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CZTI Calibration
Introduction, Imaging and Timing calibration
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The CZT Imager on board AstroSat

FOV ~5 deg square (25-100 keV) 
        ~open (100 keV - 500 keV) 
Angular resolution 16 arcmin (nominal geometric, <100keV)

Extensive ground calibration done, primarily for spectral response

Basic imaging characterisation also done on ground
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Vibhute et al 2021

Recovered location accuracy better than 5 arcmin 
Nominal geometric resolution of the CAM system: 16 arcmin

4 Bhalerao et al

Figure 3. Top view of the coded aperture mask for Quad-
rant A. The horizontal and vertical axes in this figure are
aligned to the instrument X and Y axes respectively. The
holes are about 2.46 mm on a side, and the edge holes for
each module are 2.31 mm to match the pixel sizes of the
CZT detector modules. Neighbouring masks are separated
by 2.50 mm strips to mimic the inter–module separation in
the detector plane. The mask patterns for quadrants B, C, D
are obtained by rotating this pattern clockwise by 90�, 180�

and 270� respectively. Dimensions marked are in mm.

leveraged to detect several transients3, including the de-
tection of GRB 151006A on the first day of operation,
60�.7 away from the pointing direction (Bhalerao et al.
2015). The net transmission of the CZTI housing and
collimators depends on the incidence angle and the en-
ergy. We utilise this angular dependence for localising
transient sources with an uncertainty of just a few square
degrees. For instance, Rao et al. (2016) apply this tech-
nique to localise GRB 151006A accurately to ⇠ 10�.
Further work to improve o↵–axis localisation capabili-
ties is under way and will be reported elsewhere.

3. DETECTOR CHARACTERISTICS

3.1. CZT detector modules

The principal detectors in CZTI are sixty four Cad-
mium Zinc Telluride detectors, called detector modules.
The modules, purchased from Orbotech Medical Solu-
tions, Israel4, are made of 5 mm thick crystals of the
compound semiconductor Cd0.9Zn0.1Te1.0. Each mod-

3 All transients discovered by CZTI are listed at http://
astrosat.iucaa.in/czti/?q=grb .

4 Orbotech Medical Solutions ( http://www.orbotech.com/ ) is
now a subsidiary of GE Medical.

Figure 4. The side coding mask in CZTI. The mask is lo-
cated between the radiator plate and the CZT modules, in-
clined at 18� to the vertical. Top: the mask located next to
Quadrant A has vertical slits with a 2.5 mm pitch. Bottom:
the mask located next to Quadrant D has horizontal slits
with a 1.5 mm pitch.

ule has a continuous anode made of 50 µm aluminised
mylar. The cathode is divided into a 16⇥16 pixel grid,
which is directly bonded to two Application Specific In-
tegrated Circuits (ASICs) for readout. The ASIC sig-
nals are further read and processed by other electronic
systems in the satellite (¤3.4). These modules function
with high quantum e�ciency in the 20–150 keV range,
and with lower e�ciency to energies above 200 keV. The
detection threshold (also known as LLD, Lower Level
Discriminator) can be set individually for each of the 64
modules in the instrument. With our current LLD and
gain settings, most modules in CZTI are sensitive to an
energy range approximately from 15 to 200 keV. Further
details about the modules are given in Table 1.
Ground calibration tests for all pixels in all modules

show that the energy response is linear to better than
one percent. In–orbit measurements of the energy–PI
gain and energy resolution can be carried out using an
onboard radioactive source (¤3.2). The energy resolu-
tion is 11% at 60 keV, and has not changed between
ground calibrations and in–flight. Further details of
the module response and energy profiles are discussed
in Chattopadhyay et al. (2016).
The low noise ASICs enable operation of these mod-

ules at room temperature, significantly simplifying the
testing and calibration of the instrument. In space, the
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Raw

Quadrant-wise Mask shifts determined from in-flight images of the Crab

Vibhute et al 2021



Quadrant X shift (mm) Y shift (mm)

A 0.00 0.00

B -1.45 0.00

C 0.00 1.68

D 0.00 1.50

Quadrant-wise Mask shifts determined from in-flight images of the Crab

Post-correction Vibhute et al 2021
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Timing with CZTI

• Event time stamps assigned by on-board CZTI clock. 
Resolution 20 μs


• Every 16 sec CZTI clock, SPS clock and OBT clock 
registered simultaneously => Time Correlation Table 
(TCT)


• CZTI clock timestamps converted to UT using linear 
interpolation on SPS TCT entries


• Residual jitter has an rms of ~3 μs

Bhattacharya 2017



Absolute time calibration of CZTI
• Crab Pulsar, barycentred DE200

• Radio timing observations with 

ORT and GMRT 

• Data of over a year: 2015-2017

• Ephemeris generated from grand 

TEMPO2 fit

• Comparison with Fermi-LAT, 

LAXPC

important for the Crab pulsar to obtain a reliable phase
connected solution because of the strong timing noise.
The timing noise is observed as systematic wandering
in the TOA residuals after removal of the standard
spin-down model (Cordes & Helfand1980). The
TOAs were further segmented with a time span of a
month to produce the monthly ephemeris from our
data by Þtting the spin-down model in the high pre-
cision pulsar timing package TEMPO24 (Hobbset al.
2006). The monthly ephemeris with precise rotation
parameters was used to re-fold the time-series data to
obtain the precise TOAs. The Crab nebula provides a
strong scattering screen to the radio waves emitted
from the pulsar. The effect of scatter broadening is
pronounced at 334.5 MHz and can contribute to the
timing residuals as a systematic. Hence, in case of the
Crab pulsar, it is difÞcult to de-couple the effect of
timing noise from the scatter broadening, which in our
analysis has been taken care by using the publicly
available data fromFermi-LAT.

3.2 Fermi-LAT analysis

Thec-ray pulse proÞles are free from the propagation
effects, therefore theFermi-LAT (Atwood et al.
2009b) archival data5 were used to model the timing
noise which is a frequency-independent phenomenon.
We use all the events in the energy range 0.1 to 300
GeV within a radius of 3! around PSR J0534? 2200.
The event data were split using Fermi science tool6

into smaller event data each of 7 days duration. These
time stamps were referred to the solar system
barycentre (SSB) adopting JPL planetary ephemeris
DE200 and folded using the Fermi-plugin (Rayet al.
2011) of TEMPO2 using the ephemeris obtained from
the ORT timing solutions. The standard template was
constructed in a similar manner as explained in Sec-
tion 3.1. However, to account for the intrinsic delay
between the radio and thec-ray pulse proÞle the
templates were aligned with an appropriate shift
mentioned in the Section1 The TOAs were computed
from every pulse proÞle by cross-correlating the
standard template. The timing accuracy was 309l s.
The timing analysis was performed using TEMPO2.
The timing noise at this band was modelled with the
combination of eight sine waves to obtain the white
timing residuals using the FITWAVES tool in
TEMPO2.

3.3 Re-analysis of the ORT data

The timing solution with modelled timing noise from
theFermi-LAT TOAs was applied on the ORT TOAs.
At this stage, the TOAs affected from the scatter
broadening were removed from our analysis and
monthly ephemeris were re-generated. Hence, the
rotation parameters were obtained which are free from
timing noise and the scatter broadening effects. We
refer to this timing solution as the ÔÔiteration-2ÕÕ
solution. The iteration-2 solutions were used to re-fold
the ORT time-series data and produce TOAs follow-
ing similar steps as explained in Section3.1.

3.4 GMRT analysis

The raw voltage data obtained from the GMRT
were also coherently de-dispersed ofßine with our
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Figure 1. The timing residuals from different telescopes.
Upper panel: The green, grey, red, black and yellow data
points represent the TOAs obtained from GMRT, ORT,
Fermi-LAT, LAXPC and CZTI observations, respectively.
The systematic pattern is called as timing noise and the
parallel tracks indicate the timing offset incorporated by
different telescopes back end as explained in the text.Lower
panel: The TOA residuals from all the observations after
modelling the timing noise, the effect of dispersion measure
and clock offsets (detailed description is given in the text).

4https://bitbucket.org/psrsoft/tempo2/src/master/.

5https://fermi.gsfc.nasa.gov/cgibin/ssc/LAT/LATDataQuery.cgi.
6https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/overview.
html.
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difference to residuals of a pair of telescope in Fig.1
determines the timing offsets between the telescopes.

The timing model, described above, was merged
with the timing noise model obtained in Section3.2.
This reference timing solution after accounting for the
timing noise and the DM variation is given in Table1.
Finally, we use the JUMP feature of TEMPO2 to
measure the offsets between the telescopes discussed
in Section4.

4. Results

TEMPO2 allows one to measure the offsets between
different telescopes using the JUMP feature. Utilising
this, we estimate the offset between the GMRT and
CZTI to be ! 4716" 50l s and that between GMRT
and LAXPC to be ! 5689" 23l s. The measured
offset between the GMRT and ORT is
! 29639" 50l s, between GMRT andFermi-LAT is
! 5368" 56l s. These clock offsets have been further
tabulated in Table2. The phase aligned pulse proÞle
after accounting for the offsets has been presented in
the Fig.2. In the bottom panel of Fig.1, we present
the timing residuals obtained after removing the tim-
ing offsets between them. The trend-free residuals
imply that all the pulsar parameters and clock offsets
have been properly modelled. The clock offset
between the LAXPC and the CZTI instruments aboard
AstroSat is found to be 969" 51l s. The uncertainties

in the offsets are obtained from those of the parame-
ters Þtted to the TOA using the JUMP function. The
results presented here meet the desired accuracy (see
Section1) for a multi-wavelength investigation of the
GRP from the Crab pulsar with the instruments used
in this paper.
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Table 1. Table presents the reference timing solution of
the Crab pulsar after considering the effect of DM variation
and the timing noise.

Pulsar parameter Value

RAJ (hh:mm:ss) 05:34:31.973
DECJ (dd:mm:ss) ? 22:00:52.06
F0 (Hz) 29.6607409(4)
F1 (Hz s! 1) - 3.6937842(9) E- 10
F2 (Hz s! 2) 1.1905(3) E- 20
PEPOCH (MJD) 57311.000000136
POSEPOCH (MJD) 40675
DMEPOCH (MJD) 57311.000000136
DM (pc cm! 3) 56.7957
PMRA (mas/year) - 14.7
PMDEC (mas/year) 2
WAVE_OM (year! 1) 0.0054325986245627
Solar system planetary ephemeris DE200
WAVEEPOCH (MJD) 57311.000000136
START (MJD) 57278
FINISH (MJD) 58026

Table 2. The table summarises the clock
offsets of different telescopes given in the
Þrst column with respect to the GMRT.

Instrument Clock-offsets inl s

AstroSat-CZTI ! 4716" 50
AstroSat-LAXPC ! 5689" 23
Fermi-LAT ! 5368" 56
ORT ! 29639" 50
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Figure 2. The multi-wavelength pulse proÞles of the Crab
pulsar. The pulse proÞles were aligned after correcting the
clock-offsets between the telescopes.
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w.r.t. GMRT

Residuals after Timing Noise and DM modelling, 
accounting for fixed offsets [TEMPO2 FITWAVES, 8 sines]


