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1260 11. Photon and electron attedﬂatibn
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Figure 11 3: Photon total cmas sectmns 8s a: funcbmu ot' energy in’ carbon and 1ead showmg the contnbuhons aE dlﬂ'erent pmcessea.

' Opei Atomm photo-all‘ect (electton ejectmn, photon absorptwn) ¢
Gooherént = Coherent scatieringi (Rayie\gh scatbermg——atom neither ionized nor excnted)
Fincoherent, = Incaherent scattering.- (Compton geattering off an electron)
K = Pair- production, nuctear feld -
"+ Ke'2 Pair prodiction, slectron field - ; s
Tnyc = Phol;onuclear absorptmnl(nuclem‘ absorptwn, usually [ollowed by emlssum of a neutron or other pa.rhcle) "\

Rl
™

From Hubbell Glmm, and ﬁverba, 1 Phys Ghem. Rsf Da.ta 9 1023 (80} Tha phobun total cross sectmn is a.';.':.xmed approximately ﬂa* [o
at least two decades beyond the energy range shown. F‘)gm:es courtesy JL.H. Hubbeli . E

&

F_ractional Energy Loss for Electrons ﬁﬁd: Positrons in Lead

3

l_lll“"ll"lillll‘_,_"ll IHIIHI T !llllll_ S :
' al —0.20 Figure 11.4: *Practional energy loss per radiation

. Posltrons- el -
N Lead (Z = 82) length, in lead s a function of electron or positron

energy. Electron {positron) scattering is consideréd
. B8 :omzatmn when the energy loss per colilsion is
“below 0.255 MeV, and as Moller (Bhabha) scattering
when it-is above. Adapted from Fig. 3.2 from Mesgel
and Crawford, Eleciron-Photon Shower Distribution -
0.10 " Function Tables for Lead, Copper, and Air Absorbers,
. _ Pergamon Press, 1970, Messel and Crawford-use -
Xo(Pb) = 5.82 g/cm?, but we have modified the
figures to reflect the value given in the Table of Atomic
0.05 and Nuclear Prcpemes of Materials, namely Xo(Pb)
=64 g/crn The development of electron-photon.
|- ORLLEL cascades is approximately indopendent of absorber
ennihilation | when the results are expressed in terms of inverse

¢ 10 . 100 1000 radiation le 3 (i.e. {1 .
E (MeV) ! radiation lengths (i.e., scale on left of plot)
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52 High enengj/ gamma-ray telescopes in space
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Figure 3.6. GLAST performance predictions as a function of energy compared with -
EGRET. (http://glast.gsfc.nasa.gov/resources/)

GLAST consists of two parts: the Large Area Telescope (LAT) and the
Gamma-Ray Burst Monitor (GRM) [5]. GRM is a simple wide-field low energy
instrument to alert GLAST to the occurrence of a gamma-ray burst. LAT has three
components (figure 3.5).

(1) The tracker/convertor consists of 18 layers of ionizing particle-sensitive
detectors with high Z. They provide the familiar pair production track which is
used to distinguish the gamma rays from charged cosmic rays. |

(ii) The calorimeter will be made of eight layers of bars of caesium iodide,
with individual read-outs to give spatial resolution. The calorimeter will be 8.5

radiation lengths thick which permits the detector to operate with some efficiency
up to 300 GeV. $

(ii1) The anti-coincidence detector is made from tiles of plastic scintillator
which are read out through wavelength-shifting fibers and miniature phototubes.

This segmented structure reduces self-vetoing due to backscattering from the
tracker/convertor.

The telescope has a modular design with 16 individual tracker/converter
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The maximum number of particles produced is then, J e
Fy . | ,.
o= B | ; (2.128

This simple model; however, only éi?es*ai 'r(:)ugh;qualitatiive pictuire of the shower.

To make a more precise calculation, recourse to such techniques as Monte Carlo
simulations is generally required. Figure 2,26 shows the results of one such calculation

for a 30 GeV shower in iron [2.15]. The circles and squares essentially give the number

of electrons and photons, respectively, as a function of depth in the iron, while the his-
togram describes the energy deposited by the shower, i.e., dE/dt. As we can see now,
the number of particles is an electron-photon cascade rises exponentially to a relatively
broad maximum after which it declines gradually over many radiation lengths, rather
than stopping abruptly as in the simple model above. Tt is important to keep in mind
here that the calculation describes the average behavior of the cascade. As mentioned
in Sect. 2.4.2, there can be large fluctuations when‘nbremsstrahlung is involved, so that
for any given individual shower, a large deviations from the mean will be observed.

Beyond the first radiation length or so, the energy loss, dE/dt, can be fit reasonably
well by the gamma distribution ‘ :

(Bt o bt
ffé’ ~ B, b._(b.z‘) e
dt Ia)

where @ and b are parameters depcx_ldeﬁt on the material, The depth at which the maxi- -

mum ocours is given by

tmax = @—1)/6 = 1.0XAny + C}) , i=e,y (2.130)
SN
, .
0125 — L ¢ T 717 T T -:_.; T 400 ‘
. - 1) - "3008eV electron ] - Fig. 2.26. Monte Carlo calculation of .
0.100} - incident on iron | 1 80 o @ 30GCeV electromagnetic cascade in
B _ uc: o ] S iron “(from {2.15]). The histogram
5 K o, ol 1. & shows the fractional energy deposited
o 00751 o oNp . .60 @ by the cascade as a function of depth,
2 - ‘o o Du 4@ 4 in the material, while the circles
w - a Eneray S W ] 2 and squares represent the number of
= 00507 o 9y oNE 140 S electrons and photons, respectively,
o B~ Photons % o, ] E, with energy =1.5MeV crossing ‘a
0.0255 o x1/6.8 " 4% -'JDD J 9 £ plane perpendicular to- the longitu-
TR o Electrons  oFx Op 1 -~ = dinalshower direction at depth 7. The
-l ‘ OS3aTog | smooth curve is a fit of the gzmma .
0 N I S SN TN T S A ST T B ] function in (2.129)
0 5 10 15 20 S
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LB \ ~ Main emission
12 \region of light
11 - in y-ray showers

Main emission

region of light
for a proton shower
1 TeV proton

Mt. Hopkins

_ Sealevel
IOOm o

100::;1

Flgm'e 2.2, Cartoon showing the Cherenkov light enditting regions of gamma-ray. and
proton air showers. The shaped area corresponds to the main region of emission in a
gamma-ray shower of 1 TeV energy. The area enclosed by the broken line is the main_
rcglon of emission for 1 TeV proton shower. The lateral distribution of light from the A

. gamma-tay showeris shown at the bottom of the diagram. Note that the horizontal scale is
' magmﬁed by a factor of five {10] ‘(Figure: A M Hillas, ) '

24 AtmOSphenc Cherenkov techmque

B 2

2.4.1 General pr opertles

The basic atmospheric Cherenkov tcléscope (ACT) can be very simple [25,4, 19]. . .

~ First-generation systems consisted of just asingle light detector in the focal
‘plane of searchlight mirror ‘coupled to fast pulse counting electronics; The basic
elements are illustrated in figure 2.3. Such telescopes are characterized by the

mirror collection area, A, the reflectivity, R, the solid angle, 2, and the integratio‘n ‘

time, t. Even with a simple light detector (4 = 2 m?, R = 85%, Q@ = 1073, and

T = 10 ns), it is possible to detect the light signal from gamma-ray showers ofa’

few TeV energy with high efficiency. Its identification.as coming from a gamma- - —

-ray shower rather than from a cosmic ray air shower i is quite a different matter.

' B
.
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Figure 2.1. Main panel: Monte Cario. simulations of 320 GeV gamma-ray shower and

a 1 TeV proton shower. The tracks of’ Cherenkov light emitting particles are shown but -

not all to avoid saturation. The horizontal scale is magnified by a factor of five [10} A
schematic development of a gamrna-ray shéwer (left) and a hadronic shower (nght) are
shown in the two small panels. (Figure: D Horan.) :

_— , o
Cherenkovemission), it is similat to the trail of a meteor, In particular, the column
seen on the sky when extrapolated backwards intersects the point of origin of the
gamma ray on the cosmic sphere. The opﬂcal images of a shower of meteors have
a similar property in that they all point back to their pomt of ongln i.e. the xadlant
of the meteor shower.

Although the fraction of energy that goes into this optical emission is small
(less than 1076 of the primary energy), it is. coherent and this makes possible a
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Figure 1.3. The Whipple 10 m gamma-ray telescope. Note the ‘10 m' refers only to the
aperture of the optical reflector; the effective collection area is >5 x 10000 m? so that the
gamma-ray ‘aperture’ is 120 m. '
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source anomalies in the cosmic ray arrival direction distribution which might
point to the existence of discrete sources of VHE cosmic rays. None were found.

Not long after the publication of Morrison’s seminal paper [9] on the prospects
for gamma-ray astronomy. at 100 MeV energies (see historical note: seminal
- paper), Cocconi, a high energy theorist at CERN, produced an equaily optimistic
prediction for the possibilities of gamma-ray astronomy at VHE energies [3].

He made his predictions for telescopes consisting of arrays of Damcle detectors.
Two such experiments (in Poland and Bolivia) searched for discrete sources but
their energy thresholds were high (>100 TeV) and no anomalics were found.

Other experimenters realized that the detection of the electlomagneﬁc cascades
using the atmospherlc Cherenkov radiation was a more sensitive techmque and
-an ambitious array of 12 light detectors was deployed in the Crin ea’by a group
from the Lebedeyv Institute (figure 1.2). Four years of operation (196064} by
the Soviet group [3] produced extensive observations of the sources suggested by
Cocconi (radio galaxies and supernova remnants) but did not lead tolany source
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Figure 2.12. The layout of the seven 12 m telescopes that wiil comprise the VERITAS o
observatory in southern Arizona, _ il

The Very Energetic Radiation Imaging Telescope Array System (VERITAS)
was the first of these mext-generation telescopes to be proposed. The seven .
telescopes in VERITAS will be identical and will have the geometrical layout o
shown in figure 2.12. Six télescopes will be located at the corners of a hexagon LoiHE
of side 80 m and oné will be located at the center. The telescopes will each have o
2 camera consisting of 499 pixels with a field of view of 3.5° diameter. The i
flux sensitivity of VERITAS (which will be very similar to that of HESS and SRR §
CANGAROO-III) is given in the next chapter (figure 3,7) where it is contrasted ‘ e
. with that of existing telescopes, both ground-based and space-borne, : .
More by accident than design, the next generation of major new telescopes SN
will have a logical distribution in latitude and longitude with MAGIC and .
VERITAS in the Northern Hemisphere and HESS and CANGAROO-III in the - vt
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EXPLODED VIEW OF CASA BETECTGH
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Figure 2: Left: plan view of the CASA-MIA experiment at Dugway UT, USA, consisting
of 1089 surface detectors (CASA), 1024 buried muon counters distributed into 16 patches
(MIA), and four small Cherenkov telescopes. Right: exploded view a CASA station, con-
sisting of four scintillation counters enclosed in a water-tight box and covered by four sheets
of lead.

arca of 480 m x 480 m. Each detector (or station) would consist of four scintillation counters
and complete local electronics, encompassing analog, digital, high-voltage, calibration, and
Ethernet communication circuitry, CASA would operate in conjunction with a large muon
array (MIA), consisting of 512 buried muon counters to be built and installed by the group
from the University of Michigan. The NSF proposal was funded and CASA-MIA was con-
structed as proposed, except that the final CASA was somewhat larger (comprising 1089
detectors) and the final MIA was twice as large {comprising 1024 scintillation counters) as
originally proposed.

Full details of the CASA-MIA experiment can be found in a detailed instrument paper
written by Jim Cronin [8]. As shown in Figure 2, the 1089 CASA detectors were distributed
on a regular grid with a 15m spacing., The area enclosed by CASA was 0.23km?. MIA
consisted of 1024 scintillation counters (total scintillator area of 2400 m?) distributed in 16
patches of 64 counters each. The MIA counters were buried beneath approximately 3 m of
earth and had a typical muon energy threshold of ~ 1 GeV.

An exploded view of a single CASA station is shown in Figure 2. The four scintillation
counters in each station allowed for local alert (2 out of 4 counters) and trigger (3 out of 4
counters) conditions. Each counter consisted of a square sheet of acrylic scintillator read out
by a single photomultiplier tube (PMT) glued to the center of the sheet. The counters were
placed in an ABS plastic box, sealed to keep out water and covered by four sheets of lead
(1/4" thick), designed to convert the low-energy gamma rays in the shower,

The heart of the CASA experiment was the electronics board mounted on a plywood,




