Present and future

ground based gamma-
ray experiments




« Photon interaction with matter & Photon detection
« Techniques vs photon energy
 The case of VHE energy
« The atmosphere as a detector
« Atmospheric e-m and hadronic shower

Imaging Cherenkov light technique in detail
« Gamma / hadron separation
« Trigger and effective area
« Angular resolution
« Energyresolution

Shower front particle detectors in detail
« Gamma / hadron separation
« Trigger and effective area
* Angular resolution
« Energyresolution




Photon interaction with matter

Photon interactions in Pb
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From X-ray to Gamma-ray astronemy

= I e | I > | | I |
Coded masks, collimators Pair conversion telescopes
Focusing instruments (- INTEGRAL) 4 > (until ~300 GeV)

Compton telescopes

COMPTEL




Direct detection of HE gamma rQy

Y | incoming gamma ray

Direct detection of gamma ray
In the “pair production” regime With E> 500 MeV

Typical of satellite borne detectors

For VHE energy (>100 GeV) the direct
detectionis limited by 2 main effects

1) For E> 500 GeV the calorimeters
does not contains the shower anymore
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Gamma ray flux at High energy

10 . . ° MAGIC stereo data

The gamma ray flux decreases rapidly with the
energy
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The Atmosphere as a Detector: EXiensive

Air Shower (EAS)

= Electromagnetic showers: » Hadronic showers: Discoversd in 1938 by Pleme Auger
o y ———> e’ e (pair production) o CR + atm. nucleus — n°, n* + N
o e*——> y (bremsstrahlung) o mt > ut + v
o m° ——> yy ——> e.m. showers
Y primario Rayo césmico (p, alfa,...)

Niicleo atmosférico

Cascadas EM




Heltler model for an electromagnetic

shower

» Radiation length X,: average distance traversed by an electron in a medium in the time in
which its energy drops by a factor e. Thatis: E = Eg @*/x0

» Forair, Xo = 36.7 g/cm?(about 300 m at sea level)

» For ulira-relativistic electrons, X, roughly equals the mean free path of gammas of
similar energy (m.f.p.= 9/7 Xo)

» Heitler model assumptions:

» Interaction probability for e* and y is the same, and it is 1/2 after traveling a
distance R = Xy In(2).

» Further simplification: one interaction exactly every R
» Energy is equally shared between the products of each interaction



Heitler model for an electromagnetic

shower

m E.:"criticalenergy” ( = 80 MeVin air ) below which ionization dominates over
bremsstrahlung in the energy loss of e+ .

® Mulliplication of the number of e*, Ng, goes on until (E) < E. = N, Eg
(shower maximum)

m After that, multiplication comes to an end: shower particles gradually lose their
energy until the shower extinguishes.



Heitler model for an electromagnetic

shower

v|E, generation nN

0

1

In the n'" generation, 2" particles (e* and y) of
energy £,/ 2"

Shower maximum reached when E; is
reached, hence E,/ 2" =E_

Number of generations until shower maximum:
Nmax = IN (Eo/ EC) / In(2)

Atmospheric depth of shower maximum:
Xmax; Nmax* R = Xo In (Eo/ EC)
(depends logarithmically on E;)



The Rossi Greisen approximation

( Rev. Mod. Physics 13 (1941)

» Considers Bremsstrahlung and pair production

» Neglects Compton effect, photon-nucleus interactions

Number of e* vs. t (atmospheric depth):

0.31
VIn(Eo/E.)
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_t + QIH(E()/EC)

Ne(t) =

cexplt- (1 —1.5Ins)]

“age” of the shower

s = 0 at first interaction, 1 at maximum, 2 when N, < 1



Longitudinal EM shower development
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Lateral distribution In an EM shower

» Many small-angle Coulomb scatters of €* on nuclei = lateral spread of the
shower

» Theory of Moliere of multiple scattering: angular distribution of charged particles
after traversing a thickness x of material is roughly gaussian for small deflection

angles (and then has a long tail):

92
dN /dQ - 5 €xp —Lage for small 6
2T 05 20§
13.6 MeV
o = = pe 2 2/ Xo [1 +0.038 111(;1:/X0)]
cr

Z : charge number of the particle; g, p: velocity, momentum



Lateral distribution iIn an EM shower:

NGK semi-empirical formula (Nishimura Kaomata Greisen)

HEGRA
Scintillator array real event

-2 . Moliere radius
2 107
= Lateral distribution in different materials scales
a 10 =

with M-

10 ' = Xo Es/Ec (=80 m for air at sea level)

e.= /4T /e mec?

(scale energy, 21.2052 MeV)

(= Ne [ e LT i [(4.5 — s)
e ,' f— - . - . —_— . -
4 ri; \I'm gy 27 - I'(s) - I'(4.5 — 2s)




Lateral distribution iIn an EM shower:

fully simulated EM shower

Simulated 10 TeV gamma shower

Lateral distribution: NKG formula




Hadron initiate showers

After the first interaction, the nucleonic component of the
showers goes on interacting until

(E/A) <E.=1GeV (pion production threshold)

Simple model: “superposition” = nucleus behaves as A
nucleons of energy £,/ A :

X I Eg/ (A EL) | given Ey, showers initiated by
heavy nuclei develop higherin the atmosphere



Hadron initiate showers

sulting mainly from charged pions, have a half-life of 2.2 us
nce frame = many arrive at the ground before
or 75% of all secondary CR detected at

m Muons,
in theirown r
decaying (and acco
sea level)

m Neutral pions-decay (most often) in 2 v, resul’ringWS
at some angle w.r.t. the shower axis

m Detalled study requires a full Monte Carlo simulation




Simulated 50 GeV EM shower




Simulated 100 GeV HA shower




Simulated 1 TeV EM shower




Ground based gamma ray defectors

Once a VHE gamma ray enter in the atmosphere an EAS shower develop

Ground based experiments have to detect and reconstructthe atmospheric shower

There are 2 main way to detect a shower

- detect the Cherenkov light produced from relativistic (3>1/n n= refraction index)

l 1 TeV cosmic ray 100 TeV cosmic ray

- deTeCT The pqrtiCIe from the Shower front The observation of an extensive air shower particle cascade using by

collecting Cherenkov radiation (left) and observing the shower particles at
ground level (right). From the Milagro collaboration (copyright © 2002,
University of California).



Cherenkov radiation

» Emitted whenever a charged particle traverses a medium at a speed larger
than that of light in the medium

» The radiation results from the reorientation of electric dipolesinduced by the
charge in the medium. When v > c/n the conftributions from different points of
the trajectory arrive in phase at the observer as a narrow light pulse




-
O
O
=
=
>
O
AV,
-
o
O
(c
O

1

cos0=1/(Bn)

Setting 8

cos'(1/n)

eI’Y\CJX =

90°

Analogous o “sonic bang”

vV>C

v<C

)\2

d’N sin? 6
— 27Oy

dAdx




Cherenkov radiation in atmospRere

In 1948, Blaockett suggested that
secondary CR's should produce
Cherenkov radiation which would
account for a fraction 104 of the total
night sky light

Pulses of Cherenkov light from air
showers were first recorded by
Galbraith and Jelleyin 1953




The Very Beginning of the Atmospherc Alr

Cherenkov Telescope Technique....

1953 By using a garbage can, a 60 cm diameter
mirror in it and a PMTin its focus Galbraith and Jelly

had discovered the Cherenkov light pulses from the
extensive air showers.



Cherenkov radiation in atmospRere

: o _h
Air density: p(h) = pg-e "o hyo =7.8 km

_h
Refractive index: n=1+m=1+n-€ ™ ,with mo = 2.9-107

MeC? MeC? 0.511 MeV (=21 MeV at

C
= ~ level, for electron)
1—p52, 1—n V4 T

Threshold for Cherenkov emission: E,;, =

Cherenkov angle for g=1: coS Oy = — ~ 71—y, ~1 deg atsea level



Cherenkov radiation in the atmaesphere

RC.' Distance from shower trajectory at which the C-photons hit the ground

R. = (h — hops) - tan @0z for = 1

[ Gamma, 1 TeV, 0 =0

"—/,N “hump”

Densidad de lic; Chereknor (fot nr )
B
1

Distance from showeraxis (m) m)

Hump position depends on observation alfitude (but not on Ep)



Cherenkov observed spectrum

Transparency of the atmosphere absorption effect
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Three relevant processes of absorption:

Mie scattering (by dust particles)
Rayleigh scattering (by air molecules)
Absorption by Ozone (but EAS
develops mostly below O; layer)



Cherenkov observed spectrum

Aftenuation gets more severe at larger zenith angles, as the opftical path through the
atmosphere increases:
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Cherenkov light in the atmospnRere:

Time structure of the C-light front
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The Very Beginning of the Atmospherc Alr
Cherenkov Telescope Technique

Telescope
Glencullen, Ireland
~1962-66University
College, Dublin
group led by Neill
Porter(in
collaboration with
J.V.]elley)

Crimea Experiment 1959-1965,
Chudakoyv, et al., (SNR, radio galaxies)




The first Imaging Atmospheric Telescope:

IACT era

Wipple observatory: the first ever sucesful
ground based experiment

Fig. 2. Definition of image parsmeters. Fig. 3. The layout of the photomultiplicrs
in the focal plane of the reflector. The inner
pixel spacing is 0.25°. The numbers refer to
the zones, the convention used to designate
the position of the images relative to the cen-
ter of the camera.

Observations of TeV Photons at the Whipple Observatory

R. C. Lamb,! C. W. Akerlof,? M. F. Cawley,® E. Colombo,* D. J. Fegan,® A. M. Hillas®
P. W. Kwok,* M.J Lang,* D. A. Lewis,! D. J. Macomb,! D. I. Meyer,? K. S. O'Flaherty’
P.T.Reynolds,* G. Vacanti,' and T.C.Weekes*
owa State University, Ames, IA 50011 USA
?University of Michigan, Ann Arbor, MI 48109 USA
351, Patrick's College, Maynooth, Co. Kildare, IRELAND
*Harvard-Smithsonian Center for Astrophysics, P.O. Box 97, Amado, Arizona 85645 USA
$University College, Dublin, IRELAND
SUniversity of Leeds, Leeds, UK

Abstract

The Whipple Observatory 10 m gamma-ray telescope has been used to search for TeV
gamma-ray emission from a number of objects. This paper reports observations of six galactic
and three extragalactic objects using the Cherenkov image technique. With the introduction of
a high-resolution camera (1/4° pixel) in 1988, the Crab Ncbula was detected at a significance
level of 20 ¢ in 30 hours of on-source observation. Upper limits at a fraction of the Crab flux are
set for most of the other objects, based on the absence of any significant de excess or periodic
effect when an @ priori Monte Carlo determined imaging selection criterion (the “azwidth cut”)
is employed. There are weak indications that one source, Hercules X-1, may be an episodic
. o emitter. The Whipple detection system will be improved shortly with the addition of a second
30h for 20 Si g ma Si g nol fro m cra b reflector 11 m in diameter (GRANITE) for stereoscopic viewing of showers. The combination of
the two-reflector system should have a signal-to-noise advantage of 10° over a simple nonimaging

Cherenkov receiver.




IACT Technique




Gamma showers from a point source

Imaging Air Cherenkov Telescopes are detecting a gamma source finding
superimpositions on many shower axes of Cherenkov images

Like in some meteor
showers, the apparent
movement direction of
the Earth can be seen
as the radial point of
meteor axis




E=38GeV,b=130m




E=76GeV,b=100 m




E=120GeV,b=107m




E =286 GeV,b=119m
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Using a system of telescope, in the same event with the
stereoscopic vision the shower reconstruction is much better!

Better bkgd reduction
Better angular resolution
Better energy resolution



The stereoscopic concept

Reconstructed direction
of primary gamma ray

1

Superposition of
camera images




IACT data analysis:

from shower images to photon flux and spectrum reconstruction

Data analysis steps:

1. Signal extraction and image analysis
2. Gamma hadron separation

3. Energy reconstruction

4. Photon (shower) direction

5. Photon flux detection

6. Spectrum reconstruction



Image analysis

Hillas image
parameters

e

0.2

0.15

0.1

&Ied WIDTI_"

IScaied LENGTHI

o IALPHAI I

0.04

0.04

ya p s’
/ 0
NCdl 9 002
NRGLI b # e 002 P

V! . \ 0.05 L +
MISS \

r...w..“,».“. SN o +, - -

- o . , ; )
® ly, (x=%p) 0 20 40 6 8 0 05 1 15 2 05 0 05

[ 1 9]

562.3
536.6
510.8

450.4




Gamma/Hadron separation

. . Ens_;‘;% [_Acceptance | ey
Random forest classification method T == . e 5o

Classification algorithm:

No a priori parameterization

Using "decision trees", constructed
through training samples of known
typology events

0 - il P i
0 0.2 0.4 0.6 0.8

It can combine multiple parameters
taking into account any correlations
between them

Q factor
o
!

Label each event with a "coefficient of
adronnes"

Every eventis labeled with “hadronnes” Coefficient that is
related with the probability do be background




Direction and angular resolution

MAGIC performance as an example

Y, Image 1
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Energy resolution

Energy is very much related with the

iImages intensity (we call it “size” of the s £ Bias (2010, < 30) Resolution
event). 3 ¥ - — Bias (2013,<30) —— Resolution
. . . . 8 sl ’
The primary energy estimation is calculated 5 03 ~ - Bias (2013, 30-45") — Resolution
by comparing the collectedlight with the a5k i
expected from simulation. 5 N _
P 5 ozzkz'\ Z=SEI
. 8 L\ i
Many parameters like atmosphere W 4500
transparency, mirror reflectivity, .
photosensor efficiency have to be taken o1
infto account 0.05[
. . . . . 0: - == Pl el e -
The calibration/simulation of the detector is = Ml S A R i i B AL I

a crucial element, and has to be updated 00560 100 200 300 1000 2000 10000 20000

frequently Eyue / GV

true



Effective area

The effective area is the integral of the Er
observation surface weighted with the e et
probability that a shower with a given g E )
energy can trigger, trigger and pass § -
some given analysis cufs. L
) 10* =n ,",
Note that effective area exceed by far EF o
the Telescope surfacell B /'l Pre-upgrade, 0-30 , trigger after cuts
10° - - = = Post-upgrade, 0-300, trigger = after cuts
B - - - Post-upgrade, 30-450, trigger —— after cuts
| | | | | I 1 1 1 1 | | | | 1 | | | 1 1 I | | | | I 1 1 | 1
1.5 2 2.5 3 3.5 4 4.5

log(E/GeV)




Integral MAGIC sensitivity

3 Mono (2005) =i~ Stereo Upgr. (2013) o o
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Figure 17: Evolution of integral sensitivity of the MAGIC telescopes, 1.¢. the
integrated flux of a source above a given energy for which Nexcess/ ,/kag =:5

Differential MAGIC sensitivity

—— Stereo, (2010), Zd. < 30°

i}~ Stereo Upgd., (2013), Zd. < 30°

—=— Stereo Upgd., (2013), Zd. 30-45°

Differential sensitivity [% C.U.]

A4
Energy [Ge\}f)

Figure 18: Differential (5 bins per decade in energy) sensitivity of the MAGIC
Stereo system. We compute the flux of the source in a given energy range for
which Nexcess/ ‘/kag = 5 with Nexcess > 10, Nexcess > 0.05Npyg after S0h of
effective time. For better visibility the data points are joined with broken dotted
lines.



HESS I:Array 4 tel. of |2m
HESS 1l: 28m diameter (201 3)
1800 m asl

> 2003

Array 4 telescopes of

| 2m diam.

Central mast mounting
1800 m asl

>2007

MAGIC:

Array 2 telescopes
| 7m diameters
2200 m asl

>2004




Evolution of sensitivity

Crab discovery Wipple 5 sigma crab in 2h

HEGRA, Wipple granite 5 sigma crab in 6 min

MAGIC, HESS, Veritas 5 sigma crab <20 s



Shower front particle detectors

shower front

« Shower particles detectors are detecting charged particles from the shower front

 The detector should be in HIGH alfitude to avoid the absorption of the cascade in
the atmosphere

« The particle are detected via ionization processes (scintillators, gas chamber...) or
via Cherenkov light emission in a dense medium (water, glass)

* The shower front particle detectors can work 24h/day every day, with a wide field o
view (all the sky al ZA< 35 deg)

« By sampling only the shower front, the angular and energy resolution is poor

| will take the experiment HAWC as an example of ground based air shower detector



Shower front particle detectors

Gamma-ray astronomy
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« Potchefstroom



/61 fast-timing scintillation counters equipped with 2" PMTs
28 density counters equipped with 1.5" PMTs
Area covered: 36900 m2

Altitude: 4300 m
Achievement: Crab at 6.9 o with 6 years of data.

- ~ "*’"\ ~. ‘
M,.,_




Located at Yangbajing Laboratory at 4300 m
RPCs covering an area of 6700 m2
Aim: Detect gamma rays down to energies of 100 GeV

Achievement: 6 sourcesin 5 years of data.

EF(>E) (TeV cm?s™)
S

10"?

e ARGO-YBJ one year

s ARGO-YBJ all data

o3 s sl

Energy (TeV)

10

10°




High Altitude Water CherenkovY{HAWC)

Located in Sierra Negra (Mexico)
4100 m above sea level

300 tanks

200 kL water each

22 000 m2 area w. 57% coverage
15-20 kHz trigger rate

FOV ~2sr

Energy range 0.1 - 100 TeV
Angular resolution ~ 0.2°-1°

Duty cycle > 95%




Detectors elements

“paile . 300 water tanks
3 « 4.5 m deep
it e 7.3 m diameter
e 4 PMTseach tank

photomultiplier
tube (PMT)

« 1200 PMTs
« 300 10" diameter -> located at the center
« 900 8" diameter -> surrounding the 10"




Gamma hadrons separation

Most of the events triggered by HAWC have hadronic origin -> it is important to
properly identify them and separate from gammas

Hadrons have a clumpy Iateral distribution.

Gammas have a smooth |ateral distribution.

gamma
proton




Gamma hadrons separation

Most of the events triggered by HAWC have hadronic origin -> it is important to
properly identify them and separate from gammas

Hadrons have a clumpy Iateral distribution.

Gammas have a smooth |ateral distribution.

Run 2054, TS 584212, Ev# 226, CXPE40= 21.2, Cmptness= 28.3
Run 2118, TS 45004, Ev# 41, CXPE40= 55.7, Cmptness= 10.7
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Gamma hadrons separation

Most of the events triggered by HAWC have hadronic origin -> it is important to
properly identify them and separate from gammas

Run 2145, Time slice 995009, Event 306

. E 340F m

two values are cumrently used for separation: il 3 8
300; 25 ;9

Compactness: Measures how compact the 2805 B

PMT hits at the detector are. 43
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N
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PINCness: The x2 of the lateral distribution of
all PMTs’ measurements of PEs as compared
to the average number of PEs in radial annuli
for that shower.
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Gamma hadrons separation

>75% of PMTs Hit

250
—— Surrounding Region
{ CrabBin
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PINCness

mma-ray source follow a different distribution

of Compactness and PINCness than the background ones




Angular and energy resolution
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Differential Sensitivity E? dN/dE TeV/(cm? s)

HAWC Quarter-Decade Point Source Sensitivity

| Fermi /
10 Years

1x Crab

/ CASA-MIA

. 0.1x Crab

| VERITAS - 50 Hrs
MAGIC - 50 Hrs

SO 0.01x Crab

101 10° 10! 102
Energy [TeV]

15x better sensitivity than Milagro
(previous generation of water
Cherenkov tanks)

Better sensitivity than current |IACTs for
point-like sources forE> 10 TeV for
sourcesin 1 year.



Comparison of instruments andfechnique

Energy Range 0.1-100 GeV
Area: 1 m?

~ Background Free
Angular Resolution 0.1-0.3
Aperture 2.4 sr

Duty Cycle > 90%

Energy Range 20 GeV-50TeV
Area > 10° m?

Background Rejection > 99.8%
Angular Resolution 0.05°
Aperture 0.003 sr

Duty Cycle 10%

Energy Range 0.1-100 TeV
Area > 104 m?

Background Rejection > 95%
Angular Resolution 0.3°- 0.7°
Aperture > 2 sr

Duty Cycle > 90%



Future of IACT: CTA




Future of IACT: CTA

Low-energy section

Core array:
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Future of IACT: CTA
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Future of shower front detector

LHAASO

* 1 km? array, including 4941 scintillator detectors 1 m? each, with 15 m —~10"°
Spacing » . HESSS (50 hours)
- EE o s MAGIC Il (50 hours)
* An overlapping 1 km? array of 1146, underground water Cherenkov tanks = R - (50:23.5)
36 m? each, with 30 m spacing, for muon detection (total sensitive area = éo - i e = CTA Nosth (50 hours)
42,000 m2). . L = o HAWC (1 year)
g B w— | HAASO (1 year)
=
(tl_“o—ll
10 12 -
1013 .
* Aclose-packed, surface water Cherenkov detector facility with a total area -
of 80,000 m?. - “ :
» 18 wide field-of-view air Cherenkov (and fluorescence) telescopes (for CR porrel——nnl vl el bl R
studies) 1072 107 1 10 10? 10°
: Energy (TeV)

« Total cost: ~ 100 M$



Future of shower front detector

Go South...

* With a wide FoV gamma-ray observatory on the Northern hemisphere,
now the question of one at the Southern hemisphere is opened.

* There are several groups around the world proposing different techniques
to be used in this kind of experiment.

» All of them coincide in the idea of going to an altitude of 5000 - 5500 m.




Future of shower front detector

HYBRID DETECTORS
LATTES

* Large Array Telescope to Tracking Energetic Sources.
* Portugal, Brasil, Italy.

» Expected coverage: 10 000 m?

* Performance expectations:
* Angular resolution:
* 05deg@1TeV
* 0.1deg@ 10 TeV
* Energy range: above 100 GeV

LATTES

RPC + Electromagnetic detector

The basic glass element
S 15mx15mx19mm

Weight: 106 kg

HV+ ’ [ =]
charged pamcle [—]

Sandwich: 19 mm thick glass plate
Thin plastic sheet interlayed

. _Se——t— “streamer”
£ PMT

.
arge avalanche ——— small avalanche Reflecting cone

Glass radiator >10cm ~1rl

Flat b 43 m Tyvek diffuser

HV-

1 e

Particle counter already used in the

Auger experiment

Using ultra-clear float glass as radiator

(or water)



Novel ideas on IACT Wide FoV

MACHETE

MACHETE: Meridian Atmospheric CHErenkov Telescope 1°'9§ _______ 1007 10% 1% Cra
. B MACHETE 5§r
Eff. @ of the mirror D =12 m 1070 - “Hﬂﬁvcagfﬁ h
Focal length f=17 m _F HAWGC 5yr
f/D = 1.4 v L
o10 =
rso = 0.06° = F
Total mirror surface =619 m? ;|
Camera FoV = 300° e

We will equip it with SiPMs 4+

10
- 10°

. 10°
Estimated Energy [GeV]

60° : 500 pixels : 18m

>




Ground based gamma ray astronomy can profit of a very large effective area whichis a
fundamental parameter for the HIGH energy range.

IACT have the best angular and energy resolution, lower energy threshold however small
field of view that makes such technique (at present stage) not very suitable for survey or
transient search (need to be guided/alerted)

Shower front particle detectors have wide field of view and great duty cycle, however
they suffer from poor energy resolution and angular resolution

Novel Ideas of moderate wide FoV optical design IACT might be a good compromise very
sensitive instrument for transient search and catalog of the VHE gamma ray sky.



