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Abstract: Current efforts in ground-based very high energy gammaastsonomy use two methods:
Atmospheric Cherenkov Telescopes (ACTs) and Extended Wan@r (EAS) Arrays. While ACTSs typi-
cally have greater sensitivity to gamma-ray point sourceslawer energy thresholds, EAS arrays have
an enormous advantage in exposure to the sky due to the& falgls of view (1-2 sr) and high duty
cycle (> 90%). The lower sensitivity of EAS detectors is largely duehte fact that they sample only
the particles in the longitudinal tail of the shower thatatre¢he ground level, whereas ACTs are able to
observe the shower development high in the atmosphere. &miegtion of the intrinsic capabilities and
limitations of EAS arrays as instruments for gamma-rayossimy is presented. The angular and energy
resolution and effective area of an optimized detector @swshas well as an analysis of gamma/hadron
separation. The capabilities of the optimized detectocanmepared and contrasted to those of the recently
proposed HAWC detector.

Introduction are incurred for construction and operation.
this paper, we address the angular resolution,
With years of development, the capabilities ergy threshold and resolution and gamma-had
of atmospheric Cherenkov telescopes (ACTs) separation for EAS detectors. Finally, we col
throughly studied. Since the detection of the Crab pare the sensitivity of HAWC with current and ft
nearly 20 years ago, the use of focal plane imag- ture VHE gamma-ray detectors for the detectior
ing and later stereo reconstruction have been de-point sources.
veloped and optimized. The current generation of
ACTs (VERITAS, HESS and Magic) have designs
that are well understood and carefully optimized
for sensitivity and cost. In contrast, the optimiza- _ .
tion of EAS detectors has not been so rigorously Figure 1 shows the median shower energy at
studied. While the water Cherenkov technology 9round level plotted as a function of prima
has proven to be the most effective approach as9amma-ray energy. One can see from this fig
demonstrated by Milagro, other groups use scintil- that at small zenith zenith angles, 10% ofalT

lator arrays and RPC for detection of shower parti- STOWer survives to the observation level on av
cles. age and 20% of the energy of a 10 TeV shower.

this figure, the notion of an "intrinsic threshold” i
introduced at 10 GeV. We will show below that b
low this energy, reliable reconstruction if difficul
Defining the threshold as a function of energy
the observation level is attractive also, because
independent of zenith angle and elevation.

Intrinsic Energy Threshold

In this paper, we provide an analysis of the intrin-
sic capabilities and limits of EAS Arrays as in-
struments for gamma-ray astronomy. This work
is based on air shower simulations of gamma-ray
showers using CORSIKA[1] and estimation of de-
tector performance based on the HAWC [2] detec-
tor simulation. An observation elevation of 4300m
a.s.l. is assumed. While higher altitude labora-
tories are possible, this elevation is roughly the
limit above which major subtantial additional costs
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Figure 1: Energy reaching 4300m a.s.| vs primary level. The HAWC angular resolution is computs
gamma-ray energy. A range of zenith angles is with a full detector simulation and event reco
shown. The "intrinsic’ threshold as defined in the struction.

text ranges from 200 GeVto 1 TeV.

level, the ability to reconstruct events accurat

Angle and Energy Reconstruction is sufficiently degraded that we choose to ident
this energy as an ’intrinsic threshold’.

We have estimated the achievable angular resolu-

tion for an EAS array by directly studying gamma- Effective Area

ray cascades with CORSIKA. To do this, we com-

bine the momentum of the particles that reach the Figure 3 shows the average cascade longitud

observation level in a vector sum. The direction of : : At

the resulting vector is compared to the direction of profile as described by ap_proxmanon B [3]. No
; X ) that showers of all energies have the same st

the primary to estl'mate the angular rgsqlutlon. We after shower maximum, a power law with slope

find that the resulting angular resolution is not wel! 1.65. So, in general, if a primary gamma-ray pel

characterized as a function of the energy of the pri- 4105 one radiation length deeper than average

mary gamma-ray as longitudinal fluctuatlon_m thg result will be a 1.65x increase in the energy c

shower development lead to large fluctuations in servable at ground level. This provides the pos

the observed energy at the observation level. For bility that showers with energies below the not
this reason, we choose to characterize the angular

Lt ¢ . fth hina th inal energy threshold can be detected by dee
resolution as a function of the energy reaching the penetrating into the atmosphere before interacti

observation level. Figure 2 shows the angular res- We can compute the number of radiation leng
olution achievable by an EAS detector. (N) that a gamma ray with energ¥], below the
We find that the optimal angular resolutions (de- nominal threshold energy,), will need to pen-
fined aso for a fit to a Gaussian) for 10 GeV, 100 etrate beyond the average depth in order to be
GeV and 1000 GeV reaching the observation level tected.

are0.55°, 0.22° and0.10° respectively. The an- N = B/ Enr) )
gular resolution of the HAWC detector is approxi- In1.65

mately twice the optimal value, though the angle The probability the a VHE gamma ray will pen
reconstruction algorithm for HAWC has not yet trate N radiation lengths before interacting is
been optimized, so further improvement is likely.

When less than 10 GeV reaches the observation
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. o detector. The blue curve shows the HAWC effe
Figure 3: The longitudinal shape of EAS showers i e area derived from the detector simulation. T
of different energies. The slope of the curves is pjack jines show the effective area can be well
the same for all energies past shower maximum: gqrined as a power law at low energies and as ¢

1.65x decrease per radiation length. stant at high energies.
9 of 20%, 10% and 5%, we get 1 sigma energy
P = exp(-7N) (@) rors of +329%/-24%, +70%/-44% and +300%/-7C
Combining the two expressions gives respecuve_ly. The errors are log-normal, and tf
asymmetric.
E
P(E) ~ (7). (3)
thr

o _ _ Gamma-Hadron Separ ation
From this simple computation, we predict that the

effective area below the effective threshold should In general, increasing the size of a detector v

scale like a power-law with index 2.6. Figure 4 j,crease the collection area and thus the sens
demonstrates that this prediction is in excellent ity. As both signal and background are increas
agreement with the effective area of the simulated i rejative sensitivity is expected to scale |i
HAWC detector. (Area)®5. In simulations of EAS detectors how
The energy resolution for an EAS detector is lim- ever, we have found that the effectiveness of
ited by two factors: the intrinsic longitudinal fluc- gamma-hadron cuts improves drastically with ¢
tuations of the shower and the characteristic energytector size, because the lateral shower tails
resolution of the EAS shower detector. In prac- more thoroughly sampled. The background had
tice, we find that the shower fluctuations dominate induced showers can be efficiently rejected throt
the energy resolution. As shown in the previous the identification of muons, hadrons and second
section, the early stages of shower developmentEM cores. But, the large transverse momenturn
are of particular importance because the fluctua- hadronic interactions can spread the shower se:
tions in the depth of the initial interaction of the daries over a much larger area than EM show
primary gamma ray translate directly into fluctua- on the ground level. HAWC will be able to reje
tions in the depth of the shower maximum and the > 98% of the background using cuts that identi
energy reaching the ground level. We have found large energy deposits separated from the sho
that the intrinsic energy fluctuations are log-normal core. Simulations of larger versions of the HAW
where the distributiomoglo(%) is well de- detector demonstrate that sensitivity as scales
scribed by a Gaussian with a width 0.25 times the (Area)® at least up to 300m x 300m.

mean of the distribution. This relation holds for a

wide range of shower energies, observation levels

and shower angles. For typical valuesiy; ound
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HAWC and Future Detectors

The HAWC collaboration has submitted a proposal
to the NSF for the construction of a high alti-
tude water Cherenkov EAS gamma-ray observa-
tory. The HAWC instrument is 22,500 with an
intrinsic threshold of 800 GeV. The sensitivity of
HAWC is shown in figure 5. While HAWC rep-
resents a substantial improvement over the current
Milagro experiment, with additional funding fur-
ther improvements are possible over the proposed A e R
design. Potential improvements include: ’ —
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e Increase altitude: Move from 4300m 10 Figure 5: Differential sensitivity per quarte

4800m - 1.5x lower threshold. decade. The lines depict the 5 sigma detect
e Increase photocathode  density: 3.4 flux level with at least 25 gamr2na rays. Data f

of S. Fegan. For thekin? ACT array, the 4 lines
e Increase size: Sensitivity (Area)’® up refer to 4 different background models.
to 300mx300m, not Area)->, due to im-

proved gamma/hadron separation. . . i
interaction. We also find that the current and futt

Using the HAWC detector as a baseline, we have detectors are far from the potential optimal angu
estimated the sensitivity for 3 different detectors: resolution and gamma/hadron separation, so
1) HAWC, 2) 300m x 300m version of HAWC at ther large improvements are possible.

a higher elevation with improved PMT density and Even without large sensitivity increases over t
3) 1000m x 1000m version of detector (2). We es- current technology, at the highest energies 10
timate the cost of each detector at $6M, $30M and TeV), EAS detectors have greater sensitivity tF
$300M respectively. The sensitivity of the detec- atmospheric Cherenkov telescopes (ACTSs) dut
tors is shown in figure 5. The sensitivity estimates their much larger exposure. Furthermore, the w
shown for HAWC include a full simulation of the field and continuous operation capability of E£
HAWC detector for gamma-ray signal events and detectors makes them ideally suited for surve
hadronic background events. The simulated eventsprompt gamma-ray burst observations and de
are fully reconstructed with all cut efficiencies in- tion of diffuse sources. In contrast, the angu
cluded. The stated sensitivities are not theoretical and energy resolution of the ACTs is intrinsical
maxima, but conservative estimates for the stated better than that of EAS detectors and ACTs a
designs. The excellent sensitivity at the highest have a lower achievable threshold. The EAS ¢
energies is possible because of the enormous ex-ACT methods for ground-based VHE astronor
posure of EAS detectors due to the large FOV and are complementary.

continuous duty cycle.
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