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Plan
 |Introduction to gamma-ray astronomy

« Gamma-ray astronomy in India
« HAGAR experiment

« Calibration & simulations

* Analysis method

» Data selection

* Preliminary results

* Perspectives



Gamma-ray astronomy (1/2)
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Gamma-ray astronomy (2/2)

Gamma-ray astronomy allows study of:

» Supernova remnants (SNRs)
e Pulsars

» Microquasars

 Active Galactic Nuclei (AGNSs)
« Gamma-Ray Burst (GRBs)

- Diffuse Gamma-rays:

- Galactic: from interaction of charged

cosmic-rays with the interstellar medium

and radiation fields + Galactic dark matter?
- Extragalactic: non resolved sources (blazars)

+ dark matter?



Imaging and Wavefront Sampling Technique

Imaging : Whipple, CAT, TACTIC,
MAGIC, etc.

Wavefront sampling : STACEE,
CELESTE, PACT, HAGAR etc

Stereoscopic imaging : HEGRA,
HESS, VERITAS,
CANGAROO-IIl, etc

WAVE FRONT SAMPLING IMAGING




Methods of lowering energy thresholds of
atmospheric Cherenkov experiments

1. Larger mirror areas : expensive

2. Experiments at higher altitudes : cost effective

Garmne E‘eLecTion of Higher Cherenkov photon
- bt 4 density at higher altitude
gamma rays

~10 km _
po S ey Lower atmospheric attenuation

telescopes
of Cherenkov photons

HAGAR --> Significant reduction in energy

threshold at higher altitudes




Lateral Distribution of Cherenkov Photons from
Extensive Air Showers at Different Altitudes

100 GeV Gamma rays 250 eV protons
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» Atmospheric attenuation : @Hanle : 14% @sea level : 50%



L'Astronomie Gamma en Inde

Des 1969 a Ooty par le TIFR

PACT (Pachmarhi, centre de l'Inde, depuis
1986)

TACTIC (Mont Abu, Rajasthan, depuis
2000)

HAGAR (Himalaya) 2005 -->
MACE (Himalaya) 2012 -->
GRAPES Il (particle detector)



Compact Array a Ooty

The first atmospheric Cherenkov telescope consisted of two
parabolic mirrors and the activity continued with a progressively
Increasing sensitivity. The collection area of mirrors were
progressively increased to 6.4 m2 (using 10 mirrors of 0.9 m

diameter) in 1977 to 20 m2 in 1979, by adding 8 more mirrors of
1.5 m diameter.

11°N
2 300 m asl
Sud de I'Inde

Installation déménagée
a Pachmarhy en 1986




Compact Array a Pachmarhy

Crab pulsar > 4,5 TeV
Avec 10 miroirs de 90 cm
27 h d'observation

Saison 1976-1977

Main puise
predicted position
for
Interpulse

VELA PULSAR (PSR0B833-45)
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Pachmarhi
Madhya Pradesh
Altitude : 1075 m
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Details of Hanle site

Location : Kashmir Region
+ Latitude : 32°46” 46” N
* Longitude : 78°57” 51”7 E
+» Altitude : 4300 m

Site Characteristics :

* Low sky brightness
* Low humidity

* Easy accessibility

* Observations throughout the year
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High Altitude GAmma Ray (HAGAR) Experiment

Experiment based on wavefront sampling technique
Located at Hanle base camp at altitude of 4300 m

Started as a collaboration between IIA and TIFR, but nhow part
of a larger collaboration : Himalayan Gamma Ray Observatory
(HiIGRO) between BARC, IIA and TIFR (+SINP ....)

Completely indigenously desighed and assembled
Civil and mechanical : llA, Optics and DAQ : TIFR
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« 31 m? seulement
de surface
collectrice

CONTROLROOM

MAIS :

« 1lere exploitation
de la technique
Tcherenkov
atmosphérique a
tres haute altitude
(4300 m)




HAGAR Telescope
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Tracking System

Based on indigenously developed ACTOS for PACT
Alt-azimuth mount, each axis driven by separate steppar motor
Maximum zenith angle coverage upto 85°

Steady state pointing accuracy of servo is + 10 arc sec
Maximum slew rate : 30°/min

Motion Control Interface Unit
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Data Acquisition System (before Flash-ADCs)

High voltages given to individual PMTs are controlled through
CAEN controller model (SY1527)

PMT pulses are brought to control room through coaxial cables of
type LMR-ultraflex-400 and RG213

Data acquisition through CAMAC based instrumentation
Event generated on coincidence of at least 4 telescope pulses

Data recorded for each event:

relative arrival time of shower front at each mirror
accurate to 0.25ns using TDCs

pulse height at each mirror using 12 bit ADC (QDCs)

absolute event arrival time accurate to micro-sec

Various count rates recorded every second for monitoring purpose
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Current status of TDCs/QDCs

» 7/ telescopes with 7 mirrors ---> 49 PM1s

e 49 individual + 7 “royal sum” TDC channe

« 7 QDC “royal sum” channels (module for t
individual QDC channels are installed)

S

ne 49

* Now, only the 7 royal sum TDC channels are

used for signal extraction.



Trigger

Individual “royal sum” gates (one per telescope)

e e e W

Coincidence window (150 to 300 ns)
Generated with the first individual gate

\/
Trigger!



Present Status of HAGAR

All 7 telescopes commissioned
Regular source data since september 2008




Telescope alignment

+« Tel#b
+ Telita
« Telk3d

¢ Teli ) Radius
e I.-"I.I - 2 = _ -"-.II it 0.2 deg
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Telescope alignment

Radlua

Painting errar: 0.1710.105 deg

Radius

Pointing errar: 0.2310.107 deg

Symbal  Star position
* Ar181.75 Zd' 22.86
u Az 7505 Zd: 211
Az 11877 Zd: 46.21

degrea

0.171 deg

Pointing error: 0.2110.082 deg

Mirrar A

Miirar G
Mirror O

Mirrar 5




gamma

Extensive Air Shower Simulations

Cosmic Ray

P

CORSIKA simulates interactions and
decays of hadrons, air nuclei, muons,
electrons and photons in atmosphere

Tracks down all the particles and
photons in the shower to observation
level

Simulates Cherenkov emission by
relativistic charged particles in
shower



CORSIKA

Primary type and energy

Arrival angle of primary

Impact parameter : 0-200 m

Altitude of observation level and geomagnetic field

Telescope array geometry

Wavelength range : 270-650 nm

Arrival time, direction and position of Cherenkov photons
hitting telescopes



Detector Simulation

Site and instrument related parameters

Atmospheric attenuation of Cherenkov photons
Night sky background : 1.5 x 108 ph cm2 s sr-
Field of view : 3° FWHM

Reflectivity of mirrors : ~ 80%

Phototube response :
Gain = 2.2 x 105, Quantum efficiency : peak = 24% at 400 nm
Pulse shape : Gaussian with rise time 2 ns and width 3.3 ns

Attenuation of pulse in coaxial cables :
30 m LMR-Ultraflex-400, 55m RG213

Pulse amplification : factor of 10
Discriminator thresholds : ~180 mV for telescope pulses

Trigger generation criteria : at least 4 telescope pulses
out of 7 crossing threshold



Performance Parameters

Trigger rate : Pr 9.9 Hz, nuclei 3.6 Hz,
electrons 0.16 Hz
Total = 13.7 Hz

Uifferential rate

Energy threshold :

E, = 185 GeV

Expected gamma-ray rate from Crab
Nebula ~ 9.6 counts /min

Collection area = 4 x 10% m?




HAGAR Energy Threshold

HAGAR energy threshold vs trigger rate

Fine tuning of mirror
alignment
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Cleanliness of
mirrors

h

Operation at higher
PMT gain
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--> Lower energy threshold
possible

10
Trigger rate {Hz)

PMT gain: 1 x 10°-5 x 10¢



Sensitivity of HAGAR

5o sensitivity for HAGAR
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Flux in Crab units

Raw sensitivity of HAGAR : 1.8 sigma/Vvhr for Crab like sources

Improvement in sensitivity : Off-axis rejection
Gamma-Hadron Separation parameters



Analysis Method

Selection cuts applied based on data quality, stability of rates etc

Arrival direction of a shower is determined by reconstructing the shower
front using arrival time of Cherenkov shower front at each telescope

Plane front approximation to Cherenkov shower front

Space angle : angle between normal to the plane front and source direction




Analysis method



Angular Resolution of HAGAR

Space angle between two independent estimates of shower
direction obtained using different sets of mirrors

— Ten times smaller than FOV diameter,
this angular resolution is reachable
Distribution of space angles if spherical/parabolic wavefront fit,

between directions given by And using information on all TDCs
mirrors ‘D’ and ‘G’ for ndf = 4



Analysis Method

Space angle distributions generated for source and background
runs taken on same night covering same hour angle range

Background space angle distributions are normalized w.r.t. source
distributions by comparing shape in “85 % cut” to 7° window

gamma-ray sighal obtained as excess of source events over
background events in 0" to “85 % cut” region as

Excess = ON - C x OFF

where C is normalization constant, C = ON (tail) / OFF (tail)



Analysis Method

Crab #1557
I I I

NORMALIZATION
REGION

4
Space angle (deag)

o




Data selection

> Run selection:

- Trigger rate stability (raw data & after sp. angle computing)

> Pair selection

- Differences in trigger rates (raw & after sp. Ang.)

- ON/OFF ratio per telescope

- Differences in parameters of the space angle distribution shape
> Value of the normalization constant C

- Differences in coincidence window rate (Crab)

> Differences in NSB rates (dark regions 2" season)



| Trigger rate of run dark245 270309 |
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hRate
Entries 35
Mean 11.3
RMS 1.923
x? / ndf 4.261 / 11
Prob 0.9617
Constant 3.193 + 0.761
Mean 11.57 £ 0.62
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Trigger rate of selected events
> Events are rejected if

- TDC values out of range

- Large chi 2 in plane front fitting

> Trigger rate parameter computed again to check

no biais due to analysis procedure

| hRcuton | :
Entries 23 Pair c165_281108 / cb164_281108 x2 / ndf 264.1 /298
. ~r Mean 1.096 , : : : Prob 0.9219
Trlgger rate Stabl"ty RMS  0.1982 Y ! p0 9.005 + 0.05453

— Runs ON
Runs OFF

sEEe

==

R stab< 1.2

9
8
7
6
5
4
3
2
1
0

500 1000 1500 2000 2500 3000



hHA :
c071_cb072_291008 Emeaon | [ Telescope ON/OFF ratios |
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— NDF=5
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* Space angle distribution
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700 F
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400 F
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200 f"
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hHA :
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Dark regions and Crab data

« Crab nebula: standard candle of gamma-ray
astronomy (steady flux): use for calibration
purpose and to define analysis strategies

» Dark regions: OFF-sources to estimate/reduce
systematic effects in the ON-OFF analysis,

by an OFF-OFF analysis (background
fluctuations)

---> d22mw_ 15xx to d22mw_ 1939






Preliminary results



Significance N_
Quantify signal detection

Formulated from the numbers of events N_ and N___

Non — Nopr

j\i}_

vV Non + Nopp

is the number of standard deviations from NON — NOFF to zero

< 3sigma: upper limit
3 — 5 sigma: maybe a signal
5 sigma: we confirm! (if systematics are evaluated)



Dark reg ions: Dark regions: 3.9 hours at delta = 22 deg. ——> 2.1 sigma
= ON/10

All NDF together - = OFF norm/10
i ON-OFF norm

Space angle (degree)

ON: 46643 events
OFF: 47294 events
ON — C x OFF = 642.8 events



Dark regions:

All NDF together

| ___hRate0 |

Entries 9
Mean 3.455
RMS 6.677

_
£
E
1]
=]
c
=
[*]
Q
~
1]
-
©
B

5 6 7 8 9 10 20 30
ON-OFF Pairs (chronological order) ON-OFF count rates

» 9 pairs - No signal



Crab nebula

Crab nebula: 9.1 hours of data ——> 5.9 sigma

- = ON/10
All NDF together = OFF norm/10

ON-OFF norm

6 7 8
Space angle (degree)

ON: 99000 events
OFF: 100430 events
ON = C x OFF = 2604.5 events



Crab nebula

All NDF together

HAGAR Light curve of Crab Nebula (all NDFs added)

Entries
Mean
RMS

—_
£
E
N
-
c
3
[+}
Q

~
]
E=
©
1

6 8 10 12 14 10 20 30
ON-OFF Pairs (chronological order) ON-OFF count rates

13 pairs

9.1 hours

5.9 sigma

41 +/- 0.7 gamma/min

41/5x 100 => Flux = 8.2 x 10*-11 /m2/s
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On going work & perspectives



Gamma/hadrons discrimination

Standard analysis cuts

separate cuts on variables
to maximise hadronic
rejection

Example of Crab data
with 11 km SP:

-y MC
(mostly
hadronic events)

64



Gamma/hadrons discrimination

Crabe 1 1 km

Standard analysis cuts

separate cuts on variables
to maximise hadronic
rejection

00 0.1 02 0.3 04 05 0.6 0708 09 1 00 20 40 60 80 100 120 140 160

Ogrp 0

Example of Crab data
with 11 km SP:

-y MC
(mostly
hadronic events)

i - ' [l
00 02 04 06 08




Possible GHS Parameters




Entries 1666

|Mean 0.8786

|RMs  0.3008
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v spectrum

... spectrum
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Sensitivity of HAGAR
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Sensitivity of Various gamma-ray Experiments
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Improvements in Analysis




Improvements in Analysis
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Improvements in Analysis



Flash ADCs
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-200

-200

-100

100

200 - 300
Digital counts

200 300
Digital counts

ran
200 300
Digital counts

Digital counts

ntries 27114
Mean  0.2417
RMS 81.79

200 300
Digital counts

200 300
Digital counts

200 300
Digital counts




Summary

Preliminary results on Crab Nebula

Systematics to be understood (NSB,
simulations and more test runs)

Hadronic rejection to be implemented
Flash ADCs analysis is starting

---> Confident for interesting results on various
sources



Future Prospects at HHGRO

Major Atmospheric Cherenkov Experiment (MACE)

Second stage of HIGRO collaboration
(1A, BARC and TIFR)

Initially single imaging telescope of dia 21 m

=> lower energy threshold of 20 GeV

= located near HAGAR : common events

Will be augmented by one more similar element
by 2014 to enable stereoscopic operations
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Back up slides



Details of Spectral Shapes Used for Simulations



Reconstruction of Arrival Direction

If the x,, y, z, are the co-ordinates of the ith telescope, 1, m, n,
the direction cosines of shower axis and t. is the arrival time
of photons at this telescope then equation relating them

[x.+my . +nz.+ c(tl.— t0)=0

Where t is the time at which the shower front passes through

the origin of the co-ordinate system. Then the arrival direction
can be estimated by X * minimization




Preliminary Tests




HAGAR RESULTS ON d22mw
* Excess for NDF >= 4
* Excess for NDF =4
* Excess for NDF =5
* Ecxess for NDF =6
* Excess for NDF =7

NDF >=4: 9 pairs =3.9 h
3.18 +/-1.20 y/min --> 2.12¢

NDF = 4: 5 pairs = 2.1 h
-0.55 +/-1.20 v/ min --> -0.46¢

NDF = 5:7 pairs = 3.1 h
-1.74 +/- 0.85 v/ min --> -2.06¢

NDF = 6: 8 pairs =3.4 h
1.14 +/- 0.68 7/ min

NDF = 7: 8 pairs = 3.4 h
3.91 +/-0.75 v/ min

--> 1.670

-—> 5.23c

RUN/PAIR SELECTION:

* | Diff Trigger rate | < 1.0 Hz

* Reut (rate stab.) < 0.00

*0.8 <Tel Ratios (1t07)<1.2

* | Ditf Space Angle Cut | < 0.0

* | Diff Space Angle Peak | < 0.0

* | Diff Space Angle FWHM | < 0.0
* 0.85 < norm Const (85 %) < 1.15

MAIN ANALYSIS CUTS:

* TDC ranges

* common hour angle
*xA2 on plane front fitting
* Space Angle Cut =85 %
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3.72 +/-0.63 y/min —> 591c 15F
- 1:—
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0.88 +/-0.46 y/min --> 193¢ B e T EE S ST SOee i) S T -

NDF =6: 10 pairs=75h 5 == — e e
-0.53 +/- 0.43 y / min --> -1.23¢ —
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* | Diff Trigger rate | < 1.0 Hz F : : : : i 5E
* Rcut (rate stab_) < 0.00 2:— ............... : ........ .- ........ : ....... :‘ 4:_
* 0.8 < Tel Ratios (1 to 7) <1.2 0:_......!........5........:.........:.........;...
* | Diff Space Angle Cut | < 0.0 £ e Eeeeeenns e e 3F
* | Diff Space Angle Peak | < 0.0 % : ! : 2k
* | Diif Space Angle FWHM | < 0-0 _4—— ...... J: ...... :-:. ........ | S Ffans 15_
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