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Abstract. Soft X-ray telescope (SXT) built on the principle of grazing incidence optics was launched onboard AstroSat on September 28, 2015, and made operational on October 26, 2015. The telescope optics
consists of two conical sections of approximate paraboloid and hyperboloid mirror segments arranged in
Wolter type-I design. It comprises a total of 320 mirror segments made from aluminum foil of 0.2 mm
thickness coated with gold on the front (reflective) side by the replication process that was first used in the
Suzaku Observatory. The mirrors focus X-rays in the energy range of 0.3–8.0 keV on to a charged coupled
device-based focal plane camera assembly at a distance of 2 m. We present here the pre-launch, groundbased calibration, and evaluation of SXT optics carried out at the X-ray Optics Laboratory at the Tata
Institute of Fundamental Research. The SXT optics assembly was calibrated and evaluated experimentally,
using scans by a collimated optical beam from a laser source, as well as using a full-aperture optical beam
from an inverse telescope. A collimated beam of a red laser source was used to ensure the accuracy of
mounting of individual mirror segments and the full aperture beam white light-emitting diode (LED) source
was used to estimate the point spread function (PSF) of all 320 mirrors together. The approximate PSF
obtained during the ground calibration was around 136.6 arcsec. These results were in accordance with the
results obtained during the in-orbit calibration post launch.
Keywords. X-ray optics—soft X-ray telescope—Wolter type-I optics—AstroSat—X-ray astronomy.

1. Introduction
AstroSat (Agrawal 2006; Singh et al. 2014; Singh
2015) is India’s first space observatory for studies of
cosmic objects by observing simultaneously in a very
wide band of X-rays from 0.3 to 100 keV, and in nearultraviolet and far-ultraviolet radiations. It was launched by the Indian Space Research Organization
(ISRO) on September 28, 2015, and placed into a
circular orbit of  650 km above the Earth at an
inclination of 6 . The orbital period of the satellite is
98 min. The instruments on-board AstroSat are a
charged particle monitor, a cadmium–zinc telluride
imager, a scanning sky monitor, three large area xenon

proportional counters, a soft X-ray focusing telescope
(SXT), and two ultraviolet imaging telescopes. A
description of all the principal instruments on-board
AstroSat, their specifications and capabilities, is given
in Singh et al. (2014). The SXT was designed for
spatially resolved spectroscopic, timing, and imaging
studies of cosmic sources in the energy range of
0.3–8 keV (Singh et al. 2016, 2017a,b).
X-ray focusing telescopes are required to have high
reflection efficiency across the operational energy
band. Since the refractive indices for all known elements at X-ray wavelengths (100–0.1 Å or energies
from 0.1 to 100 keV) are very close to unity, therefore
X-ray focusing telescopes are based on the principle
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Figure 1. Wolter-I design for X-ray optics, showing a
section of paraboloid and hyperboloid mirrors (green) cut
from the bigger paraboloid and hyperboloid surfaces (blue
lines).

Figure 2. Ray diagram for focusing X-ray optics design
using nested shells of mirrors to increase the effective area
of a telescope.

of grazing incidence to ensure good reflectivity of
X-rays. The imaging capability further requires that
the mirror elements employed be configured in a very
special way. The Wolter-I configuration (Wolter
1952a,b) of doubly reflecting optics (Figure 1) is
widely used for X-ray telescopes that provide good
sensitivity and imaging resolution in a short, compact,
and practical design. Such a design consists of a set of
co-axial and confocal shells of paraboloid and
hyperboloid mirrors. X-rays are first reflected by an
internally reflecting paraboloid mirror and then
reflected to the prime focus of the telescope by a
hyperboloid mirror. At a grazing incidence angle ‘‘a,’’
the active region of the mirror is just a small fraction
(1/a) of the mirror’s geometric area, giving a small
collecting area. Therefore, several Wolter-I shells are
usually nested co-axially to increase the reflecting
areas (Figure 2) (Mao et al. 1999; Singh 2005, 2011;
Windt et al. 2009).
Segmented shells are used for the optics because of
their advantage of coupling lightweight and low-cost
designs in comparison with the monolithic mirrors
of similar reflecting areas. Space-based X-ray astronomical telescopes (Aschenbach 2009) such as the
ASCA (Tanaka et al. 1994), Suzaku XRT (Serlemitsos
et al. 2007), and NuSTAR (Koglin et al. 2009) use
segmented mirrors in quadrants as compared with the
Chandra X-ray Observatory, XMM–Newton (Weisskopf et al. 2000; Jansen et al. 2001), and Swift XRT
(Burrows et al. 2005) that use either monolithic mirrors or complete shells of mirrors. Thin aluminum
foils or glass sheets are considered to be good candidates to build segmented optics with large effective
areas and good angular resolution. ASCA was the first
example that used thin foils of aluminum and carried
four such telescopes each with 120 nested shells. This
 420 kg observatory was the first example in which

segmented conical foil mirrors were used for focusing
X-rays. The reflectors of the Suzaku XRT were produced via a replication method, and each of the four
telescopes in it had 175 nested shells of foils in
approximate Wolter-I geometry for grazing incidence.
NuSTAR also implemented a similar design consisting
of 133 concentric mirror shells of thin glass coated
with Pt/SiC and W/Si multilayers.
The SXT aboard the AstroSat (Singh et al. 2014, 2016;
Singh 2015), is also based on the Wolter-1 configuration.
It consists of 40 concentric shells of grazing incidence
reflectors focusing X-rays on a cooled charged coupled
device (CCD)-based focal plane camera assembly
(FPCA). The mirror segments were assembled in quadrants in conical approximation to the exact paraboloid and
hyperboloid shapes. Thus, 40 shells of mirrors were built
and assembled quadrant-wise (a total of 320 mirrors) for
1a and 3a sections. Each segment was fixed in specially
made grooves and spokes arrangement similar to that used
in the Soviet–Danish Roentgen Telescope for the Spectrum Roentgen-Gamma mission (Westergaard et al.
1989). The mirror assembly of the soft X-ray telescope
(SXT) is shown in Figure 3.
The reflecting surfaces of the mirrors of the SXT
were produced through a replication method (Serlemitsos & Soong 1996). Here, a thin (  1500 Å) gold
layer was first sputtered (in a direct current magnetron
system) on highly smooth borosilicate glass cylinders
of appropriate sizes obtained from Schott, Germany.
This gold layer was then transferred to an aluminum
substrate of 0.2 mm thickness with epoxy, Epotek
301, as an intermediate adhesive using a process that
was first used in X-ray telescopes for Japanese–USA
observatory, Suzaku launched in 2005 (Kunieda et al.
2001; Serlemitsos et al. 2007).
The overall design of the optics, the developing,
testing, and assembling of mirrors for the SXT were
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Figure 3. Mirror assembly of an SXT.

carried out at the Tata Institute of Fundamental
Research (TIFR), Mumbai. More than 50 mirror segments, selected randomly, were tested with a synchrotron source Indus I (155–300 eV) and also with a
sealed X-ray tube (5.4 and 8.05 keV) developed inhouse at Raja Ramana Centre for Advanced Technology, Indore (Sagdeo et al. 2010). Post assembly, calibration and evaluation of the SXT mirror assembly were
carried out experimentally by scanning the optics using
a collimated beam of the red laser source (6700 Å,
beam diameter ¼ 2 mm), as well as using a full-aperture
optical beam (white LED) from an inverse telescope.
The collimated beam of the laser source ensured the
calibration of individual mirror segments and a fullaperture optical beam source was used to estimate the
point spread function (PSF) of all 320 mirrors together.
The mirror assembly was subjected to various qualification tests such as vibration tests, shock tests, and
thermovac tests several times at ISRO’s Centre in
Bangalore. The calibration of the mirror assembly using
both, laser beam source and full-aperture optical beam
source, was repeated after each of these tests.
Optical tests have been used from the early days to
check the performance of the X-ray mirrors for geometrical optics and have been quite useful for studying
the image quality of telescopes made from such mirror
segments (Kunieda & Serlemitsos 1988). These tests,
however, cannot provide and predict the amount of
scattering at X-ray wavelengths, which is a wavelength-dependent physical property of the mirrors
(Aschenbach 1985). These properties were measured
during the in-flight performance of the SXT using
parallel beams of X-rays coming from cosmic X-ray
sources (Singh et al. 2016).
In this paper, we present the final results of the
ground calibration of the SXT. In Section 2, we

Figure 4. A schematic layout of the final configuration of
the SXT on-board AstroSat showing main dimensions and
convergence of a grazing incidence parallel beam on to the
CCD chip inside FPCA.

describe the configuration of the mirror assembly and
focal plane camera assembly (FPCA). In Section 3,
we present the results of ground calibration of the
flight model of the SXT optics using a laser beam
source and in Section 4, we present the results
obtained by evaluating the flight model optics using
a full-aperture optical beam source. In the same
section, we also describe the procedure used to calculate the depth of the focal length of the SXT,
followed by the study of the effect of temperature on
the PSF of the optics. Our conclusions are presented
in Section 5.

2. Configuration of SXT
A schematic layout diagram of the final configuration
of the fully assembled SXT with its salient dimensions
is shown in Figure 4. The telescope has a focal length
of 2 m, and the path of a parallel beam of light converging to a CCD chip placed at the focal point is also
shown in Figure 4. The combined geometric area of all
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the mirror segments is  250 cm2 . A thermal baffle is
placed on top of the mirror assembly to provide limited
protection to the telescope from the Sun, and also to
provide a base for mounting the heaters to maintain the
optics within a certain specified range of temperatures
(25  5 C). The deployable door at the top provides
protection against contamination of optics during
assembly and ground operations and testing. This door
was deployed 2 weeks after launch, in a one-time
operation, and is perched at an angle of 256 with
reference to the axis of the telescope. This angle is
chosen to avoid the door casting a shadow on neighboring instruments. The thermal baffle and 1a section
of mirror assembly are placed in a forward tube made
up of composite fiber reinforcement plastic (CFRP).
The 3a section of the optics is placed in a rear tube 1.
Ring 2 provides an interface between the forward tube
and rear tube 1 through the middle flange of the optics
assembly. A deck interface ring is placed at the center
of gravity of the assembled system and is used to
interface the SXT with the deck of the satellite. A rear
tube 2 at the end, connects the optics to a vacuumsealed FPCA placed such that the incoming rays are
focused onto a CCD chip inside (Singh et al.
2016, 2017a).
The FPCA consists of a cryostat door, a pre-amplifier, a detector assembly including an optical
blocking filter and a cold finger, a venting system, a
proton shield, and five Fe55 calibration sources. A
thermoelectric cooler is coupled with CCD-22 (to
cool the CCD between 65  C and 80  C) inside the
cryostat and connected via a flex-print circuitry to an
interface connector on the pre-amp board. The entire
cryostat body is made up of aluminum alloy and is
gold plated for thermal insulation. The CCD-22 (E2V
Technologies Inc., UK) consists of 600  600 pixels
each of 40  40 lm dimensions and read out through
a field-programmable gate array driven electronics
with the preamplifier signal output from the FPCA
being processed by an external main electronics box
used for signal processing, power drives, clocks,
temperature controller, and data communication
(Kothare et al. 2009). Of the five Fe55 calibration
sources housed inside, one each is made to shine on
each of the four corners of the CCD, and one is under
the camera door illuminating the rest of the CCD.
Each source provides characteristic X-rays of energies 5.895 keV (Mn Ka) and 6.49 keV (Mn Kb). An
X-ray image of the cooled CCD illuminated by its
internal calibration sources is shown in Figure 5. It
shows the blemish-free quality of the CCD used. Its
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Figure 5. The CCD frame with its calibration sources.

central portion shows the field of view used for
astronomical X-ray sources.
The FPCA was designed by the Space Research
Centre of the University of Leicester, UK. It was
manufactured in the UK and India and assembled in
the UK. The main processing electronics unit to drive
and clock the CCD to interface its output with the
satellite bus and communication systems was
designed and built in TIFR, Mumbai. The CCD-22
used in the FPCA is from the same batch of MOS
CCDs as the ones manufactured for the European
Photon Imaging Camera on-board the XMM–Newton
and Swift X-ray observatories.
The total length of the SXT, inclusive of the optics
and the FPCA, is  2.465 m, whereas the telescope
envelope diameter is 38.6 cm. The optics assembly of
the mirror segments weighs only 11 kg and the FPCA
weight is 9.26 kg. The total mass of fully assembled
SXT including that of an external main electronics
box (9.6 kg) is 69.6 kg.
All the calibration and evaluation tests described in
Sections 3 and 4 were first conducted on the engineering model (EM) mirror assembly and then repeated on the flight model (FM) mirror assembly. The
EM of the SXT was identical to the FM in terms of the
arrangement of mirror segments, except that it had
only one quadrant consisting of all 40 gold-coated
mirror segments for both 1a section and 3a section. The other three quadrants of 1a and 3a in the EM
had three gold-coated mirror segments each, with the
rest being of plane aluminum foils. Here, we present
in detail the procedures adopted and the results
obtained from the testing of the FM mirror assembly.

J. Astrophys. Astr. (2021)42:103

Figure 6. Setup used for laser scanning of stand-alone
optics assembly.
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Figure 7. Flat mirror pieces mounted on the mirror
assembly and the screen to align them parallel to each other.

3. Evaluation of the SXT with a laser beam
The calibration of the FM stand-alone mirror assembly (before integration with CFRP tube) was carried
out using a collimated beam from a laser source to
scan individual mirror segments, whereas to study the
overall effect of all mirror segments together, a parallel beam source from an inverse telescope was used.
The mirror assembly was subjected to qualification
levels of vibration, thermal, and shock tests a few
times, and the calibration process was repeated after
each test. After successfully undergoing the final
qualification tests, FM mirror assembly was integrated
with the CFRP tube and calibration tests were repeated. In this section, we describe the setup and procedure adopted for the calibration and evaluation
using a laser beam source.

3.1 Mirror assembly alone with a laser beam
and a simple projection screen
A schematic diagram of the experimental setup for
laser scanning of FM stand-alone mirror assembly is
shown in Figure 6. A laser beam source (6700 Å,
beam diameter = 2 mm), mounted on a traveling X–Y
mount, was placed in front of the 1a side of the mirror
assembly and a screen in front of 3a at a distance of
2 m from the center of the mirror assembly (Figure 6).
Prior to the evaluation of the mirror assembly, the
plane of the source, mirror assembly, and that of the
screen was aligned parallel to each other using a
‘‘theodolite.’’ In the first step, the horizontal angle
between the mirror assembly and the theodolite was
reduced to zero by adjusting the leveling screws of the
theodolite. Later rotating the telescope of the
theodolite by 180 , leveling screws of the X–Y mount
were adjusted until the laser beam coincided with the
theodolite axis. This ensured that the laser beam was

Figure 8. Slit masks used to scan individual mirror shells
in all quadrants.

exactly along the principle axis of the mirror assembly, perpendicular to its plane. Similarly, the screen
was also aligned parallel to the mirror assembly in
later steps. Pieces of flat mirrors (flatness ¼ k/10)
were mounted on the mirror assembly and the screen
to measure the horizontal angles accurately (Figure 7).
Black-coated masking plates (Figure 8) made out of
aluminum, developed in-house, were used to scan
individual mirror segments. Each of these mask plates
had seven or eight concentric slits of 0.5 mm slit
width. The placement of the slits on each mask plate
was such that every fifth mirror segment was exposed
to the source. For example, using the mask plate no. 1,
1st, 6th, 11th, 16th, 21st, 26th, 31st, and 36th mirror
segments in each quadrant could be scanned. Using
the second mask, 2nd, 7th, 12th, etc., mirror segments
were scanned (Table 1). All 40 mirror segments in
each quadrant could be scanned individually using the
set of these five mask plates. Blank plates of the same
dimensions were also developed in-house to completely block individual quadrants if required. The
central reference position for the beam spot on the
graph paper was marked using the blank plates,
allowing the laser beam to pass only through the
central pinhole along the principal axis of the mirror
assembly. Each mirror segment was then scanned
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Table 1. Slit mask plates and corresponding
exposed mirror numbers.
Mask
plate no.
1
2
3
4
5

Mirrors exposed
1, 6, 11, 16, 21, 26, 31, 36
2, 7, 12, 17, 22, 27, 32, 37
3, 8, 13, 18, 23, 28, 33, 38
4, 9, 14, 19, 24, 29, 34, 39
5, 10, 15, 20, 25, 30, 35, 40

using different mask plates and the position of the
reflected beam spot was marked on the graph paper
screen, with respect to the central spot.
It was observed that, while most mirror segments
reflected the beam very close to the central reference
spot, a few of them focused the beam slightly away.
These mirror segments were then tuned manually
using a pin, until the reflected beam spot coincided
with the center. Each mirror segment was then glued
on the one side to the spokes using 0.015 g of epoxy
(Epotek 301) solution, which fixed them at the tuned
position permanently. A similar procedure was used to
tune the 3a set of mirror segments.
The positions of reflected spots from mirror segments were binned according to their radial distance
from the central reference spot, with a bin size of
2 mm. The bar plot in Figure 9 shows the number of
reflected spots in each bin for the entire mirror
assembly. The graphical representation for the same
data is presented in Figure 10. It was observed that
around 77.5% of all mirror segments reflected beam
within 2 mm from the center. Thereafter the mirror
assembly was subjected to various qualification tests
repeatedly, before integrating it with the CFRP tube.

Figure 9. Cumulative binned distribution of reflected
beam spots from the central position for all quadrants.

Figure 10. Graphical view of all reflected beam spots for
all quadrants together. Each point depicts the X and
Y coordinates of reflected beam spots on the graph paper.
The numerical value in each cell corresponds to the number
of reflected beam spots observed at that location.

3.2 Mirror assembly mounted in the CFRP tube
and a CCD camera
The evaluation of the mirror assembly using a laser
beam source was repeated after integrating it with
the CFRP tube. The test precision was improved by
replacing the screen with an optical CCD camera
(SBIG KAF-8300 CCD), mounted at the other end of
the CFRP tube (Figure 11). Although the camera
consisted of 3326  2504 pixels, with each pixel size
being 5.4  5.4 lm, all the images were obtained
with a window frame of 1117  843 pixels. The
physical dimensions of the optical CCD sensor chip
were smaller (17.96  13.52 mm), as compared to

Figure 11. SBIG CCD camera fitted at the other end of
the CFRP tube.

J. Astrophys. Astr. (2021)42:103
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Figure 12. Position of the beam spot from the central
pinhole on the SBIG CCD frame.

Figure 14. Cumulative distribution of reflected spots from
the central position after integration.

Figure 13. Pixel numbers for the center reference
position.

the X-ray CCD chip (24  24 mm) used in the
FPCA, thus ensuring that if all the reflected spots are
focused on the optical CCD, they will eventually be
within the field of view of final X-ray CCD. The
precision in the measurement was greatly improved
with CCD as a detector compared to the graph paper
screen.
The position of the reference beam from the center
with respect to the CCD frame is shown in Figure 12. Pixel coordinates at the approximate center
of the spot were fixed as a reference point (Figure 13). Similarly, center coordinates for all other
reflected spots from different quadrants were considered for calculating their radial distance from the
reference point. As before, reflected spots from each
mirror segment were binned based on their radial
distance as shown in Figure 14. All the reflected
spots were within 2 mm distance from the central
reference point and about 75.67% were within
1.2 mm. All the images were recorded with an
exposure of 0.09 s.

Figure 15. Reflected beam spots from all quadrants as
recorded on the SBIG CCD.

Since the mirror segments are arranged in concentric
shells, some off-axis beams may also be scattered off
from the backside of the mirror segment shell giving
rise to the diffused halo as shown in Figure15. Hence,
it is important to estimate the resolution of the telescope based on its PSF, which describes the two-dimensional distribution of light in the telescope focal
plane for astronomical point sources. Good PSF evaluation is especially critical for telescopes that are
intended to have near-diffraction-limited performance
especially the space-based telescopes.
Figure 16 shows the image of a reflected beam spot
by mirror segment 12 in quadrant C. The major and
minor axis marked are in green. The intensity was
sampled along these axes (width of single pixel) and
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Figure 16. The 2D line profile along with the minor and
major axis for one of the reflected beam spots (quadrant D,
mirror 5).
Figure 18. Gaussian fit for the line profile along the major
axis.

focus of an inverse telescope. Although a very small
aperture mimicking a point source is desired, it also
cuts down the light intensity. As before, the standalone mirror assembly was scanned quadrant-wise
with a graph paper as the screen, and then by using the
SBIG CCD camera after integrating it with the CFRP
tube. Two additional experiments were conducted to
verify the focal length depth (before integration with
the CFRP tube) and to study the temperature change
effect on the mirror assembly (after integration with
the CFRP tube).
Figure 17. Gaussian fit for the line profile along the minor
axis.

their curves were fitted to a Gaussian to obtain the
full width at half maximum (FWHM), as shown in
Figures 17 and 18. Since the FWHM was obtained in
pixel numbers, it was converted to a linear scale
(millimeter) by multiplying it with a pixel size of
5.4 lm (Table 2). The PSF of each mirror segment can
be approximated as the area occupied by the reflected
spot at 50% of the maximum intensity. Hence, PSF ¼
p  FWHMmajor  FWHMminor . The average PSF for
the reflected beam spot was found to be around 1.55 ±
0.001 mm2 , equivalent of  128.40 arcsec.
4. Evaluation of mirror assembly using a
full-aperture optical beam
Experiments were conducted to calibrate the mirror
assembly using a full-aperture optical beam source
created by placing a white LED with a small aperture
(white light LEDs of 2 and 5 mm aperture) at the

4.1 Calibration of the stand-alone mirror assembly
A schematic diagram of the experimental setup for
the full-aperture optical beam source is shown in
Figure 19. A 10-inch aperture parabolic primary mirror
with a focal length of 2 m was fixed at one end of the
PVC tube and the collimation screws behind the primary mirror were used to tune the mirror exactly
perpendicular to the PVC tube. At the focal point of
this mirror, a white LED bulb (Figure 20) of 5 mm
aperture was placed facing the mirror. The light
reflected off the primary mirror was thus a parallel
source of light, which was verified using a theodolite in
infinity focus mode. The convergence of the beam was
also verified manually at various distances up to 3 m.
The beam size of 310 mm was measured very close to
the PVC tube. At a distance of 1.5 m from the PVC
tube, it decreased to 260 mm and at 3 m, it was found
to be 210 mm. A convergence of 4 arcmin was
observed, which was reduced to 2 arcmin by fine
tuning the collimation screws and introducing
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Table 2. FWHM obtained along both the axes for a few
mirror segments in each quadrant scanned using a laser
beam source.
Quadrant
mirror
no. (s)
A1
A9
A16
A24
A32
A40
B7
B15
B22
B27
B32
B39
C2
C7
C12
C20
C30
C38
D1
D7
D11
D19
D27
D40

FWHM
minor
axis (mm)
0.81
0.73
0.73
0.73
0.78
0.73
0.67
0.58
0.62
0.64
0.67
0.67
0.59
0.77
0.61
0.68
0.74
0.82
0.54
0.64
0.57
0.64
0.62
0.68

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.005
0.002
0.002
0.001
0.003
0.002
0.003
0.002
0.002
0.001
0.002
0.003
0.001
0.002
0.002
0.002
0.002
0.002
0.002
0.001
0.001
0.002
0.001
0.002

FWHM major
axis (mm)
0.84
0.78
0.77
0.75
0.82
0.74
0.77
0.72
0.65
0.66
0.70
0.68
0.63
0.82
0.83
0.69
0.77
0.82
0.59
0.66
0.63
0.68
0.62
0.76

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.005
0.002
0.002
0.001
0.002
0.002
0.003
0.002
0.002
0.001
0.001
0.002
0.002
0.004
0.006
0.002
0.002
0.003
0.001
0.001
0.001
0.002
0.001
0.002

Area
occupied
(mm2)
2.11
1.78
1.76
1.70
2.01
1.71
1.63
1.31
1.26
1.31
1.46
1.43
1.13
2.00
1.59
1.49
1.80
2.11
1.00
1.33
1.12
1.36
1.20
1.60

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.018
0.008
0.006
0.004
0.008
0.008
0.009
0.007
0.007
0.005
0.005
0.009
0.005
0.012
0.014
0.006
0.007
0.009
0.005
0.004
0.004
0.007
0.004
0.008

shimming plates between the LED and the holder. The
source assembly, mirror assembly, and the screen were
then aligned parallel to each other by repeating the
procedure described in Section 3.
Using various combinations of the mask plates for
different quadrants, the average PSF was estimated to
be within 2 mm, equivalent to  180 arcsec. The
images presented in Figures 21–23 show the cumulative beam spots obtained from all quadrants, for
different combinations of mask plates.

Figure 19. Setup of stand-alone optics for a full aperture
parallel beam source scan.

Figure 20. White LED (5 mm) mounted on a small black
box facing the primary mirror of the inverse telescope.

Figure 21. Quadrant A masked with slit plate 1, quadrant
B masked with slit plate 2, quadrant C masked with slit
plate 3, and quadrant D masked with slit plate 4.

4.2 Estimation of the focal depth of the SXT
The focal depth of the stand-alone mirror assembly
was measured by placing the graph paper screen at
different distances from the mirror assembly. Starting
from a distance of 1996 mm, measured from the
middle flange between 1a and 3a sections of the
mirror assembly, the screen was gradually shifted

Figure 22. Quadrant A masked with slit plate 2, quadrant
B masked with slit plate 3, quadrant C masked with slit
plate 4, and quadrant D masked with slit plate 1.

away in steps of 2 mm until it reached a distance of
2004 mm. At each step, the reflected beam spot size
was measured on the graph paper along its major and
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Figure 23. Quadrant A masked with slit plate 3, quadrant
B masked with slit plate 4, quadrant C masked with slit
plate 1, and quadrant D masked with slit plate 5.

minor axes. The spot size remained constant over a
range of ±3 mm from the average focal length of
2000 mm as per the design based on the grazing
incidence of conical approximation of Wolter type-I
optics. The spot sizes at different distances are shown
in Figure 24.
4.3 Calibration and evaluation of the mirror
assembly after integration with the CFRP tube
The full-aperture optical beam tests were repeated
with a 2 mm aperture white LED after integrating
the mirror assembly with a CFRP tube. The SBIG
CCD camera was mounted at the rear end as before
as shown in the schematic diagram in Figure 25.
Various combinations of mask plates were again
used for all the quadrants, and FWHM for each
image (exposure 0.09 s) was calculated (Table 3).
The average PSF of reflected beams was found to be
1.97 ± 0.004 mm2 , equivalent to  144.75 arcsec.
The cumulative radial distance plot (Figure 26) for
all the reflected spots shows that all the spots lie
within a distance of 2 mm from the central reference
position, while 83.78% spots lie within 1.2 mm from
the center.

Figure 24. A full aperture parallel beam focused by the
FM optics assembly at variable distances from 2004 to
1996 mm.

4.4 Study of temperature effect on the PSF of the SXT
The forward CFRP tube was wrapped with electric
heating belts, near the middle flange, thus heating
the 1a section of the mirror assembly. One NT-4
series thermistor (negative temperature coefficient)
was placed at the middle flange from outside and
the other one was placed inside the mirror assembly,
touching one of the mirror segments. The temperature of the CFRP tube near the middle flange
(Table 4) was varied from 19 C to 45 C. The PSF
did not show much variation for the mirror temperature range of 21–28 C, as required for

Figure 25. Setup to scan the integrated FM mirror
assembly using a full-aperture optical beam source.

qualification. No mask plates were used and all
quadrants were exposed uniformly for an exposure
time of 0.5 s.
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Table 3. FWHM obtained along both axes for various combinations of mask plates for all
four quadrants, scanned using a full-aperture optical beam source.
Quadrant-mask
plate no.

FWHM minor
axis (mm)

FWHM major
axis (mm)

Area occupied
(mm2)

QuadA-Mask1
QuadA-Mask3
QuadA-Mask4
QuadA-Mask5
QuadA-Fullopen
QuadB-Mask1
QuadB-Mask2
QuadB-Mask3
QuadB-Mask4
QuadB-Mask5
QuadB-Fullopen
QuadC-Mask1
QuadC-Mask2
QuadC-Mask3
QuadC-Mask4
QuadC-Mask5
QuadC-Fullopen
QuadD-Mask1
QuadD-Mask2
QuadD-Mask3
QuadD-Mask4
QuadD-Mask5
QuadD-Fullopen
QuadABopen
QuadBCopen
QuadCDopen
QuadDAopen
QuadACopen
QuadBDopen
QuadABCopen
QuadABDopen
QuadACDopen
QuadBCDopen
Fullbeam1
Fullbeam2
Fullbeam3

0.51
0.50
0.83
0.37
0.45
0.84
0.65
0.58
0.83
0.91
1.09
0.50
0.51
0.63
0.53
0.51
0.50
0.54
0.52
0.45
0.56
0.56
0.64
0.54
0.59
0.54
0.65
0.58
0.62
0.67
0.65
0.62
0.55
0.63
0.66
0.63

1.54
1.33
1.40
0.74
1.30
2.04
1.07
1.40
1.56
1.82
1.37
1.13
0.75
0.97
1.57
0.60
0.67
0.67
0.55
1.01
1.11
0.67
0.97
0.86
0.77
0.69
0.67
0.80
0.65
0.69
0.67
0.67
0.71
0.72
0.72
0.72

2.48
2.10
3.63
0.86
1.85
5.36
2.16
2.55
4.08
5.20
4.68
1.77
1.21
1.92
2.61
0.97
1.05
1.09
1.08
1.43
1.97
1.19
1.94
1.47
1.41
1.17
1.36
1.45
1.27
1.46
1.37
1.25
1.23
1.42
1.49
1.42

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.002
0.002
0.002
0.003
0.002
0.002
0.002
0.003
0.003
0.001
0.003
0.002
0.002
0.001
0.003
0.004
0.006
0.007
0.004
0.001
0.004
0.006
0.002
0.004
0.005
0.005
0.004
0.005
0.005
0.006
0.004
0.006
0.004
0.004
0.009
0.002

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.002
0.004
0.005
0.002
0.001
0.001
0.001
0.003
0.005
0.006
0.008
0.004
0.002
0.001
0.003
0.003
0.002
0.002
0.002
0.001
0.005
0.006
0.005
0.005
0.005
0.004
0.004
0.003
0.002
0.004
0.003
0.003
0.005
0.004
0.009
0.005

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.012
0.015
0.024
0.008
0.011
0.014
0.008
0.017
0.031
0.040
0.044
0.018
0.008
0.006
0.021
0.013
0.014
0.016
0.010
0.006
0.025
0.024
0.020
0.020
0.021
0.016
0.016
0.016
0.014
0.020
0.014
0.017
0.020
0.018
0.038
0.015

Table 4. Effect of temperature on FWHM and PSF of the mirror assembly.
Flange temp.
(°C)
19
25
30
35
40
45

Mirror temp.
(°C)
21
22
23
25
26
28

FWHM minor axis
(mm)
0.80
0.85
0.86
0.9
0.85
0.81

±
±
±
±
±
±

0.011
0.010
0.011
0.012
0.011
0.011

FWHM major axis
(mm)
0.88
0.99
1.01
1.02
0.93
0.97

±
±
±
±
±
±

0.011
0.014
0.008
0.013
0.011
0.014

Area occupied
(mm2)
2.21
2.63
2.71
2.89
2.49
2.48

±
±
±
±
±
±

0.058
0.069
0.057
0.075
0.062
0.071
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of the telescope. Whereas the full-aperture optical
beam scans helped in evaluating the PSF and overall
performance of the optics.

Acknowledgements

Figure 26. Cumulative binned distribution of reflected
spots from the central position, for all quadrants using a
full-aperture optical beam source.

5. Conclusion
We have studied the optical beam testing of the
grazing incidence SXT optics assembly of 320 mirror
segments at various stages of the assembly and qualifications before launch. Comparing the plots obtained
in Figures 15 and 26, it can be stated that the effective
scatter of reflected beam spots was observed to be
much less when scanned with a full-aperture optical
beam source as the back-surface scattering reduced
considerably. While all the mirror segments focused
within a range of 2 mm from the central reference
point,  75% of the mirror segments focused with
1.2 mm when scanned with a laser beam source.
When scanned with a full-aperture optical beam
source, the number increased to  84%. The results
obtained during the measurement of the focal depth
and studying the effects of temperature variation
showed that the mirror assembly performance was
well within the desired levels.
The FWHM obtained using both the sources
remained more or less constant and correspondingly
the average PSF value of the FM optics was found to
be  136.6 arcsec. Post launch, the in-orbit PSF of
SXT has been derived from several X-ray point
sources such as Mrk 100 and Cyg X-3, and was found
to be  100 arcsec (Singh et al. 2016), comparable to
the results obtained during the ground calibration of
the optics. The simulations of the SXT optics model,
however, had indicated a PSF of \70 arcsec. Laser
beam scans were effective in scanning individual
mirror segments and fine tuning their positions in the
mirror assembly to improve the resolution and focus
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