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ABSTRACT   

A soft X-ray focusing Telescope (SXT) was launched in a near Earth, near equatorial orbit aboard the AstroSat on 
September 28th, 2015. The SXT electronics was switched on within 3 days of the launch and the first light was seen on 
October 26th, 2015 after a sequence of operations involving venting of the camera, cooling of the CCD, opening of the 
telescope door followed by the opening of the camera door. Several cosmic X-ray sources have been observed since then 
during the Performance Verification phase. A few near-simultaneous observations have also been carried out with the 
Swift observatory. The in-orbit performance of the SXT based on these observations is presented here.  
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1. INTRODUCTION  
AstroSat is India’s first space observatory for studies of cosmic objects (stars, galaxies, quasars etc.) by observing 
simultaneously in a very wide band of X-rays from low energy (0.3 keV) to high-energy (100 keV) X-rays and in visible 
light, near-ultraviolet, and far-ultraviolet radiations. It was launched by the Indian Space Research Organization (ISRO) 
on 28 September 2015 at 10:00 IST and placed into a circular orbit ~650 kms above the Earth at an inclination of 6o and 
orbital period of 98 minutes.  The several instruments onboard the AstroSat are: a Charged Particle Monitor (CPM), a 
Cadmium-Zinc Telluride Imager (CZTI), a Scanning Sky Monitor (SSM), three Large Area Xenon Proportional 
Counters (LAXPCs), a Soft X-ray focusing Telescope (SXT), and two UV Imaging Telescopes (UVIT).  A description 
of the principal instruments onboard AstroSat, their specifications and capabilities, is given in [1].    

2. SXT: A BRIEF DESCRIPTION 
SXT is based on the principle of grazing incidence with 40 co-axial shells of gold mirrors assembled in conical 
approximation of the Wolter I geometry. See [1], [2], [3] & [4] for the overall design of the optics and the quality of 
mirrors developed for the SXT.  The development of the gold mirrors for the X-ray optics and their assembly was done 
in the Tata Institute of Fundamental Research, India and the mirror assembly was mated to a Focal Plane camera 
containing a cooled CCD built in collaboration with the Space Research Centre of the University of Leicester, UK.  SXT 
has a focal length of 2 meters, geometric area of ~250 cm2, and was designed to have point spread function of  ~2-3 arc 
min (FWHM).  The X-rays are focused on a CCD (600 x 600 pixels; pixel size=40 microns) cooled by a thermoelectric 
cooler (TEC) connected via a cold finger and a heat pipe to a radiator plate which is designed to be kept at -40oC.  The 
field of view (foV) of the SXT is ~40 arc min diameter and the pixel size on the CCD is ~4 arc sec. Five Fe55 sources 
with four of them shining on the corners of the CCD and the fifth one under the camera door are used for calibration of 
the CCD.  A very thin filter is used above the CCD to block the visible light from X-ray sources but to allow soft X-rays.  
The electronics, built in TIFR, is described in [5]. The CCD can be operated in any of the five readout modes: Photon 
Counting Mode (PC) that covers the enire foV and is the default mode for observations; a Photon Counting Window 
Mode (PCW) with 5 pre-defined windows centered on the CCD; a Fast/Timing Mode (FM) in which only the central  
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150 x 150 pixels of the CCD are read out and that will also be useful for observing very strong cosmic sources to avoid 
pile-up; a Bias Map Mode (BM), and a Calibration Mode (CM) reading from four small windows in the corners (each of 
size=80 x 80 pixels) and a central 100x100 window. X-ray spectral information is available in all the modes, and the 
time resolution in the PC, PCW, CM modes is 2.4 s, and 0.278 s in the FM mode.  A energy threshold is applied to the 
events recorded in the PC, FW, and PCW modes only. A schematic of the SXT is shown in Figure 1 and a more detailed 
description of the SXT has been given in [1]. 

 
Figure 1.  Schematic of the Soft X-ray Telescope (SXT) showing all its main parts, and with actual photographs of the optics 
assembly and the inside of the camera assembly shown on the right 



 
 

 
 

 
 

 

3. SXT OPERATIONS AND PERFORMANCE BEFORE THE FIRST LIGHT 
The instruments onboard AstroSat were activated in a pre-defined sequence after the launch.  On September 30, 2015 the 
processing electronics for the SXT was switched on, and the data were received on a ground station in Bengaluru where 
these are segregated for each instrument and then transmitted to the Payload Operation Center (POC) for the SXT set up 
at TIFR (Mumbai).  Data are received typically for ~12 out of  ~14 orbits per day, and are analyzed at the POC using the 
SXT pipeline software developed by TIFR and SAC (Space Applications Centre), Ahmedabad. The House Keeping 
(HK) information, e.g., the CCD voltages, the camera door pressure, the vacuum level inside the camera, the 
temperatures of the CCD and the cold finger connected to the radiator plate pointed at the night-side of the satellite, the 
bit patterns of the data etc. were monitored on the Low Bit telemetry (LBT) stream.  The health check was satisfactory 
and the high bit telemetry stream was also switched on and the CCD was put into the Calibration mode.  The venting 
operation was initiated on the same day in the following orbit to release the built up gases inside the camera. This 
venting operation, lasting for ~10 minutes every day, was continued until the camera door opening on October 26, 2015. 
The ultimate vacuum inside the camera was, however, achieved on October 6th. The thermoelectric controller (TEC) was 
switched on and the temperature controller was commanded to hold the temperature of the CCD to -82oC on October 8, 
2015 where it has been held till date.  The variations in the temperature of the cold finger and the CCD as recorded on 
October 26, 2015 are shown in Figure 2. 

 
 

Figure 2.  Temperatures of the cold finger (top) and the CCD (bottom) as recorded on 25th October 2015. 

The cold finger temperature has continued to range from about -48oC to -60oC, and the CCD temperature varies between 
-81oC and -85oC till today (end of May 2018).  The CCD readout mode was changed to the Bias mode on October 10, 
2015 and the LED On/Off operations were carried out on October 11, 2015 thus verifying the integrity of the very thin 
optical blocking filter. The CCD mode was changed back to the calibration mode on October 13, 2015 and the telescope 
door in front of the thermal baffle above the X-ray optics assembly was opened on October 15, 2015 and this successful 
operation was monitored on the LBT.  CCD bias maps were obtained on October 25 – 26 until the opening of the camera 
door on October 26 when the mode was changed to the photon counting (PC) mode for the first light. 
  



 
 

 
 

 
 

3.1 Performance of the electronics and the CCD:  Noise level, energy threshold and energy calibration 

The bias mode and calibration mode data were used to characterize the low energy noise and the energy gain values, 
which were then used to set the low energy threshold for the PC, PCW and FW modes and to derive the PHA to energy 
conversion.  These data were then added to the calibration database used in the SXT pipeline.  The SXT pipeline 
software converts the raw SXT data (Level 1) from the ISSDC (Indian Space Science Data Centre) into events files of 
the valid photons, and also extracts images, light curves and the spectra of these events in the entire foV of the SXT, 
after applying the appropriate selection criteria (Level 2).  The data are currently (post-April 14, 2016) being received at 
the SXT POC after being merged from each orbit for a given observation, though sometimes data from individual orbits 
are also received.  The screening criteria are given in Table 2. The histogram of noise distribution was generated from 
the bias map data from Oct 10-13 and Oct 25-26 data, and the peak position of the noise was found at 77 ADC channel 
for both the datasets (Figure 3). The noise performance of the CCD was calculated by fitting a Gaussian to the noise 
peak. The peak noise was calculated ~7.7 e- (peak). The noise threshold level for the photon counting (PC) mode was 
calculated based on this data and set to 120 ADC which is ~4σ above the noise peak and this value is being currently 
applied to the data in the PC, PCW, FW modes at the time of conversion from level 1to level 2.  (The default setting 
onboard is 100 ADU, and the peak of the noise has been found to be at 62 ADC channel since April 2016). The energy 
calibration from the corner sources (and the central source before Oct 26, 2015) is obtained continuously and so far no 
change has been noticed in the gain and the peak positions. A recent sample of the calibration data is shown in Figure 4.  
The spectral calibration has been used to derive the gain function and the spectral response matrix to fit to the spectral 
data. 

 
Figure 3.  Low noise data from Bias map mode taken in October 2015. The x-axis is in ADUs. 



 
 

 
 

 
 

Observational Constraints and Screening Criteria 
Constraints  Screening Criteria  
Sun angle  >=45 degrees CCD Temperature  <= -81, >= -85 oC   
Bright Earth angle  >=110 degrees CPM rate (due to SAA) <=12 counts/s  
Elevation  >=5 degrees Event Grades: 0 – 12 (see XMM-Newton) 
RAM angle  >=12 degrees   

 
Figure 4.  Data from calibration sources summed over from April 14 -25, 2016. The two strongest peaks correspond to the 
5.9 and 6.5 keV X-rays from Fe55 sources.  

 

3.2 Observational Constraints and screening criteria 

The SXT is pointed at a particular source if it meets the observational constraints as listed below in Table 2. 

 

 Table 2. Observational constraints and screening criteria for the SXT 

 

 

 

 

 

 

4. FIRST LIGHT AND SUBSEQUENT PERFORMANCE 
The SXT was pointed towards a blazar known as PKS 2155-304, and the first X-ray image with the SXT was recorded 
on October 26, 2015. Here, we provide the results from this observation and other observations carried out so far. 
 
4.1 First Light: the image quality, background and sensitivity  

The first light image and the X-ray light curve of PKS2155-304 for photons between 0.3 – 8 keV are shown in Figure 5. 
The X-ray background was ~0.03 counts/s. The source was monitored by the Swift Observatory from 25 – 30 October, 
2015 and was found to be at a low intensity of ~1 mCrab and varying by ~20% in the XRT.  The detection level of this 



 
 

 
 

 
 

source in the SXT, and the background level observed, show that an X-ray source at ~1µCrab level will be detectable at 
5σ in integration of ~20000s.  A very preliminary comparison of the SXT spectrum and Swift XRT spectrum from the 
contemporaneous observations is shown in Figure 6, where the two spectra have been fitted with the same broken power-
law spectral model. 

  
 

Figure 5.  First X-ray image and X-ray light curve (time bin=100s) taken on 26th October 2015.with SXT of PKS 2155-304 

 

Figure 6. A preliminary comparison of the SXT (black color) and Swift XRT (red color) spectra of PKS 2155-304 taken on Oct 
25th and Oct 26th, 2015 respectively. 

 



 
 

 
 

 
 

4.2 Bore sight and vignetting 

PKS 2155-304 and 1E0102.2-7219 sources were used to point on different parts of the CCD to determine the bore-sight 
of the telescope, the point spread function (PSF) and vignetting in the SXT as a function of the off-axis angles.   The use 
of PKS2155-304 was not very successful due to the intensity variations in the source from one pointing to another. The 
use of the supernova remnant 1E0102.2-7219 in the Small Magellanic cloud required extremely long observations, as the 
source is very weak in the SXT.  This source emits mostly soft X-rays and is seen in 0.3 – 3 keV energy band only. The 
results from one of the scans are shown in Figure 7 below. The data suggests that the bore sight of the SXT is close to 
center of the foV at X=302(+-7) and Y=285(+-7) pixels. It also gives the vignetting of the telescope area as a function of 
off-axis angle.  

 

 
Figure 7. Count rates obtained for different pointing positions on the CCD frame of 600 x 600 pixels. The maxima give the position 
where the telescope area is maximum, and thus the location of the bore sight of the telescope. [1 pixel = 4 arcsec] 

 

  



 
 

 
 

 
 

 
 

Figure 8. The point spread function (preliminary) of the SXT based on observations of Mrk 110 within 1 arcmin of the bore sight 
(top), and observations of Cyg X-3 imaged about 6 arcmins from the bore sight (bottom). The curves represent a double King profile 
fitted to the data and the fitted values of the parameters are shown along side the figures. 

4.3 Point Spread Function  

The point spread function (PSF) of the SXT has been derived from several observations of point sources.  In Figure 8 we 
show two examples of the PSF derived from observations of Mrk 110 (with 1 arc min of the bore sight) and Cyg X-3 (~6 
arc min away from the bore-sight).  The current data still need to be properly corrected for the attitude variations during 
the observations, and therefore these results are preliminary. These data have been fitted with double King profiles as is 
usually the case in such optics used in ASCA and Suzaku X-ray Observatories. The central parts of the PSF are well fitted 
by the core radius given by the central King function, which is determined to be 40 arcsec for Mrk 110 data and 54 
arcsec for the Cyg X-3 data.  If expressed in terms of the full width half maximum (FWHM), the PSF is ~100 arcsec – a 
value that compares quite well with the ground based observations carried out with a parallel beam of optical light 
incident on-axis on the full aperture of the optics.  The simulations of the SXT optics model, however, had indicated a 
PSF of  <70 arcsec (FWHM).  The second King model is indicative of the scattering in the mirrors and has peak 
brightness of 7% of the central King profile and core radius of ~577 arcsec in case of Mrk 110 (11% and 617 arcsec, 
respectively, in the case of Cyg X-3). The PSF and the vignetting are yet to be incorporated in the modeling of the 
effective areas for spectral fitting. 

4.4 Testing the Spectral Calibration: X-ray Spectra of Supernova Remnants 

Supernova remnants are among the best calibrators for X-ray astronomy.  Crab nebula, which is normally used, is too 
bright for the SXT. We have obtained spectra of Tycho and Cas A supernova remnants with SXT and these are shown in 
Figures 9 and 10. A comparison of the spectra with spectra obtained from other X-ray observatories is also shown here. 
Please note that the exact area calibration of the SXT is not available yet, and therefore this comparison is very 
preliminary. Please also note that SXT spectrum of Cas A was obtained at a large offset from the center of the foV of the 
SXT.  A calibrator for low energy (0.5 – 1.0 keV) X-rays used by the IACHEC (International Astronomical Consortium 
for High Energy Calibration) is the supernova remnant 1E0102.2-7219 in the SMC [6].  They have used data from 
Chandra, Suzaku, Swift and XMM-Newton and provided a spectral model based on observations with these satellites. We 
have also observed this source extensively (see above), and fitted our spectral data obtained from this source with the 
model given by this consortium [6]. The results of this exercise are shown below in Figure 11.  It can be seen from Figs. 
9, 10 and 11, that the spectral capability is as expected and that a fairly good spectral calibration has been achieved. 

This research has made use of data and software provided by the High Energy Astrophysics Science Archive Research 
Center (HEASARC), which is a service of the Astrophysics Science Division at NASA/GSFC and the High Energy 
Astrophysics Division of the Smithsonian Astrophysical Observatory. 



 
 

 
 

 
 

 
Figure 9. A preliminary comparison of the SXT and Swift XRT spectra of Tycho for g0 (zero grade – single pixel) events and g0-12 
(grades 0 – 12, all X-ray types). 

 



 
 

 
 

 
 

Figure 10. A preliminary comparison of the SXT (black), Swift XRT (red) and NuStar (green) spectra of Cas A fitted to a common 
spectral model (Bremsstrahlung + 10 Gaussian lines and 2 power-laws (Γ=2.4 for SXT+XRT and Γ=3.3 for NuStar) high energy tails. 
Only grade 0 (single pixel) events are shown for SXT and XRT. Swift and NuStar data ere obtained from public archives, 

 

Figure 11. SXT Spectrum of E0102.2-7219 fitted with the IACHEC model provided by Plucinsky et al. [6]. These results are 
preliminary. 

REFERENCES 

[1] Singh, K. +48, " ASTROSAT mission ", Proc. SPIE 9144, Space Telescopes and Instrumentation 2014: 
Ultraviolet to Gamma Rays (2014).  

[2] Westergaard, N. J., Byrnak, B. P., Christensen, F. E., Grundsoe, P. and Hornstrup, A., “Status of the 
development of a thin-foil high-throughput X-ray telescope for the Soviet Spectrum X-gamma mission,” 
Optical Engineering, 29, 658-665 (1990). 

[3] Kunieda, H., Ishida, M., Endo, T., Hidaka, Y., Honda, H., Imamura, K., Ishida, J., Maeda, M., Misaki, K., 
Shibata, R., Furuzawa, A., Haga, K., Ogasaka, Y., Okajima, T., Tawara, Y., Terashima, Y., Watanabe, M., 
Yamashita, K., Yoshioka, T., Serlemitsos, P. J., Soong, Y. and Chan, K-W., “X-ray Telescope onboard Astro-E: 
optical design and fabrication of thin foil mirrors,” Applied Optics, 40, 4, 553-564 (2001). 

[4] Archana Sagdeo, Rai, S. K., Lodha, G. S., Singh, K. P., Yadav. N., Dhawan, R., Tonpe, U. and Vahia, M. N., “ 
X-ray Characterization of Thin Foil Gold Mirrors of a Soft X-ray Telescope for ASTROSAT,” Experimental 
Astronomy, 28, 11-23 (2010). 

[5] Kothare, A., Mirza, Irfan, Singh, K. P. and Abbey. A. F., “FPGA-based flexible CCD control system for X-ray 
astronomy payloads,” Nuclear Instruments and Methods in Physics Research A, 604, 747-754 (2009). 

[6] Plucinsky, P. E, Beardmore, A. P., Foster, A., Haberl, F., Miller, E. D., Pollock, A. M. T. and Sembay, S., 
“SNR 1E 0102.2-7219 as an X-ray Calibration Standard in the 0.5–1.0 keV Bandpass and Its Application to the 
CCD Instruments aboard Chandra, Suzaku, Swift and XMM-Newton,” Astronomy & Astrophysics (2016), 
submitted. 


