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India’s first dedicated astronomical 
observatory in space 

• Five science payloads covering Opt/UV 
to hard X-ray bands for simultaneous 
multi-wavelength timing and 
spectroscopy

• All science payloads delivered

• Final integration ongoing

• Being readied for Oct 2015 launch
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CZTI
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Orbit: 650 km

6o - 8o
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LAXPC

SXT

UVIT

CZTI

ASTROSAT SCIENCE PAYLOADS

3-100 keV
47′x47′

0.1 mCrab
Xe,Ar,CH

130-530 nm
1.8″

20 mag
CMOS

0.3-8 keV
3 arcmin
15 μCrab

CCD

10-150 keV
8 arcmin

0.5 mCrab
5mm CZT

2.5-10 keV
10 arcmin
30 mCrab
Xe, P-10

SSM
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LAXPC

SXT

UVIT

CZTI

Astrosat co-pointed FOVs CZTI: 
128x128 array 
+ Coded Mask 

LAXPC: 
Collimator 

UVIT: 
MCP+CMOS 
512x512 

SXT: 
Foil Mirrors + 
600x600 CCD

0.8 deg

5 deg
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LAXPC 47’

CZTI 8’

SXT 3’

UVIT 1.8”

SSM 3 
10’

SSM 1: 13’

SSM 2: 13’

Astrosat angular resolutions
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ASTROSAT will be a proposal-driven observatory-class mission

Major interest areas of X-ray instruments will include

• Strongly Magnetic Neutron Stars: Cyclotron Spectra, HE continuum
  (structure and evolution of neutron star magnetic fields, radiation processes)

• Wideband Spectral Variability Monitoring
  (accretion disk geometry, emission mechanism, QPO origin, disk-jet connection)

• Transients

(AO will be opened 1 year after launch; 1st 6m PV, followed by 6m of GT)
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The Astrophysical Journal, 780:133 (12pp), 2014 January 10 Fürst et al.
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Figure 3. (a) Spectrum and best-fit model for observation I (left) and observation II (right), FPMA data in red and FPMB data in blue. The best fit model is shown in
black, the continuum without the absorption lines in green. The insets show the respective residuals in the iron line region without the two Gaussian lines. (b) Residuals
without the fundamental CRSF line. (c) Residuals without the 10 keV-feature. (d) Residuals to the best-fit in units of σ .
(A color version of this figure is available in the online journal.)

Table 2
Fit Parameters for the Best-fit Time-averaged Model

Parameter Obs. I Obs. II

CF 0.823+0.022
−0.053 0.868 ± 0.007

NH,1 (1022 cm−2) 34.2+5.7
−2.1 26.0+0.9

−1.0

NH,2 (1022 cm−2) 0.9+4.2
−0.9 · · ·

Γ 0.88+0.05
−0.06 1.28+0.04

−0.05

Ecut (keV) 19.3+2.5
−3.8 22.3+2.8

−3.9

Efold (keV) 10.5+0.9
−0.5 13.3+1.0

−0.8

ECRSF,H (keV) 55.4+1.3
−1.0 53.2+0.9

−0.8

σCRSF,H (keV) 8.0+1.3
−1.0 6.8+0.9

−0.7

dCSRF,H (keV) 20+8
−5 14.0+3.2

−2.3

ECRSF,F (keV) 25.1+2.0
−2.4 24.8 ± 0.6

dCSRF,F (keV) 0.24+0.20
−0.13 0.61+0.18

−0.12

A(Fe Kα)a 0.038+0.263
−0.019

(
0.93+0.09

−0.08

)
× 10−3

E(Fe Kα) (keV) 6.474 ± 0.010 6.4393+0.0008
−0.0393

σ (Fe Kα) (keV) 0.065+0.030
−0.065 !0.07

A(Fe Kβ)a 0.008+0.068
−0.008

(
3.3+1.3

−1.0

)
× 10−4

E(Fe Kβ) (keV) 7.084+0.077
−0.008 7.39 ± 0.12

σ (Fe Kβ) (keV) 0.00022+0.07167
−0.00022 0.30+0.16

−0.12

A(10 keV) −0.19+0.14
−1.82

(
−1.3+0.5

−0.9

)
× 10−3

E(10 keV) (keV) 8.6+0.5
−0.7 10.9 ± 0.4

σ (10 keV) (keV) 2.8+0.6
−0.5 1.9+0.6

−0.5

F3–79 keV
b 11.22+0.10

−0.08 3.206 ± 0.016

CFPMB 1.0491 ± 0.0020 1.0259 ± 0.0018

χ2/dof 616.63/565 589.12/560

χ2
red 1.091 1.052

Notes.
a In ph s−1 cm−2.
b In keV s−1 cm−2.

5. TIME-RESOLVED SPECTROSCOPY

Having established a good description of the time-averaged
spectrum, we use this model to study the variability of the
spectral parameters on a pulse-to-pulse basis. Thanks to the
high sensitivity of NuSTAR, it is possible to obtain a high quality
spectrum for each individual pulse, i.e., rotation of the neutron
star. Higher time resolution is not sensible, as the spectrum
changes strongly with pulse phase (see, e.g., Kreykenbohm
et al. 2002; La Barbera et al. 2003; Maitra & Paul 2013). This
approach is similar to the analysis of Fürst et al. (2011) for GX
301−2 using XMM-Newton, but thanks to NuSTAR’s broad band
coverage changes in the continuum and the cyclotron line can
also be studied.

We applied the time-averaged model, but due to the reduced
S/N in the pulse-to-pulse spectra we had to fix some parameters
to their respective time-averaged values. We only let the cover-
ing fraction CF, one absorption column NH,1, the photon index
Γ, and the normalization of all lines or line-like features (funda-
mental CRSF, harmonic CRSF, 10 keV feature, as well as FeKα
and FeKβ) vary. We chose the photon index Γ as the variable
continuum parameter, as it shows the strongest variation be-
tween observation I and II. With this approach we obtained very
good χ2

red values for all spectra, with an average χ2
red ≈ 1.05.

For the observation I fits, NH,2 was fixed to 9×1021 cm−2, while
for observation II it was set to 0, the respective values of the
time-averaged models.

Figure 4 show the measured variation of the model parameters
as a function of time. All parameters show variability with time,
most prominently NH,1, Γ, and CF. However, the typical time-
scale for significant changes seems to be longer than single
pulses. We use the fact that consecutive data often show similar
spectral parameters to add them up in order to obtain better
S/N. During observation I, we added half of each ∼90 min
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Model: (constant(1)*tbabs(1) + (1. − constant(1))*tbabs(2))* (fdcut(1) * gabs(1) * gabs(2) + gaussian(1) + gaussian(2) + gaussian(3))

ASTROSAT Simulation
Target : Vela X−1

Exposure: 50.0ks

Count Rates

SXT: 222.14 count/s

CZTI: 118.16 count/s

LAXPC: 5306.77 count/s

Flux (erg/cm^2/s):

SXT(0.5−2 keV): 1.7e−09

SXT(2−10 keV): 8.1e−08

CZTI(10−100 keV): 9e−09

LAXPC(3−80 keV): 1.81e−08

SXT

LAXPC

CZTI
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ASTROSAT Simulation

TBabs*(diskbb + powerlaw*highecut + powerlaw(2)*highecut(2))

Target : Cygnus X−1

Exposure: 10.0ks

Count Rates

SXT: 565.4 count/s

CZTI: 62.97 count/s

LAXPC: 5647.23 count/s

Flux (erg/cm^2/s):

SXT(0.5−2 keV): 1.2e−08

SXT(2−10 keV): 1.4e−08

CZTI(10−100 keV): 4.8e−09

LAXPC(3−80 keV): 1.2e−08

SXT
LAXPC

CZTI
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ASTROSAT Simulation

Target : 1H0323+342, NLS1−Blazar

Exposure: 50.0ks

Count Rates

SXT: 0.39 count/s

CZTI: 0.31 count/s

LAXPC: 10.62 count/s

Flux (erg/cm^2/s):

SXT(0.5−2 keV): 7.4e−12

SXT(2−10 keV): 1.12e−11

CZTI(10−100 keV): 3.44e−11

LAXPC(3−80 keV): 3.79e−11

SXT
LAXPC

CZTI

O-UV-X Spectral Variability: 
disk-jet connection
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Ground Calibration of ASTROSAT X-ray Payloads

• Spectral channel to energy relation

• Spectral resolution

• Effective area

• Timing

• Imaging and FOV

Radioactive Sources

Radioactive Sources,
X-ray gun, optical

Response of detector elements,
Individual and Collective

Dependence on instrument settings, temperature

(simulations; need PV for final calibration)

Supplemented by Geant4 simulations

Products generated

HEASARC CALDB format
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LAXPC PAYLOADS PEAK CHANNEL & RESOLUTION 
AT 20°C 

 

LAXPC Calibration Meeting, Feb 2015 24 

Fig. 1: The upper panel shows the spectra of the three sources and background obtained from obser-

vations over 4 hours for Am241 and for 2 hours for others taken at temperature of 10� C. The counts

in all anodes are added to get these spectra. The lower panel shows the resolution and peak position

for the 4 main peaks in the spectra (scanned over the entire detector) shown in the upper panel. The

results are shown for three di↵erent temperatures.

Fig. 1: The upper panel shows the spectra of the three sources and background obtained from obser-

vations over 4 hours for Am241 and for 2 hours for others taken at temperature of 10� C. The counts

in all anodes are added to get these spectra. The lower panel shows the resolution and peak position

for the 4 main peaks in the spectra (scanned over the entire detector) shown in the upper panel. The

results are shown for three di↵erent temperatures.

spectral
characteristics

Sp. resol. vs energy
at different temperatures
(unit 3)

Sp. resol. vs energy
for 3 units at 20 C

Ch. no. vs energy
for 3 units at 20 C

Ch. no. vs energy
at different Temp.
(unit 3)

LAXPC: proportional counters (3 units)
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Fig. 5: Count rate during scan across the detector for Fe55. The lower panel shows a part of the curve

after magnification.

Figure 4: A comparison of power spectrum of data recorded from LAXPC01
with simulations using a similar incident photon rate and a deadtime of 50 µs are
shown in the top two panels. Power spectra created from simulated light curve
at higher incident rate and different dead time are shown in the two bottom
panels. The red line in each panel is a running mean.

10

Collimator Profile
from source scan across the detector

Timing properties: 
power spectrum
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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.

is primarily dominated by the Compton scattering of the
diffuse X-ray background as shown in C14 and can be as
high as the source count rate. This is because the primary
spectroscopic energy range for the CZTI is up to 100 keV
whereas the polarization measurements are possible only
at energies > 100 keV due to the requirement of detect-
ing the primary scattering event. Hence the coded mask
as well as the shielding and other support structure gets
increasingly transparent in the polarimetric energy range
of CZTI. The large polarimetric background also results in
degradation of the modulation curve. Therefore, to deter-
mine the unknown degree of polarization of the incident
X-rays, the actual modulation factor, µ100 has to be re-
placed by degraded modulation factor, µ

d,100. Both these
aspects were considered in detail in C14 and it was found
that CZTI will have significant polarimetric capabilities de-
spite having semi-transparent shielding. The total polari-
metric background (i.e. total double pixel events passing
all the filtering criteria) was almost the same as the total
polarimetric count rate from Crab. It was pointed out to
us (E. Costa, private communication) that calculations of
C14 did not include background due to the Earth’s X-ray
albedo which is now included in our revised calculations (we
assume that the albedo background is not polarized which
is a fair assumption becuase of the low earth orbit of As-
trosat and resultant azimuthal symmetry in scattering of
albedo from the Earth’s atmosphere) Also we have signifi-
cantly improved our calculations to include effective shield-
ing at individual detector module level. This enables us to
calculate module wise polarimetric background as shown in
Figure 4 and thus provide more reliable estimate of effective
background.

The estimated effective background is now ⇠1.5 Crab
and hence the expected polarimetric sensitivity, as shown in
Figure 5 in terms of MDP as a function of source intensity,
is slightly less than that presented in C14. One important
repercussion of our module-wise background calculation is
the realization that different subsets of CZTI detector plane
will have different sensitivities according to the net back-

ground for the given subset. This provides a very powerful
handle to cross-verify the actual polarization measurement
between different subsets and thus to have enhanced confi-
dence in the polarization measurement. It should be noted
here that due to the availability of event wise data, all such
sub sampling, either in selection of module subset or the
energy range can be carried out at the analysis level and
thus does not impose any special restriction on the actual
observation.

Figure 5 shows the polarimetric sensitivity of CZTI in
terms of MDP as a function of source intensity. It can
be seen that for a Crab like source, MDP of 5 % can
be achieved in exposure time of ⇠1 Ms (million seconds).
Though such long exposure times are routinely quoted in
the context of X-ray polarimetry, these may not be realistic
for the observatory class mission such as Astrosat. On the
other hand, in the energy range of interest (100 � 300 keV)
the emission from almost all X-ray sources is expected to
be of non-thermal origin and thus can be highly polarized.
This is corroborated by the recent reports of more then 50 %

polarized soft gamma emission by Integral from two bright
X-ray sources Crab and Cygnus X-1 (Forot et al. 2008; Lau-
rent et al. 2011; Jourdain et al. 2012). In this context a more
appropriate question is - given highly polarized X-ray emis-
sion, how well its polarization can be constrained by CZTI
with a typical exposure time of few tens of kilo-seconds.

For an unknown source, the polarization degree P is
given by -

P =

µ

µ
d,100

(5)

where, µ and µ
d,100 are the measured modulation amplitude

for that source and the degraded modulation factor respec-
tively. It should be noted that the degraded modulation
factor µ

d,100 takes into account the effect of Compton scat-
tering of the background photons (both cosmic X-ray back-
ground as well as albedo background) as discussed in C14
and hence it is smaller then µ100 obtained from Geant4

Article number, page 4 of 13

Polarimetry test, Ba133, 356 keV
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SXT: (CCD at the focus of foil mirror optics) 
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SSM: (prop. counter with position sensitive anodes behind Coded Mask)

Figure 4.4 : Plot of response matrix for one of the anodes 

Figure 4.4 : Energy spectra fitted in energy space using the response matrix

The spectral response thus derived is used to simulate the Crab spectrum and hence the Crab

counts.  Also the expected hardness ratio is also estimated from the Crab spectrum.   The

variation of hardness ratio as a function of gas gain variations has been simulated and stud-

ied.  It has been observed that the hardness ratio is very sensitive to gas gain variations and

can be used as a calibrator for any on-board gain variations.  

5 Sensitivity of SSM

SSM sesitivity is calculated using the theoretically estimated detection efficiency and figure

5.1 shows sensitivity over the energy range of interest.  On an average SSM sensitivity is

about 26 mCrab (3 sigma) for an integration time of 10 minutes.  For one of the flight SSM
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Figure 3.1 : Schematic of position calibration experimental set-up

2. For  every  photon  incidence,  the  charge  ratio  which  is  termed  as

observed-charge  ratio  is  calculated.  The  distribution  of  observed-charge  ratio

(hereafter called the Ratio Histogram) along the anode is created. This distribution is

converted to Detector Position Histogram (the observed DPH) using an initial guess

for calibration constants. The observed DPH is superimposed over a simulated DPH

and matched piecewise (in pieces) as shown in figure 3.2. Shift in each piece required

to match observed and simulated DPH is noted. The identified positions are central

positions of the piece after adding the shift.  The identified ratios are found using

positions  without  adding  shifts  and  guess  calibration  constants.  These  identified

positions and ratios database is generated and interpolation of the data is done to get

intermediate values.  

Figure 3.2: DPH matching technique:  (R1,P1) is the initial data point with guess cal

const.  P1 is  corrected  to  P1’ after  adding required  shift  in  position  to  match  the

observed and simulated DPHs.

3.4 Estimation of position resolution 

The simulated DPH has one more parameter (sigma of the position resolution of the anode

wire) that is iteratively changed while the simulated DPH is matched piecewise with the
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• Spectral response

• Position resolution

• Electrical to Physical 
position map
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In-flight Calibration
• Initial calibration during Performance Verification (PV) phase: 6 months
• Periodic calibration later in flight (2% of mission time reserved)

Calibration objectives during PV
SXT 

- Alignment
- PSF
- Effective Area
- Spectral Response
- Background
- Timing
- Contamination 
- CTI

LAXPC 

- Alignment
- FOV
- Effective Area
- Spectral Response
- Background
- Timing

CZTI 

- Alignment
- FOV
- Effective Area
- Spectral Response
- Background
- Timing
- CAM Response

SSM 

- Alignment
- FOV
- Effective Area
- Spectral Response
- Background
- Timing
- CAM and Wire
- Platform Rotation

• Target classes: Stars, Isolated WD & NS, CVs, XRBs, SNRs, AGNs, Clusters
• Several bright, hard sources will be used during these calibration runs
• Many are variable - essential to establish source characteristics via 

simultaneous observations with other missions, e.g. SWIFT, NuSTAR
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ASTROSAT PV phase schedule

SSM

CZTI

LAXPC

SXT

UVIT

3 60 1 42 5
Time after launch (months)

• Request short (~1ks), simultaneous SWIFT observations of selected 
bright targets from ASTROSAT PV phase list

• Will plan ASTROSAT observations concurrent with scheduled NuSTAR 
targets - request collaboration for calibration

• Post-PV, will participate in periodic multi-mission calibration campaigns

Some important PV targets 
common to X-ray payloads: 
Crab, Cas A, Cyg X-1, Cyg X-2, 
Vela X-1, 3C273, Mrk421..
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Thank you


