
LA-UR-
Approved for public release; 
distribution is unlimited. 

Title: Air Shower Detectors in Gamma-Ray Astronomy 

Author(s): Gus Sinnis 

Intended for: New Journal of Physics 

~Alamos 
NATIONAL LABORATORY 


---- EST.1943 - -- ­

Los Alamos National Laboratory, an aHirmative action/equal opportunity employer, is operated by the Los Alamos National Security, LLC 
for the National Nuclear Security Administration of the U.S. Department of Energy under contract DE-AC52-06NA25396. By acceptance 
of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free license to publish or reproduce the 
published form of this contribution, or to allow others to do so, for U.S. Government purposes. Los Alamos National Laboratory requests 
that the publisher identify this article as work performed under the auspices of the U.S. Department of Energy. Los Alamos National 
Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution , however, the Laboratory does not 
endorse the viewpoint of a publication or guarantee its technical correctness. 

Form 836 (7/06) 



Air Shower Detectors in Gamma-Ray Astronomy 

G Sinnis 
Physics Division, Los Alamos National Laboratory, Los Alamos, NM 87545 

E-mail: gus@lanl. gov 

Abstract. Extensive air shower arrays directly detect the particles in an extensive 
air shower that reach the observation aJtitude. This detection technique effectively 
makes air shower arrays synoptic telescopes - they are capable of simultaneously 
and continuously viewing the entire overhead sky. Typical air shower detectors have 
an effective field-of-view of 2 sr and operate nearly 100% of the time. These two 
chal"acteristics make them ideal instruments for studying the highest energy gamma 
Jays, extended sources, and transient phenomena. Until recently air shower arrays 
have had insufficient sensitivity to detect gamma-ray sources. Over the past decade, 
the situation has changed markedly. :Milagro, in the U.S, and the Tibet AS--y anay 
in Tibet, have detected very-high-energy gamma-ray emission from the Crab Nebula 
and the active galaxy Markarian 421 (both previously known sources). Milagro has 
discovered TeV diffuse emission from the Milky Way, three unidentified sources of 
TeV gamma rays, and several candidate sources of TeV gamma rays. Given these 
successes and the suite of existing and phnned instruments in the GeV and TeV 
regime (AGILE, GLAST, H.E.S.S., VERITAS, CTA, AGIS, and IceCube) there aJ·e 
strong reasons for pursuing a next generation of EAS detectors. In conjunction with 
these other instruments the next generation of EAS instruments could answer long­
standing problems in astrophYSiCS. 
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review the recent acheivements of the current generation of synoptic telescopes and 
discuss a the future development of synoptic VHE telescopes. For information on 
previous generations of EAS arrays see for example [6, 7]. 

2. Extensive Air Showers and Their Detection 

When a high-energy gamma ray enters the earth's atmosphere its interactions are 
predominantly electromagnetic. The first interaction is typically the creation of an 
electron-positron pair. These particles then undergo bremsstrahlung interactions, 
generating additional high energy gamma rays. This process continues until the average 
energy per dectromagnetic particle drops to the critical energy, ,,-,84 MeV. At this point 
the number of particles in the air shower is at a maximum and the altitude at which this 
occurs is referred to as "shower maximum". As the air shower continues to propagate 
through the atmosphere the energy loss is dominated by ionization, not by the creation 
of additional particles, and the number of particles in the air shower decreases with 
increasing atmospheric depth . The number of electromagnetic particles a..s a function of 
atmospheric depth (the longitudinal development of the air shower) is well described (on 
average) by Approximation B [11], see Figure 1. The fluctuations in the development 
of the EAS are dominated by the fluctuations in the depth of the first interaction. The 
distribution of first interaction depths can be parameterized as 

where t1 is the depth of the first interaction and tint is the mean interaction length 
(where tl and tint are expressed in units of the radiation length) [12]. Figure 2 shows 
the correlation between the number of electromagnetic particles reaching the ground 
and the depth of the first interaction. It can be seen from the figure that while the 
avemge number of electromagnetic particles that reach the ground is ,,-,75 (for a 100 

Ge V primary) 1 the resulting distribution will be rather broad, with a full-width at 
half maximum spanning the range ",50-175 particles. As we will see below, it is these 
fluctuations in the development of the air shower that limit the energy resolution of an 
EAS array. 

Using the information above one can make a rough estimate of the response of 
an EAS array without invoking detailed "Monte Carlo simulations of a specific detector 
deSign. The sensitivity of an array is determined by the effective area of the array 
as a function of energy, the ability to reject the cosmic-ray background, the angular 

resolution, and the energy resolution of the array. The relative importance of each of 
these parameters depends upon the type of gamma-ray source under study. 

The energy response of the detector can be studied by imposing a simple trigger 
condition and studying the effi.ciency of satisfying this trigger condition as a function 
of primary gamma-ray energy and the altitude of the detector. In Figure 3 we have 

imposed a trigger requirement of 100 electromagnetic particles each with at least 10 

Me V at observation level. Since gamma rays out number electrons and positrons by a 
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Figure 2. The number of electromagnetic particles with energy above 10 MeV as a 
function of the depth of the first interaction (shown as the squares with error bars). 
The histogram shows the distribution of first interaction altitudes (in which case the y­
axis is in arbitrary units). The primary gamma ray had an energy of 100 GeV and t.he 
observation altitude was taken to be 5200 m above sea level. This figure was generated 
using the CORSIKA simulation package [1.3] 

events, but can only place an upper bound on the energy of the primary gamma ray. 
In practice an EAS array can accurately measure the energy that reaches the 

ground and the energy resolution of an EAS array is almost completely determined 
by the fluctuations in the development of the air shower (see Figure 2), in particular 
the height of shower maximum. The magnitude of the fluctuations is dependent upon 
the primary energy and the observation altitude. Figure 5 shows the expected energy 
resolution, accounting for both the shower fluctuations and the measurement errors, for 

two different observation altitudes. 
Angv,lo,r Resolution The pointing accuracy of an EAS array is ultimately limited by 
the momentum distribution of the electromagnetic particles that reach the ground. To 
estimate the best posible angular resolution one can sum the momentum components 
of the particles in the ground plane and in the z-direction (perpendicular to the 
ground plane). Figure 6 shows the direction (from zenith) of the net momenta of all 
electromagnetic particles with energy above 10 MeV as a function of primary energy. 
The events were generated from zenith , thus this angle from zenith represents the best 

achievable angular resolution for an EAS array located at the observation altitude of 
5200 m above sea level. This figure demonstrates that at "low" energies ( <300 Ge V) the 

angular resolution of an EAS detector can not be better than 0.4-0.5 degrees. At higher 
energies, the angular resolution improves but will be limited by the finite sampling of 

the shower particles and the corrections to the measured arrival times that are required 
to reconstruct an EAS. The actual angular resolution is determined by the number of 
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Figure 5. The energy resolution as a function of primary gamma-ray energy. The 
solid line corresponds to an observation altitude of 2630 m above sea level and the 
dashed line to an observation altitude of 4100 m above sea level. Figure courtesy of 
Andrew Smith. 

shower front. (The shower front is a cone centered on the shower core.) The magnitude 
of this last correction is demonstrated in Figure 7, which shows the angular resolution 
of an idealized detector before and after the affect of a correction for the curvature of 
the shower front is made. A correction is made for both the distance from the shower 
core and the number of detected particles at each location. (This correction accounts 
for the statistical affect of making multiple measurements of a distribution of particle 
arrival times and recording only the first arrival time measured.) At the highest energies, 
> lOTeV, an angular resolution of ",0.2 degrees could be acheivable. 
Background Rejection Background rejection in an EAS array is accomplished by the 
detection and identification of the penetrating component of extensive air showers 
initiated by hadronic cosmic rays. (While other methods have been proposed, they 
have yet to be demonstrated in an astronomical observation [14].) The efficacy of 
the background rejection is ultimately limited by the number of muons and hadrons 
that survive to the observation altitude. The surviving particle must have sufficient 
energy to be differentiated from the electromagnetic portion of the cascade. Below, we 
assume an observation altitude of 5200 m and a muon energy threshold of 500 MeV. 
Figure 8 shows the average number of muons and hadrons that reach the ground as 
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Figure 7. The point spread function for the reconstruction of the direction of the 
primary particle. The angular reconstruction is performed using the actual particle 
arrival times, positions , and energies. The solid line shows the point spread function 
after an energy dependent curvature correction is made to the particle arrival times 
and the dashed line shows the point-spread function before t.hese corrections are made. 

6Gamma rays generated on an E 2. differential spectrum, \vith energies between 100 
GeVand 100 TeV, and satisfying the trigger condition described above were used in 
this figure. 

be essentially background free, rejecting 99.99% of the cosmic-ray background. Once 
an EAS array (or any instrument) is in a background free environment, its sensitivity 
is the inverse of the effective area of the instrument multiplied by the amount of time 
spent viewing a source. Thus, with a comparable effective area to an IACT array, an 
EAS array, with more than an order of magnitude greater time on source, will have 
substantially better sensitivity to the highest energy gamma rays, even to a known 
source. 

At lower energies, while not background free, a substantial fraction of the 
background can be rejected with the EAS technique, if the detector has a sufficiently 
large muon detector. In Figure 10 we show the fraction of background rejected as 
a function of primary energy for Milagro and a possible future instrument, HAWC 
(see "Future Dirc~ctions" section). In this instrument, the entire physical area of the 
instrument is capable of muon detection (",20,000 m2

). As can be seen from the figure 
at ",1 TeV roughly 95% of the background can be rejected and by 10 TeV nearly 99.5% 

of the background can be rejected. 
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Figure 9. The number of detected muons that reach the ground as a function of the 
shower size for proton primary particles (black) and gamma-ray primaries (green). This 
figure was made using a I\IIonte Carlo simulation of the Ti bet+MD detector (described 
in more detail in the "Future Directions" section of this paper). A muon is defined as 
any buried detector with more than 10 detected photo-electrons within the Tibet+i'vID 
array. The minimum muon energy required to penetrate into the muon detector is l.2 
GeV. For a given shower size he the median number of detected muons is plotted and 
the error bars span the 20%-80% range of the distribution in the number of detected 
muons. For reference the average energy is indicated for three values of the shower 
size. Figure courtesy of Masato Takita. 

Tibet AS, (Figure 12) is a more traditional scintillator array located at an altitude 
of 4300m a.s.l. The detector has undergone significant upgrades over the past decade 
and is currently composed of 789 scintillation counters on a 7.Sm grid. Each counter 
consists of a 0.Sm2 plastic scintillator viewed by a Scm PNIT. Each detector is covered 
with a Smm sheet of lead. The total area enclosed by the array is 36,900 m2 . The 
trigger rate is ",700 Hz and the angular resolution is 0.9 degrees. 

The ARGO detector, Figure 13, is also located at the Yangbajing cosmic-ray 
observatory in Tibet. ARGO is a dense sampling array with 92% sensitive area over 
a S,772 m2 area and a total area of 11,000 m2 

. The particle detectors in ARGO are 
resistive plate chambers (RPCs) - a parallel plate gas chamber. In ARGO each RPC 
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Figure 10. The fract.ion of the cosmic-ray background retained as a function of 
energy for the rvlilagro det.ector (dashed line) and a future instrument (solid 
line), HAWC (see below). Figure courtesy of Andrew Smith. 

is composed of 10 pads each of which contains 8 detector strips. The spa.tial resolution 
is determined by t.he geometry of t.he strips a.nd is 6.7 em in one direction a.nd 62 

cm in the perpendicular direction. The time resolution of the RPCs is about 1 11S, 

similar to that of scintillation counters. The RPCs are arranged in groups of 12 (a 
cluster) and there will be a total of 154 clusters in the complete detector. As of the 

sUYnmer of 2007 there were 130 clusters operational covering an area. of rv5800 m2 [5]. 
Since the detectors are thin there is no possibility to distinguish the passage of muons, 

however the ARGO collaboration expects to utilize the fine spatial resolution and dense 

sampling to distinguish air showers generated by gamma rays from those generated by 
hadronic cosmic rays. With an angular resolution of "V0.5 degrees and a median energy 

of trigg;ered gamma rays below 1 TeV ARGO sho\lld have the sensitivity to detect the 

Crab Nebula at 10 standard deviations in one year of observation without background 
rejection and 15a with its background rejection capabilities. 

Both IVIilagro and AS1' have conclusively demonstrated their sensitivity with 

detections of the Crab Nebula. AS1' has reported two independent detections of the 

Crab Nebula. In data taken between 1996 and 1999 they reported a 5.5a detection 

with a less sensitive instrument, the HD array With the Tibet III detector they 

report a 4.8a detection with 1.5 years of running time This sensitivity on the Crab 
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Figure 11. A schematic view of t.he Milagro telescope. The outrigger tanks are shown 
surrounding the central wat.er reservoir. 

Nebula ( 4a / Vfjr) is comparable to that of the lVIilagro detector before the construction 
of the outrigger array. lVlilagro now reports a sensitivity of"-' 8a / Vfjr with the outrigger 

array [10]. The ARGO detector has reported a preliminary detection of both the Crab 
Nebula and Mrk 421 [5]. However, at the time of this report there remain outstanding 

issues related to the overall pointing of the instrument, and it is impossible to measure 
the sensitivity of ARGO using these measurements. (For both the Crab Nebula and 
Mrk 421, the reported excesses are not centered upon the known source locations. 
Therefore, the true significance of the observation is not known. Simply taking the 
largest excess in the region of the source would lead to an over-reporting of the sensitivity 

of the detector. Similarly, with the suspicion of a systematic pointing error , taking the 
observed Significance at the known source location would underestimate the sensitivity 

of the detector.) 

4. Sky Surveys 

One of the primary motivations for a synoptic instrument is to perform an unbiased sky 

survey. Both lVIilagro [15] and Tibet [16, 17] have surveyed the Northern sky for point 

sources of TeV gamma rays. (For details of various methods employed for estimating 

the background and assigning statistical Significances to observations see [18].) Figure 

14 shows a more recent map made by the lvIilagro collaboration [19]. The data in this 

map was taken over a 6.5 year period from July 2000 to January 2007. The median 
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Figure 13. A schematic of the ARGO detector. 

energy of detected gamma rays in this map ,vas 12 Te\!, There are several noteworthy 

features in the map. With statistical significance of 15 standard deviations , the Crab 
Nebula is the most significant point source detected by Milagro, The bottom panel of 
Figure 14 clearly shows gamma- ray emission in the region near the Galactic equator. 
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Table 1. Extensive Air Shower Arrays for VHE ,-rays 

Experiment 

(site) 


CASA-MIA 

(Dugway, UtFth) 


CYGNUS 

(Los Alamos, NM) 


Milagro 

(.Ieme?, Mtns, NM) 


AS, 

(YangBaJing, Tibet) 


ARGO 

(YangBaJing, Tibet) 


Location(a) 


atm. depth 

40.2°N, 112.8°W 


870 g/cm2 


35.9°N, 106.3°W 

800 g/cm2 


35.9°N, 106.7°W 

750 g/cm2 


30.1o N,90.5°E 

600 g/cm2 


30.1o N,90. °E 

600 g/cm2 


Array Area 
2m

230,400 

86,000 

40,000 

53,000 

11,000 

N(b) 

1089 

204 

898(d) 

497 

1848(f ) 

f.L (c) 

2m
2,500 

120 

2,400 

NA 

NA 

Event Rate 

8-1 


20 


5 


1700 


700 


2000 


Operation 

1991-1996 

1986-1996 

2000-2008 

1990-present(e) 

2007-present 

(a) geographical latitude and longitude of the observation site 
(b) number of detector elements 
(c) area of muon detector 
(d) number of PMTs. See text for detailed detector description. 
(c) configuration varied. The latest configuration is given. 
(f) number of RPC detectors. See text for detailed detector description. 

This will be discussed in detail below. The only object visible outside of the Galaxy is 
the active galaxy lvIrk 421, this is also true of the results from the Tibet ASi detector 
[17]. Mrk 421 lies at a distance of 120 }/lpc from Earth and was first detected atrv 

TeV energies by the Whipple telescope [20]. \Alhile there are many other known AGN 
that emit TeV gamma rays, the high-energy threshold of the current generation of EAS 
arrays make them difficult to detect using this technique. (This is due to the absorption 
of TeV gamma rays via interactions with the extra-galactic background light (EBL) [2 1] 
that pervades the universe.) 

5. Galactic Plane Survey 

The Milagro sky survey shows clear evidence for TeV gamma-ray sources localized to 
the Galactic plane. Figure 15 shows a more detailed view of the }.flilky Way in gamma 
rays with a median energy of 20 TeV. The range of Galactic longitude visible is limited 
by the latitude of the Milagro observatory and a requirement that events fall within 
45 degrees of zenith to be considered in the analysis. The boxes mark the locations of 
EGRET sources (from the 3rd EGRET catalog [22]) and the crosses mark the locations 
of GeV gamma-ray sources identified by EGRET [23]. The sensitivity of this survey 

2is between 3 and 6 x 10-15 TeV-1 cm- S-l [24] at 20 TeV. There are a total of 8 

regions with an excess above background of over 4.5 standard deviations (including the 
Crab Nebula) [note: see Figure 16 for the location of C2 , which is not shown in Figure 
15]. Table 2 gives relevant information for these 8 sources [10]. Those regions with a 
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Figure 14. Map of the Northern hemisphere in TeV gamma rays (the Milagro 
collaboration) with 2. 1 degree smoothing (optimized for point sources). The black 
lines are drawn at ± 5 degrees around the Galactic plane. The color scale is standard 
deviations. 

Object Name Coordinates Significance Flux (x 10-15Te V- 1CIlI - 2S- 1 ) Extent 

Crab Nebula 
tvIGRO J2019+ 37(a) 
MGRO J1908+ 06(b) 

MGRO J2031+ 41 
C1 
C2 
C3 
C4 

1845 , -5 .7 
75.0,0.2 
40.4 , -1.0 
80.3, 1.1 
77.5, -3.9 
76.1, -1.7 
195.7,4. 1 
105.8, 2.0 

15.0 
10.4 
8.3 
6.6 
5.8 
5.1 
5.1 
5.0 

10.9± 1.2 
8.7 ± 1.4 
8.8 ± 2.4 
9.8 ± 2.9 
3. 1 ± 0.6 
3.4 ± 0.8 
6.9 ± 1.6 
4.0 ± 1.3 

... 

1.1 ± 0.5 
< 2.6 

3.0 ± 0.9 

< 2.0 
... 

2.8 ± 0.8 
3.4 ± 1.7 

Table 2. Results of the IvIilagro Galactic Plane Survey. Locations are given in Galactic 
coordinates (longitude, latitude), the significance is pre-trial, the flux is at 20 TeV and 
the extent is the diameter of the object measured in degrees. 
(a) Confirmed by the Tibet AS/, detector [25] 
(b) Confirmed by the H.E.S.S. telescope [31]. The Tibet AS')' collaboration observes a 
4.30' excess at this location [17] 

po~t-trial significance (the number of tricds associated with this survey of the Galactic 
Plane werE' calculated using a lVlonte Carlo simulation of the search) over 5 standard 
deviations are identified as new sources and given an MGRO JXXXX+ XX designation. 
Otherwise the region is called a source candidate and labeled Cn . We discuss the details 
of ea.ch source below. 
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Figure 15_ The Galaxy in TeV gamma rays from Galactic longitude 20 degrees to 
220 degrees and Galactic latitude from -10 degrees to 10 degrees. The image is the 
cuLmination of a seven year exposure by the Milagro instrument. The color scale shows 
the statistical significance of the observed excess (over the cosmic-ray background) at 
each pOint. Crosses Illark the location of Ge V sources and boxes mark the location of 
sources in the 3EG catalog. Locations marked as Cl,C3, & C4 are candidate sources 
as determined by lvIilagro and the three locations marked as Jx,'(XX+YY are sources 
discovered by Milagro. To improve the clarity of the figure significances above 7 
standard deviations are shown as black and those below 3 standard deviations are 
shown as a monochrome. 

There are several noteworthy features of these sources all of which are consistent 
with the interpretation that these new TeV sources are pulsar wind nebula (PWN). 

• This 	is a high-energy survey, therefore these sources must have relatively hard 
spectra. The differential spectral index that connects these measurements with 
EGRET measurements (when there is an EGRET counterpart ) is -2_3. 

• 	Many of the sources are mctended, with large extents by TeV standards. 

• There is a strong correlation between these sources and the EGRET GeV catalog. 
Excluding the Crab Nebula there are 13 GeV sources within this survey area .. Five 
of the seven sources and source candidates lie within a 3x3 degree box centered on 
the EGRET GeV sources. The chance probability of such an occurrence is 3xlO-6 

5.1. Point and Extended Sources 

The Cygnus Region: The region spanning Galactic longitude 70 and 85 degrees is 
known as the Cygnus Region after the eponymous constellation located in the area. 
From the Earth this direction is along the spiral arm of the Galaxy in which we reside. 
Therefore we are looking into a large column density and at relatively nearby objects 
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Figure 16. The Cygnus Region as seen in Te V gamma rays. The color scale represents 
observations form the Milagro observa.tory. The circles marked TI, T2, T3 are the 
locations of hot spots in the region detected by the Tibet ASA( observatory. The 
significances of these hotspots (as reported by Tibet ASry) are TI= 5.80, T2=:3.80, 
and T3= 4.10. 

C3: This source candidate is coincident with the Geminga radio-quiet pulsar, the second 
brightest GeV gamma-ray source in the sky. At rv170 pc from earth Geminga would 
be the closest TeV source to earth. The pulsar period is 0.237 seconds and is seen in 
the x-ray and gamma-ray bands. Geminga is believed to have originated in a supernova 
explosion about 340,000 years ago. The angular size of the TeV object measured by 
Milagro, 2.8± O.8 degrees, is significantly larger than that observed at x-ray wavelengths, 
where a 20" tail is observed [32]. Given the distance to Geminga the Te V source diameter 
would be rv8± 2.3 pc, consistent with other PWN detected in the TeV band [33, 34]. 
Source Candidate C4: This region is coincident with the Boomerang PWN and a GeV 
source. The TeV emission is clearly extended and the significance of the observation 
increases to 6.3 standard deviations (pre-trial) in a 3x3 degree bin. The > 100 MeV 
emission detected by EGRET has a very similar extended structure to that observed by 
Milagro at 20 TeV. 

5.2. Diffuse Te V Gamma-Ray Emission 

In addition to the sources discussed above Figure 15 shows the presence of a diffuse 
gamma-ray fiux from the Galaxy, especially near the Cygnus Region and at lower 
Galactic longitude (near MGRO J1908+06). This diffuse emission is expected to be due 
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to the interaction of cosmic-my nuclei with matter and inverse Compton interactions 
of high-energy electrons with lower energy (infrared, optical, and cosmic microvvave 
background) photons. Thus, the measurement of the diffuse gamma-ray emission from 
our Ga.laxy yields information about the intensity and spectrum of cosmic ray protons 
and electrons throughout the Galaxy. Lower energy measurements by the EGRET' 
showed clear evidence of an excess (over predictions based upon the measured matter 
density and the local cosmic-ray intensity and spectrum) above 1 GeV [35] Explanations 
of this GeV excess range from the annihilation of dark matter partick:s to a varying 
cosmic-ray spectrum and/or intensity across the Galaxy [37, 38, 39]. A model has been 
developed (GALPROP ) to predict the diffuse gamma-ray emission throughout the 
Ga.laxy, the model is based upon the matter density, the interstellar radiation field, 
and the cosmic-ray spectra of protons, electrons, and heavy elements. To account for 
the GeV excess an "optimized" model was developed where the contribution from the 
inverse Compton component was increased, to account for the GeV excess. (The original 
GALPROP model is referred to as the conventional model below.) While this increase 
is relatively small at GeV energies, it predicts that at TeV energies the inverse Compton 
component dominates over the pion component. (The pion component arises from the 
interaction of hadronic cosmic rays with matter.) Therefore, if this interpretation is 
correct, measurements of the diffuse gamma radiation at 10 TeV are indicative of the 
"-'100 T(~V electron spectrum at distant locations within the Galaxy. 

Figure 17 [40] shows the diffuse TeV gamma-ray flux and the predictions of both 
the conventional and optimized GALPROP models. The median energy of the Milagro 
detection is 20 TeV. The data shown in the figure have had the contributions from the 
sources discussed above removed, and thus represent the diffuse flux (in the absence of 
other as yet unresolved sources). Note that even the optimized version of GALPROP 
under predicts the TeV flux by a factor of 2.7 in the Cygnus Region. The excess 
above the GALPROP prediction has a statistical significa.nce of roughly 3 standard 
deviations. This excess could be explained by the existence of a cusmic-ray accelerator 
within the Cygnus Region, which would lead to a harder spectrum of cosmic rays within 
this region and therefore a larger flux of high-energy gamma rays. This explanatiun 
is interesting in light of the recent results from the ACE CRIS instrument . This 
direct measurement of the isotopic abundances of the local cosmic rays at lower energies 
(0..;100 lVleV/nucleon), indicates that roughly 20% of the Galactic cosmic rays originate 
from \iVolf-Rayet stars (typically found in OB associations). Alternatively, the excess 
could be explained by unresolved point sources of TeV gamma rays that may lie within 
the Cygnus Region. The resolution of this question a\vaits follow-up observations 
the VERITAS gamma-ray telescope, which should have the sensitivity to detect as yet 
unresolved gamma-ray sources (though a measurement of the diffuse emission in this 
region will be difficult for VERITAS). 
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Figure 17. The longitudinal profile of the Galactic diffuse emission of Te V gamma rays 
measured by the Milagro observatory [401· The solid line shows the prediction of the 
"optimized" GALPROP model (increased inverse Compton component to fit EGRET 
data) and the dashed line shows the prediction of the "conventional" GALPROP 
model (cosmic-ray intensity and spectrum assumed to be the same as measured at 
earth). Note that even the optimized model under predicts the TeV measurement in 
the Cygnus Region. 

6. Anisotropy of the Cosmic Radiation 

While several groups have previously reported measurements of cosmic-ray anisotropy 
(see [42] for a review), these measurements have been one-dimensional, i.e. anisotropy 
as a function of right ascension. Recently, this situation has changed and current 
experiments have the statistical power to make quasi-2-dimensional maps of the 
anisotropy of cosmic rays in the energy range from 1-100 TeV. (The maps are not truly 
2-dimensional since they do not have the ability to measure a declination dependent 
anisotropy. instead they are a series of I-dimensional maps that give the anisotropy as 
a function of right ascension versus declination. This is due to the fact that, to date, 
the data analyses have relied upon the rotation of the earth to determine the relative 
response of the instruments as a function of local coordinates [43].) The Tibet ASry 
observatory has produced the first such map [44], see Figure 18. There are two striking 
features of this map: the large deficit near a right ascension of 180 degrees (Region 
I in the figure) and the excess between right ascension 50 and 70 degrees (Region II 
in the figure). The cosmic-ray intensity in the region of the deficit is 0.998 that of the 
average cosmic-ray intensity and in the region of the excess about 1.003 times that of the 
average cosmic-ray intensity. The direction of the deficit is the direction perpendicular 
to the Galactic plane. Despite their ability to observe these anisotropies, the Tibet 
group failed to detect the Compton-Getting effect associated with the motion of the 
Sun in the Galaxy. First predicted by Compton in 1935 [45] this effect is due to the 
earth's motion through a cosmic-ray gas at rest with respect to the Galaxy. The non­
observation of the effect is evidence that the cosmic rays co-rotate with the matter in 
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I. 

Figure 18. The anisotropy in the cosmic radiation as measured by the Tibet AS~( 

observatory, This is the first two-dimensional map of high statistical significance of 
the cosmic-ray anisotropy. Region lIT is the Cygnus Region and the observed excess 
in that direction is consistent with the gamma-ray flux measured by Milagro in that 
direction, 

our spiral arm of the Galaxy. The direction of the excess in Region II is consistent 
with the "tail-in" region of the heliosphere, t.he direction of open magnetic fi eld lines 
(opposite to the direction of motion of the Sun through the local interstellar medium ), 
Also evident in Figure 18 is a smaller excess in Region III, T his region is the Cygnus 

Region and given the observations discussed above it is likely that the observed excess 
is due to gamma rays from the Cygnus Region , the frac tional excess observed by the 
Tibet AS,), is consistent with the gamma-ray flux report.ed by lVIilagro from the entire 
region. 

The lVIil agro collaboration has also searched for large-scale and intermediate scale 
anisotropies in the cosmic-ray arrival directions, The large-scale anisotropy results from 
t-.tlilagro are consistent with those reported by Tibet [46 , 47], however lVIilagro has also 
observed that the amplitude of the anisotropy is time-dependent (the phase of the 
anisotropy does not change with time). Figure 19 shows the amplitude of the anisotropy 
as a function of the year of the observation. It should be noted that the beginning of the 
observations (2000) was during solar maximum and the end of the observations (2007) 
occurred during solar minimum. This observation implies that the more recent data 
represent the true amplitude of the anisotropy of the Galactic cosmic rays, At energies 
near 1 Te V the heliosphere can affect the propagat ion of cosmic rays [48, 49], though 
at much higher energies one does not expect an influence from the heliosphere, lVIilagro 
has also measured the energy dependence of the anisotropy and find that the amplitude 
is a maximum near 4 TeV and persists to at least 100 TeV. The anisotropy at the higher 

energies may be due to the distribution of nearby «1 kpc) young «50 kyr) supernova 
remnants and the diffusion of cosmic rays (50, 51], 

A search for intermediate scale anisotropy has uncovered several puzzling features, 
A 2-climensional plot of the intermediate scale anisotropy of the cosmic radiation is 
shown in Figure 20 [52J, The smoothing scale for this analysis was 10 degrees. There 
are two notable localized excesses: Region A, near a right ascension of 70 degrees , 

http:report.ed
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Figure 19. The amplitude of the large scale anisotropy in the cosmic radiation as a 
function of modified Julian date minus 50,000. The data was taken with the Milagro 
detector. An x-axis label of 2000 corresponds to April 1, 2001 and the label 4000 is 
September 22, 2006. 

and region B, the large arc near a right ascension of 130 degrees. With its ability to 
distinguish gamma-ray induced EAS from hadronic EAS [3] , the Milagro data have bp,en 
used to conclusively demonstrate the hadronic nature of these excesses [52]. A coarse 
estimate of the energy spectrum of Region A has been made using the Milagro data. 
The excess has a harder spectrum than the cosmic-ray background and disappears above 
about 10 TeV. Given that the Larmor radius of a 10 TeV proton in the local magnetic 
field (2J1Gauss [53]) is roughly 0.005 pc and the decay length of a 10 TeV neutron is 
only 0.1 pc, it is difficult to understand the phenomena that may be the cause of the 
observed excesses, though several explanations have been proposed [54 , 55] . 

7. Future Directions 

Given the success of the Milagro and Tibet observatories it is natural to consider future 
improvements to all-sky TeV gamma-ray observatories. A future EAS array could be 
completed in 3-5 years and it must be placed in the context of that time period. This 
includes not only gamma-ray instruments, but neutrino and ultra-high-energy (UHECR) 
telescopes. The strengths and weaknesses of an EAS array should be considered relative 
to these other instruments and a clear rationale developed for further development and 
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Figure 20. The anisotropy in t.he local cosmic ray flux over intermediate scales (",10 
degree smoothing length) . The color scale shows the statistical significance of the 
excess in each lO x I a degree bill cent.ered at t.he given right ascension and declination. 
The excess is measured with respect to a local average cosmic-ray flux within about 
15 degrees of the location. The fractional excess in Region A is roughly 6 x 10-4 and 
in Region B ro ughly 4 x 10-4 . 

fielding of such an instrument. 
GLAST [56, 57, 58] will have been taking data for 3-5 years and it will have 

discovered several t housand ",,100 l'"feV gamma-ray sources and mapped the Galact.ic 
diffuse emission up to at least 100 GeV. The current generation of IACTs (MAGIC 
[59, 60], H.E.S.S. [61], and VERITAS [62]) will have been operating for this entire time 
and they will have searched for (and detected) > 100 Ge V gamma-ray emission from 
many of the GLAST sources. The next generation of IACT (such as the European 
Cherenkov Telescope Array effort or the U.S. based Advanced Gamma-Ray Imaging 
System effort), with roughly an order of magnitude better sensi t ivity than current 

IACTs, may be under construction. The IceCube neutrino detector will be complete and 
operating. It is likely t hat they will have discovered several cosmic neutrino sources, and 
t.herefore acceleration sites of hadronic cosmic rays. With respect to UHECRs, recent 
results from the High Resolution Fly's Eye Experiment , demonstrating the existence 
of the GZK suppression above 10196eV [63], shows t.hat the UHECR sources must be 
quite close to Earth , within ",,100 Mpc and results from the Auger experiment indicate 

that the directions of the highest energy UHECRs may be correlated with nearby active 
galax ies [64] . Searching for gamma-ray counterparts to UHECR sources should be a 
high priority for the field . The Auger collaboration is planning to construct a very large 

array ("" 30 ,000 km2
) in the nort.hern hemisphere, which may well discover point sources 

of UHECRs. 

7.1. Complementarity of EAS and lACT Arrays 

Before discussing the role of fu t ure EAS arrays one should consider their relevance 

given the enormous success of the IACT technique. In the optical band there are large 
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galaxies or gamma-ray bursts. To properly understand the sensitivity of an EAS array 
to extragalactic phenomena one must account for the absorption of high-energy gamma 
rays due to interactions with the EBL. The optical depth of high-energy gamma rays 
can be parameterized as T rv z4/3(Ecev / 90)3/2 [71], for redshifts between 0.1 and 2. 
Thus , at 1 TeV rv36% of the source flux a survives a distance of z=0.07, and about 20% 
of the source flux would survive to a redshift of 0.1. There are 65 kno\vn BL Lacs and 
nearly 5000 known AGN within a redshift of 0.1 [72] . (BL Lacs are radio loud active 
galaxies with their jets directed at the Earth.) These source populations represent a rich 
field for GLAST, HAWC, and current and future IACTs. Nlany of these BL Lacs will 
exhibit flaring activity. In additioIl, the results from the Auger collaboration and the 
observation of M87 by the H.E.S.S. collaboration [73], raise the possibility that there 
exist many AGN whose jets are not directed at the Earth yet emit detectable levels of 
VHE gamma rays. To study transient events from these objects and study AGN that 
are not BL Lacs, requires an all-sky instrument working in concert with IACT arrays, 
GLAST and x-ray instruments. In Figure 23 we show the sensitivity of GLAST to > 10 
GeV emission and HAWC to transient phenomena. This figure shows that HAWC is 
well suited to measure the high-energy component of GLAST transients into the> 100 
GeV regime. For example at the shortest timcscales (less than 1000 seconds) HAvVC 
has better sensitivity out to a redshift of 0.5 than GLAST has to >10 GeV gamma 
rays. Similarly, at the longest timescales the ability of HAWC to detect emission at 
the highest energies (>100 GeV) is comparable to the sensitivity of GLAST above 
10 GeV for Galactic objects. In the figure it is assumed that the source spectrum is 
dN/ dE ex E - 2 without a cutoff. (The only cutoff arising from the attenuation by the 
EBL.) 

A more ambitious project would be to construct a similar but larger array (100,000 
m2) at an altitude of 5200 m. This detector is referred to as HAWC100 in the remainder 
of this paper. Based upon Figure 3 one can crudely calculate a trigger area of rv20 ,OOO 
m2 at 100 GeV for such an instrument. After accounting for reconstruction inefficiencies 
(including a background rejection criteria) one could expect an effective area of about 
10,000 m2 at 100 GeV for this type of instrument. The low-energy response would 
allow for the detection of gamma-ray bursts at larger redshifts than current instruments 
(z rv1 for HAWC100 compared to z rvO.3 for Milagro if, at the source, the TeV fluence is 
equal to the keY fluence). While current instruments , such as NIilagro, indicate that the 
typical TeV fluence from a GRB is less than the keY fluence [74, 75], instruments such 
as HAWC100 and HAWC would be sensitive to a TeV fluence 2-3 orders of magnitude 
smaller than the keY fluence of the brightest gamma-ray bursts. A proposal to construct 
an instrument similar to this at the YangbaJing Cosmic-Ray Observatory in Tibet 
(elevation 4300 m above sea level) is currently under consideration [76] . 

The approach taken by the Tibet AS, collaboration is to construct an array with 
excellent sensitivity at the highest energies. Their planned future instrument is referred 
to as Tibet MD (Tibet with Muon Detector). The Tibet MD collaboration is planning on 
installing over 9500 m2 of muon detector within an expanded (to 83,000 m2 ) AS, array 



30 Air Shower Detectors in Gamma-Ray Astronomy 

-80 -60 -~O -20 o 20 40 60 80 
(m) 

Figure 21. The HAYVC detector. Each tank measures 4.3 m tall by 5 m diameter. 
The tanks are arranged in a close-packed grid with 5rn spacing between tanks. 
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Figure 22. The effective area of the HAWC (blue/ upper Lines) and Milagro (red/ lower 
lines) detectors. The solid Lines show the area before background rejection cuts have 
been applied and the dashed lines i"fter these cuts are applied . In both cases only 
events tha t are successfully reconstructed, within the analysis bin are counted. 
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Figure 23. The sensitivity of GLAST and HAWC to transient phenomena as a 
function duration and energy flux. The blue line shows the GLAST sensitivit.y to 
>10 GeV gamma rays, where a detection threshold of 5 gamma-rays is required. For 
HAWC the sensitivity is shown for four different source redshifts (z=0,0.1,0.3, and 0.5). 
A 5 standard deviation detection is required in HAWC. The sources where assumed 
to have a differential spectral index of -2.0 and the model of Knieske et al. [71] was 
used to model the absorption due to the EBL. The blue shaded region delineates the 
parameter space typically occupied by gamma-ray bursts and the purple region the 
paramet.er space typically occupied by AGN flares. Figure court.esy of Brenda Dingus. 

[78, 79]. Figure 24 shows the proposed layout of the detector. The muon detectors are 
water Cherenkov counters buried under 2.5 m of dirt. Each counter consists of a \vater 
pool measuring 7.2mx7.2mx l.5m deep, instrumented with two 20-inch Hamamatsu 
R3600 PMTs. The water pools are made from concrete and painted with a white epoxy 
resin. With this area of muon detector, the Tibet AS! collaboration expects to be 
background free near rv100 TeV (see Figure 9). In a background free environment the 
sensitivity is simply given by the number of detected gamma rays required to claim a 
signal, typically 10, divided by the array area and the time spent on source. This leads 
to a predicted sensitivity of rv 10-13 ergs cm-2sec1 at 100 Te V after a single year of 
observation. This is a factor of rv100 better than the sensitivity of the CAS A array [77] 
at 100 TeV. 

Figure 25 shows the point-source sensitivity of current and future all-sky gamma­
ray instruments. For comparison the sensitivity of GLAST and VERITASjH.E.S.S. are 

shown. For the all-sky instruments the sensitivity is calculated for a 5-year exposure and 
averaged over the field-of-view of the instruments. The all-sky instruments can observe 
at least 21T sr of the sky with this level of sensitivity. (GLAST will survey the entire 
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Figure 24. Schematic view of the Tibet MD array with the proposed muon detp.ctors. 
The muon detectors are buried under 2.5m of dirt.. 

47f sr of the sky with the level of sensitivity indicated) The sensitivity of the IACTs is 
given for a 50 hour exposure. 

These future projects, in conjunction with the current and planned IACT arrays, 
will give us an unprecedented view of the high-energy universe. \¥ith it's low-energy 
response and high sensitivity above 10 TeV, HAWC will be able to observe flaring active 
galaxies, possibly detect the highest energy emission from gamma-ray bursts, and make 

a detailed map of the Galactic diffuse emission in Te V gamma rays. At the highest 
energies Tibet MD will study the end-point spectra of many Galactic objects. Their 
sensitivity is sufficient to detect most of the hard spectrum HESS sources above 100 

TeV (if the power-law spectra of these sources continue to these energies) , allowing for 

a more complete understanding of the limits to the particle acceleration processes that 

occur within our Ga.laxy and the origins of the cosmic radiation. 

8. Conclusions 

All-sky TeV gamma-ray observatories have made significant observations over the past 

decade. The previous generation of instruments lacked the sensitivity required detect 

even a single source of TeV gamma rays. The technological advances that made many 
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Figure 25. Point source sensitivity of cUlTent a.nd future gamma-ray observatories 
to constant sources. For pointed instruments (H.E.S.S.jVERITAS) the sensitivity is 
shown for a 50 hour exposure to a single source. For all-sky instruments such as 
GLAST, Tibet+MD, HAWC, and HAWCIOO the sensitivity shown indicates the level 
at which these instruments will survey the sky that is visible to them (typically 27r sr, 
il7r for GLAST) after five years of operation. 

of these detections possible were the application of water Cherenkov technology to the 
field and the construction of an array at extreme altitude. 

The first detection of the Galactic diffuse emission above a TeV has indicated that 
the cosmic-ray spectrum may vary throughout the Galaxy and has given an indication 
of the location of possible cosmic-ray acceleration sites (the Cygnus Region). A class 
of extended sources has also been discovered, most of vvhich are coincident with GeV 
sources detected by EGRET. It is likely that these are pulsar wind nebula. These sources 
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