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Abstract

Ground-based extensive air shower arrays can observe Gamma Ray Bursts in the 1 GeV–1 TeV energy range using the
‘‘single particle’’ technique. The sensitivity to detect a GRB as a function of the burst parameters and the detector
characteristics are discussed. The rate of possible observations is evaluated, making reasonable assumptions on the high
energy emission, the absorption of gamma-rays in the intergalactic space, the distribution of the sources in the universe and
the bursts luminosity function. We show that a large area detector located at high mountain altitude has good prospects for
positive detections, providing useful information on the high energy component of GRBs. q 2000 Elsevier Science B.V. All
rights reserved.

1. Introduction

Thirty years after their discovery Gamma-Ray
Ž .Bursts GRBs still remain one of the most intriguing

mysteries of the universe. The successful observa-
tions of BATSE aboard the Compton Gamma Ray
Observatory and the exciting detections in X, optical
and radio bands during the last two years put an end
to the discussions about their distance, proving that

Ž .the sources of GRBs or at least most of them are
cosmological objects. Supposing an isotropic emis-
sion, the measured distances imply an amount of
radiated energy as large as ;1051 –1054 erg, setting
GRBs among the most powerful astrophysical phe-
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nomena in the universe. According to most theoreti-
cal models, gamma-rays can be produced by the
synchrotron radiation of charged particles acceler-
ated in the shock wave of a fireball, the relativistic
explosion due to a still unknown catastrophic event,
presumably the formation of a black hole through a
coalescence of a compact binary system or a ‘‘hy-

w xpernova’’ 1 .
GRBs have been well studied in the KeV–MeV

energy range, where they show a spectrum with a
power law tail, in agreement with synchrotron mod-
els. The extension of measurements in the GeV–TeV
range would be of major importance, since it could
impose strong constraints on the physical conditions
of the emitting region. Theoretical predictions of the
high energy emission in relativistic fireball models

w xare given in Refs. 2–4 . Unfortunately the gamma-
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rays absorption in the intergalactic space by interac-
tion with starlight photons prevents the study of
GRBs above ;1 TeV.

So far, only 7 GRBs have been observed at
energy E)30 MeV by EGRET on the Compton
Gamma Ray Observatory, and in 3 of them photons

w xof energy E)1 GeV have been detected 5 . The
observed spectra are consistent with a power law
behaviour with no high energy cutoff up to the
maximum energy observable by the instrument. It is
important to note that these 7 GRBs are as well the
most intense events observed by BATSE at energy
E)300 KeV; taking into account the small field of

Ž .view of the EGRET detector V;0.6 sr and its
limited sensitivity, the small number of high energy
detections does not contradict the idea that all GRBs
could have a high energy component.

Less constrained in size than space-born de-
tectors, ground-based experiments can explore the
energy region above ;10 GeV, measuring the sec-
ondary particles generated by gamma-rays interac-

Ž " .tions in the atmosphere e or Cherenkov photons
that reach the ground. Cherenkov telescopes detect
the Cherenkov light emitted by e" in the high
atmosphere. Although several successful observa-
tions of steady gamma-ray sources at energies of a
few hundreds GeVs have been performed with
Cherenkov measurements, the small fields of view of

Ž .telescopes few squared degrees and the limited live
Žtime constrained by weather and darkness condi-

.tions to be of the order of 10% make the Cherenkov
technique not suitable for observations of transient

Žand unforeseeable events as GRBs the probability
for a GRB to happen by chance in the field of view

y4 .of a telescope is less than 10 . However, while
observations of the burst onset are highly improba-
ble, delayed observations are feasible and they could

w x Žbe of great interest 6 recall the delayed high
energy emission observed by EGRET more than one

w x.hour after the famous event GRB940217 7 .
Air shower arrays detect the charged particles

Ž ".mostly e of the showers reaching the ground;
Ž .they have a much larger field of view about p sr

and a live time of almost 100%. In the next section
we will discuss the possibility to detect GeV–TeV
photons from GRBs using air shower arrays, in
particular using the ‘‘single particle’’ technique. In
Section 3 the expected rate of positive observations

will be evaluated, making reasonable assumptions on
the luminosity and distance distribution of GRBs.

2. The ‘‘single particle’’ technique

The simplest way to observe the high energy
component of GRBs with a ground-based experiment
is using an air shower array working in ‘‘single
particle’’ mode. Air shower arrays, made of several
counters spread over large areas, usually detect air
showers generated by cosmic rays of energy E)

10–100 TeV; the arrival direction of the primary
particle is measured by comparing the arrival time of
the shower front in different counters, and the pri-
mary energy is evaluated by the number of sec-
ondary particles detected. Air shower arrays can be
used in the energy region E-1 TeV working in
single particle mode, i.e. counting all the particles
hitting the individual detectors, independently on
whether they belong to a large shower or they are the
lonely survivors of small showers. Because of the
cosmic ray spectrum steepness, most of the events
detected in this mode of operation are in fact due to
solitary particles from small showers generated by
10–100 GeV cosmic rays.

Working in single particle mode, an air shower
array could in principle detect a GRB in the energy
range 1–103 GeV, if the secondary particles gener-
ated by the gamma-rays give a statistical significant
excess of events over the all-sky background due to
cosmic rays. The beauty of this technique consists in
its extreme simplicity: it is sufficient to count all the
particles hitting the detectors during fixed time inter-

Žvals i.e., every second, or more frequently depend-
.ing on the desired time resolution and to study the

counting rate behaviour versus time, searching for
significant increases; the observation of an excess in
coincidence with a GRB seen by satellites would be
an unambiguous signature of the nature of the signal.

The single particle technique does not allow the
measurement of the energy and the direction of the
primary gamma-rays, because the number of parti-

Ž .cles often only one per shower is too small to
reconstruct the shower parameters. However, it can
allow the study of the temporal behaviour of the high
energy emission, and, with some assumptions on the

Žspectral slope possibly supported by satellite mea-
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.surement at lower energy it can give an evaluation
of the total power emitted at high energy.

Fig. 1 shows the mean number n of electronse

and positrons reaching the ground at different alti-
tudes h above the sea level generated by a gamma-
ray, as a function of the gamma-ray energy, accord-

w xing to the Greisen analytical expression 8 . The
curves are given for two different zenith angles of
the primary gamma-ray, us08 and us308. The
number of particles strongly increases with the alti-
tude, in particular at low energies, and decreases at
high zenith angles, in particular at low altitude.
Actually, due to the gamma-rays photoproduction, a
small number of muons is produced as well; how-
ever, in the energy range Es1–103 GeV, the num-
ber of muons is negligible compared with the num-

Žber of electrons and positrons except for h-1 km,
.where they are comparable and they will not be

considered in the following discussion.
A possible way to increase the number of de-

tectable particles is to exploit the air shower photons,
that are much more numerous than e". Fig. 2 shows
the ratio r sn rn of the mean number of photonss ph e

and the mean number of e", as a function of the
altitude. The values have been obtained simulating
electromagnetic cascades induced by gamma-rays
with a zenith angle u s 308. The detector is as-

Fig. 1. Mean number of charged particles reaching different alti-
Ž .tudes h above the sea level in km , generated in the atmosphere

Ž . Žby a photon of zenith angle u s08 full line and u s308 dashed
.line , as a function of the photon energy.

Fig. 2. Ratio of the number of photons and the number of e"

reaching the ground, as a function of the altitude. The points are
Ž .given for different gamma-ray energies: 10 GeV circles , 100

Ž . Ž .GeV squares , 1 TeV triangles . The photon energy threshold is
3 MeV.

sumed with an energy threshold E s3 MeV. Theth

ratio r range from ;6 to ;11 depending on thes

altitude and on the primary gamma-ray energy. The
conversion of a fraction of photons in charged parti-

Ž .cles by pair production or Compton effect would
increase the detectable signal. Placing a suitable
layer of lead over the detector, a small fraction of
e" would be absorbed, but a large number of pho-
tons would interact and increase the GRB signal, by
a factor depending on the converter geometrical
characteristics. An interesting possibility to avoid the
absorption of e" is to adopt a thick scintillator
detector: it would work both as a target for photons

w xand as a detector for charged particles 9 .

2.1. The background

The background is due to secondary charged par-
ticles from cosmic rays air showers. The rate de-
pends on the altitude h and, to a lesser extent, on the
geomagnetic latitude l of the observer. The latitude
effect is almost negligible at sea level and increases
with the altitude: at hs5 km a.s.l. the background
at l)458 is about 1.6 times larger then near the

w xmagnetic equator 10 .
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The dependence of the background on the altitude
is more important. Fig. 3 shows the flux of e", m"

and charged hadrons as a function of the altitude
above the sea level, for an observer located near the
geomagnetic equator, obtained simulating with the
CORSIKA code the atmospheric cascades generated
by protons and Helium nuclei with an energy spec-

w xtrum according to 11 and using a dipole model for
the geomagnetic field. The detector energy threshold
is E s3 MeV. The total background rate rangesth

from ;250 to 2000 events my2 sy1 increasing the
altitude from 0 to 5000 m. The rates obtained by the
simulations are in good agreement with the counting

w x w xrates measured at 2000 m 12 and 4300 m 13 .
Most of the background is due to muons for 0-h-

" Ž3.5 km and to e at higher altitude note that a
detector able to separate the electron and the muon
components would allow the reduction of the back-

.ground by the rejection of muons .
It is worth noting that the number of e" gener-

Ž .ated by a primary gamma-ray see Fig. 1 increases
much more rapidly with the altitude than the back-

Ž .ground does. This is due to two factors: 1 given a
primary energy, the electromagnetic shower gener-
ated by a proton penetrates more deeply in the

Ž .atmosphere than the gamma-ray shower does, 2 the
m" flux, that strongly contributes to the background

Fig. 3. Background rate due to secondary charged particles as a
function of the altitude. The kinetic energy threshold used in the
simulation is 3 MeV for electrons and photons and 50 MeV for
muons and hadrons.

rate, is less dependent on the altitude than the e"

flux.
The possible conversion of secondary photons in

Ždetectable particles introduced in the previous sec-
.tion as a method to increase the GRB signal would

produce an increase in the background as well. Fig. 3
also shows the number of photons reaching the
ground due to cosmic rays. However, the ratio r ofb

the number of photons and the number of charged
particles is considerably smaller than the correspond-

Žing value r for primary gamma-rays r -3 at anys b
.altitude, while r ;6–11, as shown in Fig. 2 .s

The background rate is not strictly constant and
several mechanisms are responsible for variations on
different time scales with amplitudes up to a few
percent. First of all, variations in the atmospheric
pressure affect the secondary particle flux: an in-

Ž .crease decrease of the ground level atmospheric
Ž .pressure results in a reduction enhancement of the

Ž .background rate, because of the larger smaller ab-
sorption of the electromagnetic component. The
pressure and the background rate are linearly anti-

Žcorrelated e.g., the correlation coefficient between
the counting rate percent increase and the pressure
variation measured at 2000 m a.s.l. is ;y0.5% per

w x.millibar 14 . By monitoring the pressure at the
detector position it is possible to correct the data for
this effect.

ŽThe 24 hours anisotropy due to the rotation of
.the Earth in the interplanetary magnetic field , and

Ž .the solar activity e.g. large solar flares modulate
the low energy primary cosmic ray flux. Although
the amplitudes of these variations are not negligible
Žup to a few percent of the counting rate in some

. Ž .cases the time scales of these phenomena hours
are too long to simulate short duration events as
GRBs.

Shorter variations in the single particle counting
rate have been measured in coincidence with strong
thunderstorms and have been ascribed to the effects
of atmospheric electric fields on the secondary parti-

w xcles flux 14,15 ; however, the occurrences of these
events are very rare and also in this case the ob-

Ž .served time scales ;10–15 minutes are longer
than the typical GRB duration.

From the experimental point of view, more trou-
blesome are possible instrumental effects, such as
electrical noises, that could simulate a GRB signal
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producing spurious increases in the background rate.
Working in single particle mode require very stable
detectors, and a very careful and continuous monitor-
ing of the experimental conditions. By comparing the

Žcounting rate of the single detectors i.e. the scintilla-
.tor counters, in the case of an air shower array and

requiring simultaneous and consistent variations of
the rate in all of them, it is possible to identify and
reject the noise events due to instrumental effects.

3. Sensitivity to detect high energy GRBs

The aim of this section is to quantify the actual
possibilities of observing high energy GRBs using
the single particle technique. First, we present a
simple model of high energy emission, in order to
define a GRB using a limited set of parameters.
Subsequently, the response of the detector is evalu-
ated as a function of the burst parameters and detec-
tor features. We conclude with an estimation of the
possible rate of positive observations.

3.1. Parametrization of the high energy emission

In this simple model a GRB is assumed to release
a total amount of energy L in photons of energy
E)1 GeV; the emission spectrum is assumed con-
stant during the emission time D t and representede

ya Žby dNrdEsKE number of photons emitted per
.unit energy up to a cutoff energy E . The value ofmax

E depends on the emission processes and themax

physical conditions at the source; a sharp cutoff at
E is probably unrealistic, but for our purposesmax

such a simple model is sufficient. The total energy
L and the spectrum are related by L s
KHEmax Eyaq1 dE.1 GeV

If the GRB source is located at a cosmological
distance corresponding to a redshift z, the observed

Ž .burst duration is D tsD t zq1 due to time dila-e

tion, and the shape of the observed spectrum is
Ž .determined by two factors: a the photons energies

Ž .are redshifted by a factor zq1 due to the expan-
Žsion of the universe the spectrum slope a does not

. Ž .change ; b the high energy gamma-rays are ab-
sorbed in the intergalactic space through gqg™

eqey pair production with starlight photons; the
probability of reaching the Earth for a photon emit-

ted by a source with a redshift z is eyt ŽE, z ., where t

increases with E and z. The absorption becomes
w ximportant when t)1; according to 16 , t reaches

the value of unity at z;0.5 for Es100 GeV, and
at z;2 for Es20 GeV. Fig. 4 shows a spectrum
with a slope as2 affected by the absorption, for

w xdifferent z, obtained according to 16 up to 500
Ž .GeV at higher energy the curves are extrapolated .

As a consequence, the flux of photons at Earth is
a power law spectrum with the same slope of the
emission spectrum up to a certain energy depending
on the distance, followed by a gradual steepening,

X Ž .with a sharp end at the energy E sE r zq1 .max max

Assuming an isotropic emission, the number of pho-
tons per unit area and unit energy at the top of the
atmosphere is

dF K yag yt ŽE , z .s E zq1 zq1 e , 1Ž . Ž . Ž .2dE 4p r
w xr is the cosmological comoving coordinate 17

zq q q y1 y1q 2 q zq1Ž . (ž /0 0 0
rsc , 2Ž .2H q 1qzŽ .0 0

H is the Hubble constant and q the deceleration0 0
Ž y1 y1parameter we will use H s75 km s Mpc and0

.q s0.5, i.e. flat universe with Vs1 .0

In this simple parametrization, L, z, a and Emax

determine the energy fluence of gamma-rays above 1
EX

max Ž .GeV at Earth, FsH dF rdE E dE. The possi-1 G eV g

Fig. 4. A power law gamma-ray spectrum with a slope a s2
affected by g qg ™ eq ey pair production, for different redshifts
of the source.
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ble range of variability of these parameters can be
reasonably deduced by lower energy measurements:

z: up to now, the distance of GRBs host
galaxies has been measured for 6 events
and the observed redshifts are respectively

w x Ž0.8, 3.4, 1.0, 1.1, 1.6, 1.6 18–23 a further
one, GRB980425, probably associated with
a Supernova explosion at zs0.0085 seems

w x.a peculiar and non standard event 24 ;
basing on these data, we will take z in the
interval 0-4;

a : most of the events observed by BATSE
show power law spectra at energies E)100
KeV–1 MeV, with exponent 1.5-a-2.5
w x25 ; since the few GRBs detected by
EGRET at energies E)30 MeV also show

w xa similar behaviour 5 , one can expect a
higher energy component with the same
spectral slope observed in the MeV-GeV
energy region;

L: assuming an isotropic emission, the ener-
gies released by these 6 bursts range be-
tween ;5P1051 and ;2P1054 ergs in the
BATSE energy range E)20 KeV; it is not
unreasonable to assume the energy L emit-
ted above 1 GeV being of the same order of

Žmagnitude recall that a spectrum with a
exponent as2 means equal amount of

.energy release per decade of energy ;
E : the value of the maximum energy ofmax

gamma-rays depends on unknown physical
conditions and in fact is one of the quantity
that we hope to measure with this tech-
nique; we will consider E as a parametermax

ranging in the interval 30 GeV–1 TeV.

3.2. The GRB signal

In this section we evaluate the response of a
detector to a GRB, as a function of the burst parame-
ters and the detector characteristics. A detector can
be simply defined by the area A and the altitude hd

above the sea level. Note that the detector sensitivity
does not depend on its geometrical features, as the

area of the single counters or their relative positions,
Žbut only on the total sensitive area e.g., for an air

shower array A is the sum of the single countersd
.areas . The latitude of the detector geographic loca-

tion will not be considered due to its small effect on
the background rate.

Given a GRB, defined by the parameters L, z,
D t , a and E previously discussed, and with ane max

arrival direction corresponding to a zenith angle u ,
Žthe flux of secondary particles number of particles

.per unit area reaching the altitude h above the sea
level induced by the gamma-rays of energy E)1
GeV is

X dFE gmax
"F s n E,u ,h dE , 3Ž . Ž .He edE1 GeV

Ž .where n E,u ,h is the mean number of particlese

reaching the altitude h generated by a gamma-ray of
energy E and zenith angle u .

As an example, Fig. 5 shows the particles flux as
a function of the altitude, produced by a vertical
GRB with Ls1053 erg, for different distances. The
spectrum is assumed with a slope as2 and E smax

Fig. 5. Ground level secondary particles flux produced by a verti-
cal GRB with Ls1053 erg, located at different distances z, as a
function of the altitude. The GRB spectrum is assumed with a

Ž .slope a s2 and E s1 TeV solid line and E s30 GeVmax max
Ž .dotted line . As an example of a detector sensitivity, the dashed
line represents the minimum ground level flux observable by a
detector of area A s1000 m, from a GRB with D ts1 s andd

zenith angle u s 08.
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30 GeV and 1 TeV. The flux strongly increases with
the altitude; at 5000 m it is about 3 orders of
magnitude higher than at sea level. For distances less
than z;1, the flux increases with E , while atmax

higher distances, due to the absorption of the most
energetic gamma-rays, the flux is almost independent
on E . The ground level flux decreases at highermax

Žzenith angles, in particular at lower altitude see Fig.
.1 ; as an example at hs4000 m the flux at us308

is ;3 times lower than the vertical flux, while at
us508 the flux is reduced by almost 2 orders of
magnitude.

The number of particles giving a signal in the
detector1 is N sA cosuF ". The signal must bes d e

compared to the noise s s A B h D t , given by( Ž .b d

the background fluctuations during the time D ts
Ž . Ž . ŽD t zq1 , where B h is background rate numbere

.of events per unit area and unit time . A GRB is
detectable with a statistical significance of n stan-
dard deviations if N rs )n. The minimum values b

of n necessary to consider an excess as a significant
signal depends on the search strategy. In the case of
a search in coincidence with satellites, since the
frequency of GRBs occurring in the field of view of
a ground-based detector is about one event every few
days, a level of 4 standard deviations is sufficient to
give a high reliability to the observation. In the
following discussion we set ns4. A detector of a
given area A and altitude h is therefore sensitive tod

GRBs with a ground level particle flux

n B h D tŽ .
"F ) . 4Ž .e (cosu Ad

As an example, in Fig. 5 the minimum detectable
ground level flux as a function of the altitude is

1 This is true assuming that all the particles hitting a detector
give a signal; actually in a standard air shower array, two or more
particles of the same shower hitting the same counter give only
one signal, due to the limited time resolution; however, working
in the -1 TeV energy range n is so small that the fraction ofe

showers giving two or more particle in the same counter is
negligible.

shown for a detector of area A s103 m2 and ad

GRB with a time duration D ts1 s and zenith angle
u s 08. The minimum flux ranges from ;2 to ;6
particles m2 for altitudes from the sea level to 5000
m.

Conversely, if one aims to be sensitive to a
certain ground level flux F ", the requirement fore

the minimum detector area is

n2B h D tŽ .
A ) . 5Ž .d 2 2

"F cos ue

To give an estimate of the magnitude of the
largest fluxes that one can reasonably expect, we
have extrapolated the power law fits of 15 GRBs
spectra obtained by the TASC instrument of EGRET
w x5 up to a maximum energy E , and we havecut

calculated the secondary particle flux at the ground
Ž . Ž Xlevel using Eq. 3 setting E sE and dF rdEmax cut g

.equal to the EGRET spectra . The maximum flux is
Ž .given by GRB910709 as1.76 , which would pro-
Ž . y2

"duce a flux F ;450 6500 particles m at hse
Ž . "2000 5000 m assuming E s1 TeV, and F ;cut e

Ž . y212 420 particles m for E s30 GeV. In total,cut
Ž .the number of GRBs out of 15 giving a flux

y2 Ž ."F )10 particle m at the altitude hs2000 5000e
Ž . Ž .m is Ns3 10 for E s1 TeV, and Ns1 4 forcut

E s30 GeV. As expected the ground level signalscut

are very sensitive to the maximum energy E , thatcut

is determined by the maximum emitted energy at the
source and by the absorption in the intergalactic
space. Our analysis of the EGRET events indicates
that even if the GRBs spectra at Earth do not extend
to very high energy, the most powerful events can
give ground level fluxes at mountain altitudes F ")e

10 particles my2 . The minimum sensitive area re-
quired to detect a flux of 10 particles my2 can be

Ž .deduced by the expression 5 using the background
estimates given in Fig. 3. For example, at hs4000

Ž .Ž 2 . 2m, A s214 D tr1 s 1rcos u m .min

So far we have expressed the sensitivity of the
single particle technique in terms of the ground level
particles flux. To discuss the sensitivity in terms of
the primary gamma-rays flux at the top of the atmo-
sphere, it is useful to introduce F , the minimummin

energy fluence of gamma-rays above 1 GeV required
to give a detectable signal. We considered a detector
of area A s103 m2 and a GRB with a zenith angled

us08, D ts1 s, and z sufficiently small to make
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Fig. 6. Minimum energy fluence in the range 1 GeV– E de-max

tectable by a 103 m2 detector as a function of the altitude. The
curves are given for different GRB spectral slopes a and Emax

values: curves a correspond to a s2.5, curves b to a s1.5;
subscripts 1, 2, 3 refers respectively to E s30, 100, 1000max

GeV.

Žthe distortions of the spectrum absorption and red-
.shift negligible. Fig. 6 shows the minimum energy

fluence F in the range 1 GeV–E as a functionmin max

of h, for different spectral parameters. If the detector
Žis located at very high mountain altitude h)4000

. y5 y2m fluences of few 10 erg cm are observable
Ž .also from soft spectra as2.5, E s30 GeV ,max

while fluences of few 10y6 erg cmy2 are detectable
Ž .only from hard spectra as1.5, E s1 TeV .max

The minimum observable fluence for a detector with
a generic area A s kP103 m2 and for a GRB withd 'a generic time duration D tsT s scales as Trk .

It is worth noting that in the evaluation of the
sensitivity we have not taken into account the possi-
bility to increase the GRB signal by converting a
fraction of photons in detectable charged particles as
discussed in Section 2.

3.3. Expected rate of obserÕations

A rough evaluation of the expected rate of posi-
tive observations, as a function of the unknown
spectral parameters at high energies, can be per-
formed by making assumptions on the luminosity
function and the spatial distribution of GRBs in the
universe.

As a first step we evaluate the probability to
detect a GRB with a given luminosity 2 L as a
function of z. Due to the absorption, the luminosity
L required to observe a GRB increases with the
distance more rapidly than what is expected by
simple geometrical effects. Fig. 7 shows the mini-
mum luminosity L necessary to make a burst de-
tectable by a 103 m2 detector located at different
altitudes, as a function of the redshift z. The burst is
assumed at a zenith angle us08, with a time dura-
tion D t s1 s, as2 and E s30 and 1000 GeV.e max

Obviously, for a detector of a generic area A sd

kP103 m2 the minimum observable luminosity scales
'as 1r k . From these curves one can deduce the

maximum distance observable by the detector, for a
51Ž 54 .given L. As an example, if L s 10 10 erg and

E s1 TeV, a 103 m2 detector at the sea levelmax

could see the burst if the source is located within a
Ž .distance z;0.003 0.4 while a detector at hs4 km

Ž .could see up to z;0.2 3.0 .
As a matter of fact not all GRBs with a given L

are observable if z is less than a certain value: the
detection depends on the zenith angle u . A correct
approach to the problem is to calculate the probabil-

Ž .ity P L, z to observe a burst of luminosity L and
distance z taking into account all possible arrival
directions

p1 2p

P L, z s df J L, z ,u sinu du , 6Ž . Ž . Ž .H H
4p 0 0

Ž .where J L, z,u s1 if the burst is detectable, i.e. if
the statistical significance of the signal is larger then

Ž .the required value, otherwise J L, z,u s0.
Ž .As a second step we evaluate the fraction e L of

observable events over the total number of GRBs of
luminosity L distributed in the universe. For this
purpose one should know the form of the GRBs

Ž . Ždensity n z, L number of bursts per unit volume
. Ž .and unit time . We will adopt the simplest model: a

GRBs are distributed in the universe with constant
density and frequency in a comoving coordinate

2 The luminosity is usually defined as the amount of energy
emitted per unit time, while here we call luminosity the energy
emitted during the total emission time D t .e
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Fig. 7. Minimum amount of energy L released above 1 GeV by a
GRB at distance z necessary to make the event observable by a

3 2 Ž .10 m detector located at different altitudes h in km , as a
function of z. The curves are calculated for a GRB spectrum with

Ž .slope a s2 and E s1 TeV solid line and E s30 GeVmax max
Ž .dashed line .

Ž .frame up to a maximum distance z , b GRBsmax

show no evolution, i.e. the luminosity distribution is
independent on z.

Ž . Ž .3 ŽWith these assumptions n z, L A 1qz r 1q
. Ž .3z ; the term 1qz takes into account that the

universe at a time corresponding to a redshift z was
Ž . Žsmaller than now by a factor 1qz ; the term 1r z

.q1 represents the frequency decrease due to time
dilation. The fraction of observable events within the
distance z ismax

z dVmax 2P L, z 1qz dzŽ . Ž .H
dz0

e L s , 7Ž . Ž .
z dVmax 21qz dzŽ .H

dz0

Ž .where dV z is the volume element, according to
w x17

dV zŽ .
4p c3

y1r2s 1q2 q zŽ .06 3 41qz H qŽ . 0 0

=
2

zq q q y1 y1q 2 q zq1 dz .Ž . (ž /0 0 0

8Ž .

Ž . 3 2Fig. 8 shows e L for a 10 m detector at
different altitudes, calculated setting z s4. Themax

burst is assumed with an emission time D t s1 s, ae

slope as2 and E s30, 100 and 1000 TeV. Themax

corresponding fraction of observable events for a
3 2 'Ž .detector area A s kP10 m is e L k . It isd

interesting to note that, for a given detector altitude,
a GRB with E s100 GeV becomes more easilymax

observable than a GRB with the same luminosity and
E s1 TeV, if L is larger than a certain value; thismax

is due to the fact that increasing the luminosity one
can observe at larger distances and consequently the
absorption of high energy photons becomes more
important.

The final step is the calculation of the total rate of
observable events, considering all the possible lumi-
nosities L,

dN LŽ .Lmax
R sR e L dL , 9Ž . Ž .Hobs tot dLLmin

where R is the total bursts rate in the universetot
Ž .within a distance z and dN L rdL is the lumi-max

nosity distribution of GRBs. A rough evaluation of
R is given from BATSE data. Since BATSE ob-tot

Fig. 8. Fraction of GRBs observable up to a distance z s4 as amax

function of the luminosity L, for a 103 m2 detector located at
Ž .different altitudes h in km . The curves are calculated for a GRB

Ž .spectrum with slope a s2 and E s1 TeV solid line , 100max
Ž . Ž .GeV dashed line and 30 GeV dotted line .
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serves ;1 burst per day, with a detection efficiency
of ;0.3, the rate deduced from BATSE obervations
is R ;1000 yy1. In the assumption that BATSEB

can observe GRBs up to a distance z;4, we set
R sR .tot B

The luminosity distribution is a more troublesome
topic: in the KeV–MeV energy region a large num-
ber of studies has been done in order to deduce a
luminosity function suitable to reproduce the flux
distribution of BATSE bursts but a general agree-

Fig. 9. Expected rate of observable GRBs as a function of the
slope b of the luminosity function, for a 103 m2 detector located

Ž .at different altitudes h in km . The curves are calculated for a
Ž .GRB spectrum with a slope a s2 and E s1 TeV solid line ,max

Ž . Ž .100 GeV dashed line and 30 GeV dotted line . The emission
Ž . Ž .time is D t s1 s upper figure and 10 s lower figure .e

ment about the subject does not exist. Different
Ž .forms of N L could reproduce the BATSE data and

so far there exist too few luminosity measurements
to put stringent constraints on the distribution. One
point is clear: the 6 events whose distance has been
measured show that GRBs are not standard candles
and the luminosity distribution at low energy is a
very broad function, ranging over almost 4 orders of
magnitude. Lacking more compelling data we will
assume the luminosity function in the form

Ž . ybdN L rdLsCL with L -L-L ; tentatively,1 2

we set L s1051 erg and L s1055 erg, and con-1 2

sider b as parameter ranging in the interval 1–4.
Fig. 9 shows the expected rate of observation as a

function of b for a 103 m2 detector at different
altitudes. The burst spectrum is assumed with as2
and E s30, 100 and 1000 GeV. The rates aremax

given for the emission times D t s1 s and D t s10e e

s. The curves show that a 103 m2 detector located at
h;4 km, could observe a number of bursts per year
ranging from ;1 to 20–30 if the slope of the
luminosity function is not steeper than 2–2.5.

4. Conclusions

The single particle technique provides a simple
method of observing GRBs in the energy range
1–103 GeV using large air shower arrays located at
high mountain altitude. The observation of a signifi-
cant excess in the counting rate in coincidence with a
burst seen by a satellite would provide, in a very
simple and economical way, important informations
on the GRB high energy component. Besides the
study of the temporal behaviour of the high energy
emission, the single particle observation could allow
the evaluation of the total energy L emitted above 1

ŽGeV or equivalently the maximum energy of the
.spectrum E provided that the spectral slope ismax

deduced by a complementary lower energy observa-
tion and the redshift is measured with optical instru-
ments.

The expected rate of observation depends on bursts
parameters that are so far poorly known, as the high
energy spectrum shape, the distribution of the sources
in the universe, and in particular the luminosity
function. However, making reasonable assumptions,
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we conclude that a detector of A ;103 m2 at and

altitude of ;4000 m above the sea level could be
expected to detect at least few events per year if the
GRB spectrum extends up to ;30 GeV and the
luminosity function slope is not too large.

An attempt to detect high energy GRBs using the
single particle technique was performed by G.
Navarra about 15 years ago using a small detector

w xlocated at Plateau Rosa at 3500 m a.s.l. 26 . At
present two experiments are using this technique: the
350 m2 air shower array EASTOP, working at 2000

Ž .m a.s.l. at the Gran Sasso Laboratory Italy and
INCA, a 48 m2 detector located at Mount Chacaltaya
Ž .Bolivia at 5200 m a.s.l.

EASTOP has been searching high energy GRBs
since 1991, showing the possibility to perform the
single particle measurement with the necessary sta-
bility over long periods of time, monitoring with
very good reliability short time fluctuations in the
counting rate. In a search for high energy gamma-rays
in coincidence with about 300 BATSE events de-
tected during 1992–1998, EASTOP obtained upper
limits to the 10 GeV–1 TeV fluence as low as
F;10y4 –5P10y3 erg cmy2 , for small zenith angle

Ž . w xGRBs u-308 27 . In a similar search performed
with about 2 years of data, INCA obtained upper
limits to the 1 GeV–1 TeV fluence F;5P10y5 –
10y4 erg cmy2 , also for small zenith angle GRBs
w x28,29 . The limited area of INCA is highly compen-
sated by its extreme altitude.

The single particle technique has been adopted as
well by the CYGNUS collaboration using water
Cherenkov detectors, with a total sensitive area of
;210 m2 at an altitude of 2130 m. They reported
upper limits on the 1 GeV–30 TeV energy fluence
F;10y4 –2P10y1 erg cmy2 sy1, in coincidence
with 9 strong GRBs with zenith angles up to 608

w x30 .
Good possibilities of positive detections come

from the new generation air shower arrays consisting
of very large sensitive surfaces, as ARGO and MI-
LAGRO, conceived to detect small air showers with
the aim of observing gamma-ray sources at energy
E-1 TeV. ARGO, under construction at the Yang-

Ž .bajing Laboratory Tibet at 4300 m, will consist of a
carpet of 7500 m2 of Resistive Plate Chambers,
covered by a layer of lead 0.5 cm thick to convert a
fraction of shower photons and increase the number

w xof detectable particles 31 . MILAGRO, a Cherenkov
detector using a 4800 m2 pond of water, is located at
2600 m, near Los Alamos. An interesting feature of
the water Cherenkov technique is the possibility to
perform a calorimetric measurement of the shower
particles and to detect most of the photons, due to

w xtheir interactions in the water 30,32 . The two future
experiments have about the same sensitivity in ob-
serving GRBs by using the single particle technique.
The lower altitude of MILAGRO, that reduces its
sensitivity by a factor ;3 with respect to ARGO, is
compensated by the higher capability of detecting
the shower photons. If the assumptions that we have
made on high energy GRBs are correct, both the
experiments likely will detect at least few events per
year.
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