 100 
GeV; the number of detected y-rays exceeds 100 at 
each energy interval E f E / 4  (see Fig. 23). This 
would guarantee an appropriate y-ray spectro- 
scopy with energy resolution of about 20-25% 
below 10 GeV, and better than 15% at higher en- 
ergies. 

The flux sensitivity shown in Fig. 22 is obtained 
under a very robust and to a large extent non- 
standard condition which requires detection of a 
signal with at least 3-sigma significance in euch 
energy band with width E l 2  centered on E, pro- 
vided that the number of detected y-rays in this 
band exceeds 10. Note that this definition of sen- 
sitivity does not require any knowledge about the 
shape of the spectrum of the primary y-rays. In 
Fig. 24 we present the flux sensitivities determined 
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Fig. 24. Integral flux sensitivities of the IACT array for 25 h 
observation time, assuming power-law y-ray spectra with pho- 
ton indices a., = 1.5, 2, and 2.5. The sensitivity of GLAST for 1 
year continuous observation time is also shown (solid curve). 

in a more traditional way, namely requiring 5- 
sigma detection of y-rays above the given energy, 
Jn,in( 2 E ) .  This definition of the integral flux 
sensitivity obviously requires an assumption about 
the shape of the energy spectrum. The curves 
shown in Fig. 24 are calculated for T = 25 h ob- 
servation time, assuming power-law spectra of y- 
rays with photon indices ay = 1.5 (dotted curve), 2 
(dot-dashed curve), and 2.5 (dashed curve). The 
expected GLAST sensitivity shown by the solid 
curve corresponds to 1 year of continuous obser- 
vations of the source. 

7. Discussion 

Results presented in this paper show that a 
stereoscopic array of large, 20 m diameter class 
imaging Cherenkov telescopes installed at very 
high mountain altitudes could effectively enter into 
the domain of satellite-borne y-ray astronomy. A 5 
GeV energy threshold array of IACTs at 5 km 
a.s.1. - hereafter 5@5 - could provide a deeper 

probe of y-ray sources compared with GLAST - 
the most powerful current satellite-borne y-ray 
project. However, the scientific goals of these in- 
struments are essentially different. While GLAST 
with its almost 27t steradian FoV can provide very 
effective siinultaneotrs monitoring of a very large 
number (hundreds or even thousands) quasi-stable 
y-ray sources, as well as a study the galactic and 
extragalactic components of the diffuse y-ray 
background radiation, 5635 has an obvious ad- 
vantage for the search and study of highly variable 
or transient y-ray sources. The flux sensitivity of 
this instrument at 5 GeV of about 2 x lo-'' erg/ 
cm2s (see Fig. 22) would allow the detection of 
any y-ray flare with apparent luminosity 2 x 

(d/l Mpc)', lasting only 1 h, where d is the 
distance to the source. Of special interest are the 
gamma-ray blazars detected by EGRET (see e.g. 
Ref. [27]). A detailed study of the time structure of 
y-radiation for these highly variable objects on 
timescales of several minutes by 5@5 would pro- 
vide unique information about the relativistic non- 
thermal processes in astrophysical jets. An effective 
operation of this instrument in the sub-10 GeV 
regime guarantees detection of y-rays arriving 
from cosmological distances up to z N 3 or so, for 
which the intergalactic medium becomes almost 
transparent. The dynamic range from several GeV 
to 100 GeV would allow important cosmological 
measurements, in particular a study of the diffuse 
ultraviolet extragalactic background by detecting 
intergalactic y-y absorption features in the spectra 
of y-rays below 100 GeV. The confusion problem 
(spectral cutoff due to the internal or extragalactic 
absorption?) at such redshifts can probably be 
overcome by simultaneous observations at optical 
and X-ray wavelengths. 5@5 can also be effectively 
used for the study of galactic transient sources, in 
particular for the detection of short time (<  1 day) 
y-ray activity expected during synchrotron radio 
flares of microquasars. 

And finally, 5@5 can serve as a very powerful 
instrument for a study of the phenomenon of 
GRBs. If the spectra of GRBs extend to high en- 
ergies without abrupt cutoffs up to several GeV, 
which is the case at least for some of GRBs [31], 
then the sensitivity of 5@5 would allow very de- 
tailed studies of the spectral and temporal features 



354 F. A .  Aliaroriian et al. 1 A W O ~ U I  .tide Piissics I5 (2001 ) 335-356 

lo3 : 

Energy Flux, erg/crn2 s 

Fig. 25. Minimum observation time required for detection of y- 
rays for a given energy flux (SED) f i n  four energy bands cen- 
tered on E = 2, 5. 10, and 50 GeV with an width f E / 4 .  

of GRBs in this extremely important energy region. 
In Fig. 25 we show the minimum time tmin required 
for detection of GeV y-ray flares with a given en- 
ergy flux f(E) at four different y-ray energies: 2, 5, 
10, and 50 GeV. The calculations correspond to the 
3-sigma signal at each energy E within the interval 
[E - 0.25E, E + 0.25E1, provided that the number 
of detected y-rays exceeds 10. In the regime of low 
fluxes, typically f < erg/cm’s, the y-rays are 
detected in the presence of the heavy background 
induced by cosmic ray electrons. Therefore t,i, oc 
f-’. For fluxes larger than erg/cm’ s, the de- 
tection occurs under almost background-free con- 
ditions, and therefore ?,in c( f-’ . 

The results shown in Fig. 25 demonstrate the 
capability of 5@5 for detection of GeV counter- 
parts of GRBs. The detection of > 5 GeV episodic 
events with typical GRB fluxes between and 

erg/cm’ s would require only 0.1 s observation 
time. Thus it would be possible to monitor the 
spectral evolution of the source with a typical 
GRB duration from several second to 100 s. Re- 
markably, even for fluxes as low as erg/cm’ s, 

the required exposure time does not exceed 100 s. 
This implies that 5@5 could serve as a unique tool 
to study GRBs in the late stages of evolution, i.e. 
during the afterglows. 

5635 is a detector with a small FoV. Therefore it 
requires special strategies for the search and study 
of multi-GeV y-ray emitters. The proximity of this 
energy region to the energy range covered by 
EGRET suggests that almost all (more than 300) 
EGRET sources should also be detected by 5@5. 
The typical observation time for detection of a 
“standard” EGRET source would not exceed 1 h, 
even if the spectrum of y-rays cuts off at energies of 
several GeV. The full overlap of the energy range 
of this instrument with the energy domain of 
GLAST would make the latter a “the best guide” 
for developing a strategy for the study of persistent 
galactic and extragalactic objects. Generally, all 
sources seen by GLAST can be potential targets 
for observations with the 5@5. These observations 
with very large photon statistics - not achievable 
by GLAST - could provide detailed studies of the 
spectral and temporal features of y-ray sources in 
the multi-GeV region. For highly variable objects 
like blazars or galactic sources with relativistic 
jets, a multi-wavelength approach including ob- 
servations with radio, optical and X-ray detec- 
tors would be very important. These observations 
would not only inform about the pre-flaring or 
flaring states of the sources, but also would pro- 
vide complementary information for understand- 
ing and comprehensive modeling of the physical 
processes in these objects. 

A special strategy should be developed for the 
search for GeV radiation from GRBs during and 
after the main event. Apparently, prompt infor- 
mation (within 10 s or so) from the new generation 
GRB detectors like SWIFT (and possibly also 
from GLAST) would be needed, containing the 
angular coordinates of an event with an accuracy 
better than 1”. It would be very worthwhile to have 
also a nearby ground-based prompt optical tele- 
scope like ROTSE [32]. In their turn, the tele- 
scopes of 5@5 should be rather fast in order to be 
directed to the source not later than 1 min after 
receiving the alarm from these detectors. 

Because of effective rejection of hadronic 
showers by 5@5, the cosmic ray background be- 
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low 100 GeV is dominated by the showers from 
cosmic ray electrons. This component of electro- 
magnetic showers remains a part of the back- 
ground which can be hardly removed, and thus it 
is the most serious limiting factor of flux sensitiv- 
ities, especially for extended sources. On the other 
hand, these electromagnetic showers with a known 
flux and spectrum of cosmic ray electrons, mea- 
sured up to energies l TeV, can be used for ab- 
solute energy calibration of the instrument. 

Energy calibration with the aid of the cosmic 
ray electrons provides a unique tool for the con- 
tinuous (on-line) control of the characteristics of 
the detector (e.g. the energy threshold, the detec- 
tion area, etc.) during the observations. For ex- 
ample, a 10 min exposure will be enough for the 
detection of hundreds of electrons at any energy E 
within f B / 4  in the entire dynamical region from 
few GeV to 100 GeV (see Fig. 23). It is difficult to 
overestimate the significance of such calibration 
and control, especially for the study of the spectral 
characteristics of highly variable y-ray sources on 
sub-hour timescales. 

The basic elements of the suggested 5@5 de- 
tector are the large optical reflectors and the multi- 
channel high resolution cameras. Presently, 20 m 
diameter alt-azimuth mounts with the required 
precision of about 1 arcminute could be designed 
and built by many companies specialized in the 
construction of large radio dishes. The area of the 
optical reflector could be composed of several 
hundreds to thousand 6 1 m diameter glass mir- 
rors with protective quartz coating, quite similar 
to the mirrors used in the current or planned 
imaging Cherenkov telescope projects. The general 
requirements on the imagers are a relatively large 
(3" or so) FoV with a pixel size of about 0.1". This 
implies less than one thousand fast channels. Such 
a camera with similar parameters has been already 
built and successfully operated as part of the CAT 
imaging Cherenkov telescope [24]. 

The decrease of the energy threshold of the 
imaging atmospheric Cherenkov technique to sev- 
eral GeV would depend to a large extent on the 
availability of exceptional sites with a dry and 
transparent atmosphere at an altitude as high as 5 
km. Nature does provide us with such an ex- 
traordinary site - the Llano de Chajnantor in the 

Atacama desert in Northern Chile. This site with 
its very arid atmosphere was recently chosen for 
the installation of one of the most powerful future 
astronomical instruments - the Atacama large 
millimeter array (ALMA), a funded US-European 
project which will consist of 64 12-m radio an- 
tennas with spacing from approximately 150 m to 
10 km (see http://www.alma.nrao.edu/). The large 
flat area on that site could certainly accommodate 
an additional Cherenkov telescope array as well 
which requires a relatively compact area with a 
radius of about 100 m. Another attractive feature 
of this site seems to be an adequate infrastructure 
which will be built up during the next several years 
for the ALMA project. The foreseen technological 
developments of ALMA, concerning in particular 
the construction of very large antennas operating 
in robotic or semi-robotic mode, could help very 
much in the design of the telescopes of 5635. 
Moreover, the neighboring Cerro Tocco site [33] 
offers suitable areas at even higher altitudes, 
H N 5.2 and 5.6 km a.s.l., with the same infra- 
structure advantages. 
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