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Abstract X-ray reflectivity measurements were performed on several thin foil
gold mirrors fabricated in TIFR for a Soft X-ray Imaging Telescope. The
mirrors were made from thin aluminum foils with a reflecting layer of sputtered
gold transferred from a smooth glass mandrel using an epoxy. X-ray reflectivity
measurements were performed on a sample of randomly selected mirrors using
CuKα (8.05 keV), CrKα (5.41 keV) X-rays and also at several energies in the
energy range of 155–300 eV using the synchrotron source Indus-1. It was found
that the roughness of the low-density top gold layer as obtained from the fitting
of X-ray reflectivity data for CuKα radiation is relatively more as compared to
that obtained from the CrKα radiation. This indicates that in the mirrors made
by this process, the upper surfaces are smoother as compared to the deeper
layers. It was also observed that the critical angle almost vanishes in the very
low energy range of 290–300 eV due to strong absorption effects of the low
density material sitting on top of these mirrors. Due to this absorption effect,
efficiency of these mirrors reduces in this energy range. This is first time that
reflectivity measurements are being reported for very soft X-rays (≤ 300 eV)
for mirrors made for any X-ray astronomy mission.

Keywords X-ray telescope: ASTROSAT · X-ray mirrors: reflectivity

A. Sagdeo · S. K. Rai · G. S. Lodha · R. Dhawan
X-ray Optics Section, Raja Rammana Centre For Advanced Technology,
Indore 452013, India

A. Sagdeo
e-mail: archnaj@rrcat.gov.in

K. P. Singh (B) · N. Yadav · U. Tonpe · M. N. Vahia
Department of Astronomy & Astrophysics, Tata Institute of Fundamental Research,
Homi Bhabha Road, Mumbai 400005, India
e-mail: singh@tifr.res.in



12 Exp Astron (2010) 28:11–23

1 Introduction

Grazing incidence reflecting optics has transformed the field of observational
X-ray astronomy into a major scientific discipline at the cutting edge of
research in astrophysics and cosmology, in a relatively short timespan of just
a few decades. Probing the hottest and extreme conditions of gravity and
magnetic field, X-ray astronomy has led to many discoveries and phenomena.
X-rays have been detected from essentially every type of astronomical object:
accreting binary stars with compact companions like neutron stars, black-holes
and white dwarfs, million to a billion degree hot gas in intracluster medium
in clusters of galaxies, stellar coronae, shock heated remnants of supernovae,
and accreting black-holes believed to exist in the centers of quasars. Cosmic
X-ray sources are usually very weak and their detection, therefore, needs
sensitive detectors and large light gathering areas. X-ray telescopes based on
grazing incidence provide the necessary high sensitivity for X-ray observations
by virtue of their imaging capability and reduction of the background levels
encountered in space. High efficiency X-ray reflectors with low scattering are
very important to realise a good point spread function for a telescope.

ASTROSAT is an Indian Multiwavelength Satellite designed to cover a very
broad band of X-rays, UV and optical and planned to be launched by a Polar
Satellite Launch Vehicle in 2011 into a near-Earth Equatorial orbit [1]. A Soft
X-ray imaging telescope (SXT) [2] is among its five major payloads. Here, we
present X-ray reflectivity measurements of the mirrors made for the SXT.

2 Soft X-ray telescope design

2.1 The principle

The interaction of X-rays with matter makes the task of designing an X-ray
focusing system difficult, since refracting systems for X-rays are highly im-
practical. Moreover, X-rays do not reflect at normal incidence, in fact they
are absorbed. X-rays undergo total external reflection only for small grazing
angles from a metallic surface. Thus, for focusing, X-rays must be used at
very small angles of grazing incidence that decrease with increasing energy of
X-rays. For most astronomical applications, X-ray telescopes are required to
have high reflection efficiency across the operational energy band and also to
function at the highest possible energy for a given focal length and diameter of
the telescope. The overall reflection efficiency and the high energy response
can both be increased by applying a high density coating to the polished
reflecting surfaces of the optics, such as Ni, Au, Pt or Ir. The uniformity and
smoothness of the reflective coating is critical to imaging performance of the
optic. Irregularities in the mirror surfaces will cause light to be scattered out of
the core of the X-ray image, degrading the angular resolution of the telescope.
Thus, smoothness is required to reduce the scattering of X-rays for making
sharper images. The reduction of roughness for good focusing is, therefore,
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Table 1 Design parameters
of the soft X-ray telescope

Telescope length 2,460 mm
(thermal baffle+camera+door)

Outer diameter 386 mm
(max. at middle flange)

Focal length 2,000 mm
Maximum radius of foils 130 mm
Minimum radius of foils 65 mm
Reflector length 100 mm
Reflector thickness 0.2 mm
Number of nested shells of foils 40

very important for these mirrors as X-rays fall at grazing angles. Most im-
portantly, the reflection efficiency of an X-ray optic is strongly dependent on
energy due to the presence of atomic absorption edges and the rapid decrease
in efficiency at high energies.

2.2 The design

The Soft X-ray Telescope (SXT) for ASTROSAT [2] is designed based on
Wolter type I configuration [3, 4] which involves a combination of confocal
surfaces of paraboloid and hyperboloid mirrors reflecting X-rays grazingly
onto a small detector e.g., an X-ray CCD. The actual design of the SXT
is a conical approximation [5–7] to the exact parabolid-hyperboloids. About
40 concentric rings of grazing incidence reflectors are nested and aligned to
concentrate the X-rays onto a CCD camera in the focal plane. Since the mirrors
are assembled quadrant-wise, there are 320 mirrors that would be aligned in
the approximate Wolter I geometry. The design parameters of the SXT are
given in Table 1.

3 Fabrication of mirrors

All the mirrors for SXT have been made at TIFR. The mirrors for each
quadrant of the telescope were fabricated by cutting flat sheets of thin (0.2 mm
thick) aluminum foil to the exact length and approximate width of a mirror
depending on its radial position in the telescope. The edges of the flat foils were
deburred, cleaned and then rolled to the desired cone angle. A smooth glass
cylinder of outer diameter matching in size with the curvature of the rolled
foil was coated with gold (thickness ∼1,500 Å) in a DC-Magnetron Sputtering
machine. The rolled foil and the coated glass cylinder were sprayed with epoxy,
and mated in a vacuum system to avoid air bubbles in the epoxy. The glass
with the mated foil, was then placed in an oven and cured at 45◦C for 8 h and
at room temperature for another 36 h. The aluminum foil was later peeled off
and the gold layer was thus transferred to the Al foil. The gold layer on the
inner side of the curved foil carries the smoothness of the glass and becomes
the X-ray reflector. The thickness of the epoxy layer was about 50 μm. The
process is identical to the one used for Suzaku—a Japanese X-ray satellite
[8–10] launched in 2005, and is described in [11, 12].
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4 Experimental set-up and reflectivity measurements

Detailed X-ray reflectivity characterization of the mirrors at multiple energies
is extremely important during the process of fabrication to qualify them and
also to test their performance after subjecting them to various environmental
tests. These measurements can be performed using laboratory X-ray tubes and
synchrotron source. Indus-1 reflectivity beam line is ideal for measurements
around 300 eV [13]. For hard X-ray reflectivity measurements X-ray tubes can
be used. Since SXT is designed to work in the energy range of 0.2–8 keV,
this region can be broadly classified into hard X-rays (3–8 keV) where mea-
surements can be performed in air using sealed X-ray tube sources and soft X-
rays (0.2–3 keV) where measurements need to be performed in vacuum using
the synchrotron source. The present work describes hard X-ray measurements
at 8.05 and 5.41 keV, and also at very low energies using the Soft X-ray
synchrotron source Indus-1.

These mirrors were of big size (∼102 cm2) and have high curvature; hence it
was difficult to perform X-ray reflectivity measurements on a commercial X-
ray reflectometer. Thus, we have carried out X-ray reflectivity measurements
on a reflectometer developed in house at RRCAT using a sealed tube and
shown in Figs. 1 and 2.

This reflectometer is equipped with a Pt/C multilayer used as a monochro-
mator in the path of the reflected X-ray beam, and a NaI Scintillation detector.
A near-parallel incident beam was realized by using two slits of width 0.1 mm
and 0.05 mm. Soller slits with 0.4◦ divergence, were used in the incident beam
to control axial divergence. The size of the beam was 4 mm × 50 μm and
the footprint of the beam on mirror was in the range of 2.3–6 mm. Before
the measurements were carried out, various standard alignment procedures
were done to align both θ and 2θ axes within 0.005◦. The set-up is computer
controlled to provide various types of scans over a large angular range of 0–90◦
with an angular resolution of 0.001◦, and a signal to noise with a large dynamic
range of 106 for the reflectivity. All the measurements are performed with a
step size of 0.01◦ on the θ -axes, which is sufficient to observe any small changes.
Since the mirrors are large in size and curved, we made a special sample holder
for these measurements.

Fig. 1 A schematic of the hard X-ray set-up at RRCAT used for reflectivity measurements
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Fig. 2 A picture of the reflectometer set-up used at RRCAT

We have tested the quality of the surface of a large number of these mirrors.
The quality is measured by studying the reflectance, roughness and density
of the Au layer derived from X-ray reflectivity measurements using CuKα

(8.05 keV), CrKα (5.4 keV) sealed X-ray tube sources and also in the energy
range of 155–300 eV using Synchrotron source Indus-1. We chose CrKα source
(5.4 keV) for the measurements since it falls in the middle of the energy
range covered by the SXT, whereas CuKα energy (8.05 keV) falls at the end
of this range. Characterization of these mirrors in these ranges is extremely
important.

We have also performed X-ray reflectivity measurements in the soft X-ray
regime in the energy range of 155–300 eV using a set-up at Indus-1 (See Figs. 3
and 4). The size of the beam was 1 mm × 1 mm and the footprint of the
beam on mirror was in the range of 2–11 mm. Performing tests in this regime

Fig. 3 A schematic of the soft X-ray set-up at Indus-1 at RRCAT used for reflectivity
measurements



16 Exp Astron (2010) 28:11–23

Fig. 4 A picture of the soft X-ray reflectivity measurement set-up used at Indus-1

was necessary, since the working range of the SXT starts from 200 eV. So
testing mirrors for their X-ray reflectivity in this range may decide the practical
working range or the low energy limit of the SXT.

5 Results and discussion

X-ray reflectivity measurements have been performed on several mirrors
selected randomly from the manufacturing process. Another sample of mir-
rors was also subjected to various types of hot, cold and thermovac cycles
to simulate the effects of satellite environment and storage as part of the
qualification procedure required by the Indian Space Research Organisation.
Here, we present results from a sample of 8 mirrors (see Table 2) that were not
subjected to any such tests. Figure 5 shows a typical X-ray reflectivity pattern of
the mirrors, obtained using CuKα radiation. All the other mirrors give a similar

Table 2 Parameters of gold coating obtained from comparative study of gold mirrors using
Chromium and Copper Kα X-rays

Sample Chromium 5.41 keV Copper 8.04 keV
name Top Top Top Top layer Top Top Top Top layer

layer layer layer to total layer layer layer to total
thickness density roughness thickness thickness density roughness thickness
(Å) (gm/cc) (Å) (Å) (gm/cc) (Å)

S6 18.00 13.70 5.07 0.28 26.00 18.00 9.00 0.35
S7 18.00 11.76 6.13 0.34 31.60 17.50 10.20 0.32
S8 25.00 12.12 9.72 0.39 31.50 17.30 14.00 0.44
S9 22.78 13.35 6.25 0.27 30.50 18.00 11.70 0.38
S10 20.00 11.37 8.11 0.41 31.70 18.50 13.80 0.44
S11 27.47 14.68 9.14 0.33 27.50 17.00 12.00 0.44
S12 20.90 13.37 6.39 0.31 20.00 15.80 9.40 0.47
S13 17.13 14.58 6.13 0.36 21.50 17.00 9.50 0.44
Mean 21.16 13.12 7.12 0.34 27.54 17.39 11.20 0.41
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Fig. 5 X-ray reflectivity pattern obtained using Cu Kα radiation for a typical sample of gold mirror

reflectivity pattern. These patterns were then fitted assuming various models,
using the set of Fresnel equations [14, 15] to calculate the thickness, roughness
and density of the layers of all the replicated gold foil mirrors. For fitting
the reflected profile, we use the stratified layer treatment of Parratt, which
gives a recursive formalism of the Fresnel equations for N stratified layers.
To account for the roughness at the interfaces, the amplitude of reflection
coefficient r0 is reduced by Nevot–Croce factor, r = r0 exp(−0.5q1q2σ

2) [16].
The q values are given by q = (4π/λ)nsinθ , where r is the amplitude reflected
from a boundary with rms roughness σ . Nevot–Croce factor gives a good
estimate of boundary roughness at the interface. The reflectivity is the modulus
square of the reflected amplitude. In the fitting procedure, we start with a
model structure consisting of layers with variable thicknesses, roughness, and
densities. In the present case we first considered a single layer model of pure
gold with variable roughness and thickness. This resulted in the thickness of
a gold layer that is fairly large, and was thus treated as a substrate. However,
we found that the quality of the fit to the data was very poor. To improve the
quality of fit to the measured reflectivity data, we introduced one more layer of
a variable thickness, variable density and variable roughness on top of the gold
film, treating the bottom thick gold layer as the substrate having bulk density
of gold. We then tried to vary the thickness, roughness and density of this top
layer and roughness of the bottom thick gold layer. The fit quality improved
significantly and the best fits were obtained for such two-layer models, where
the top surface layer has a thickness of a few tens of Angstroms and ∼10%
lower density compared to the bulk density of gold. Henceforth, we shall refer
to this top layer of gold with less density as compared to the bulk density of
the gold, as the top low density layer. Please note that, assuming a top layer
of pure carbon, does not improve the fit to the experimental data. In Fig. 5,
the experimental data are shown as circles, and the best fit model using the
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Fresnel equation and assuming two-layer model is shown by a continuous line.
We also subjected these mirrors to reflectivity studies using CrKα radiation. A
typical X-ray reflectivity pattern obtained using CrKα radiation and the best
fitted model assuming two-layer model are shown in Fig. 6 by circles and a
continuous line respectively.

The values of the parameters from the best fit models are given in Table 2.
It should be noted here that, the density of carbon is 2.2 gm/cc, whereas the
density of the top layer that we are getting after fitting of the experimental data
is much larger (∼17 gm/cc with CuKα X-rays & ∼13 gm/cc with CrKα X-rays).
This indicates that the top layer is not just carbon layer but gold layer mixed
with some low Z material. From the comparative study of the gold mirrors
using CuKα and CrKα sources (see Table 2) it can be observed that when we
use CuKα radiation then the thickness of the low-density top layer for all the
measured samples lies between 20–36 Å, with the roughness in the range of
9–16 Å. The values of density, thickness of the low-density top layer and the
rms roughness values are tabulated in Table 2, for some of the tested mirrors.
Whereas for the same mirror, when we use CrKα radiation then the thickness
of the low-density top layer lies between 17–27 Å, and roughness in the range
of 5–12 Å. Thus, we find that the thickness and roughness of the low-density
top layer as obtained from the X-ray reflectivity fitting from CuKα radiation
is relatively more as compared to that obtained for the CrKα radiation. This
might be happening since the attenuation length at CrKα radiation (5.414 keV)
for gold is smaller than that for CuKα energy (see Fig. 7) and hence the CuKα

radiation is able to probe the deeper layers of Au. These results indicate that
when we do measurements at 5.41 keV radiation we get information about the
upper surface only, as compared to that at 8.05 keV radiation. Thus, the X-ray
reflectivity data with CuKα and CrKα radiations helps us to infer that the upper
layers of mirror are less rough compared to the deeper layers indicating that

Fig. 6 X-ray reflectivity pattern obtained using Cr Kα X-rays for a typical sample of gold mirror
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Fig. 7 A comparison of the attenuation length as a function of grazing angle for both Cu (solid
circles) as well as Cr (open circles) Kα X-rays in Au

the surface roughnesses of these gold foil mirrors are more for high energy
x-rays while it is less for low energy x-rays. Hence these mirrors will be
useful in the range of energy for which these are designed. This information
is unique, as it could not have been derived unless such multi wavelength
measurements were performed. Measurements were also made at the X-ray
beam line at U-lab in Nagoya University, using 1.5 keV and 8 keV X-rays and
the rms roughness values obtained were in the range of 10–15 Å (Kunieda and
Ogasaka, private communication). The rms values of the roughness of 7–12 Å
reported here (Table 2) are comparable to the values reported for the mirrors
made for Suzaku (Kunieda and Ogasaka, private communication).

X-ray reflectivity measurements in the energy range of 155–300 eV using
Synchrotron source Indus-1, were performed only on one mirror, S6, since its
roughness is relatively less as compared to all the other mirrors. The reflectivity
curves obtained are shown in Fig. 8.

It can be observed that at 155 eV, we have a very well defined critical angle
and as we go on increasing the energy, critical angle starts smearing up and
there is no well defined critical angle at 290 eV. Critical angle is defined as
an angle below which the total external reflection of X-rays takes place, the
property that is used for using any material for making mirrors. Vanishing of
critical angle means the X-rays are just absorbed and they are not reflected
anymore. This means that the quality of the material as an X-ray mirror is
degrading.

In order to explain this observation more explicitly, we have also tried to fit
the experimental data obtained at various individual energies. A representa-
tive X-ray reflectivity curve (at 190 eV for S6 mirror) is shown in Fig. 9. Circles
are the experimental data, whereas the continuous line is the fit to the data
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Fig. 8 X-ray reflectivity at all the energies in the Soft X-ray regime

using the two-layer models used earlier for the hard X-rays. Here, while fitting
the data, we have kept the density, roughness and the thickness values of the
top low density gold layer to be fixed at the values that were obtained for the
S6 mirror from fitting the data obtained using CrKα X-rays, and we varied only
the optical constants of Au, i.e. the δ-dispersion factor, and the β-absorption
factor, in order to fit the experimental data. The quality of fitting can be seen in
the figure. Thus, following the same procedure, we have obtained the optical

Fig. 9 A typical X-ray reflectivity pattern obtained using soft X-ray Synchrotron radiation source
Indus-1 at 190 eV for the gold mirror S6
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Table 3 The values theoretically calculated as well as the fitted values obtained for Delta and
Beta for Au

Energy Theoretically Fitted values of Theoretically Fitted values of
(eV) calculated Delta Delta for Au calculated Beta Beta for Au

for Au (with 7% error) for Au (with 7% error)

275 0.00710 0.00999 0.01042 0.01440
225 0.00876 0.00649 0.01056 0.00529
190 0.01300 0.00839 0.00890 0.00689
175 0.01663 0.00970 0.00803 0.00829
155 0.02658 0.02000 0.00776 0.0151

constants for the top low density Au layer, at all the energies, given in the
Table 3.

It can be observed that the variation of theoretically calculated and the
fitted values of δ as a function of energy (Fig. 10) is almost similar. However,
there is no correlation between the theoretically calculated and fitted values
of β (see Fig. 11). Here, we have shown the data only for the energies lying
between 155–275 eV but not for 290 eV and 300 eV. This is so because, we
tried to fit the data obtained for the energies 290 eV and 300 eV, but it was
found that the fitting of this data was not possible and even if we try to fit it
forcefully the values obtained for δ and β are not well defined. It is possible that
some carbonaceous or a low density (low Z) contamination is present over the
surface of this mirror. Since the K-absorption edge of carbon lies in this energy
range, X-rays are getting heavily absorbed leading to a loss in the critical angle
and the random behavior of β. Due to this absorption of soft X-rays, these
mirrors cannot be used as good reflectors in the energy range of 290–300 eV,
that is very close to the Carbon edge. This result is consistent with the results

Fig. 10 Plot of Delta
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Fig. 11 Plot of Beta

we have obtained from the hard X-ray measurements using Cu and Cr Kα

X-rays, where a layer of density lower than that of gold is observed at the top.
The presence of a low density layer at the top is likely to be due to the presence
of some carbonaceous contamination which is mixed with Au layer. It is very
likely that the mandrel surface, on which the gold is sputtered, may have had a
layer of carbonaceous contamination before the gold is sputtered resulting in
a top layer of the replicated mirror having this contamination after peel-off.

6 Conclusions

X-ray reflectivity measurements at various different energies have been per-
formed on a large number of thin foil gold mirrors. Two layer models describe
the data very well. It is found that for all the mirrors, the density of the top
layer is less than that of an underlying layer of bulk gold. In addition, the
roughness of the top layer as obtained from the fitting of X-ray reflectivity
data for CuKα X-rays is relatively more as compared to that obtained from
the CrKα radiation. This indicates that these mirrors have low roughness
(∼7 Å) for low energy X-rays whereas it is large (∼11 Å) for high energy
X-rays. The roughness values obtained are well within the acceptable working
range of these mirrors. The thin foil gold mirrors were also characterized at
very low energy X-rays (near the lowest edge of the useful range for X-ray
telescopes) for the first time. It was found that in the energy range of 155–
300 eV, critical angle almost vanishes due to strong absorption effect near
Carbon K absorption edge, leading to a degradation of the X-ray reflecting
efficiency of these mirrors in this energy range.
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