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Astrosat CZTI

Hard X-ray Spectroscopy and Imaging

Coded Mask imaging with pixilated
CZT detectors

= Detector plane area: 976 cm?
* Pixel size: 2.46 x 2.46 mm?

= Total number of pixels: 16384

= Detector thickness : 5 mm

» Mask and support structure designed
for shielding up to ~150 keV

> Detectors have significant efficiency
upto ~400 keV

> Results in additional capabilities

= Hard X-ray transient monitoring

= Hard X-ray polarimetry



CZTI Configuration

Four Independent Quadrants

Detalils of a Quadrant

CAM assem by

Colimator hsg. assembly

Calbraton hsg.assem by

Mother board assembly

Detector Box Assembly

\\\\\\

Total 64 modules (16 in each quadrants)
ASIC based readout (2 x 128 ch. ASIC)
Two FOVs: 4.67° x 4.67; ~80° x 80°
Size - 484 x 484 x 600 mm3

Weight - 50 kg Power- 50 Watts




CZTI Configuration

Salient Features Coded Mask —
Collimators 7]
» Indirect imaging with coded
aperture mask Alpha tag
cal. source
» Mask and shielding designed 11////
up to 100 keV CZT Det. S S
plane - N N
= Hard X-ray monitoring Vets NS N
above ~100 keV Det. ' ”“%
> Time tagged event data with
20 ps accuracy =
=  Allows Compton = oy
spectroscopy and iy s G

polarimetry

> Alpha-tagged detector for onboard calibration
» Veto detector for efficient background rejection
» Low inclination orbit

> Absolute time correlation with onboard SPS




Coded Mask Imaging

Flux 2 Flux1

Detector
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Sky (S)

In real world

= Mask pattern is not invertible matrix
= Detector has significant background

=>» Cross correlation with mask pattern

» In-direct imaging technique

Detector
Response (D)

» Uses mask shadow pattern, not focusing

» Only option at wavelengths which can not
be focused >Hard X-ray / gamma-ray
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Coded Mask Patterns

» Random pattern - simplest mask, ~50 % open fraction, slideloabs

» Uniformly Redundant Array (URA) > flat slidelobes, ghosts, varying
open fraction
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T e CZTI Coded Mask
CZTT employs 16 x 16 URA variant - One for each detector module
7 different URA patterns are to make mask pattern for one quadrant.
The same pattern is used for other quadrants with 90 deg. Rotation.

Different methods of image reconstruction > FFT, cross correlation,
back projection, Bayesian > CZTI Pipeline uses FFT
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Spectroscopy with Coded Mask

Mask-weighting
» Data dominated by background events
» Simultaneous measurement of background from masked pixels

» Mask weighting technique for background subtracted source
spectrum

f; = Mask open fraction of pixel ¢
a; = Effective area including QE of pixel ¢
B; = Relative background level of pixel ¢
C; = Count in pixel ¢

Mask-weighted spectrum:
Background subtracted source
spectrum per fully illuminated
unit area on the detector plane

(similar to Swift BAT) wi = 2f; — 1

D = Renormalization factor D =) wiaBi/} ail
N = Area rescaling for a given ?’ o
pointing wi =wi: — D
Recalculated when pointing offset Fluz =} wiCi/N

changes by a fixed value (3°) ;
> To account for S/C jitter N= Z fia B [2; Ji a’iBi/; fiaiBi = (1+D)]



CZT De'l'ecfor' Response

» CZTT line profile is not
Gaussian

(pT),=2e-3, (u7),=2e—4
L (u7)e=Te=3, (u7]y=le-4
(u7)y=2e-3, (u7),=Se-8

> Standard Hecht equation
based model “f

= under predicts tail at low I
energies for multi-pixel Am left edge
crystals B

’ + Ll

> Essential to consider charge oo BN

sharing across pixels 3 .
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CZTI Response Matrix

> Model implemented in ISIS

= Simultaneous fit to spectra at three
energies for all pixels at five temp.

> Total ~80000 spectral fits Using
PRL Vikram-100 HPC cluster

> Proper Fitting ~90% of the pixels to
obtain model parameters

= Rest flagged spectroscopicallly bad

Key parameter for all pixels
I

o, H \
0o kY
]'L
r S
oL
0.000

»
.

g g
e
S
J_J
—

No. of Pixels
_,J_
No. of Pixels

: 8
.
o
oh
¢

1200 . 1000
w 1000f- ‘ﬁ w 0f Hn‘
Q F | ™ UH
X X so0
a i a |
oy b Y= ol
o L
o. AW: \]]7 o
b o L
Z 700:— L Z !OU;-} ‘]‘-1"
LS. b e

Pixel 120

0 i

g 250 i

‘gzm ﬂ{!#n }}
¥ 150 o i ]
§1m lyfr ﬁi 3
Eg nd*ﬂ‘b" ‘.\;

45 30 A3 &0 63
Energy (key)

200

Counts/bin

50
0
0

i} 85
Energy (kev)

L \\ |

Counts/bin

ﬂﬁﬁi
s’ \

W W3y g N3 120 1A 13

Energy (keY)

Pixel 200
> ‘
2%0E E
i daof aii“!! 3
i
3 100 ¢ O
8 ot L
sg;'nﬂﬂ"“'d“ l\‘-;
45 50 A5 &0 &5
Energy (keV)
200
£ 150
£
£ 100
i I \\j
n
Ewer{ke\'}
m |
£ 60f }‘“
Em- t@{ﬂ
ém;!mi_ﬁgﬂl]ﬁﬁﬁi#
0
00 W5 1M 15 1 151X
Energy {keY)

» Group similar pixels
= Compute redistribution
matrix for each group

» All parameters and matrices
stored in CALDB

» Final multi-pixel response matrix
= Weighted addition



CZTI In-flight
observations
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CZTI In-flight '‘Observations’

'‘Bunch' Events

> First observations showed ~10 times
higher count rate

> Variance is not Poissonian

= All events are not "independant”,
both temporally and spatially

= There are "bunch” of events (shower
events) produced by single high
energy particle event

Frequency

> Similar effect in other missions >
Integral (PICSIT)

> Possible to identify by clever
algorithm

= Advantage of having time tagged event
information unlike earlier experiments
(RT-2/Chronos-Photon, HEX/Ch-1I
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Onboard bunch cleaning from Feb 16 by a firmware patch
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>

CZTI In-flight '‘Observations’

Anomalous pixels

A fraction of pixels have anomalously
low count rates since first day

Tantalum lines and 60 keV line are
not seen in the same pixels

Gain of those pixels changed
drastically-threshold ~70 keV !l

~20% of pixels = flagged as
spectroscopically bad in CALDB

Background non-uniformity

>

>

Background not expected to be uniform
by design
Knowledge of this non-uniformity

important for effective background
subtraction

Multiple blank sky observations used to
derive the fixed patterns of background
in the detector plane

Data file: modeMO/AS1G05_246T02_9000000504cztMO_level2_quad_clean.evt
Quadrant 0 DPH

Data file: modeMO0/AS1G05_045T01_9000000468cztMO_level2_gquad_clean.evt
Quadrant 0 DPH
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CZTI In-flight 'Observations’
Different images in all of quadrants
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» Imaging by cross-correlation of Quadrant  Shift in Shift in TY

different crab observations TX (deg) (deg)
» Module level imaging to identify the QO 0.015 -0.025
image shifts - measure boresight o1 .0.125 .0.025
> Consns‘ren’r results across multiple 02 .0.08 0.205
observations
Q3 0.035 0.215

> Account for flux discrepancy



CZTI In-flight '‘Observations’

In-flight gain calibration ST T ]

= Alpha-tag source > Am-241 source
encapsulated in CsTI crystal
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= Spectrum of 59.6 keV line using
alpha tagged events

(€]
(o]

LI B |
|

= Background spectrum has Ta K-
alpha and K-beta peaks

Peak channel for Am line(keV)

* Three lines for in-flight calibration -
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[ | Plxel ga'n measur\emen'l- Months from October 2015

Det 5, Pix 244: 128.0=0.7

Low energy threshold (LLD) el

140} - 2.00, 0=2.1
— LLD = 128.0+0.7

= Each of the detector module has a 120
configurable LLD

= Pixel to pixel gain vairiations will make =
actual LLDs in PT space for each pixel
different

= Pixel wise LLD measurement required for
response > automated measurements

40

: . Ll . .
80 100 120 140 160

All parameters stored in CALDB > Standard HEASARC Caldb file structure



normalized counts s-' keV-!

rormalized counts s «eV

spectrum:
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Cross calibration with NuSTAR
= PI: 2.09+- 0.0015; Norm (FPMA) - 7.97455+- 0.025
= CZTI QO norm - 0.87 * NuSTAR FPMA
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X-ray Polarimetry

Specific Details of CZTI data
analysis by Shah Alam



X-ray polarimetry
» X-ray astronomy = single photon detection
> Properties of an X-ray photons

= Energy, position, arrival time
= Polarization (electric field vector) direction

* K F |

Unpolarized Partially polarized Fully polarized

x Electric field

» roiarizea A-ray beam
= Having preferential direction of electric field vector

» X-ray polarimetry
= Measure the degree and angle of the polarization
=  Almost completely unexplored so farll
= No dedicated experiments in last ~40 years old



> Brag reflection 2d,sin(6)=nA

> Photo-electron tracking

» Scattering

Measurement techniques

E_ nhc
2d, sin 45°

Very narrow energy band pass, effective < 2 keV

o _ 2 Z® ( mc? %4\/§sin2(6’)cosz(qp)
A °137° hy (1- Bcos())’

Most effective at low energies 2 - 15 keV
Good sensitivity if coupled with mirror
do =r’(1-sin” dcos’ p)dadep

! 2 !
_E VY LY osin? 2
Rayleigh do = 5 (V) (V,+ y 2sin“ @ cos gpjd@dgp

- high background, poor sensitivity, ~5 - 50 keV
Compton

- low background, better sensitivity, Effective at >100 keV
Can be used with / without optics

All three techniques are applicable in different energy
ranges and hence are complementary to each other



Why X-ray polarimetry
X-ray polarimetry is very powerful tool

» It opens a completely new window to the high energy universel
» Dominated by Compact objects (un-resolvable in near futurel)

> In this case, X-ray astronomy essentially deals with properties of two
parameter space > time and energy

» X-ray polarimetry doubles the parameter space

=  Can uniquely probe geometry and magnetic field structure in the
vicinity of the compact objects

»  Astrophysical X-ray polarization can arise due to 2>
»  Emission processes themselves:
= cyclotron, synchrotron, non-thermal bremmstrahlung

»  Scattering on aspherical accreting plasmas:
= disks, blobs, columns.

»  Fundamental physics

= GR space time curvature, Vacuum birefringence through
extreme magnetic fields (LIV)



X-ray Polarimetry is Difficult

Minimum Detectable Polarization

MDP = 4.29 \/(Rsrc:Rbkg)

If Background is negligible (!)

Hioo Rsrc

Number of photons required for -

Detection Measurement 5 00 200 o0
Flux 10 100 R
Spectral slope 100 1000 > For time, energy dependent
10 % | 10000 100000 STUdY
Polarization | 3 % | 100000 1000000 * similar number of .
photons required per bin
1% | 1000000 10000000

> Not all sources are expected to be highly polarized
> Typical exposure times = ~100 ks (~ 2 days) to ~1 Ms (~25 days)

> Extremely prone to systematic effects > Measured parameter is
positive definite, even in absence of polarization



X-ray Polarimetry: Present status
Large number of excellent science cases

Still almost completely unexplored in last 40 years
»  Far behind timing/imaging/spectroscopy in terms of sensitivity

Only confirmed measurement is for Crab

Many attempts to salvage polarization information from non-
optimized instruments (RHESSI / INTEGRAL)

Many proposals and ‘concept studies’

> GRAPE, Polarix, XTP, Pogo, Polar, PLEXAS, Castor, PheniX, X-Calibur
>  Balloon flights for GRAPE, PoGOLite, X-Calibur, POGO+

A small GRB polarimeter is launched onboard Japanese satellite
Measured highly polarized emission from 3 GRBs
Two likely missions =
»  Indian Polarimetry experiment (XPoSat) - by 2020
> NASA IXPE > by 2021

Possibility of a dedicated polarimetry mission

= But fresh measurements are still few years away,
Any additional inputs are useful



Hard X-ray
polarimetry with
CZTI



Efficiency (%)

100 F

X-ray polarimetry with CZT-Imager

o
TTT

N

===l > Sighificant Compton scattering
A probability in 100 - 300 keV

> Pixilated detectors in principle can
measure polarization

» CZTTI can detect multi-pixel events

oo 3> Can Astrosat CZTI measure X-
ray polarization?

= Multi-pixel capability in the Orbotech
CZT modules? v/

= Polarimetric information preserved by
data processing? v~

= Will it have meaningful sensitivity? v

Simulations for CZTI show that
« 20 7% to 60 % polarization for 1

Crab source can be detected in
~100 to 50 ks




Counts

Counts

All Interactions with Comd\t\oms

CZTI Modulation Curves

8 bin azimuthal histogram with low energy pixel as scattering pixel

2 sets of 4 equal azimuthal bins = self geometry correction
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X-ray polarimetry with CZTI: Experimental Confirmation
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CZTI Polarization Analysis

Event selection:

Adjacent double pixel events
satisfying Compton criteria

> Validation of event

selection
= Crab pulse profile

= GRB Compton events light curve
= Source vs. background
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Background

Background pattern changes with DEC

Need to select blank sky observations
with same DEC as Crab

Both Crab and Cygnus X-1 should be
more then 80° away

Small region of sky suitable for Crab
background

Background rate varies with ground
track

Selecting only similar tracks result in
significant reduction in exposure

Manually optimize back ground regions
and correct for exposure

Rate difference does not affect
modulation or polarization angle

It may only affect the polarization
fraction - systematic uncertainty
"’100/0

analysis
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Crab Polarization
All data added - Total exposure ~800 ks

> Most sensitive measurement of hard X-ray polarization for
Crab nebula and pulsar so far

> First polarization measurement in last 40 years with ground-
calibrated instrument

0.08} 0.08 4
, 0.071 , 0.07F
» 0.06 2 0.06}
5 0.05f 1 5 0.05
©0.04} {1 “©o0.04}
0.03tf TotalCrab | o003} “Off-pulse .
0 90 180 270 360 0 90 180 270 360
Azimuthal angle (degq) Azimuthal angle (degq)
Polarization Fraction = Polarization Fraction = S
33.8% +5.8% 50.4 % + 12.0 % Polarization Angle
~60 Measurement ~40 Measurement Tp general direction
Polarization angle = Polarization Angle > of the rotation axis
143.0° + 2.8° 139.5° + 3.2°

» Confirmation of earlier results with INTEGRAL satellite
» With more scrupulous measurements and analysis
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Phase Resolved Polarization

Both peaks show lower polarization as found by Integral
Finer phase bins show more interesting variations
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Dynamic Pulse Phase Resolved Polarization
Sliding window of with width of 0.1 phase and slide at 0.01 step
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X-ray Polarization with Astrosat-CZTI

> First measurement of phase resolved polarization for Crab pulsar
> Reveal huge contribution of the pulsar during 'off-pulse’ region

100 —
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40t
20}

Polarisation fraction (%)

0 L
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140
130}

120 ] I 1 1
0.0 0.5 1.0 1.5

Phase

(Vadawale et al., Nature Astronomy, 2018)

Polarisation angle (deg)

2.0

» No current pulsar emission models can explain these observations
» Usher a new paradigm in understanding of pulsar magnetosphere

> First manifestation true potential of X-ray polarimetry - so far all
attempts were to measure polarization of astrophysical sources



CZTI as GRB
Detector



GRBs with CZTTI

» CZTI mask, collimators support
structure designed up to 150 keV

» CZTI has good sensitivity fo GRBs
in 150 to 400 keV energy range

> First GRB on first day / first
observation

> More then 220 GRBs till now

» Rudimentary localization possible
« Useful when no other option!
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GRB Polarization

» CZTTI had detected more then 50 GRBs
during first year
= 11 are suitable for polarization analysis

= Selected based on number of Compton events
(> 350)

» Modulation detection in GRB is relatively easy
= Accurate background available pre / post GRB
= High signal-to-noise
= Optimize signal by ignoring shadowed regions.

> Estimation of accurate polarization fraction is
difficult as GRBs are highly of f-axis

= Requires modulation curves for both 100% and
completely unpolarised X-rays from the
location of GRB

= Obtained by extensive Geant4 simulations
with the mass model of full spacecraft

= Require extensive computing effort

Normalized counts

GRE1S510064

200

'''''''




GRB Polarization

Doubling the sample within one year

Under review in ApJ

GRB Name | Compton events PF (%) PA (%)

GRB 151006A 459 <79.2 (v = 0.05, 3 = 0.5)
GRB 160106A 950 68.5424 -22.54+12.0°
GRB 160131A 724 94+31 41.24£5.0°
GRDB 160325A 835 58.75423.5 10.9417.0°
GRB 160509A 460 96+40 -28.64+11.0°
GRB 160607A 447 <75 (a0 = 0.05,3 = 0.5)
GRB 160623A 1400 <46.4 (o = 0.05, 5 = 0.5)

<57.1 (v = 0.01, 3 = 0.5)
GRB 160703A 448 <54.5 (a0 = 0.05, 3 = 0.5)

<68.1 (v = 0.01, 3 = 0.5)
GRB 160802A 901 85429 -36.14+4.6°
GRB 160821A 2549 48.7+£14.6 -34.04£5.0°
GRB 160910A 832 93.74+£30.92 43.54+4.0°

Fluence(erg/em?)

T90 (Sec)

Peak energy (keV)

1.15E-5
4.526E-5
3.26E-4
1.91E-5
2.90E-4
4.12E-5
6.6F-4
2.7E-5
1.04E-4
1.0E-5
8.41E-5

203.9
39.43
325
64.9
33.4
379.65
90.46
44.4
16.4
43
24.3

227
205
1152
235
288
176
562
327
284
968
347

More measurements expected at the same rate = ~50 GRBs in years

» ~20 more GRBs in last two years suitable for polarization analysis

> Heavy dependence on Geant4 simulations

Independent experimental validation with CZTT QM in progress
» Validation of Mass model is critical > for both polarmetry and localization
Under progress... to be published soon.




CZTI for EM-GW follow-up

Contributed to EM counterpart studies . G6W170817
for at least two GW sources

> GWI170104 > Prevented false alarm
> GW170817 > Enhanced confidence

ATLASI7geu> 7/
GRB170105A v~ ______ _______
6W170104 % oo N\

(Bhalerao et al., ApJ, 2017)
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(LIGO Collaboration, ApJ, 2017)



DAKSHA - On Alert for High Energy Transients

» Small but ambitious mission on short time scale (~4 years)
» TIIT-Bombay-PRL-TIFR-IUCAA joint program
=> Reviewed highly favorably by ADCOS

Scientific objectives:

> Detecting EM-counterparts of
the Gravitational Wave sources

» Wide band studies of GRB
DAKSHA Key features:

= Order of magnitude more sensitive
= Continuous full Sky coverage (fwo S/C on LEO or one S/C in HEO)

= Sensitive GRB observations over wide spectral band (1 keV to 1 MeV)
with three different types of detectors

= SDD array with total effective area ~100 cm2 covering 1 - 40 keV
= CZT detectors with effective area ~2000 cm2 covering 20 - 300 keV
= Scintillator with eff. area of ~1600 cm2 covering 100 keV - 1 MeV



Summary

» CZTT is operating perfectly for more then three years now

= Tmaging / spectroscopy up to ~150 keV for bright
sources

» CZTT is showing fantastic performance in its ‘additional’
capabilities
= Proven to have good polarimetric capabilities in extended
energy range of 100 - 300 keV

= Accurate measurement of Crab hard X-ray polarization
= First time phase resolved polarimetry of Crab

= TInteresting results on Cygnus X-1 in near future
» CZTT is also a prolific GRB detector

= Very good GRB Polarimeter, large sample of GRBs



Thanks...
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