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AstroSat

• UVIT: Ultraviolet Imaging Telescope (NUV, 
FUV, VIS) 

• LAXPC: Large Area Xenon Proportional 
Counter (3 - 80 keV) 

• SXT: Soft X-ray Telescope (0.1 - 8 keV) 

• CZTI: Cadmium Zinc Telluride Imager (20 - 
200 keV) 

• SSM: Scanning Sky Monitor



AstroSat Mission: Current Status
• Mission operational: 10 years completed in 2025 September 

• A decade of AstroSat conference in Bengaluru earlier this year 

• Limited careful manoeuvres and thus less quick repointing: Resulting from failure of 
one Gyro - to reduce chances of further failures  



AstroSat Mission: Current Status
• Mission operational: 10 years completed in 2025 September 

• A decade of AstroSat conference in Bengaluru earlier this year 

• Limited careful manoeuvres and thus less quick repointing: Resulting from failure of 
one Gyro - to reduce chances of further failures  

• UVIT: FUV and VIS channels operational 

• LAXPC: One unit fully operational, one operated at reduced gain 

• SXT: Operational 

• CZTI: Operational, more in this talk! 

• SSM: One unit operational

Instrument Status



AstroSat: Resources

AstroSat Science Support Cell (ASSC) 

http://astrosat-ssc.iucaa.in/ 

https://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp https://pradan.issdc.gov.in/as1/ 

Data Archive: AstroBrowse and PRADAN 

http://astrosat-ssc.iucaa.in/
https://astrobrowse.issdc.gov.in/astro_archive/archive/Home.jsp
https://pradan.issdc.gov.in/as1/
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Figure 2.1: Top panel: CAD model of CZTI instrument (left). Photograph of

coded aperture mask (right). Bottom panel: Photograph of CZTI detector plane

showing the array of CZT detectors (left) and zoomed-in view of one detector

and pixelation of the detector (right).

shadow patterns on the detector plane for each source direction. The sky image

can be reconstructed using the observed counts in each detector unit and the

knowledge of the mask pattern. As the detectors with closed mask elements are

observing the background, it also helps in obtaining simultaneous measurements

of the background.

In CZTI, above the detector array in each quadrant, CAM made of

0.5mm thick Tantalum is placed at a height of 481 mm on top of collimators.

CZTI adopts a ‘box type’ or ‘simple’ CAM where the mask consists of open

• Indirect Imaging and Spectroscopy in 
20-200 keV 

• Array of pixelated Cadmium Zinc Telluride 
detectors 

• 16384 individual X-ray detectors
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Figure 2.5: Top panel to be map of mutauE and mutauH values for each pixel

Response function parameters for all pixels. The parameters are grouped as

shown in the figure. The grouping of µ⌧ e and µ⌧h parameters are along the

principal component axes, and the other two parameters are grouped along each

parameter value.

Gain and Spectral 
redistribution model

AstroSat CZT-Imager: Instrument and Ground Calibration
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Figure 2. Gain values of pixels of all detectors of CZTI at
nominal operating temperature of 10→C is shown in the top
panel and histogram of pixel gains at different temperatures
is given in the middle panel. Calibration source spectra for
three radioactive sources for quadrant A of CZTI at 10 deg
C after correcting for individual pixel gains is shown in the
bottom panel.

spectra are converted to Pulse Invariant (PI) channels:
512 channels in 5–261 keV with 0.5 keV bin size. Fig-
ure ?? bottom panel shows the gain corrected PI spec-
trum of the three sources for quadrant A of CZTI at
10→C. Ground calibration spectra are also used to de-
termine each detector pixel’s lower energy thresholds
(LLD) by fitting an error function to the background
spectra near the cutoff at low energies. These LLD val-
ues are also included as part of the CALDB for CZTI.

3.2 Spectral Redistribution and Effective Area

The gain corrected spectrum shown in Figure 2 shows
the response of CZT detectors to mono-energetic X-
rays. Apart from the Gaussian shape of the lines, low-
energy tails are observed, which are more prominent
at higher energies. This arises from the trapping of
charge carriers, especially the holes, in the crystal de-
fects and impurities, leading to incomplete charge col-
lection. This is more pronounced in the case of CZT
detectors, where the mobility-lifetime product of holes
is rather low. This effect of spectral redistribution needs
to be modeled accurately to infer the source spectrum
from the observed spectrum.

Given the mobility and lifetime product of charge
carriers, the mono-energetic line profiles observed
by CZT crystals can be modeled by considering the
fraction of charge collected using the Hecht equa-
tion (Hecht, 1932). Spectra of known mono-energetic
lines can be fitted with this model to derive the mobility
lifetime products, and the same can be used for gener-
ating the spectral redistribution matrix as done in the
case of CZT detectors used in High Energy X-ray spec-
trometer (HEX) experiment on Chandrayaan-1 mis-
sion (Vadawale et al., 2012). In the case of CZT detec-
tors used in CZTI, it was found that the tails observed at
the lower energy line at 59.54 keV cannot be explained
with charge trapping alone, and charge sharing between
pixels also needs to be accounted for (Chattopadhyay
et al., 2016). CZT line profile model with charge trap-
ping and charge sharing has been able to successfully
describe the observed lines for the CZT detector from
the same batch of detectors used in CZT-Imager, as
shown by Chattopadhyay et al. (2016).

This line profile model is used to model the cali-
bration spectra of each of the pixels in CZTI to obtain
the model parameters of each pixel: mobility lifetime
product for electrons (µωe) and holes (µωh), Gaussian
width (ε), and initial charge cloud radius (r0). For each
pixel, spectra of the three lines at 59.54 keV, 88.0 keV,
and 122.0 keV are fitted simultaneously to obtain these
parameters. As an example, spectra of the lines from
one pixel with the best-fit models are shown in Fig-
ure 3. Similar fits are done for each pixel of CZTI at
five different temperatures where the fitting was done
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Figure 4. Top: Mobility lifetime products of electrons (left) and holes (right) obtained by fitting the spectral line profile of
pixels. Bottom: Blue points show the redistribution model parameters, namely mobility lifetime product of electrons (µωe)
and holes (µωh) (left) and Gaussian sigma (ε) and initial charge cloud radius (r0) (right). The pixels are grouped based on
similar parameters where the grouping of µωe and µωh parameters are along the principal component axes, and the other two
parameters are grouped along each parameter value. Red stars show the parameters for each group of pixels that are used in
generating the final redistribution matrix for each observation.
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Figure 3. Mono-energetic line spectra from three radioactive
sources obtained with one pixel of CZTI are shown. The
best-fit line profile models that incorporate tailing due to
charge trapping and charge sharing are overplotted in red.

parallelly using PRL Vikram-100 HPC cluster. Figure 4
top panel shows the map of µωe and µωh values for the
detector pixels. With the model parameters of the line
profile model, the redistribution matrix for each pixel
can be obtained.

Storing the redistribution matrix of each pixel sep-
arately in the CALDB is impractical. Also, several
pixels may have almost similar line profiles. Thus,
we group the pixels with similar spectral redistribution
model parameters. Figure 4 lower panel shows the cor-
relation between µωe and µωh as well as that between
ε and r0 for all pixels. The µω parameters correlate as
one expects, and the other two do not show any appar-
ent correlation. To group the pixels, we identify the
principal components in the four-dimensional parame-
ter space using Principal Component Analysis (PCA).
Two principal components are found to be along the
correlation of the µω parameters and orthogonal to it,
and the other two were close to the ε and r0 axes. Thus,
we divided the four-dimensional parameter space into
bins along and across the correlation axes of µω param-
eters and along ε and r0 axes. For each bin, the av-
erage parameter values are obtained and shown by the
red stars in Figure 4. After ignoring groups with no
members, a total of 270 groups with distinct line pro-
file model parameters are identified. Redistribution ma-
trices for these 270 groups of pixels are pre-computed
with the average parameter values and are recorded in
the CALDB, along with the information on the mem-
bership of pixels in the groups. Redistribution matrices
of each active pixel from the CALDB are averaged to
generate the redistribution matrix of the instrument for
a given observation.

The effective area of the CZTI instrument is esti-
mated by considering the geometric area of the detector
pixels, open fractions of the coded mask, transmission
by the closed elements of the mask, transmission by
mylar layer on CZT detectors, and CZT detector effi-
ciency. For the coded mask, the design value of thick-
ness is considered. For the detector parameters, we
consider the manufacturer-provided values and absorp-
tion coefficients are taken from NIST database. While
computing the effective area for an observation, open
areas of active pixels are considered, and all efficiency
factors are included.

As discussed in this section, various calibration pa-
rameters obtained from the ground calibration were
part of the initial calibration database of CZTI. The
CZTI data analysis pipeline uses the CALDB in the
data analysis procedures. With systematic analysis of
the in-flight observations, calibration parameters and
analysis procedures have been refined, as discussed in
the subsequent sections.



In-flight Surprises!
• Detector pixel gain: Low gain pixels - confirmed with first ~6-8 months of 

observations 

• Background - Variability with time and detector position - while expected, 
understanding and modelling require long observations 

• Alignment of coded mask and detectors: Images with slight offsets between 
quadrants - spectral extraction very sensitive to any offsets 

• Crab spectral parameters - limited by background subtraction systematics and 
some effective area aspects 
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• Detector pixel gain: Low gain pixels - confirmed with first ~6-8 months of 

observations 

• Background - Variability with time and detector position - while expected, 
understanding and modelling require long observations 

• Alignment of coded mask and detectors: Images with slight offsets between 
quadrants - spectral extraction very sensitive to any offsets 

• Crab spectral parameters - limited by background subtraction systematics and 
some effective area aspects 

Aspects for in-flight improvements 

Systematic efforts with the first 80 months of observations: Oct 2015 - May 2022
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Quadrant Good Low gain Noisy Disabled

A 2981 816 2 297
B 3103 650 3 340
C 2781 970 134 211
D 2375 1075 211 435

Total 11240 3511 350 1283

Total (%) 68.6 21.43 2.14 7.83

Table 1. Number of good, low-gain, noisy, and disabled
pixels in each quadrant of CZTI as of October 2023.

were added together to obtain monthly, yearly, and to-
tal spectra for each pixel. Similarly, we obtained the to-
tal spectrum, primarily dominated by background, for
each pixel using the clean event list for each observa-
tion ID and were added together to get the monthly and
yearly spectra.

Figure 6. Map of the pixel quality flag in CZTI. Good pixels
are flagged as 0, low gain pixels as 1, flickering pixels as 2
(not used), noisy pixels as 3, and disabled pixels are flagged
as 4.

Using the presence of the 59.54 keV line in the
alpha-tagged event spectrum and that of the tantalum
lines in the background spectrum, the pixels were clas-
sified as good pixels and low gain pixels. If present,
the 59.54 keV line in the alpha-tagged event spectra
for each pixel was fitted with a Gaussian to obtain the
peak energy. After an initial classification based on
the presence of lines, to confirm the classification sta-

Figure 7. Spectrum from one detector of CZTI (sum from all
pixels in the detector) of the alpha tagged events. The total
spectrum, background spectrum, and background subtracted
spectrum are shown. The Am-241 line in the background
subtracted spectrum is fitted with Gaussian to obtain the
peak energy and resolution. CAN BE AVOIDED?

tus, we used the ratio of the total pixel spectrum to the
module spectrum and the mean count rates. Further, it
was checked whether the fit parameters of the alpha-
tagged spectrum for each pixel (line energy and reso-
lution) were outliers. From the yearly spectra, it was
also confirmed that there is no change in the character-
istics of good pixels and low-gain pixels over time. It
is found that →68.6% of the total 16384 pixels are clas-
sified as good pixels that can be used in the spectro-
scopic analysis for CZTI. Figure 5 lower panel shows
the co-added spectrum of alpha tagged events and back-
ground for the selected spectroscopically good pixels
and low gain pixels separately. It can be seen from the
figure that the low gain pixels do not show the spec-
tral lines that are visible in the spectra of good pix-
els, and their continuum slope is considerably different
from that of the good pixels. Figure 6 shows the map
of good, low gain (spectroscopically bad), and disabled
pixels in CZTI, and Table 1 provides the number of pix-
els in each category for each quadrant. Comparison of
the bad pixel map in Figure 6 with the DPH in Figure 5
shows the correspondence between low-gain pixels and
those with low counts, as expected. Flagging of pix-
els into these categories is updated in the calibration
database of CZTI for use by the data analysis pipeline.

4.3 Gain parameters of good pixels

For the good pixels, from the Gaussian fits to the alpha-
tagged Am-241 photon spectrum, it was found that the
line energy is not exactly where it is expected to be.
This means that the gain parameters used in the data
analysis require further corrections for the good pix-



Detector Gain over the years: With Corrections

• Spectroscopically good pixels: Gain 
similar to ground - but not exactly 

• Pixel-wise gain difference from ground 
calibration and a slow temporal evolution 

• 80 months of data (Oct 2015 - May 2022) 
used to determine the pixel-wise 
correction and time-dependant correction 

• Corrected energy scale - correct within 
+-0.5 keV 

• Resolution - no systematic variation with 
time - spectral redistribution kept same as 
ground calibration



Background: Short Term Variability and Data Selection

• Near SAA & ‘SAA tentacle’ background - 
different from the rest 

• Veto counters - good proxy for increased 
background in CZT detectors 

• Cutoff based on Veto: 15% exposure lost 
- much less variability in background 



Background: Long Term, Spectral, and Spatial Variability



Spectral Extraction by Mask-weighting: Algorithm

2.6. Spectral Extraction by Mask-Weighting 89

from the source of interest, given the coded mask and detector geometry. The

open fraction fi can be computed by ray tracing, given the instrument geometry,

spacecraft pointing, and source coordinates.

Then we define a weight wi
0 for the counts in that pixel as:

wi
0 = 2 fi � 1 (2.1)

Now, in general, the total closed and open areas need not be equal, so we estimate

re-normalize these weights with a re-normalization factor D to obtain the final

weights wi for events in each pixel as

wi = wi
0 � D (2.2)

D =

PN
i=1 wi

0

N
(2.3)

Generating the histogram of energy of the detected events by assigning

respective weights as computed above gives the background-subtracted source

spectrum. Similarly, a histogram of time stamps with weights gives the back-

ground subtracted light curve.

However, this approach assumes that the background is uniform across

the detector plane, which is not the case in CZTI, as discussed in the previous

section. Figure 2.18 shows a realistic schematic of the background and source

counts in the detector plane masked by a CAM, similar to the case in CZTI.

The background counts in each pixel are not equal, and the relative variation of

the background is energy-dependent as well. However, from the analysis of the

background data, it is understood that the relative counts in pixels over each

energy bin do not change significantly over time, whereas the overall spectral

shape and counts change over time. While the fully masked pixels ideally should

have zero counts from the source, as the mask is transparent at energies above

100 keV as well in the energy band just below the K-edge of Tantalum, these

pixels also have non-zero source counts.

Considering these aspects, we devised the modified mask-weighting al-

gorithm to obtain background-subtracted source spectra and light curves from
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CZTI observations. We define initial weight wi
0 for each pixel i with a mask open

fraction fi same as in Equation 2.1. Now, instead of a single re-normalization

factor D, consider a vector D(I) having 512 elements corresponding to each PI

channel/energy bin of CZTI. D(I) is defined as

D(I) =

P
i wi

0 Bi(I)P
i Bi(I)

(2.4)

where Bi(I) is the relative background spectrum for each pixel i, which defines

non-uniformity of the background over the detector plane. Now, we compute the

weights for each pixel at different energies, wi(I), as:

wi(I) = wi
0 � D (2.5)

Then, the background subtracted source spectrum S(I) is obtained from observed

count spectrum Ci(I) in each pixel as

S(I) =
X

i

wi(I) ⇤ Ci(I) (2.6)

Statistical error associated with the spectrum �S(I) is computed as:

�S(I) =

sX

i

wi(I)
2 ⇤ Ci(I) (2.7)

In a similar manner, the background subtracted light curve for a given energy

range can also be obtained. If there is no source contribution, mask-weighted

spectrum, and light curves should be consistent with zero.

It may be noted that there are a few other factors that need to be

taken into account in the method described above. As discussed in the previous

section, the variations in background spectra would be significant across the

entire quadrant, such as in the case of Am-241 events in some detectors. Thus,

instead of carrying out the re-normalization given by Equation 2.4 over the entire

quadrant, it has been done for each detector module, which essentially provides

the background-subtracted source spectrum of each detector. These are added

together to get the total source spectrum. Further, the low and high energy

thresholds of all pixels in a detector are not the same. So, not all pixels are

active for a given energy bin closer to the lower or higher energy limit. Thus,
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Figure 2.19: Total light curves (left) and mask-weighted background subtracted

light curves (right) of a long blank sky observation. The light curves are for 100

s time bins and the four vertical panels correspond to quadrants A to D. While

there ar significant variations in the total light curve, the background subtracted

light curve is consistent with zero for the entire duration.

the mask-weighted spectrum of all 12 observations (different from the ones used

in the background non-uniformity model). Systematic uncertainty in the back-

ground subtraction is the absolute value of these residuals, ignoring statistical

uncertainties as the total exposure is ⇠ 2 Ms. Figure 2.21 shows the system-

atic error estimated this way in comparison to the statistical uncertainties of

background at different exposures. It can be seen that the systematic uncertain-

ties are comparable to the statistical uncertainties for exposures above 500 ks.

Thus, for typical observations with CZTI having exposures in 50 ks - 200 ks,

the background subtraction by mask-weighting provides results limited only by

statistics.

Total light curve Background-subtracted
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Figure 2.20: Total spectrum (left) and mask-weighted background subtracted

spectrum (right) from Quadrant C for the observation shown in Figure 2.19,

having total exposure of ⇠ 190 ks. Grey shaded region in the right panel corre-

sponds to Poisson limit of background subtraction.

Figure 2.21: Co-added background subtracted spectra of multiple observations

of fields with no X-ray sources. This provides an estimate of systematic uncer-

tainties in background subtraction. overplot staterr for different exposures

2.7 Detector and Coded Mask Alignment

As described in the previous section, the mask-weighting algorithm to obtain the

background subtracted source spectrum requires the open fractions of each pixel

given the source location. Computing open fractions requires knowledge of the

2.7. Detector and Coded Mask Alignment 95

Figure 2.20: Total spectrum (left) and mask-weighted background subtracted

spectrum (right) from Quadrant C for the observation shown in Figure 2.19,

having total exposure of ⇠ 190 ks. Grey shaded region in the right panel corre-

sponds to Poisson limit of background subtraction.

Figure 2.21: Co-added background subtracted spectra of multiple observations

of fields with no X-ray sources. This provides an estimate of systematic uncer-

tainties in background subtraction. overplot staterr for different exposures

2.7 Detector and Coded Mask Alignment
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Figure 2.20: Total spectrum (left) and mask-weighted background subtracted

spectrum (right) from Quadrant C for the observation shown in Figure 2.19,

having total exposure of ⇠ 190 ks. Grey shaded region in the right panel corre-

sponds to Poisson limit of background subtraction.

Figure 2.21: Co-added background subtracted spectra of multiple observations

of fields with no X-ray sources. This provides an estimate of systematic uncer-

tainties in background subtraction. overplot staterr for different exposures

2.7 Detector and Coded Mask Alignment

As described in the previous section, the mask-weighting algorithm to obtain the

background subtracted source spectrum requires the open fractions of each pixel

given the source location. Computing open fractions requires knowledge of the
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2.7 Detector and Coded Mask Alignment

As described in the previous section, the mask-weighting algorithm to obtain the

background subtracted source spectrum requires the open fractions of each pixel

given the source location. Computing open fractions requires knowledge of the

Background subtraction  
limited only by statistics up to ~200 ks



Alignment of mask and detector

Profile of Mask-weighted 
counts with source with 
different assumed source 
position - very sensitive to 
actual alignment 

Systematic shifts between 
detector and mask measured 

Filled circles : Individual detector module-
mask offset 

Star: Average Quadrant level offset from 
imaging 



Crab observations: How well the spectra match the model?
With all improvements so far implemented, 
how does the Crab spectra compare with 
the canonical model? 
➡ More or less consistent behaviour across 

all quadrants and detectors !!  
➡ ~ 30-80 keV band: Consistent with the 

model 
➡ Lower and higher energies - systematic 

departure  
➡ Lower energy: Event triggering 

efficiency close to LLD - empirical 
model 

➡ Higher energy: Several attempts to 
identify physical origin - did not find 
any - empirical model



Effective Area Calibration with Crab
Low Energy
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Updated CZTI Spectra of Crab

106 Chapter 2. Hard X-ray Spectroscopy with AstroSat CZT-Imager

Figure 2.30: Crab spectra with corrected response matrices fitted with canonical

power-law model

vidual Crab observations of each quadrant to derive the power-law index and

normalization. Figure 2.31 shows the derived power law indices and norm values

showing consistent results across observations and quadrants. We note that the

overall norm factors between quadrants differ within ⇠10%, and at this point,

we do not make any corrections to the overall effective area to equalize these.

It is recommended that relative normalization factors be used for each quadrant

while simultaneously fitting the CZTI spectra of all quadrants.

2.9 Spectroscopic Sensitivity and Prospects

With the improved calibration of CZTI, we now estimate the realized spectro-

scopic sensitivity of the instrument for different exposures. For low exposure

times, the sensitivity is expected to be limited by the statistical uncertainties of

spectral measurements, whereas the systematic uncertainties in the background

subtraction (Section 2.6.2) would limit the sensitivity at large exposures. To

Crab Spectra with all improvements in response 

Consistent spectral index across observations 



Spectroscopic Sensitivity and Current Calibration Status
108 Chapter 2. Hard X-ray Spectroscopy with AstroSat CZT-Imager

Figure 2.32: Spectroscopic sensitivity of CZTI considering 1 keV bin size over the

entire energy range for different exposure times. At the highest exposure value,

the systematic uncertainties in background subtraction become comparable to

statistical uncertainties, so that will approximately be the limiting sensitivity.

It maybe noted that at higher energies, spectra can be binned to obtain better

sensitivities matching that at lower energies. The dashed lines correspond to 1

Crab, 100 mCrab, and 10 mCrab.

With an estimate of the sensitivity of CZTI, we proceed to re-analyze all

observations of CZTI from October 2015 to August 2022 that are available pub-

licly. We analyze the data with version 3.0 of the CZTI data analysis pipeline 4

with the updated CALDB (version 20221209), including all the updates dis-

cussed in this chapter. Using the clean event files, we generate mask-weighted

spectra and light curves from each quadrant of CZTI for all observations. We

use the target coordinates provided by the proposers (present in FITS headers)

for computing the mask weights. We co-added the spectra from four quadrants

using cztaddspec module to obtain the total spectrum. Using the total counts in

the mask-weighted spectra and the uncertainties, we compute the significance of

the source detection in each observation. Appendix A provides the list of CZTI

observations that resulted in nominal detection of sources at the 3-sigma level.

Coordinates of these sources were matched against the Swift-BAT catalog, and
4http://astrosat-ssc.iucaa.in/cztiData

• Sensitivity: 50 mCrab sources in 50 ks  

• Energy scale:  Within ~ +-0.5 keV (work 
in progress to verify this for recent data) 

• Background subtraction systematics: 
Negligible for exposures up to ~200 ks  

• Systematics well below statistical 
uncertainties (for typical exposures) - 
spectroscopy limited by statistics alone 

• Absolute flux (norm) uncertainties - within 
5-8% between quadrants: Norm not fixed 
with Crab 

• All these updates includes in Version 3 of 
CZTI Pipeline and associated CALDB: 
Released in December 2022 with minor 
updates later on 



Refined CZTI Spectroscopy: Some Examples
Spectroscopic Context for polarimetry: Cyg X1 Reflection component in BHB: MAXI J1820+070

Wide band spectral modelling: NGC 4151 Phase-resolved Spectroscopy: Crab

S Kumar et al, 2024

T Chattopadhyay et al, 2024 S Banerjee et al, 2024

Work in progress

Red: Madsen et al (2015)



X-ray Polarimetery with CZTI

mounted on top of a table above the detector. The translation stages are used to align the detector
with the incident x-rays from the source. By changing the angles α and β, we can carry out the
experiment at different polar (θ) and azimuthal (ϕ) angles of the incident x-rays with respect to
the detector coordinate system [see Fig. 3(c)]. The partially polarized x-ray source can also be
rotated at different angles (γ), as shown in Fig. 3(a) to achieve different PAs. The PA mentioned
here is defined in the sky plane normal to the incident direction along θ and ϕ, and it is measured
from local north toward east.

We generate partially polarized x-rays by Compton scattering unpolarized x-rays from a disk-
shaped 133Ba radioactive source (Fig. 4). A 6-cm-long aluminum cylinder inside a 4-cm-thick
lead enclosure is used as a scatterer. A collimator with a 2-mm radius and 10-mm length is placed
in front of 133Ba, allowing only a narrow beam to be incident on the aluminum scatterer. The
scattered (partially polarized) x-rays exit the enclosure in one direction through a slit of 5-cm
length and 2-mm width [Fig. 4(b)]. It is noted that the emerging partially polarized beam is
nonparallel in nature.

As the incident photons from astrophysical sources are parallel, ideally, the experiments are
to be conducted by shining a fully or even partially polarized parallel beam of hard x-rays with
known PF and PA at the energies of interest, incident at different angles with respect to the
detector plane. But it is practically impossible to obtain such a parallel beam of hard x-rays
for laboratory experiments. To approximate the emerging partially polarized beam to a parallel
beam, the x-ray source is placed at a maximum possible height (30 cm) such that that signal-to-
background ratio is high enough to carry out the experiments.

Fig. 3 The experimental setup for off-axis measurements and analogous representation of the
same in CAD. (a) The full experimental setup with the partially polarized x-ray source mounted
on a surface above the detector. (b) The CAD model representation of full experimental setup.
(c) The detector mount setup and corresponding angular and coordinate system definitions.
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(see Fig. 1 of Ref. 39). This effect is attributed to charge sharing between the adjacent pixels,
which can mimic a Compton event, and consequently add to the number of true Compton events.
After correcting for the number of Compton and single-pixel events in simulation using an
empirical model for charge sharing, the ratio of Compton to single-pixel events was found
to agree closely with the observed ratios for all 20 GRBs. We have noticed the same effect
in the experimental ASADs when compared with the simulated ASADs. Because the simulated
ASADs are used for template fitting or geometry correction (in the case of modulation curve
fitting), it is important to account for this effect in the simulated distribution, which is done by
scaling the ratio of edge and corner bins of unpolarized and polarized simulations with the mean
of the edge and corner bins of the experimental raw ASAD, as suggested by Chattopadhyay
et al..39 These corrected simulation ASADs are used in further polarimetric analysis of exper-
imental ASADs.

The raw ASADs, obtained from the simulations, are analyzed using template fitting method.
Estimated PFsim and PAsim corresponding to the χ2min along with corresponding 1σ error bars for
all cases are listed in Table 1. It can be seen that the measured PF and PA values match closely
with the incident true PF and PA values, with only a couple of configurations deviating by more
than 1σ, showing the efficacy of the off-axis Compton polarimetry with pixelated detectors.

The raw ASADs, obtained from the experiments, are analyzed using the template fitting
method. For each experimental configuration, the ASADs are fitted with the template library
taking into account statistical and systematic uncertainties similar to the analysis of the simu-
lation data to obtain PF and PA corresponding to χ2min and Δχ2 array over the grid of PF and PA.
Confidence contours for PF and PA obtained from this analysis for different experimental con-
figurations are shown in Figs. 5–8. The PF and PA values obtained for each configuration along
with corresponding 1σ error bars are listed in Table 1. We find that the experimental measure-
ments are also consistent with the incident PF and PA values, except for some cases at large
off-axis angles of 50 deg to 60 deg, which we discuss later.

We also analyzed the simulation and experimental data using the modulation curve fitting
method. ASADs normalized with unpolarized simulated ASADs are fitted with the cosine

Fig. 5 The confidence contours from experiment data obtained for (a) θ ¼ 30 deg, ϕ ¼ 0 deg,
and PA of 90 deg; (b) θ ¼ 30 deg, ϕ ¼ 0 deg, and PA of 45 deg; (c) θ ¼ 30 deg, ϕ ¼ −30 deg,
and PA of 90 deg; (d) θ ¼ 30 deg, ϕ ¼ −30 deg, and PA of 45 deg. The black lines show the
PF and PA values corresponding to the minimum χ2 value, and the green lines represent the inci-
dent PF and PA values. The color contours represent 1σ, 2σ, 3σ, 4σ, and 5σ confidence levels.
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Vaishnav et al (2021)
Chattopadhyay et al (2014), Vadawale et al (2015)

Validation of 
off-axis 

polarimetry

Demonstration of technique on ground

S. V. Vadawale et al.: Hard X-ray polarimetry with Astrosat-CZTI

Fig. 2. Polarization experiment setup with CZTI (left) and zoomed view of the setup (right).

Fig. 3. a) and b) Experimentally measured modulation curves for partially polarized X-rays from 133Ba source at two polarization angles, 0� and
45� respectively. c) The same curve measured for unpolarized X-rays from 133Ba. The dashed line shows the modulation curves obtained from the
Geant4 simulations of the experimental setup.

3. Experimental confirmation

To confirm the polarimetric capability of CZTI, we carried out
an X-ray polarization measurement experiment using the actual
flight model of CZTI module, which ensures that all properties
of flight electronics are also included in the experiment. We pro-
duced a partially polarized beam of X-rays by scattering 356 keV
X-rays from the radioactive source 133Ba at ⇠90 degrees (see
Fig. 2). A 6 cm-long aluminum cylinder was used as a scatterer.
The source and the scatterer were placed inside a 4 cm thick lead
cylinder with a slit of 5 cm length and 2 mm width. The CZTI
module is kept below the slit such that only the photons from
133Ba scattered at 90� by the aluminum scatterer can reach the
CZTI detector. With this setup, the angle of scattering is con-
strained to 90� ± 15� implying a partially polarized beam of en-
ergy between 190 keV and 240 keV.

The basic data filtering and analysis were carried out as dis-
cussed in C14. This involved selection of appropriate adjacent
double-pixel events, generating eight-bin azimuthal distribution
with reference to lower energy pixels and correcting azimuthal
distribution for the unequal angle bins. Figure 3 shows the cor-
rected modulation curves for partially polarized beam at two dif-
ferent polarization angles, 0� and 45�, with reference to one of
the edges of the CZT detector module, as well as for an unpolar-
ized beam (direct exposure to 356 keV X-rays).

It can be seen that the modulation curves for the measure-
ments at these polarization angles show a clear signature of the
polarization of the incident beam and the modulation curves
corresponding to di↵erent polarization angles also change, as

expected. The errors in the observed modulations are nominal
1� errors and the simulation results too have errors of simi-
lar magnitudes. In the case of the unpolarized beam, the resid-
ual modulation, which could be instrumental artifacts, is almost
neglible (1%), and thus will not have any significant e↵ect on the
polarization measurement aimed at a largely polarized source.
It should be noted here that one major criticism of the recent
X-ray polarization measurements by INTEGRAL IBIS and SPI
instruments is that these instruments were never tested with an
unpolarized beam.

These results clearly demonstrate that CZTI is capable of
detecting polarization of the incident X-rays. However, the ob-
served modulation amplitude cannot be directly used to validate
the simulation because of the partially polarized beam. To have
a quantitative comparison with the simulations, we repeated the
simulations for the exact geometry of the experiment including
the generation of the polarized beam and considered the experi-
mentally measured background to calculate the modulation fac-
tor. The modulation factors obtained from these simulations typ-
ically agree within ⇠1% of the experimentally measured mod-
ulation factors in all cases. This implies that the value of µ100
obtained from simulations do represent a realistic modulation
factor.

4. Polarimetric background and sensitivity

The confidence provided by the experimental verification of the
polarization measurement capability of CZTI enables us to use
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X-ray Polarimetry with CZTI: Results
Crab Pulsar and Nebula

Vadawale et al (2018, Nat. Astr.)

Precise measurements of X-ray polarisation 
this hard X-ray band 

Swings in polarisation fractions: Rules out 
models such as polar cap 

Intriguing observation: Polarisation variations 
in off pulse period - Not explained by current 
models 

Cygnus X-1

Chattopadhyay et al (2024, ApJL)

State-dependant polarisation of black hole 
binary Cygnus X-1 

Polarisation only in Intermediate hard state - no 
detection in intermediate soft and pure hard 
states 

Contribution of jet in hard X-rays

Gamma Ray Bursts

Chattopadhyay et al (2022, ApJ)

Largest sample (20) of GRB polarisation 
measurements 

Only five GRBs show detection of 
polarisation : Rest unpolarised when 
integrated over the entire GRB duration 

Suggesting synchrotron in ordered 
magnetic field 



Future Work
• Gain: Some changes in recent data - may revisit the time-dependant correction 

• Crab Norm: Scatter across quadrants, consistency for more recent observations  

• Cross-calibration using observations of other sources with NuSTAR etc.
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Thank you 


