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Abstract

The recent progress in the development of multilayer mirrors has revolutionized the
field of astronomical X-rays optics. A variety of multilayer mirrors are now being
developed for several unique applications such as hard X-ray imaging telescopes
and soft X-ray polarimeters. Technology development to fabricate good quality
multilayer mirrors carries a significant importance for realization of next generation
X-ray instruments. In this thesis, we have presented our progress in fabricating
and characterizing high quality W/B,C multilayer mirrors for various applications.
We have also discussed the design and development of two X-ray instruments using
the combination of grazing incidence X-ray concentrator and multilayer mirrors.

We fabricated W/B4C multilayer mirrors with varied design parameters using
magnetron sputtering technique. We studied the performance and structural sta-
bility of these mirrors over time and by subjecting these mirror to the temperature
variation analogous to the satellite in low earth orbit using soft X-ray, hard X-ray
reflectivity as well as scanning electron microscopic studies for estimating the con-
tamination and surface quality. We observed that multilayers with small thickness
are more stable than the large thickness multilayers.

We designed a multilayer mirror based soft X-ray polarimeter to operate at
energies less than 1 keV. We proposed this design coupled with a hard X-ray
polarimeter as a simultaneous back-end instrument to a hard X-ray telescope.
For this application, to make multilayer mirrors transparent to hard X-rays, we
etched the Silicon substrate of the mirrors to reduce the absorption. We observed
that the etching process significantly degraded the performance of large thickness
multilayers (> 5 nm) while the process did not affect the performance of short

thickness multilayers (< 3 nm).
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Chapter 1

Introduction

An accidental discovery of X-rays in the year 1895 by Wilhelm Roentgen [Rnt-
gen, 1896] is one of the most influential contributions to modern science and tech-
nology. These high energy electromagnetic waves quickly revolutionized many
diverse areas of scientific research from bio-medical research to experimental quan-
tum mechanics. X-ray astronomy is now a major area of interest in astronomy.
Ever since the birth of X-ray astronomy, thousands of celestial bodies are be-
ing studied which are emitting X-rays which have revealed fascinating underlying
physics.

The region of the electromagnetic spectrum between the Ultra-violet band and
Gamma-ray region is classified as X-rays. The wavelength of the X-rays ranges
from 0.01 nm to 10 nm. Since X-ray wavelength is very high, X-rays are usually
referred in terms of energy. Astronomers classify X-rays into two groups: Soft
X-rays (0.1 keV to few keV) and Hard X-rays (few keV to few 100 keV). The
energy bands in this classification can slightly vary with applications. Due to
absorption of X-rays in the Earth’s thick atmosphere, X-rays from celestial bodies
do not reach the surface of the Earth. Hence the X-ray astronomical instruments

are operated above the Earth’s atmosphere using high altitude balloons, sounding
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rockets and orbiting satellites.

1.1 X-ray emission from astronomical objects

A wide variety of astronomical objects emit X-rays due to several emission mecha-
nisms. The most common mechanism for astronomical X-ray emission is the ther-
mal emission from a very hot object. At temperatures above absolute zero, atoms
in material vibrate with the kinetic energy corresponding to the temperature. This
allows collisions between atoms and excites electrons to higher energy levels. When
the electron decays back to the lower energy level, photons are emitted with the
energy corresponding to the difference between two energy levels of electron, which
depends on the temperature of the atom. Thermal radiation produces a continuum
emission with a peak intensity corresponding to the temperature. Objects at high
temperature emit maximum radiation at lower wavelengths. Several astrophysi-
cal objects emit X-rays thermally which provides an excellent diagnostic tool to

estimate the temperature of the object often hotter than a million degrees.

X-rays are also emitted when a free electron is accelerated around a nucleus
of an ionized atom. When a charged particle (say an electron) moves very close
to another oppositely charged particle (typically atomic nucleus), the electron
gets decelerated/ accelerated emitting electromagnetic radiation. This radiation
is called “Bremsstrahlung” radiation or breaking radiation. Another common
source of X-rays is synchrotron radiation. Synchrotron radiation process is similar
to Bremsstrahlung but the electrons are accelerated by a magnetic field. Astro-
nomical X-ray emission can also be due to inverse Compton scattering when the
relativistic electron collides with low energy photons (say Cosmic Microwave Back-
ground photons). When an electron with relativistic speed collides a photon, the

electron can share part of its energy to the photon to produce X-rays. Inverse
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Compton X-ray radiation is commonly seen in supernovae [Woltjer, 1964], [Goren-
stein et al., 1970] and Active Galactic Nuclei (AGN) [Liang, 1979]. X-rays are
produced by solar system objects like the planets [Metzger et al., 1983], [Bhard-
waj et al., 2007], Moons [Giacconi et al., 1962], [Narendranath et al., 2010] and
Comets [Cravens, 2000] mostly by fluorescence from the solar X-rays and the

charges exchange reactions from ions present in the solar wind.

1.2 Astronomical X-ray sources

1.2.1 Solar and stellar X-ray emission

In stars (including our Sun) X-ray emission is mainly due to the hot outer atmo-
sphere, the corona [Frost, 1969], [Rosner and Vaiana, 1980], [Rosner et al., 1985].
The corona (~ 2 million degree Celsius) is much hotter than the photosphere
(5,500°C"). Hence, the corona emits thermal X-rays. X-ray spectroscopic study
of the Sun and stellar objects provides a better understanding of the corona and
its elemental abundances [Doschek, 1990], [Telleschi et al., 2005], [Audard et al.,
2001], [Gudel et al., 2001] . These studies also provide a diagnostic to understand
the long-standing coronal heating problem [Schatzman, 1949]. Solar and Stel-
lar X-ray emission is also associated with dynamic activities like flares [Kundu,
1961}, [Cline et al., 1968]. The flux intensity and spectral nature of the X-ray

emission change drastically with flares.

1.2.2 Solar system bodies

Solar system bodies are now known to emit X-rays either by fluorescence of plan-
etary atmosphere or surface from impinging solar X-rays and charge exchange

reactions from the neutral atoms in the atmosphere through interactions with the
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solar winds [Bhardwaj et al., 2007], [Cravens and Maurellis, 2001], [Maurellis and
Cravens, 2001], [Dennerl, 2003] . Both fluorescence and charge exchange reac-
tions produce characteristic line emissions from the elements present in the atmo-
sphere/ surface. X-ray observations of these objects facilitate study the elemental

composition in the atmosphere [Branduardi-Raymont, 2011], [Narendranath et al.,

2011], [Athiray et al., 2013], [Athiray et al., 2014], [Narendranath et al., 2010].

1.2.3 Supernovae

Supernovae are one the most energetic events in the universe. In core-collapse
supernovae (type II, type Ib and type Ic supernovae), the nuclear power source
at the center (core) exhausts its energy and the core collapses. This causes the
formation of a neutron star or a blackhole (depending on the mass of the initial
star). This process releases an enormous amount of energy in the form of radiation,
heat and Neutrinos. The remnants of the explosion (except the central neutron
star), expands radially out with speed exceeding few tens of millions of kilometers
per hour as a thermonuclear shock wave. X-rays are produced by the heat and
the shock wave from the supernova remnants [Colgate, 1968], [Schwartz et al.,
1972], [llovaisky and Ryter, 1972]. Several high atomic number elements are formed
during the supernova explosion which can be studied using X-ray observations

[Tsunemi et al., 1986], [Ballet and Decourchelle, 2002].

1.2.4 Neutron stars and black holes

Neutron stars and black holes are one of the most fascinating objects in the uni-
verse. These are the remnants of a massive star after a supernova explosion.
The core of the star collapses due to huge gravitational force. In a neutron star,
all matter is converted into a stable neutron gas attaining the density of about

10%g/em? [Cameron, 1959]. The rotational kinetic energy and the magnetic field
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of the star prior to the collapse get greatly intensified and transferred to the neu-
tron star. High speed rotating neutron stars intensifies an already strong magnetic
field of a neutron star. These are called Magnetars with magnetic fields about
10* — 10% Gauss [Duncan and Thompson, 1992]. The rapidly rotating magnetic
field of a neutron star accelerates particles to relativistic energies and produces
synchrotron radiation emitting broadband electromagnetic radiation from Radio
to X-rays [Meltzer and Thorne, 1966], [Bisnovatyi-Kogan and Fridman, 1969]. If a
neutron star or a black hole is accompanied by a normal star in a gravitationally
bound orbit, the gas from the companion star is accreted by the compact object
and forms an accretion disc of gas around it. During the process of accretion, the
matter gets heated in the disc and emits thermal radiation. The temperature of
the disc increases as the matter flows closer to the neutron star and emits X-rays
from inner regions of the disk. These are some of the brightest sources of X-rays in
the universe and hence named X-ray binaries. X-ray observations of these objects
gives the temperature profile and radiation process from the accretion-powered

neutron stars/ black hole.

1.2.5 Galaxies

Galaxy X-ray emission is due to the sum of all X-ray sources like the main sequence
stars, neutron stars, supernova remnants, and diffuse gas. Most galaxies have a
supermassive black hole in their center. These black holes grow by accretion of
matter from the host galaxy and emit X-rays. These are called Active Galactic
Nuclei (AGN) and their X-ray emission tends to dominate the total galaxy’s X-
ray emission. AGNs reach luminosities of 10%erg/s [Franceschini et al., 1994] in
comparison to the X-ray emission of galaxies of the order 103 to 10%%erg/s. X-
ray emission from AGNs is mainly due to the thermal emission from fast-moving

matter in the accretion disk [Payne, 1979], [Takahara et al., 1981]. AGNs also pro-
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duces X-rays from non-thermal radiation from jets in the direction perpendicular
to the accretion disk [Cheung, 2004]. AGN jets emit highly collimated synchrotron
radiation across the entire electromagnetic spectrum from radio waves to gamma

rays.

1.2.6 Galaxy clusters

Galaxy clusters are the largest gravitationally bounded objects in the Universe.
Galaxy clusters mainly consist of hundreds of galaxies, vast clouds of hot gas and
dark matter. X-ray observations of galaxy clusters indicated that the total X-
ray flux of the cluster is significantly higher than the sum of X-ray emissions of
individual galaxies [Canizares, 1987]. This excess emission is due to emission from
hot gas in clusters. The total mass of hot gas is around 2- 10 times the mass
of all galaxies in the cluster [Jones et al., 1979]. The gas in galaxy clusters is
heated to about 30- 100 million degrees during cluster formation making it the
dominant source of X-rays [Girardi et al., 1996], [Tucker et al., 1998]. The X-ray
emission from intergalactic gas can exceed from 10-100 time the total X-ray flux
emitted by all galaxies in a cluster. X-ray observations of galaxy clusters help in

understanding the cluster formation and evolution.

1.2.7 Gamma Ray Bursts (GRBs)

GRBs are the brightest electromagnetic events so far observed in the known Uni-
verse. GRBs are transient events emitting a bright flash of gamma rays in the
timescales varying from a few milliseconds to a few minutes [Marar et al., 1981].
Several models are being currently investigated to explain such bright high energy
events. Evidence from recent satellites like Swift [Hill et al., 1999] and Fermi [At-

wood et al., 2009] indicate that gamma-ray bursts are caused by the collapse of
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matter into a black hole [MacFadyen and Woosley, 1999]. GRBs produce after-
glow at low energies from X-ray to radio waves whose time scales are long enough
to track the event [Costa et al., 1997]. X-ray observations of such afterglow can
measure the amount of gas in the vicinity of the burst and indicate the elemental

composition of the gas [Reeves et al., 2002].

1.3 Astronomical X-ray instruments

Due to absorption of X-rays from Earth’s thick atmospheric gases, X-rays from
celestial sources do not reach Earth’s surface. While this protects life on earth by
shielding harmful high energy radiation, makes it impossible to observe celestial
objects in X-rays from ground. Hence astronomers use high altitude balloons,
sounding rockets and orbiting satellites to send X-ray instruments above the thick
atmosphere to observe astronomical X-rays sources. This not only makes astro-
nomical X-ray instrumentation naturally more expensive but also imposes several
restrictions on the size and weight of the overall instrument. These constraints
along with the fact that most astronomical objects are relatively very faint, has
limited progress in the understanding of astronomical X-rays sources and it re-

mains as a major area of research.

1.3.1 X-ray detectors

Most X-ray detectors work on the principle of the photoelectric effect. When
an X-ray photon interacts with the detector medium it produces photoelectrons.
These electrons are then collected and amplified by electronic circuits which records
the time and amplitude of the event. The detector medium can be gas or a
semiconductor. Gaseous detectors can be built to provide large effective areas

and are very popular in astronomy applications. Historically most of the first
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generation X-ray instruments are gas based X-ray detectors without any optics.

Proportional counters

Proportional counters are the first generation gas based X-ray detectors but con-
tinue to have active applications in the astronomy. These are not only efficient
X-ray detectors but can also measure the energy of every X-ray photon detected.
A proportional counter consists of a gas (preferably inert gas) sealed with a thin
window which form an active area. When X-rays interact with the gas medium,
it ionizes gas and produces electrons. These electrons are then collected by an
electrode located at the center of the gas medium. Depending on the gas medium,
each X-ray photon releases a specific number of electrons resulting from the inter-
action. The number of electrons produced by the gas is given by the ratio of the
X-ray photon energy and the energy required to emit one electron from the gas.
Typically a 1 keV photon produces around 30-40 electron-ion pairs. The number
of electrons produced by a single photon is proportional to the photon energy.
Individual photon events are readout enabling spectroscopic studies. By counting
the number of electrons collected by the electrode, one can estimate the energy
of the incident photon. Given a gas medium, it is possible to develop very large
area proportional counters (~ 1000 cm?). A major challenge in developing large
area proportional counters lies in maintaining the gas in the detector without any
leak. The window on the active area side should be thin so as not to absorb X-rays
yet very strong to sustain the vibrations of the rocket launch and not have any
pinholes which could result in gas leaks. Several early missions were lost due to
the failure of windows during launch. 0.1 mm Beryllium (Be), thin Aluminised
mylar or even thin plastic is generally used as a window to a proportional counter
detector. Table 1.1 gives the list of some of the earlier astronomical instrument

that used large area proportional counters.
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Table 1.1: Details of some of the large area proportional counter detector flown
for astronomical observations. References: [Giacconi et al., 1971], [Peterson, 1975,
[Turner et al., 1981], [Turner et al., 1989], [Bradt et al., 1993], [Yadav et al., 2016]

Experiment Year | Bandwidth | Area (cm?)
Uhuru 1970 | 2-20 keV 2 x 840
HEAO- A1l 1977 | 0.15-20 keV | 7 x 1350
EXOSAT ME 1983 | 1.2-50 keV 1800
Ginga LAC 1987 | 1.5-37 keV 4000
RXTE PCA 1995 | 2-60 keV 6250
Astrosat- LAXPC | 2015 | 3-80 keV 3 x 2000

Several techniques can be adapted to make a position sensitive proportional
counter. If the anode is made of resistive material, the position of the event
along the wire can be determined by the relative size of the pulse measured at
the two ends of the wire [Borkowski and Kopp, 1972]. This gives one-dimensional
information of the event. The proportional counter can be made with multiple
wires to get the event’s position information along the perpendicular axis of the
wire [Sun and Richardson, 1954]. This type of proportional counters are known as
imaging proportional counters or position sensitive proportional counters.

Another mode of operating gas detectors is the gas- scintillation proportional
counter [Shamu, 1961]. Instead of detecting the photoelectrons from the event,
gas-scintillation proportional counters detect the optical or ultra-violet flashes or
scintillations that occur in the gas medium when the ions recombine with electrons.
The energy resolution of the detector in this mode is much better than the standard

proportional counters.

Scintillation counters

For hard X-rays with energies greater than 20 keV, the quantum efficiency of gas-

based proportional counters drops. This is because the gas becomes transparent
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for high energy X-rays. Hence a high absorbing material is needed for hard X-rays.
A scintillation counter uses inorganic crystals like Sodium iodide or Caesium iodide
which stops high energy photons up to several MeV [Aitken, 1968]. The crystal
attached to a photodiode acts as a scintillation counter. When X-rays impinge
on the crystal, optical flashes of light are generated which are recorded by the
photodetector. The amount of light produced by scintillation is proportional to

the energy of incident photon energy which drives the spectral resolution.

Micro-channel plates

Micro-channel plates (MCPs) are small glass tubes which are treated to enhance
emission of secondary electrons when photons are incident. MCPs consist of a
photo-cathode typically coated with Caesium Iodide (CsI) to enhance the efficiency
of photo-electron generation. Photo-electrons are then accelerated down the tube
to the anode by applying large voltages. As they progress, they strike the wall
and liberate more electrons. Each primary electron can finally result in as many
as 10® secondary electrons at the positive end. Due to advancements in the glass
fiber technology, the diameter of each tube can be made as small as 10 microns. A
typical MCP of 25 mm diameter can give about 3 million individual channels each
which act as a pixel to produce a position sensitive image. X-ray missions like the
Einstein [Giacconi et al., 1979], ROSAT [Truemper, 1982], and Chandra [Weisskopf
et al., 2000] used MCPs for high-resolution imaging.

Solid state detectors

A solid-state device acts as an X-ray detector by collecting the photo-electrons
produced by the incident X-ray photon in the material. The working principle
is similar to that of a gas-based detector with an exception that the interaction

medium is a solid. The major advantage of solid state detectors for space appli-
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cation is that they operate at much lower voltages. Solid state detectors have to
be cooled to very low temperatures (~ —100° C) to avoid the emission of ther-
mal electrons. As the number of electrons generated by a solid state device is
much larger than by gas, the energy resolution of solid state device is much higher
than the gas based proportional counters [Soltau et al., 1996]. Due to exponential
growth in the semiconductor technology in the recent past, each solid state detec-
tor can be made very small ( 10 microns) and can be placed in arrays of ~ 106
detectors. These detectors are known as Charge Coupled Devices (CCDs) [Boyle
and Smith, 1970] and are widely used in optical astronomy for several decades.
Small size, large quantum efficiency, fast readouts and good spectral resolution for
single photon readout made CCDs very popular imaging detectors in astronomical
X-ray instruments. X-ray missions like Chandra [Weisskopf et al., 2000], XMM
Newton [Gondoin et al., 2000], and future missions like eROSITA [Predehl et al.,

2007] used CCDs for high-resolution imaging and spectroscopy.

Micro calorimeters

Microcalorimeters are a recent development in X-ray detector technology [Mose-
ley et al., 1985]. The absorbing material in microcalorimeters is maintained close
to absolute zero (<0.1 K). When an X-ray photon is incident on the device, the
energy in the photon gets transferred to heat and raises the temperature of the
medium. This small rise in temperatures can be measured by sensitive thermome-
ters which gives information on the incident photon energy. These devices have a
very high spectral sensitivity of the order of a few electron volts (~ 5 eV) [Jach
et al., 2009]. Suzaku mission [Kunieda et al., 2006] used microcalorimeter but
unfortunately, it couldn’t record any scientific data as the refrigerators failed. Hit-
omi X-rays telescope [Takahashi et al., 2018] used microcalorimeters for soft X-rays

spectroscopy. It provided a spectral resolution of about 7 eV at 2 keV. Not much
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scientific data are available with this instrument due to a premature shut-down of
the mission after one month from the launch due to an accident while orbiting. Fu-
ture mission concepts like Hitomi followup-XRIM, Athena [Lotti et al., 2014] and
LynX [The Lynx Team, 2018] propose to use microcalorimeter for high-resolution

spectroscopic studies.

1.3.2 Position sensitive X-ray instruments

X-ray detectors provide good sensitivity to record flux from cosmic point X-rays
sources. However bare detectors can only provide very coarse localization of source
and provide no inputs on morphology/ structure of source. Hence additional front-
end image capturing hardware is required to localize and image the source with
useful spatial resolution. Over the past few decades, front-end instrumentation
has evolved from just localizing the source position over a few degrees to resolving

the spatial features of an extended object of an order of a few arc seconds.

Collimators

One of the simplest technique to localize the source position is to use collimator
in front of the detector. A collimator consists of a physical occulter to restrict
light from large field angles. The field of view is restricted by reducing the width
and increasing the length of the collimator. Field of view of the collimator can
be made small enough that only one bright source on the sky is observed at a
time. In order to finally restrict the field of view. Another variant of collimators
includes Scanning Modulation Collimator (SMC) [Oda et al., 1976]. SMC consists
of one-dimensional wire grids. As the detector scan across the source, the signal is
modulated by the shadow pattern of the grid. SAS-3 [Doxsey, 1975] and HEAO-
1 [Roy et al., 1977] instruments scanning modulator collimators to locate bright

X-ray objects in the sky.
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Coded mask

Coded masks work similar to scanning modulation collimators with an exception
that the modulation is spatially driven instead of temporal. Implementation of
coded mask technique in astronomy was first proposed in 1968 [Ables, 1968] [Dicke,
1968] . A coded mask consists of a 2-d (or 1-d) mask with transmission and
absorbing plates arranged in a specific pattern. The mask produces shadow when
source photons incident on the mask are parallel, the observed shadow-pattern
being based on the relative position of source in mask frame on a two-dimensional
position sensitive X-ray detector. A shift in the pattern is directly correlated to the
source location on the sky. Several X-ray missions including Uhuru (1970) [Jagoda
et al., 1972], OSO-7 (1971) [Thole, 1973] , HEAO-1 (1977) [Matteson, 1974] ,
RXTE (1995) [Gruber et al., 1996], BeppoSAX (1996) [Scarsi, 1997] , INTEGRAL
(2002) [Hermsen and Winkler, 1998], Swift (2004) [Wells et al., 2004] and Astrosat-
SSM (2015) [Seetha et al., 2006] used spatially coded mask technique for imaging

X-ray sources.

X-ray imaging optics

At X-ray wavelength, most materials become transparent to photons as the re-
fractive index of all materials is approximately equal to one. This makes normal
incidence X-ray reflection optics very difficult. However, at very small angles from
the surface, X-rays can be reflected which makes grazing incidence X-ray telescopes
possible. Detailed discussion on X-ray mirrors and grazing incidence X-rays op-
tics is included in Chapter 2. Wolter type I geometry [Wolter, 1952] is the most
popular design for astronomical X-ray optics. Wolter type I optics consist of a
parabolic profile primary mirror followed by a hyperbolic secondary mirror placed
at very small angles to incident X-rays. X-ray optics not only enables the high

spatial resolution X-ray imaging but also provides excellent signal to noise ratio
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observations due to to reduced background . X-ray detectors suffer from a large
background component. The contribution of the background increases with the
size of the detector. Hence without optics even by increasing the effective area
of detectors, the signal to noise ratio is not improved substantially. Minimum

detectable flux (S) of a collimated detector is given by 1.1

N | 2B
= —\/ = 1.1

where N is the confidence in observation, ng is the quantum efficiency of the
detector, B is background flux, A, is the effective area of the detector, At is
the integration time of the observation and AFE the operational bandwidth of
the detector. As Ay increases, correspondingly B also increases which keep the
minimum detectable level high. But in case of a telescope with focusing optics,
the total effective area of the instrument can be increased by increasing the size
of optics by keeping the area of the detector very small. Minimum detectable flux

S in-case of focussing optics is given by 1.2,

N 2BA,

5= A,V AIAE

(1.2)

where A, is the effective area of the optics which is typically several orders of

magnitude higher than the area of the detector.

Several recent X-ray instruments use the high resolution, large effective area
X-ray optics. A major challenge in X-ray optics lies in maintaining the balance
between high-resolution imaging and large effective area. As mirrors are placed at
very steep angles, the effective geometric area of the instrument is relatively very
small. Hence a large number of concentric mirrors are placed in order to increase
the effective area. A severe requirement in maintaining a large number of shells is

to develop thin substrate mirrors. It is very difficult to maintain exact parabolic
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and hyperbolic profiles and figure errors on the mirror surface. This limits the
spatial resolution of the instrument. Table 1.2 presents the details of several X-ray

missions that are flown using X-ray optics.

Table 1.2: Details of several X-ray missions that are flown using X-ray optics.

Mission Year | Focal length | Area @ | Upper | No. of | On-axis
(m) 1 keV | energy | shells | resolution
(ecm?) (keV)
S-054/Skylab | 1973 2.13 15 4 2 48"
S-056/Skylab | 1973 1.90 9 1.3 1 3"
Einstein 1978 3.44 100 4 4 4"
EXOSAT 1983 1.09 70 2.5 2 x 2 24"
ROSAT 1990 2.4 420 2.5 4 3"
BBXRT 1990 3.77 450 12 2 x 118 5"
Yohkoh SXT 1991 1.54 23 4 1 < 5
ASCA 1993 3.5 1200 10 4 x 120 180"
Soho CDS 1995 2.58 23 0.5 1 < 5"
BeppoSAX 1996 1.85 344 10 4 x 30 60"
ABRIXAS 1999 1.60 560 10 7T x 27 25"
Chandra 1999 10 780 10 4 <17
XMM-Newton | 1999 7.5 4260 15 3 X 58 16”
Swift 2004 3.5 130 10 12 18"
Suzaku XRT-I | 2005 4.70 450 12 4 x 175 120”
Suzaku XRT-S | 2005 4.5 450 12 168 120"
NuSTAR 2012 10.15 800 79 133 58"
@ 10 keV
Astrosat-XST | 2015 2 100 10 41 120"

X-ray telescopes are mainly limited with the narrow bandwidth (< 10 keV)
and small effective area to weight ratio. The limitation is mainly due to the
grazing incidence X-ray mirrors. Multilayer mirrors [Vinogradov and Zeldovich,
1977] working on the principle of Bragg’s law can be a potential alternative to the

conventional mirrors to develop broadband hard X-ray telescopes as well as large



1.4. SUMMARY 18

numerical aperture soft X-ray telescope. In the subsequent chapters, the design,
fabrication, and characterization of multilayer mirrors is extensively discussed with

some potential applications to the upcoming fields of X-ray astronomy.

1.4 Summary

In this chapter we have presented an overview of major science motivations in
X-ray astronomy. We have also discussed all the techniques currently available for
X-ray imaging, spectrometry and timing observations. In chapter 2 we will discuss
in detail X-ray reflection optics by thin film mirrors and multilayer mirrors. Chap-
ter 3 presents some of the fabrication and testing techniques of multilayer mirrors
and also presents the experimental results from the fabricated W/B,C multilayer
mirrors. In chapter 4, we have presented the experimental results describing the
performance stability of W/B,C multilayer mirrors in the context of application
to space-based instrumentation. Chapter 5 presents a novel design of multilayer
mirror based soft X-ray polarimeter and a detailed discussion on the performance
estimation and its relevance to observational X-ray astronomy. We have performed
the deep Si etching on the non-reflecting side of multilayer mirror’s substrate to
increase the hard X-ray transmission efficiency of the mirror. These mirrors are
useful for developing simultaneous instrument for soft and hard X-ray polarimetry
using two detectors. These results are presented in chapter 6. Chapter 7 discusses
a design concept of an X-ray instrument for planetary observations. This instru-
ment consists of an X-ray concentrator to increase the signal to noise ratio of the
observation. We have presented the summary of the thesis and future work in the

final chapter 8.



Chapter 2

Thin film and multilayer X-ray

mirrors

Instrumentation at X-ray wavelengths is mainly limited by the nature of the
optical constants of materials. As the energy of photon in X-ray region is large
compared to the binding energies of the electrons, optical properties of a material
are mostly governed by the atomic scattering factors. Atomic scattering factor
is a measure of scattering power of an isolated atom. If X-rays are scattered
from an atom of atomic number ‘Z’, then the scattering amplitude is Z times the
amplitude of a single electron, if all electrons scatter in the same direction. But
not all electrons in an atom scatter in the same direction. Hence atomic scattering
factor is defined as a ratio of the amplitude of the amplitude of wave scattered by
an atom to the wave scattered by an electron. At large photon energies (> 2keV/),
the atomic scattering factor approaches the number of electrons per atom (i.e., the
number of electrons with binding energies less than the photon energy). Hence
the refractive index of different materials at X-ray region is distinguished only by

the density of electrons.

Frequency (w) dependent complex refractive index of the material with density

19
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p is given by [Born and Wolf, 1975],

Pre?
2m

n(w) =1 [f1(w) = ifa(w)] (2.1)

where, 7. is the classical radius of the electron, f; and f, are the wavelength
dependent atomic scattering factors of the material. Imaginary part f, signifies
the absorption or attenuation of the wave due to scattering. Equation (2.1) can

also be written as,

nw)=1-3§+1ip (2.2)
where,
5= [N 2.3
= P fw) (23)
repA?
B=— fo(w) (2.4)

2.1 X-ray reflection

The values of 6 and J are extremely small at X-ray wavelengths and their values
are very close for all elements. Table 2.1 shows the § and 3 values of some elements
at 2 keV. The real part of the refractive index is given by 1 — §. Since ¢ is very
small, the real part of the refractive index is very close to 1. The last column of

table 2.1 gives the real part of the refractive index of respective materials.

From Fresnel equations, the normal incidence reflectivity of light travelling
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Table 2.1: ¢ and (8 of various materials at 2 keV.

Material o o} Re(n)
Tungsten 4.9 x107* | 3.5 x 107* | 0.99951
Ruthenium | 4.8 x 107* | 6.7 x 107° | 0.99952

Gold 5.2x 107% | 10.7 x 107° | 0.99948
Aluminium 1.4x107* | 3.0 x 107° | 0.99986
Silicon 1.1 x107* | 3.1 x 1075 | 0.99989

Boron Carbide | 1.3 x 107% | 2.3 x 1076 | 0.99987

from medium with refractive index of ny to ny is given by,

nNg — 1Ny

Ny + Ny

R:

(2.5)

From table 2.1, it is observed that the real part of the refractive index is
very close to one. Figure 2.1 shows the normal incidence reflectivity of different
materials as a function of wavelength from 0.01 nm to 700 nm. The reflectivity
drops very close to zero for all materials at shorter wavelengths. Hence X-ray
reflectivity at normal incidence is negligible. However, X-ray reflection is possible
when the angle of incidence is smaller than the critical angle for total external

reflection. All angles are measured from the surface.

2.1.1 Ceritical angle for total external reflection

Reflection of x-rays from a surface is often termed as total external reflection in-
stead of total internal reflection because the refractive index is usually less than
one. The Critical angle is defined as the angle at which an incident ray is com-

pletely reflected. From Snell’s law and figure 2.2 we have,

ncos(0y) = (1 — 6 + i8)cos(0,.) (2.6)
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Figure 2.2: Reflection of X-rays at interface of two media.

If we neglect the contribution of the imaginary term ‘5’ and approximate n = 1

then equation (2.6) reduces to,

cos(bh) = (1 — 6)cos(6,.) (2.7)

Total external reflection occurs when a refracted wave is completely absent. i.e.
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equation (2.7) has no solution for #,. Since the angle at which 6, has no solution,

it is called the critical angle, 6, is substituted as 6.. Deriving for 6. we get,

cos(0,) = Efs_wé; > 1 (2.8)
cos(6,) = (1 =) (2.9)

Approximating cos(f.) at small angles,

2
—%:1—5 (2.10)

0, = V26 (2.11)

But we know form equation (2.3) that, ¢ is a function of p & A\?. Hence,

§ o Ap

0. o< \/pA

\/,5
Oc o =1 (2.12)

Empirically, 6. is observed [Bass et al., 2010],

0. = 69 VP (2.13)
E

Here ‘E’ is the energy of the incident photon in keV. Figure 2.3 shows the
calculated reflectivity curve as a function of incident angle at different energies for

a tungsten mirror.

From figure 2.3, it is observed that the X-ray reflectivity is confined to very
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Figure 2.3: Reflectivity of a tungsten (W) coated x-ray mirror for different incident
photon energies as a function of incident angle. As energy of input x-rays increases,
critical angle decreases. These plots are obtained by modeling the mirror using
IMD software [Windt, 1998].

small angles below the critical angle. As the energy of incident X-rays increases,
the critical angle decreases and hence reflectivity is restricted to small angles.
Reflectivity is close to 1 for very small angles. In total reflection regime the
reflection takes place at very small depths, thus the photoelectric absorption is
negligible. Reflectivity for a given angle is directly proportional to ¢ of reflecting
material to produce the contrast for reflection and inversely proportional to 3 to
minimize the absorption. For small incidence angles, the reflection efficiency can

be approximated as,

R(e < HC) ~1-— 26radians (214)

e

Equation (2.14) is valid only when incidence angle is smaller than the critical

angle and /6 < 1.
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2.2 Grazing incidence X-ray reflection

2.2.1 Thickness of the thin film

From equation (2.12) it is evident that the high density reflecting surfaces have
a large critical angle and also large bandpass of reflection. Hence grazing incidence
(small angle from the surface) X-ray mirrors consists of a thin metallic film coated
on a smooth substrate. The thickness of the metallic film is usually the order
of a few tens of nanometers. The minimum thickness of the metallic layer for
total external reflection depends on the energy of incident photons, the angle of
incidence and the density of the metal. The critical thickness of the metallic layer
at a given energy is defined as a minimum thickness of the thin film required for
total external reflection of X-rays. X-ray reflectivity saturates over this thickness
limit. Figure 2.4 shows the simulated reflectivity of gold (Au) coated mirror at
0.4° as a function of the thickness of the Au layer for different energies. For small
layer thickness mirrors, the reflectivity is very low as X-rays penetrate through
the mirror material with minimal interaction. As the thickness increases, the
reflectivity saturates to a critical value for total external reflection. Saturated
reflectivity is less than unity due to absorption of X-ray in the reflecting medium.
It is observed that, as the energy of incident photon increases, the saturation value
of thickness increases. This is due to an increase in penetration depth with photon

energy.

2.2.2 Keissig oscillations

The thickness of the thin film also affects the reflectivity profile of the mir-
ror at higher angles (above critical angles). Above critical angle, most of the
X-rays get penetrated into the reflecting material with very little reflection from

the top surface. Since reflecting layer is coated on a solid substrate, the pene-
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Figure 2.4: Reflectivity of gold (Au) coated mirror at 0.4° (less than critical angle)
as a function of thickness of Au layer for different photon energy. Reflectivity
saturates as the thickness increases and saturation value is higher for high energy

X-rays.
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Figure 2.5: Schematic representing effect of thickness of metallic layer on multiple
reflections. Part A shown the case of finite thickness layer where multiple reflec-
tions are formed due to partial reflection from the interfaces. Part B on the right
is for a case of large thickness layer where multiple reflections do not occur.

trated X-rays also gets partially reflected from the thin film- substrate interface.

Reflected X-rays from the substrate again gets partially reflected and transmitted
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Figure 2.6: Reflectivity of gold (Au) coated mirror as a function of incident angles
for mirrors with different thickness. Keissig oscillations are formed above critical
for finite thickness Au layer mirrors. Period of oscillation reduces as the thickness
of the reflecting layer increases.

from the thin film-ambient interface. For a monochromatic X-ray source, all the
partially reflected rays will constructively interfere periodically for certain angles
of incidence. These form oscillation in the reflectivity curve know as Keissig oscil-
lations [Nigam, 1965]. Period of Keissig oscillation depends on the thickness of the
metallic layer. Though these oscillation cause very low reflectivity patterns, these
are used ex-situ measurements of the thickness of the thin film. As the thickness
of the reflecting layer increases, the period of Keissig oscillation reduces. Figure
2.5 shows the schematic of an X-ray mirror producing multiple internal reflections
above the critical angle. Part (b) of the shown a case where the thickness of the
reflecting surface is very large (larger than the penetration depth). In this case,
Keissig oscillation does not occur as there are no multiple reflections. Figure 2.6
shows the simulated reflectivity profile of Au mirrors of different thickness on a
Si substrate as a function of incident angle at 10 keV. Three profiles correspond

to mirrors with three different thickness of the Au layer as given in the inset.
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For the mirror with infinite thickness (larger than the penetration depth), the re-
flectivity smoothly drops exponentially in log scale above the critical angle. But
in the case of finite thickness mirrors (10 nm and 5 nm), Keissig oscillations are
observed. These oscillations have very low reflectivity and decay very rapidly for
higher order oscillations. The period of oscillations is a function of the thickness
of the reflecting layer and the energy of the incident photon. From the figure, it is
observed that the period of oscillation of 5 nm thick Au mirror is 0.7° and as the

thickness doubles to 10 nm, the period of oscillation becomes half to 0.35°.

Since the Keissig oscillations are formed by the multiple reflections from the
thin film and the substrate, the contrast in densities of thin film and the substrate
governs the contrast of oscillations. A small difference in the densities results in
less contrast of oscillations. Figure 2.7 shows IMD simulated reflectivity profiles of
Au coated mirror as a function of incident angle at 10 keV with two different sub-
strates. The difference in the densities of Nickel (Ni) (8.9¢g/cc) and Au (18.3¢g/cc) is
lower than Silicon (Si) (2.2¢g/cc) and Au. Hence the contrast of Keissig oscillations

with Si substrate is higher than with Ni substrate.

2.2.3 Surface micro-roughness

Grazing incidence X-ray reflectivity is greatly affected by the micro-roughness
of the reflecting surface. The mirror surface has to be smooth in order to attain
a reflectivity near to the value predicted by Fresnel laws. Several super polishing
techniques are being developed to reduce the RMS roughness from micrometer to
sub-nanometer scale. However, a real mirror will always have a non-zero rough-
ness which reduces the reflectivity. Equation (2.14) gives the grazing angle X-ray
reflectivity of a smooth surface. Effects of micro-roughness on reflectivity are also

energy and angle of incidence dependent. Reflectivity from a rough surface R,
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Figure 2.7: Reflectivity of gold (Au) coated mirror as a function of incident angles
with two different substrates (Ni and Si). The contrast of Keissig oscillations
is higher with Si substrate than with Ni substrate as the difference between the
densities of Au and Si is higher than the difference between Au and Ni.

with RMS roughness o given by (2.15):

R,(9) = R(6).(1 - Q) (2.15)

where the value of ) depends on the spatial correlation length (£) of the rough-
ness. Spatial correlation length of a surface is the defined as the length scales at
which roughness amplitude is of the order of wavelength of light. If the spa-
tial correlation length of roughness is very high (§ — o0), then Q is given by
Debye — Waller (DW) relation (5.30). When the roughness correlation length is
close to zero (£ — 0), then the value of Q is given by Nevot — Croce (NC) relation
(2.17) [Spiller, 1996].

4o sin @

. )2.vg = o (2.16)

Qow = (
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i 2
Qnc = (4 ‘iw> .sinfRer/& — cos?2ONVE — 0 (2.17)

From (2.15), (5.30) and (2.17), one can infer that the effect of micro-roughness
is larger for a larger angle on incidence and for the small wavelength of the incident
photon. Figure 2.8 shows the simulated reflectivity profiles of Au coated mirror
at 0.5° as a function of incident photon energy for the different roughness of the
mirror. As the roughness increases, the grazing incidence reflectivity reduces. And
the effect is higher for higher energies. A sudden drop of reflectivity near 2 keV is

due to the absorption edge of gold (Au).
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Figure 2.8: Simulated reflectivity profiles of a Au coated mirror at 0.5° as a function
of photon energy for different RMS roughness of the mirror. RMS roughness in
nano- meters (nm) in given in the inset.

2.3 X-ray transmission from thin films

As the refractive index of all mediums is nearly equal to 1 at X-ray wavelength,
rays transmit through all the materials when incident well above critical angle

(eq. (2.13)). However, X-rays are absorbed by the medium by inelastic scattering
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of an electron in the material. X-ray absorption exponentially increases with the
increase in the density of the material. The imaginary term the complex refractive
index (3 (eq.(2.4)) gives the absorption component of X-rays in a medium. As the
thickness of film increases, the transmission efficiency reduces due to increase in
absorption. Figure 2.9 show the transmission efficiency of different material films
at 8 keV as a function of the thickness of the film. From the figure, it is evident
that fewer density materials like Si and Al have high transmission efficiency even
with a large thickness. This is due to less absorption of X-rays from low dens
material. X-ray transmission filters are often used high pass filters as transmission

efficiency of a given filter increases as the incident photon energy increases.
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Figure 2.9: Normal incidence transmission efficiency of various materials at 8
keV as a function of the thickness. High density materials have less transmission
efficiency due to high absorption.
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2.4 X-ray filters

For a mirror of a given material, the critical angle of X-ray reflection reduces with
the energy of the incident photon. Hence at a given angle of incidence, the reflec-
tivity of X-rays rapidly falls above a certain energy. Hence grazing incidence X-ray
reflection mirrors act as low pass filter whose passband depends on the incident
angle and the density of the material. X-ray transmission filters act a natural high
pass filter which attenuates low energy X-rays. Hence in a combination of both
reflecting mirrors and transmission filters, one can design a moderate resolution
notch filter with a very narrow passband. Figure 2.10 shows the design of two
moderate resolution notch filters with different materials and configurations. In
an example given in figure 2.10 a 4 keV notch filter is designed by a Ni X-ray
mirror at 0.83° which is close to the critical angle of Ni at 4 keV. And a Ni filter
with thickness 7.5 um is used as a filter which absorbs all the low energy X-rays.
When the response of both the filter and mirror are convolved, we get a narrow
passband at 4 keV. Similarly, a gold mirror at 1.5° with a 5 um Yttrium acts as a
notch filter at 2 keV. The sharp cut-off just above 2 keV is due to the absorption
edge of Yttrium at 2.1 keV. Similarly one can design notch filter for other bands

by properly design mirror and filter configurations.

2.5 Grazing incidence X-ray optics

A truncated parabolic shell acts as a grazing incidence X-ray focusing optical
system with large focal length (small angle of incidence). However, the parabolic
shape cannot be used as an imaging telescope as it is affected by strong ‘coma’
aberration for off-axis sources. As a result, the active imaging field of view is very

small for a parabolic reflector. A coma-free optic can be developed if the Abbe
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= Mirror: Au at 1.5°. Filter: 5 um Yttrium (Y)
= Mirror: Ni at 0.83°. Filter: 7.5 um Ni
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Figure 2.10: Moderate resolution notch filter 2 keV and 4 keV designed in combi-
nation of X-ray mirror and transmission filter.

sine condition [gM.A., 1910] (2.18) is satisfied in all points of the reflecting surface.

h i
; = — = constant (2.18)
sina;  sina,

where h and i denote the distance of the object and image point from the
optical axis respectively. «;, «, are the angle between the ray after reflection
and the optical axis respectively. The Abbe condition rules out a single parabolic

reflector for coma-free off-axis imaging.

A solution to this problem is given by Hans Wolter in 1951 [Wolter, 1952] where
he showed that the Abbe condition could be approximately satisfied by using
a double reflection on two conical mirrors in succession. Double reflection also
reduces the focal length of optics by a factor of 2. Wolter came with three different
configurations which suppress off-axis coma by double reflection. Figure 2.11 shows
the optical schematic of Wolter type I, II, and III designs. Among them, Wolter

type I design is very popular among astronomical X-ray telescopes as it has the
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shortest focal length for the same aperture when compared to type Il and types

III designs.

Hyperbola
Ellipse

Type I

Hyperbola

Type IIT

Figure 2.11: Optical schematics of Wolter type I (top), type II (middle) and type
IIT (bottom) designs with double reflection to eliminate coma aberration for off-axis
imaging. Picture credit: http : //www.x — ray — optics.de/index.php/en/types —
of — optics/reflecting — optics/curved — mirrors

An X-ray telescope with Wolter type I optics has a circular radial profile and
parabolic and hyperbolic axial profiles for primary and secondary mirrors respec-
tively. Since these mirrors are operated at very small angles of incidence, the
effective geometric area of the telescope is very small when compared to the phys-
ical geometric area of the instrument. Secondary hyperbolic profile mirror will not
contribute to increasing the overall effective area of the telescope but it is used

to reduce the focal length and enhance the imaging properties. Energy-dependent
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effective area of Wolter type I optics is given by (2.19):

Ae(E) =2nrlsindR, (F).Re(E) (2.19)

where | is the axial length of the primary mirror, r is the radius of the primary
mirror, 6 is the inclination angle of the primary mirror with respect optical axis,
R (F) and Ry(F) and the energy-dependent X-ray reflectivities of the primary and
secondary mirrors. In order to get 100% throughput, the primary and secondary

mirrors should satisfy the condition (2.20)

ll sin ‘91 = lg sin 02 (220)

where [1, 5 are the axial lengths of primary and secondary mirrors respectively.
01 and 60, are the inclination of the primary mirror with respect to the optical axis
and the inclination of the secondary mirror with respect to the primary mirror
respectively. Equation (2.20) gives the condition for all on-axis rays reflected from
the primary mirror to be reflected from the secondary mirror without any loss. In
most practical cases, [; and [ are kept equal and hence 6; and 6, are also equal.

If similar reflective coating is applied to the primary and secondary mirrors, the

R(F) = Ry(F)= R(F). These conditions converges (2.19) to:
A (E) = 2rrlsin 0R*(E) (2.21)

Focal length (f) of Wolter type I optics depends on the radius of the primary

mirror and the angle of incidence which is given by (2.22):

% — tan(46) (2.22)

46 is the convergence angle of the beam after double reflection as each reflection
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adds the convergence angle of 26. Since the effective area of Wolter type I design
is very small for small incidence angles, astronomical X-ray telescopes adopt the
technique of concentric shells design. In this design, several primary and secondary
shells are placed concentric to each. Angles of incidence of concentric shells are
varied according to the radius of the shell to have a common focal length of all
shells as per (2.22). To maximize the packing density for concentric shells, the
thickness of the mirror should be reduced. Several advanced fabrication techniques
are being employed to develop thin X-rays mirrors to enhance the packing density
of the telescope. Chandra X-ray telescope mirror is 20 mm thick [Zombeck et al.,
1981] while XMM-Newton mirrors 1 mm thick [Koch-Miramond, 1985]. Recent X-
ray telescopes like SXT- Astrosat developed 0.5 mm thick mirrors by replication
technique [Singh et al., 2017a]. Spektr-RG X-ray telescope developed 0.25 mm
thick mirrors [Arefiev et al., 2008] and future instruments like MiXO are developing
0.2 mm thick X-ray mirrors [Hong et al., 2014] by more advanced techniques.

While thin foil X-ray mirrors are used to increase the packing density and
effective area per mass ration of the telescope, it is very difficult to produce and
maintains parabolic and hyperbolic axial profiles on the mirrors. This will greatly
affect the imaging quality of an X-ray telescope. Chandra X-ray telescope used
properly figured thick glass substrates which maintained parabolic and hyperbolic
profiles while the contemporary XMM- Newton used electroformed Ni substrate
with a conical approximation. As a result, the angular resolution of Chandra X-ray
telescope is 0.5 arc second and that of XMM-Newton is 6 arc second [Dubner et al.,
2017]. Figure 2.12 shows the comparison of the image of Crab nebula recorded
from Chandra and XMM- Newton X-ray telescopes. From the figure 2.12, one
can clearly see the jets from crab pulsar and structure around it from Chandra
image which is not very clear from the XMM- Newton image. On the other hand

effective area per mass ratio of Chandra is just 0.54 cm?/kg while it is 4.34 em? /kg
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for XMM- Newton telescope.

XMM- Newton

Chandra

Figure 2.12: Comparison of image of Crab nebula recorded from Chandra (left)
and XMM- Newton (right) X-ray telescopes. Reference” [Dubner et al., 2017]

2.5.1 X-ray concentrators

Wolter type I design is used for high-resolution X-ray imaging and for moderate
resolution imaging, a conical approximation of Wolter type I design is used for
Astronomical X-ray telescopes. Imaging telescopes are heavy, expensive and diffi-
cult to align and calibrate. But if the aim of the instrument is just to concentrate
more X-rays on a small detector with high signal to noise ratio and not to image, a
simple single reflection optics can still be useful. Such systems are less expensive,
easy to align and have less weight. For applications such as not imaging photon
counting, spectroscopy, and polarimetry, a simple X-ray concentrator is used to
increase the signal to noise ratio. However, the concentrators have larger focal
length which increases the overall size of the instrument. Since they have a single

reflector, their effective area is given by (2.23):

Ac(e) =2nrlsin OR(E) (2.23)
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and the relation between radius and focal length for given angle of incidence is
given by (2.24):
% — tan(20) (2.24)

For a concentrator with ‘n’ number of concentric shells, the outer radius of n—1%*
shell should not occult the inner radius of n'* shell. And angle incidence of all
shells should vary according to (2.24) with the respective radius of the shell to
have a common focus. This leads to a set of conditions which needs to be satisfied
for 100% throughput concentrator. This should also consider the thickness of the
clearance mirror and the gap left between two concentric shells for mechanical and
field of view considerations.

Let 7}, 72 and 6, be the outer and inner radii and angle of incidence of the ‘n'*’

shell respectively. Let ‘I’ be the length of each shell, ‘g’ be gap between two shells,

‘t” the thickness of the mirror substrate and ‘f’ the focal length of the mirror. From

figure 2.13,
r? =71} —lsinf, (2.25)
Considering radius of each shell from the center of the shell i.e. @,
T%;}T% — sin 26 (2.26)
By solving equations (2.25) and (2.26) for 6, we get,
2fsin260 + [sinf — 2r; =0 (2.27)

Since f,] and r} are known to begin with, we can solve equation (2.27) to find

out angle of incidence of first shell ‘d;” and hence from equation (2.25), r? can be
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Figure 2.13: Schematic of concentric placement for no vignetting condition in case
of single reflection X-ray concentrator.

Calculation of shell’s specification for n'* shell Specifications of n'* shell

depends on the specifications of (n — 1) shell. Inner radius of n'* shell without

any vignetting effect is given by,

r2=rl g+t (2.28)

n —

From figure 2.13 and equation (2.24), we get following equations respectively,
1_ .2 .
r, =1, +1lsind, (2.29)

1 2
T, + 1,

o sin 26, (2.30)
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Solving equations (2.29) and (2.30) for 6, we get,

2fsin 26, — Isinf, —2r2 =0 (2.31)

From above equations, one can calculate r}, r2 and 6,, for ‘n’ number of shells for

a single reflection conic approximated concentrators.

Several alternative designs like Montel-optics, Kirkpatrick-Baez (KB) optics,
cylindrical Wolter optics, polycapillary optics, Si pore optics etc. uses the principle

of grazing incidence X-ray optics to focus X-rays for various applications.

2.6 Multilayer mirrors

Major limitations of optics developed with grazing incidence mirror are its low
effective area and large focal length. These limitations are primarily due to the
small critical angle for total external reflection. This also limits the high energy
cut-off of X-ray telescopes typically under 10 keV. Optics developed with small
angle reflection mirror also limits the active field of view of the X-ray telescope.
Multilayer coating mirrors or simply ‘multilayer mirrors’ provide a solution to
these limitations by reflecting soft X-rays at large angles for a large effective area
and short focal length optics and also reflecting hard X-rays (~ 100 keV) for large
bandwidth X-ray telescopes [Christensen et al., 1995], [Krieger et al., 1997], [Mao
et al., 1997], [Tawara et al., 1998]. Multilayer mirrors can also be used for normal
incidence EUV- soft X-ray mirrors [Evans et al., 1989], [Evans et al., 1988], [Windt
et al., 2004] as well as for soft X-ray polarimeters [Marshall et al., 1998], [Grimmer
et al., 2001], [Marshall et al., 2010], [Marshall et al., 2014], [Marshall, 2015], [She
et al., 2015], [Panini et al., 2018].



2.6. MULTILAYER MIRRORS

41

Reflected X-Rays.
(In-phase, satisfying Bragg's law )

Incident X-Ray beam

Period of
bilayers 'd’

Reflector material,
igh Z element
Spacer malerial,
Low Z element

Substrate

Figure 2.14: A schematic representing the working principle of multilayer mirrors
for X-rays above critical angle of total reflection.

Multilayer mirrors consist of thin, periodic repetitive coatings of low- and high-
density (or atomic number (Z)) materials with sharp interfaces as shown in fig-
ure 2.14. Multilayer mirrors work on the principle of constructive interference
from thin layers of materials. When X-rays are incident at angles larger than the
critical angle, most of the X-rays get transmitted through the top layer with a
very low reflectivity. Since there is a sequence of contrasting layers, the transmit-
ted X-rays get divided into transmitted and partially reflected component as each
layer interface. The coating thickness of each layer can be optimized to interfere
constructively all reflected component from all layers enhancing the overall reflec-
tivity. However, as X-rays pass through layer material, a significant component of
it will be absorbed in the media. Higher the density of the material, higher the
absorption. Hence a single layer is subdivided into a high-density layer (reflector)

and a low-density layer (spacer). While X-rays efficiently gets reflected from the
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reflector layer, the spacer layer helps in reducing the absorption of X-rays while
passing through it. Contrasting densities of reflector and spacer layers not only
minimize the absorption of X-rays but also provides excellent contrast for maxi-
mizing the reflectivity from each layer. A single layer consisting a reflector and
a spacer layer is called a bilayer. Bilayers are repeated with periodicity’ which is

physically the thickness of one reflector layer and a spacer layer together.

2.6.1 Working principle of multilayer mirrors

X-ray reflectivity from a multilayer mirror is enhanced when the reflected compo-
nent from all the reflector layers is constructively added. For constructive inter-
ference of X-rays, the effective path-length traveled by X-ray from all reflecting
layers should be equal to the integral multiples of the wavelength. If an X-ray
beam of wavelength A is incident on a multilayer mirror at an angle (> 6.), the
additional path length traveled by the ray into the mirror should be equal to an
integral multiple of A\. From figure 2.14,

n\ = AB + BC — AC' (2.32)
d d
= — A
sin @ + sin 6 ¢ cosf
B 2d B 2d cos 6
a sin @ tan 6
_ 2d 2 cos? 6
a sin @ sin 6
2d
= 1 — cos®
sine( cos™ 0)
n\ = 2dsin 6 (2.33)

Equation (2.33) is called Bragg’s law which gives the condition for reflection
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of X-rays from a multilayer mirror at angles above the critical angle. From the
nature of equation (2.33), enhanced reflectivity is obtained only for narrow bands
whenever the condition is satisfied for integer ‘n’. These narrowband peaks of
reflectivity are called Bragg peaks whose intensity rapidly falls as the ‘n’ (order of
Bragg peak) increases. Figure 2.15 and 2.16 shows the typical reflectivity profiles
of multilayer mirrors as a function of the angle of incidence for a monochromatic
source and for different photon energies at a fixed angle respectively. These profiles

are simulated using IMD software [Windt, 1998].
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Figure 2.15: Calculated X-ray reflectivity profile at 8 keV as a function of incident
angle for a modelled multilayer mirror with Ruthenium reflector and B4C' spacer
layers with period of 5 nm.

In order to calculate the structure-function of a multilayer mirror, each layer
pair of thickness d is considered as a unit cell. The angle-dependent structure-
function along the direction normal to the mirror surface x of a unit cell is given

by (2.34) [Michette, 1986]

d
F(@):/O o(x)exp[dmi(sinO)z /N dx (2.34)

where ¢ is the scattering amplitude density which depends on the material
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Figure 2.16: Calculated X-ray reflectivity profile as a function of different incident
energies for modelled Ru-B,C MCM with period of 5nm at 1.5°.

properties as is given by (2.35) [Michette, 1986]:

¢ = pl(Z 4+ 6f2) + f2)V/2e* Jdme,meoc? (2.35)

where p is the number density of atoms, c is the velocity of light and € is
the relative permittivity of the medium. If both reflector and spacer layers are
homogeneous with scattering amplitudes ¢, and ¢, respectively and the interfaces
are perfectively sharp, then the equation (2.34) can be written as (2.36):
dr ds
F(0) = orexp(iQx)dr + psexp(iQx)dx (2.36)
0 o

where () is momentum transfer a interface which is given by (2.37):

47 sin 6
A

Q= (2.37)

by solving the integrals of equation (2.36), we get (2.38):

F(0> = (1/2@)[(¢5 - ¢r>€xpist - d)s + ¢r€xpiQd] (238)
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Magnitude of the above equation is given by (2.39)

F(o) = X2

ol

[¢02(1—cos Qd,)+¢2(1—cos Qd,.) — pspr(1+cos Qd—cos Qds—cos Qd,.)]

(2.39)

Let 7 be the ratio of thickness of reflector material (d,.) to the period of bilayer

(d). Then d, = vd and ds = d — vd. Substituting d, and d; in terms of 7 in
equation (2.39), we get (2.40)

[F(0)] = —[¢%(1—cos(Q(d—d))+¢; (1—cos Qyd) —ps b, (1+cos Qd—cos(Q(d—d)) —cos Qyd)]

(2.40)

Sie

At Bragg peaks, substituting sinf/A = n 27 in equation (2.37) we get,QQ =
2nm/d and cos Qd = 1. Equation (2.40) gives the angle dependent structure func-
tion of a single unit cell (one bilayer) with sharp layer interface.

Neglecting the X-ray absorption from multilayers, the overall intensity of the
reflected beam is estimated by Ewald solution which considers overall effect due
to N number of bilayers in multilayer mirror. If X-rays of intensity [, are incident
on a multilayer mirror, then the angle-dependent reflected intensity (I()) is given

by (2.41):

1(0) = L|p* + (p* — 1) cot?[A(p* — 1)*°]| (2.41)

where

A = (2Nkd/n)|F(0)| (2.42)

p = (mnN/2Asin?0,,)[(0 — 0,,) sin 26,, — 26] (2.43)
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the value of k depends on the state of polarization of incident X-rays which is

given by

k=1, Parallel
=| cos 20,,|, Perpendicular (2.44)

=(1+|cos20,,])/2 unpolarized

when angle of incidence is equal to Bragg angle (i.e. 6 = 0,,), reflectivity is

maximized. Multilayer mirrors are considered thick if A > 1.8 and thin if A < 0.4.

Multilayer mirrors as polarizing elements: As the value of K depends on
the polarization state of the incident photon, the response of multilayer mirrors
varies according to the polarization of X-rays. For small as well as near normal in-
cident angles, K for parallel and perpendicular polarization states are nearly equal.
However when the angle of incidence is close to 45°, k = cos 26 becomes zero for
perpendicular polarization state which completely suppresses the reflected com-
ponent. When unpolarized X-rays are incident to a multilayer mirror with Bragg
peak at 45° only parallel component of X-rays are reflected. X-ray reflection at
45° satisfies Brewster’s law [Brewster, 1815] which acts as a reflecting polarization
element. Figure 2.17 shows the simulated reflectivity profile of a Co-C multilayer
mirror with d= 3.5 nm at 45° as a function of incident photon energy for S- (paral-
lel) and P- (perpendicular) polarization states of incident photons. S- polarization
reflectivity of the mirror is more than 3 order of magnitude higher than the P-
polarization reflectivity at 45°. This property of multilayer mirrors is exploited in
developing soft X-ray polarimeters. More on soft X-ray polarimeters is discussed

in Chapter 6.
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Figure 2.17: Reflectivity profile of a Co-C multilayer mirror at 45° as a function
of incidence photon energy for S- (parallel) and P- (perpendicular) polarization
states.

2.6.2 Effect of number of bilayers

From equations (2.41) and (2.42), it is evident that as A increases, reflectivity
increases. A is directly proportional to the number of bilayers N, Reflectivity
at Bragg peaks can be enhanced by fabricating a multilayer mirror with a large
number of bilayers. If the medium is non-absorbing, ideally it is possible to develop
mirrors with 100% reflectivity for large N. However, X-rays get absorbed by thin
films in multilayer mirrors. This gives a limit on a total number of effective number

of bilayers (N.ss) which is given by (2.45) [Michette, 1986]:

Nepr = n*nAJ[2kd* (¢, — ¢5) sin(mmnd, /d)] (2.45)

From the nature of equation (2.45), it is noted that N.s; is a function period
of the bilayer, the angle of incidence for a given wavelength. As d increases,

Ncss decreases. This is due to an increase in the absorption medium in the mirror.
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Similarly N is large for high photon energy and high angle of incidence. Reflector
layer produces more absorption as the density of the medium is higher than the
spacer. Hence it is a common practice it maintains the thickness of the reflector
layer than that of the spacer layer in a bilayer. Figure 2.18 shows the effect of
a number of bilayers on the peak reflectivity at the first Bragg peak of modeled
W — B4C' multilayer mirror with d= 3.4 nm which is. Y-axis corresponds to the
peak reflectivity at the first Bragg peak (90° in this case) of 0.183 keV X-rays.
In this case, it is observed that the reflectivity initially increases as a number of

bilayers increases and saturates close to 33 % at around 200 number of bilayers.
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Figure 2.18: Effect of number of bi-layers on peak reflectivity at Bragg peak at
183 eV x-rays. This graph is calculated from modeling a W-B4C multilayer mirror
with d = 34 nm. The first Bragg peak occurs at 90°.

2.6.3 Effect of v on X-ray reflectivity

~ gives the ratio of the thickness of the reflector layer (d,) to the d. As reflectors
have a high absorption coefficient due to their high density, in a bilayer, the layer
thickness of the spacer is maintained larger than the thickness of the reflector layer.

As a result, the maximum value of v is restricted to 0.5 for all cases. The minimum
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value of 7 is only limited by the minimum thickness of the reflector layer which
can sufficiently reflect X-rays. Extremely small gamma values for thin multilayer
mirrors are limited by the physical possibility to fabricate continuous sub-nano-
meter thick metallic layers. If the thickness of the metallic layer is smaller than
the skin depth at a particular wavelength, the reflectivity is lowered. Figure 2.19
shows the simulated data of the change in Bragg peak reflectivity as a function ~.
Y-axis of the first order Bragg peak reflectivity of a modeled Ru — B,C multilayer
with d= 2.5 nm and N= 150. It is observed that the peak reflectivity is very low
for small v as the thickness of the reflector layer is too small to effectively reflect
X-rays. At higher v (> 0.4), the mirror becomes more absorbing as d, increases.
Peak values of v also depend on the thickness of the multilayer mirror, and the

angle of incidence.
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Figure 2.19: Effect of v on reflectivity at first Bragg peak to a modelled Ru-B,C
multilayer mirror whose d = 2.5 nm with 150 repetitions.

From equation (2.40), when y= 0.5, i.e. when the thickness of spacer and

reflector are same, at Bragg condition (cos @d =1 and Q=2 7 n /d), the structure
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function reduces to (2.46),

|F(0,) = (i)(gbr — ¢s)sin(nm/2) (2.46)

nm

Equation (2.46) equals to zero when n is even. Substituting F=0 in equations
(2.42), (2.43) and (2.41), the reflected intensity I() =0. Hence when y= 0.5, all
even order Bragg peaks get suppressed. For a generic condition, from equation
(2.40), the structure function at Bragg peaks F'(6,,) =0 when the term cos(Qvd)

=0. Solving for this condition we get (2.47),
ny=1 (2.47)

From the condition (2.47), it is noted that n'" of Bragg peak is suppressed
when the value of 7 is such that ny =1. Under this condition, the thickness of
spacer and reflector layers are such that the partially reflected ray from reflector
will be canceled out by the partially reflected ray from spacer component due to
destructive interference. Figure 2.20 shows the simulated data of a modeled Ru —
B,C multilayer mirror with d= 5 nm and N= 150. The response is calculated for
an incident photon energy of 10 keV as a function of incident angle for different ~
values. The suppression of higher order Bragg peaks can be observed for respective

~ values which satisfy (2.47).

2.6.4 Choice of materials

Multilayer materials play an important role in maximizing the Bragg reflection.
High the density and 0 of the reflector material helps in high partial reflection
from the layer whereas high § contributes to high absorption. Choice of materials
also depends on the spectral range of operation. In the X-ray region, most of the

materials have very strong absorption edges which behave as a strong absorbing
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Figure 2.20: X-ray reflectivity curves showing the suppression of higher order
Bragg peaks for different v

medium instead of reflecting. At these regions the value of g is maximum hence,
the overall reflectivity from the mirror is very low. Figure 2.21 shows the cal-
culated Bragg reflectivity of multilayer mirrors with different reflector materials
as a function a simple figure of merit which is given by pd/(8 x atomicweight).
This ratio gives the condition for a better choice of reflector material at a given
wavelength. Spacers for all the cases is B,C' and the calculation is made at 0.18
keV with a period of a mirror at 3.4 nm. Y-axis is the first Bragg peak reflectivity
which is at 90° in this case. Figure 2.21 indicates that, reflectivity is high for

reflectors materials for high density and 6 and low atomic weight and f.



2.6. MULTILAYER MIRRORS 52

T T T T T T T H T
50 ~ -
45 %o
4 ° i
40 .
S 9
= 35 i
= |
©
2 30 [+ i
© o
4
25 ? ° §
204 @ i
")
15 T T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6

(pd)/(B+atomic weight)

Figure 2.21: Bragg peak reflectivity of different materials as a function of
(—5;> of reflector layer. Spacer is B,C for all cases. Reflectivities of

Bxatomicweight

these modelled mirror are calculated at first Bragg peak (at 90°) at 0.18 keV.

2.6.5 Resolving power of multilayer mirrors

Resolving power of multilayer mirrors is governed by the width of the Bragg
peak. For a constant period multilayer mirror (d of all bilayers is maintained
same), Bragg peaks are very narrow. The full width at half maximum (FWHM),
AB, of a Bragg peak is a function of a number of bilayers and the order of Bragg
peak. For thick multilayer mirror, A, and the resolving power of Bragg peak R,
is given by (2.48) and (2.49) respectively [Michette, 1986]:

Abp_inick = (4/V/37)(Atan6,)/nN (2.48)

Ro_thiek = (V37 /4)nN/A (2.49)

In case of thin multilayer mirrors (A < 0.4), Af,, and R,, are given by, (2.50)
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and (2.51) [Michette, 1986]

Ay _ipin = 2[(In2) /7] *(tan b,,) /nN (2.50)

Ry_thin = 0.5(7/In2)**nN ~ nN (2.51)

Figure 2.22 shows the simulated reflectivity of the profile of W — B,C' multilayer
mirrors with d= 3.5 nm at 2 keV as a function of incident angle. Bragg peak
is much sharper for the sample with large layer pairs. These simulations are
performed on modeled samples of uniform and sharp layer interfaces. However, in
a physical system, layers are not sharp and have some interlayer diffusion which
broadens the Bragg peak. The width of the Bragg peak is also very sensitive to
the experimental conditions such as the divergence of the incident beam and the

opening angle of the detector.

2.6.6 Surface roughness

As discussed in section 2.2.3, surface roughness severely affects the reflectivity of
the X-ray mirror. However, for multilayer mirror where the reflectivity is con-
tributed by all bilayers, the reflection at Bragg peaks is function interlayer rough-
ness. From equation (2.19) and (2.20), the effect of roughness on reflectivity also
depends on the incident angle and the wavelength of X-rays. Figure 2.23 shows the
effect of roughness on the Bragg peak reflectivity at different energies and angles
corresponding Bragg peaks (as indicated in the inset). These results are obtained
for a modelled W — B,C multilayer with d=2 nm and N=150. Reflectivity drops
exponentially as the surface roughness increases. It is also observed the effect of

roughness is larger at higher photon energies.
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Figure 2.22: Reflectivity profile at 2 keV for two W — B,C' multilayer mirror
mirrors with d= 3.5 nm and N= 10 and 50 respectively.
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Figure 2.23: Influence of interlayer surface roughness of the mirror on the reflec-
tivity of W — B,C multilayer mirror with d= 2 nm and N=150.

2.7 Summary

In this chapter, we have presented the theory and simulated results on the X-ray
reflection from thin films. We have presented a comprehensive discussion on the

effects of various parameters like the coating thickness, roughness, X-ray wave-
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length, angle of incidence on the reflection efficiency. We have also discussed in
detail regarding various optical design for X-ray imaging telescope and concen-
trator optics. Design and working principle of multilayer mirrors is discussed.
Simulated results of the effects of several design parameters are presented in this

chapter.
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Chapter 3

Fabrication and testing of

multilayer mirrors

The process of depositing thin films of materials are broadly classified into
two parts: Physical Vapour Deposition (PVD) and Chemical Vapour Deposition
(CVD). In PVD techniques, the material goes from the condensed phase to the
vapor phase to gets deposited as a thin film on the substrate back to condensed
phase. Deposition techniques like evaporation and sputtering are classified as PVD
techniques. In CVD, the substrate is exposed to one or more volatile materials
which react and decompose on to the substrate. CVD is preferably performed in
a vacuum and the volatile by-products formed by the chemical reactions are later

removed by the gas flow.
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3.1 Thin film deposition techniques

3.1.1 Thermal evaporation

Thermal evaporation is the oldest PVD technique which is used to deposit thin
films on a substrate. In this technique, the material to be deposited is kept in ultra-
high vacuum (107 Torr) and heated to temperatures to vaporize the material. A
substrate is placed in these vapors which then condenses a thin layer of material. In
this technique,target materials are heated to high temperatures (a few thousands
for metals). This technique is not useful for depositing alloy materials as different
compounds need different temperatures to vaporize. Thin films fabricated using

this technique usually undergo large thermal stresses.

3.1.2 Electron beam (e- beam) evaporation

Electron beam or e-beam evaporation is PVD technique which allows fast depo-
sition of thin films. This is similar to thermal evaporation but uses a high-current
electron gun to produces vapors of the coating material. Highly focused e- beam
produces a very localized rise in temperatures which leads to local evaporation of
the target material. Deposition rate can be measured in-situ by placing a piezoelec-
tric quartz crystal which changes its natural frequency of oscillation as a function

of the amount of deposited material.

3.1.3 Sputtering

In the sputtering technique, particles are ejected from the material as a result
of the bombardment of energetic particles (gas ions). These particles are then
deposited on to a substrate and form a thin film. The properties of the emitted

particles depend on the kinetic energy of the bombarding ions, their angle of
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incidence and the target material geometry. Sputtering can be done by ion beams
(Ion beam sputtering), high power pulsed Lasers (Pulsed Laser deposition) and
high power direct current (DC) and radio frequency alternating cycle current (RF-

AC) sources.

DC Sputtering: Figure 3.1 shows the schematic of a DC sputtering system for
metallic layer deposition. A substrate connected to a positive potential (anode)
is placed in front of a target material which is connected to a negative potential
(cathode). Coating chamber is maintained at low pressure (~ 103 Torr) of pure
Ar or Kr gas which is used as the sputtered gas. When high electric field (~
10,000V) applied to the system, plasma is generated in the chamber. Plasma
consists of electrons and positive ions of sputtered gas. Sputtered gas is usually
an inert gas as other gases like Oxygen and Nitrogen will chemically react with
the target material. Helium and Neon are not usually preferred as they require
relatively large power to create plasma . Ar is the most commonly used sputtered
gas. Positive ions of sputtered gas hit the negatively charged target material
with great force and remove some material. The number of target atoms released
by each sputtered ion is called the sputtering yield which is a function of target
materials, applied power, the pressure inside the coating chamber and the angle
of impact of the sputtered ion to the target material. Atoms from the target come
towards the substrate with some kinetic energy and gets deposited as a thin film.
These atoms can also cause re-sputtering from the deposited substrate if the kinetic
energy of the atom is strong enough to break the bonding of the layer [Greene,

2017]. Figure 3.2 shows the schematic of cases of sputtering and re-sputtering,.

RF Sputtering DC sputtering technique produces smooth, thin and uniform
metallic layers. However, this technique is not useful for the deposition of the

insulator layer. When the target material is an insulator, Ar ions initially sputter
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Figure 3.1: Schematic of DC magnetron sputtering mechanism to deposit thin
films

A. Sputtering B. Re-sputtering

Figure 3.2: Schematic of process representing Left (A): Sputtering process for thin
film deposition. Right (B): Re-sputtering where deposited layers get sputtered
back to vapour.

the material for a short period. Over time, the surface of the target will be
positively charged. Whereas in the case of metals, the negative power supply will
discharge the positive surface of the target. But in the case of an insulator, the
surface remains positive which stops further sputtering of positively charged Ar
ions. Figure 3.3 shows the schematic of DC sputtering of insulator where the

surface becomes positive repelling the positively charged Ar ions.
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Figure 3.3: Schematic of DC sputtering system for insulator target. The outer
surface of the target becomes positive resisting positively charges Ar ions from
sputtering.

This problem is addressed by using Radio Frequency (RF) AC power supply.
In RF sputtering systems, the power supply is in AC mode with typically 75%
positive and 25% negative cycle. Alternating positive and negative power supplies
to target help in discharging the insulator target allowing Ar ion to continuously

hit the target material for sputtering.

Uniformity of layers: Uniformity of the layer deposition on the substrate de-
pends on the relative sizes of substrate and target and the distance between the
target and substrate. Uniformity of layers can be improved by increasing the dis-
tance between the target and the substrate. However, this makes the system huge.
Rotating the wafer during deposition can improve uniformity. But is not feasible
in all coating chambers. Collimators can be used in front of the target material
which allows only the particles traveling in a straight path to get deposited on
the substrate. This technique significantly decreases the deposition rate. One of
the most commonly used technique to increase the uniformity and deposition effi-
ciency of sputtering is by using a magnetic field to direct the plasma. Such systems

are called “magnetron sputtering” system [Hull, 1921]. In magnetron sputtering
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system, the magnetic field is configured parallel to the target surface. This will
not only increases the uniformity of deposition but also increase the probability of

atom-electron collision and constrains the motion of secondary electrons.

3.2 Fabrication of multilayer mirrors by mag-

netron sputtering

Magnetron sputtering technique is one of the most popular techniques to fabri-
cate multilayer mirrors as they produce sharp interfaces and thin layers. We have
fabricated W — B,C multilayer mirrors using magnetron sputtering system at Raja
Ramanna Center for Advanced Technology (RRCAT) [Nayak et al., 2012], Indore,
India. Since multilayer mirrors typically have both metallic and non-metallic (insu-
lator) layers, the sputtering system has both DC as well RF power supply. Figure
3.4 shows the schematic of the magnetron sputtering system used to fabricate

multilayer mirrors.

The system consists of two targets, one for spacer material (RF power supply)
and other is for reflector material (DC power supply). A substrate is placed on a
translating stage to form spacer and reflector targets. The system is evacuated to
ultra-high vacuums of about 3 x 107® m Bar. A pure Argon (Ar) gas is sent to the
chamber as a sputtering gas until the pressure reaches 5 x 1073 m Bar. When a
high voltage of DC and RF is applied to reflector and spacer targets respectively,
plasma is formed inside the coating chamber. The power supply is varied according
to the type of material and the desired deposition rate. In the system we used
to fabricate W — B4C multilayers, we haveused 70 W DC to Tungsten and 700
W RF to B,C target. When stable plasma is formed inside the coating chamber,

the positively charged Ar ions bombard with the target material and produces
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Figure 3.4: Schematic of magnetron sputtering system for multilayer deposition.

< 10 cm

the vapors of respective materials. The substrate is placed in front of the target
material for a pre-calibrated time whose layer has to be deposited with a certain
thickness. Substrate alternatively moves from spacer and reflector target for the
deposition of alternating layers. Figure 3.5 shows the picture of the magnetron
sputtering system at RRCAT which is used to fabricate all the multilayer mirrors

discussed in this thesis.

3.3 Testing of multilayer mirrors

Characterization of multilayer mirrors is done by measuring the X-ray reflectiv-

ity, surface roughness, period of bilayers number of layers pairs and the density of
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Figure 3.5: Picture of magnetron sputtering system at RRCAT which is used to
fabricate all multilayer mirrors discussed in this thesis.

the material of the thin film. Standard optical profilometers very precisely give
the surface roughness of the top layer of the film. But for multilayer mirrors,
the interlayer roughness plays a major role in governing the overall reflectivity of
the mirror. Transmission electron microscopes (TEM) can be used to character-
ize both thickness of each layer as well as the interlayer roughness. However, the
resolution of TEM is poor to image ultra-short period multilayer mirrors. TEM
technique also destroys the sample which makes it not feasible to test on the mir-
rors which have to used for further applications. Atomic force microscope (AFM)
is widely used for precise measurement of the roughness of the sample. However,
AFM also gives the roughness measure of the top layer. While many other mate-

rial and optical characterization techniques are available for measuring the surface
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and material properties of mirrors, none of them are optimized to study all the pa-
rameters of multilayer mirrors. X-ray reflectivity (XRR) measurement technique
is the most widely used technique for not only measuring the absolute reflection
efficiency of mirrors but also gives the estimate of all design parameters like the
period of bilayers, number of bilayers, interlayer roughness, density of materials,

ete.

3.3.1 X-ray reflectivity (XRR) technique

X-ray reflectivity (XRR) technique is a non-destructive technique of measuring
the design parameters as well as the absolute reflectivity of multilayer mirrors.
Since this technique is non-destructive, measurements can be made even on mirrors
with further applications. A basic XRR setup consists of an X-ray gun, sample
holder and an X-ray detector. Narrow slits are used both at source and detector
ends to restrict the X-ray beam. For X-ray reflectivity measurements, a perfectly
aligned system is scanned across angles (#) from the required range such that the
source and the detector maintain ¢ — 26 at all times. Schematic of a basic XRR
setup is shown in the figure 3.6. To maintain § — 26 conditions either the source
and detector are moved using a goniometer keeping sample stationary or by tilting

the sample and moving the detector by keeping the source stationery.

XRR setup using a synchrotron radiation source facility in beamlines adopt the
stationary source and movable sample detector configuration. Laboratory XRR
setups which use monochromatic X-ray sources have a goniometer arrangement
of source and detector with a stationary sample. Figure 3.7 shows the picture of
a laboratory XRR setup at RRCAT which uses Copper (Cu) target to produces
8.047 keV (Cu-ka) line emission.
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Figure 3.6: Schematic of basic XRR setup
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Figure 3.7: Picture of a laboratory XRR setup at RRCAT which uses Copper
target to produce 8.047 keV (Cu-ka) line emission.
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3.3.2 Determination of multilayer parameters using XRR

data

A typical XRR data consist of reflectivity as a function of the angle of incidence
at a monochromatic X-ray source. Figure 3.8 shows the typical XRR data of
modeled multilayer mirrors similar design parameters with different roughness.

This data can be fitted to multilayer mirror models to extract parameters.

Determination of ‘N’ by Kiessig fringes

Kiessig fringes are formed between two Bragg peaks as a result of secondary
reflections between the layers. A number of Kiessig fringes between grazing inci-
dence peak and the first Bragg peak is given by N — 2. Hence by measuring a
number of Kiessig fringes, the number of bilayers in a multilayer mirror can be
determined. However, this technique cannot be efficiently used for a large number
of bilayers as the angular resolution of the measurement is smaller than the width

of Keissig peak.

Determination of ‘d’ by the position of Bragg peaks

From the Bragg’s law, the relation between the position of the m* order Bragg
peak, the wavelength of incident light and the period of the bi-layer is established.
Hence by calculating the angle at which the peak reflectivity of a Bragg peak
occurs, the period of multilayer mirrors can be determined for a monochromatic

source

Determination of surface roughness ‘o’ by peak reflectivity

While the number of kiessig fringes is an indicator of a number of bi-layers, the

slope at which the intensity of these oscillations decay gives the surface roughness
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of a multilayer mirror. This, in turn, affects the peak reflectivity of the Bragg
peak. Surface roughness can be quantitatively determined by fitting the measured
data from XRR test in software like IMD or Parratt which are virtual laboratories

for modeling MCMs and conducting XRR tests.

Determination of density ‘p’ from critical angle

Density of material in a thin film deposited by sputtering is different from the
density of the target material. True density of the coated material can be found
by measuring the critical angle from XRR test results. The critical angle of total
reflection gives the density of the top layer. The density of interlayer mediate
layers can be determined by fitting the peak reflectivity and the contrast of Kiessig
oscillations.
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Figure 3.8: Calculated reflectivity profiles of two modelled multilayers using IMD
software. This data is useful for determining several design parameters of multi-
layer mirrors.
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3.4 Calibration of magnetron sputtering system

Parameters like the power supply, Ar pressure, the distance between the target
and the substrate, exposure time of substrate to sputtering plasma etc., affects
the uniformity, thickness, and roughness of the deposited layer. All parameters
are optimized in the system to produce smooth and uniform multilayers. The
exposure time of substrate to target material plasma is varied according to thick-
ness requirements. Uniformity of coating depends on the size of the target. In
the system we have used to fabricate the samples, the target is 30 cm x 5 cm.
Hence the sputtering is more uniform in shorter dimension. To test the uniformity
we have fabricated a test W — B4C' sample with 20 bilayers. Ar pressure, power
and exposure time of the system is optimized to fabricate sample of thickness 1.6
nm. Sample (3 cm x 3 cm) is placed at the center of the substrate holder. After
fabrication, the sample is tested for X-ray reflectivity at 6 different positions both
across horizontal as well as the vertical axis. Figure 3.9 shows the schematic of the
sample on a sample holder placed in the coating chamber. Lines numbering 1 to 6
are the approximate positions where XRR measurement is conducted. Figure 3.10
shows the XRR results at all positions as marked in figure 3.9. From the figure
3.10 it is observed that the period of the multilayer mirror has changed across
the sample. It is noted that the period of multilayers is mostly unchanged along
horizontal axis. Whereas the period changed in the order of 0.2 nm from top to
bottom of the mirror. This shows the coating is more uniformity can be correlated
to the dimensions of the sputtering target. Table 3.1 shows the measured periods
of the multilayer mirror at various positions. It is also observed that the Bragg
peak reflectivity and the intensity of the Kiessig oscillations are also changed at

different positions.
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Figure 3.9: Schematic of the substrate holder with thin substrate mounted on it
which is placed inside the coating chamber. Approximated locations are numbered
where the XRR data are collected.
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Figure 3.10: XRR results conducted using 8.047 keV lab source at all 6 positions
on the coated mirror. Deviation in Bragg peak is observed for positions 1 and 2
which indicates a change in the period of multilayer mirrors.

We have also observed that the deposition rate is fast when the distance be-

tween the substrate and target is small. The power supply can also be varied to
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Table 3.1: calculated bilayer period of multilayer mirror at various position.

Position | d (nm)
1 1.59
1.64
1.77
1.80
1.77
1.76

| UMY | W DN

change the deposition rate. However, the relation between the power-used and the

deposition rate is not linear over a wide range of values.

3.5 Sample preparation of W — B,C multilayer

mirrors using magnetron sputtering system

W — B,C' multilayer mirrors of different periods and a different number of layer
pairs are fabricated. Table 3.2 gives the specifications of magnetron sputtering sys-
tem for fabrication these mirrors. These specifications are kept unchanged except
for the “number of cycles” for fabricating mirrors with different specifications. A
number of cycles are varied according to the thickness requirement of each layer.
As the number of cycles increased, the thickness of the layer is increased. A DC
power supply is applied to the Tungsten target and a RF- AC with a positive DC
bias is applied to the B,C. Positive DC bias increases the percentage of positive
voltage power supply to increase the efficiency of the sputtering process. To in-
crease the uniformity of the coating, a narrow slit is placed in-front of the substrate
which allows only collimated particles of material to get deposited on the substrate.
The substrate is scanned across the slit for uniform coverage. Scanning speed is

different for Tungsten and B,C targets as the rate of deposition are different. The
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number of cycles indicates the number of times the substrate is scanned across the
slit for one layer deposition. This parameter is varied as per the period of bilayers.
The vacuum in the coating chamber is maintained at the level of 1 x 10~7 mbar
before injecting pure Ar gas. Ar gas is injected till the pressure increases up to
approximately 3 x 1072 mbar. The pressure usually increases during the sputtering

process to approximately to 1 x 1072 mbar due to the formation of plasma.

Table 3.2: Magnetron sputtering system specifications for fabricating W — B,C'
multilayer mirrors

Parameter W (Tungsten) | B,C
Power (Watts) 70 (DC) 700 (RF)
DC-Bias (V) - 1000
Scanning speed (mm/s) 9.2 1.2
No. of cycles (d-3.5 nm) 2 7
No. of cycles (d-5.5 nm) 3 13

A number of W — B,C' multilayer mirrors are fabricated with a period ranging
from 1.5 nm to 5.8 nm and a number of bilayers varying from 50 to 300. Table
3.3 gives the list of all the fabricated W — B,C multilayer mirrors with their
specifications and the reflectivity at 8 keV which is measured immediately after

the fabrication.

3.6 Multi-wavelength reflectivity analysis of mul-
tilayer mirrors

The reflectivity of multilayer mirrors depends on the optical constants of the ma-
terials of bilayers. We have conducted the multi-wavelength reflectivity analysis

of a W — B,C sample with period 1.9 nm and 170 number of bilayers. Figure
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Table 3.3: Specifications of all mirrors for testing and the reflectivity at 8 at keV
which is measured immediately after coating

Sl. No | d(nm) | N | R@ 8ekV

1.5 300 10.2
1.6 300 13.8
1.9 170 19.1
3.3 70 30.6
3.3 70 30.2
3.3 70 24.2
3.35 70 26.1

3.55 | 700 18.7
4.4 50 38.7
5.22 50 20.3
5.4 50 24.7
2.8 50 254

= = =
D2 Bl o] e | o o x| w| o] -

3.11 [Panini et al., 2018] gives the measured reflectivity data from 9 keV to 16
keV. These measurements are made using the beam line 16 [Tiwari et al., 2012] of
the Indus -2 synchrotron radiation facility, RRCAT, Indore. It is observed that as
the energy of the incident photon increases, the Bragg peak angle decreases. It is

also observed that the critical angle of reflection reduces as the energy increases.

The maximum Bragg reflectivity varies with the energy of the incident photon.
Figure 3.12 (data in red) shows the measured maximum reflectivity at the first
Bragg peak of the sample as a function of incident photon energy. It is observed
that the reflectivity of the mirror drops rapidly between the range from 10 keV to
12 keV. This is due to the presence of an absorption edge of Tungsten in that region.
At the absorption edge, the layer material becomes more absorbing than reflecting
which lowers the reflectivity. The imaginary term in the complex reflective index
gives the absorption coefficient. In figure 3.12 the data in blue represents the

reciprocal of the absorption coefficient of Tungsten (imaginary part of the refractive
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index). A clear correlation can be observed between the reflectivity and the inverse

of the absorption coefficient of Tungsten.
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Figure 3.11: Measured hard X-ray reflectivity data of multilayer mirror of sample
with period 1.9 nm and 170 number of bilayers from 9 keV to 16 keV. As the
energy of incident photon increases, the angle of the Bragg peak decreases.

Resolution of multilayer mirrors: From equation (2.51) of chapter 2, it is
observed that the resolution of multilayer mirror is a function of photon energy.
As the energy of the incident photon increases, the FWHM of the Bragg peak
becomes smaller and thus improving the resolution of a multilayer mirror. Figure
3.13 shows the measured FWHM at first Bragg peak of the mirror measured at

various energies.
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Figure 3.12: Measured reflectivity at first Bragg peak of a sample with period
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3.7 Summary

W/B4C multilayer mirrors are fabricated using magnetron sputtering technique.
We have characterised and optimized the sputtering system to fabricate multilayer
mirrors with very smooth interface. Several multilayer mirrors with varied period
from 15 nm - 58 nm and number of bilayers from 50 to 300 are fabricated and
tested. We have conducted multi-wavelength reflectivity measurements from 8
keV to 16 keV using synchrotron beam line. We have observed that the resolving
power of the mirror increases with the photon energy. We have also observed that
the short period multilayer mirrors have higher resolution while the large period

multilayers have higher reflection efficiency.



Chapter 4

Thermal and temporal stability of

W — B,C' multilayer mirrors

Multilayer mirrors developed for space applications has to withstand the dynamic
environmental conditions experienced by a satellite. Due to the absence of an at-
mosphere, the temperature difference between the sunlit (day) and earth occulted
(night) regions in the low earth orbit, is large. A satellite in a low earth orbit ex-
periences rapid temperature variations ranging from ~ +50° C (sunlit) to ~ —40°
C (earth shadow) over a 90-minute orbit. Hence multilayer mirrors used for these
applications should with-stand such rapid temperature variations. W/B,C' multi-
layers mirrors are know to form a smooth ans stable interface structures [Jankowski
and Makowiecki, 1991], [Jankowski et al., 1989], [Gutman, 1994]. Weak chemical
interactions between Tungsten (W) and Boron Carbide (B4C') helps to lower the in-
terlayer diffusion between the layers [Jankowski and Makowiecki, 1991], [Gutman,
1994], [Okada et al., 1994], [Jankowski. et al., 1990]. While W/B,C multilayer
mirrors are known to be stable for high temperature (~ +800° C) [Rao et al., 2013]
applications, rapid temperature gradients could affect structural integrity due to

differential expansion/contraction between bi-layers. We studied the long-time sta-

7
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bility and the effects of rapid temperature variations on the structural and optical
properties of W/B,C multilayer mirrors with different periods. The multilayers
with periods ranging from 5.4 nm to 1.6 nm are used for this study. Large period
multilayer is used for high reflectivity applications whereas short period multi-
layer mirrors provide high spectral resolution and can operate at relatively larger
angles. We have thermal cycled several sets of multilayer mirrors with different
periods over 1 day, 3 days, and 10 days. Variations in structure and reflectivity
of these mirrors arising from cycling are monitored with hard X-ray reflectivity
(HXR) measurements using a laboratory-based X-ray source with a copper target,
scanning electron microscopy (SEM) and soft X-ray reflectivity (SXR) using the
BL-3 beamline [Modi et al., 2019] at Indus-2 synchrotron radiation facility.

4.1 Long time stability of multilayer mirrors

For a typical decade-long gestation period to develop space payloads and a mini-
mum of 5 years in orbit, it is crucial to limit performance degradation of multilayers
over time. Over the course of the mission, variations in mirror characteristics have
to be folded into periodic corrections to the pre-launch system response. Hence
a clear understanding of the factors that contribute to loss of the performance of
the optics while on ground and in space is essential to further optimize choice of
materials, multilayer design and in creating in-orbit predictive models. We have
addressed the ageing effect by studying the performance of three W/B,C multi-

layers with period 1.9, 3.4 and 5.8 nm over two years since fabrication.

Reflectivity at the first Bragg peak of all the mirrors remained mostly unchanged
with a little degradation during the first few months. Figure 4.1 shows the mea-
sured X-ray reflectivity data of sample with period 1.9 nm over two years. Figure

4.2 shows the peak reflectivity of the first Bragg peak of the mirror as a function
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of time. A small drop in reflectivity is observed over the initial few months and
then the reflectivity is mostly unchanged over time. A slight change in the peak
reflectivity can also occur due to changes in experimental setup. Figure 4.3 and
4.4 show the reflectivity data of samples with period 3.4 and 5.8 nm respectively
at various times since manufacture. By fitting the model to the data, it is ob-
served that the structural parameters like the interface width of layers, period and
thickness ratio remained stable during this period. It is noteworthy to mention
that for HXR measurements, different angular step size Af are used (see Table
4.1) for measurements at different times using different reflectometers. It is to be
noted that the peak reflectivity at Bragg peaks is highly sensitive to Af of the
measurement. For e.g., by changing angular step size from 0.015° to 0.025°, the
first order Bragg peak of the sample with period 3.4 changes from 51% to 30% with
same structural parameters. So, the drop in reflectivity for the sample during the
first 11 months is mainly due undersampling the measurement data. The density
of materials in thin films usually differs from that of their bulk density. Density
variation from bulk is large for short period multilayers. For a sample with d=1.9
nm, the density of W layer is obtained as 16.2 g/cc (bulk density is 19.3) and
the density of B,C' is 4.1 g/cc (bulk density is 2.52). For larger period multilayer
mirrors, the densities of the materials are closer to the actual bulk values. The
bulk density of material on the top surface affects the critical angle of reflection
and the contrast in the densities of a bi-layer affects the peak reflectivity of the
Bragg peak. The bulk densities for the materials in the mirrors are determined by

fitting corresponding features from the measured data.

A systematic growth in the top contamination layer thickness and its interface
width over time is observed from the reflectivity profile. The presence of the

contamination layer can be inferred by observing the oscillations in the reflectivity
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data between the critical angle and the first Bragg peak. Contamination of the
layer can be due to the oxidation of the top layer material in the mirror. From
the data, it is observed that oscillations increase over time for the mirror with the
period of 1.9 nm. This indicates the growth of an oxidation layer. As the thickness
of the oxidation layer increases, the frequency of oscillation increases. It is also
observed that as the period of multilayer increases the oxidation layer becomes less
prominent. For large period multilayer mirror (d-5.8 nm, figure 4.4), no oscillations
are observed even after two years from manufacture. Table 4.1 shows the measured
1% peak reflectivity at 8.047 keV of all three samples at different times. The table
also provides the best-fit parameters to the measured HXR data of multilayers
obtained using IMD software [Windt, 1998]. Here, ¢. and o, are the thickness and

interface width of the top contamination layer, respectively.

1 L 1 1 1 1 1 1 1 1 1 1
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Figure 4.1: Measured reflectivity profile of the sample with period 1.9 nm at 8.047
keV at various times since manufacture. The variation near critical angle for 15
months and 2 years data is due to absence knife edge during measurement.
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Figure 4.2: Variation of reflectivity at first Bragg peak of sample with period 1.9
nm at 8.047 keV over time. These measurements are conducted over time by using
different experimental set-ups. The angular resolutions usded for each measure-
ment is presented nest tot he data point. These respective angular resolutions are
considered for fitting to determine the structural parameters of the mirror.

Figure 4.5 the thickness of the oxidation layer as a function of time for multilayer
mirrors with different thickness. Formation of the contamination layer is due to the
oxidation of Tungsten present in the mirror. Oxidation of B4C' is prominent only
at very high temperatures (> 500°C') and is mostly stable with oxygen at room
temperatures. However, all samples are fabricated with B,C being the outer-most
surface which is known to have high chemical stability in standard atmospheric
conditions. However, for short period multilayers, the top B4C layer can be quasi-

discontinuous which allows the bottom W layer to interact with the atmosphere
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Figure 4.3: Measured reflectivity profile of the sample with period 3.4 nm at 8.047
keV at various times since manufacture.
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Figure 4.4: Measured reflectivity profile of the sample with period 5.8 nm at 8.047
keV at various times since manufacture.

and get oxidized. But as the period of multilayer increases, B,C' layer becomes

more continuous and completely shields the W layer from direct contact with the



4.1. LONG TIME STABILITY OF MULTILAYER MIRRORS

83

Table 4.1: Measured first order Bragg peak reflectivity and fitted parameters of
three multilayer samples measured at 8.047 keV at various times. R;p, 0, and
op,c are reflectivity of first order Bragg peak, interface width of W and interface
width of B,C respectively. t. and o, are the thickness and the roughness of the
contamination layer.

Parameter | Ry (%) | A (degrees) | op,c (nm) | oy (nm) | ¢. (nm) | o. (nm)
d-1.9 nm, N- 170, ' =0.45
0 days 19.1£1 0.005 0.46 £0.04 | 0.56 £0.05 0 -

1 month 17.6 £0.9 0.005 0.47 £0.04 | 0.57 £0.05 | 5.9 £0.3 | 0.5 £0.02
6 months 15.2 £1 0.015 0.47 £0.04 | 0.57 £0.05 | 12.5 £0.75 | 2.1 £0.1
15 months | 17.4 £0.9 0.005 0.48 £0.04 | 0.58 £0.06 | 12.5 £0.62 | 2.5 £0.12

2 years 14.1 £1.5 0.025 0.48 £0.05 | 0.58 £0.06 | 12.5 £1.2 | 3.1 £0.15

d-3.35 nm, N- 70, ' =0.4
0 days 51.4 £2.5 0.015 0.32 £0.03 | 0.62 £0.06 0 -
11 months | 30.6 £2.1 0.025 0.43 £0.04 | 0.72 £0.07 | 2.8 £0.2 2 £0.1
2 years 33.6 £2.3 0.025 0.42 £0.04 | 0.71 £0.07 | 3.2 £0.3 | 2.5 £0.32
d-5.8 nm, N- 50, I =0.4
11 months | 24.2 £2.4 0.05 0.46 £0.05 | 0.82 £0.08 0 -
2 years 24.1 £2.4 0.05 0.48 £0.05 | 0.83 £0.08 0 -

atmosphere. Hence the oxidation layer thickness reduces with the increase in the
multilayer period; no oxidation layer was observed for large period multilayers.
Figure 4.6 shows the toy model explaining the formation of an oxidation layer for
short period multilayers. In the case of short-period multilayers, the micro rough-
ness on the thin films causes makes the layer discontinuous exposing the bottom
Tungsten layer to the atmosphere. For large period multilayer, large thickness
layers can sufficiently mask the inner layers from the atmospheric oxygen. We
have observed such discontinuous regions on soft period multilayer mirrors using
Scanning Electron Microscope (SEM) and obtained the spectra of at those regions.
Figure 4.7 shows the SEM data of a discontinuous top surface region of the sam-

ple with period 1.9 nm and the corresponding spectra taken by energy dispersion
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spectroscopy (EDX) is given below. From the spectra, the presence of Tungsten

and Oxygen are evident at the selected region.
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Figure 4.5: The growth of oxidation layer over time for samples with three different
periods.
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Figure 4.6: A toy model representing explaining the formation of contamination
layer for short period multilayer mirrors.
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Figure 4.7: SEM data of sample with period 1.9 nm showing the discontinuities
on the top surface and corresponding spectra from EDX indicating the presence
of Tungsten and Oxygen.

4.2 Thermal stability of W — B,C' multilayer mir-
rors

Multilayer mirrors used for space applications undergo a periodic temperature
variation as the satellite orbits around the earth. The dynamic range and the
profile of temperature variation depend on the orbital period and inclination. The
orbital period of a satellite in a typical low earth orbit is around 90 minutes. The
temperature of the ambiance varies from +50°C' during sunlit position —40°C'

during the earth occultation. Such a frequent and rapid temperature variation
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may result in the degradation in the performance of multilayer mirrors. This can
be due to the rapid expansion and contraction of contrasting materials in the
multilayer mirrors. Difference in the thermal expansion coefficients the W layer
(4.5 x 107%/°C), B,C layer (5 x 107%/°C') and the Si substrate (2.6 x 107%/°C)
may results in the increase of interlayer roughness of the multilayer mirrors. In
order to understand the effects of thermal cycling on W/B,C multilayer structure,
we have cycled several samples with various period and the number of bilayers for
1 day, 3 days and 10 days respectively. Different samples are used for different
cycling periods. As these mirrors are known to have a significant change in their
performance during their first few months after fabrication, all the samples chosen
are at least one year old so as not to misinterpret the effect of thermal cycling with
the longtime variations of the mirrors. Thermal cycling for all samples is done in
air from +55°C to —40°C' at a rate of 2° per minute with a hold time of 15 minutes
at the extreme temperatures. Figure 4.8 shows the thermal cycling profile which

is applied to the mirrors.

[ —— Profile of thermal cycling]
60— L

Temperature (°C)
°

T T T T T T T T T
0 125 250 375 500 625 750 875 1000 1125 1250
Time (mins)

Figure 4.8: Profile of thermal cycling which is emulates the temperature profile of a
satellite in a low earth orbit. W — B,C multilayer mirrors of different specifications
are subjected to this profile for 1, 3 and 10 days.
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4.2.1 One-day thermal cycling

We have cycled four samples of W/B,C multilayer mirrors of which two are
of period 3.33 nm (d-3.3a, d-3.3b) and two are of period 5.2 nm and 5.4 nm
respectively. Cycling is conducted for one day (20 cycles). Figure 4.9 and 4.10
shows the comparison of 8 keV reflectivity profile of four samples pre and post
cycling. The reflectivity of all the samples remained mostly unchanged due to
cycling. Peak reflectivities at first Bragg peak for all the samples before and after
cycling are presented in table 4.2. It is observed that the thermal cycling for one
day did not result in any significant changes in the structural parameters and
performance of the mirrors. No trace of contamination layer formation is seen in

these samples due to thermal cycling in air.

4.2.2 Three days thermal cycling

We have conducted continuous three days cycling (60 cycles) on the different set
of samples. We have chosen three samples with periods 1.5 nm and 300 number
of layer pairs (d-1.5), 4.4 nm (d-4.4), and 5.4 nm (d-5.4) with 50 layer pairs each.
Figure 4.11 compares the reflectivity profiles of the sample d-1.5 at 8 keV lab
source before and after thermal cycling for three days. It is observed that the
peak reflectivity at the first Bragg peak remained mostly unchanged. However,
we have observed a growth in the contamination layer thickness from 9.8 nm to
12.5 nm due to cycling. This can be due to an increase in oxidation of W layer
over cycling in the air. As this sample is of the ultra-short period, the top B4sC'

layer is discontinuous which allows the bottom W layer to react with atmospheric
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Figure 4.9: Comparison of reflectivity profiles of two samples with identical periods
(d-3.3a and d-3.3b) with 70 number of bi-layers before and after one day cycling
(20 thermal cycles).B.C. and A.C. in the inset represents before and after cycling
data respectively.

oxygen to form a contamination layer. The double peak at the Bragg peak is due

to Cu-kf line coming directlyfrom the source.

Figure 4.12 and 4.13 compares the change in the reflectivity profile due to the
three-day cycling of d-4.4 and d-5.4 samples respectively. There is little change in
the reflectivity in the sample d-4.4 from 38.7% to 33.14% due to cycling. This can
be due to a slight increase in interlayer roughness from 0.85 nm to 0.9 nm in the
B,C'—W interface layers. Peak reflectivity of the sample d-5.4 is mostly unchanged
over thermal cycling. In both the samples, the grazing incidence reflectivity profile
between the critical angle cut-off and the first Bragg peak looks identical. This
suggests that there is no sign of contamination layer formation on the top surface

due to thermal cycling. Peak reflectivities at first Bragg peak for all the samples
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Figure 4.10: Comparison of reflectivity profiles of two samples with near equal
periods (d-5.2 and d-5.4) with 50 number of bi-layers before and after one day
cycling (20 thermal cycles).B.C. and A.C. in the inset represents before and after

cycling data respectively.

before and after three-day thermal cycling are presented in table 4.2.
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Figure 4.11: Comparison of reflectivity profiles of a W — B,C multilayer mirror
sample with period 1.5 nm and 300 layer pairs after three-day thermal cycling.
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Figure 4.12: Comparison of reflectivity profiles of a W — B,C' multilayer mirror
sample with period 4.4 nm and 50 layer pairs after three-day thermal cycling.
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Figure 4.13: Comparison of reflectivity profiles of a W — B,C multilayer mirror
sample with period 5.4 nm and 50 layer pairs after three-day thermal cycling.

4.2.3 Ten-day thermal cycling

We have conducted long-term thermal cycling for ten days (~200 cycles) on two
different samples with period 1.6 nm (d-1.6) and 3.2 nm (d-3.2). Figure 4.14 and
4.15 shows the comparison of reflectivity of profiles at 8 keV after ten day cycling
for samples d-1.6 and d-3.2 respectively. Peak reflectivities of both the samples
remained unchanged even after ten days of thermal cycling when measured at 8
keV. In the case of the d-1.5 sample, the contamination layer thickness is increased

from 15 nm to 17.5 nm due to cycling. It is also observed that the roughness
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of the contamination layer is increased from 1 nm to 1.5 nm. The change in
contamination layer thickness is similar to that in the case of three days cycling
for a different sample with a similar period. From figure 4.15 it is observed for the
sample d-3.2, the roughness in the contamination layer increased from 0.8 nm to 2
nm due to cycling. There is also a slight increase in the interlayer diffusion which

can be seen from the profile between higher order Bragg peaks.
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Figure 4.14: Comparison of reflectivity profiles of a W — B,C multilayer mirror
sample with period 1.6 nm and 300 layer pairs after ten-day thermal cycling.
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Figure 4.15: Comparison of reflectivity profiles of a W — B,C multilayer mirror
sample with period 3.2 nm and 50 layer pairs after ten-day thermal cycling.
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Table 4.2: Comparisons of measured 1% order Bragg peak reflectivity at 8.047 keV
of W/B,C multilayer mirrors with varying periods.

Sample | R (before thermal cycling) | R (after thermal cycling)
One-day thermal cycling
d-3.3a 22.3 £1.1 234 £1.2
d-3.3b 26.1 £1.5 24.9 £1.5
d-5.2 234 £1.2 242 £1.5
d-5.4 23.9 £1.4 22.1 £1.3
Three-day thermal cycling
d-1.5 10.2 0.6 11.1 +£0.66
d-4.4 38.7 £2.3 33.1 £2
d-5.4 225 £1.3 204 £1.2
Ten-day thermal cycling
d-1.6 13.8 0.8 13.1 £0.7
d-3.2 22 £1.3 20.3 £1.2

4.3 Soft X-ray reflectivity measurements

Major applications of constant period multilayer mirrors are in the soft X-ray re-
gion. Photon limited observations at X-ray energies from astrophysical sources
demands maximum reflectivity from multilayer mirrors for polarimetric applica-
tions. W/B,C multilayer mirrors have a good reflectivity and spectral resolution
at soft X-ray region as these materials are free from absorption edges in this re-
gion [Jankowski et al., 1989], [Jankowski. et al., 1990], [Pradhan et al., 2018].
However many other material combinations are studied for wide energy range as-
trophysical applications [Windt et al., 2004]. Although most of the structural
parameters of a multilayer mirror can be derived from HXR measurement, it is
important to measure the optical performance at soft x-ray energies for the actual
polarimetric applications. Also, it is observed that the structural parameters like
roughness impact differently for hard X-ray and soft X-ray energies as they probe

different roughness scales and spatial frequencies. In order to maintain high energy
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resolution, the FWHM (full width at half maximum) of Bragg peak (AFE) should
be minimized. We measured the energy resolution of multilayer mirrors using en-
ergy scans at soft X-rays in a synchrotron beamline. AE is small for mirrors with

a large number of bi-layers (N).

A systematic pre- and post-thermal cycling SXR measurements were carried
out to understand the effects of thermal cycling on the optical performance of
multilayer mirrors. Three multilayer samples d-1.5, d-4.4 and d-5.4 were cycled
for three days (same samples are used for HXR). Unlike the hard X-ray reflectivity
results, a significant reduction in the measured reflectivity is observed at soft X-
rays. There is no major change in AE of the multilayer mirrors at soft X-rays
due to cycling. The growth of a contamination layer thickness in d-1.5 sample is
also observed using SXR tests which is consistent with that derived from HXR
results. Table 4.3 shows the comparison of pre- and post- thermal cycling 1%

Bragg reflectivity and energy resolution of three multilayer samples at four different

energies of 0.75 keV, 1 keV, 1.2 keV, and 1.5 keV.

Figure 4.16 shows measured data of both the angle-dependent SXR as well as
the energy-dependent SXR around the 1%* Bragg peak of all three samples, before
and after thermal cycling. For sample d-1.5, interface oscillations are observed
between the critical angle and the 1% Bragg peak in the angle-dependent SXR
measured data. This indicates the presence of a contamination layer at the top
of the multilayer film. The best-fit results indicate that thickness of the contami-
nation layer increased from 10 nm to 11.4 nm with its interface width increasing
from 1 nm to 1.25 nm after cycling. These values agree with measurements at hard
X-rays. Unlike HXR measurements, there is a reduction in the measured peak re-
flectivity at soft X-rays. This suggests that the high-frequency spatial roughness
of the mirror is unchanged whereas low-frequency spatial roughness increases after

cycling. Hard X-rays probe high-frequency spatial roughness and as the wave-
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Table 4.3: Soft X-ray reflectivity of multilayer mirrors with different periods mea-
sured before and after 3-day thermal cycling days (B.C- before thermal cycling,
A.C. - after thermal cycling), Measured energy resolution AFE in the units of eV
at FWHM is given in bold. N = the number of layer pairs, of samples are listed.

Energy | 0.75 keV \ 1 keV \ 1.2 keV \ 1.5 keV
d-1.5, N- 300

R(B.C) 0.3 £0.01 | 1.6 £0.01 | 2.4 +£0.12 | 2.7 £0.13
R(A.C) 0.2 £0.01 | 1.9 +£0.01 2 £0.1 2.5 +£0.12

AE (B.C) - 12 £1 15 +1 21 £2
AE (A.C) - 19 £1 16 +1 22 £2
d-44, N- 50

R(B.C) 10.2 £0.5 | 27.1 £1.35 | 32.9 £1.64 | 38.4 £1.92
R(A.C) 5.2 £0.26 | 17.3 £0.01 | 23.2 £1.16 | 27.5 £1.37

AFE (B.C) - 50 £3 47 £3 67 £
AE (AC) - 52 £3 60 £3 70 £4
d-5.4b, N- 50

R(B.C) | 16.8 £0.84 | 41.7 £2.08 | 46.3 £2.31 | 47.4 £2.37

R(A.C) | 7.4+037 | 29.7 £1.48 | 33.9 £1.69 | 37.4 £1.87
AE (B.C) - 19 £3 73 +4 88 +4
AE (AC) - 57 £3 65 £4 74 4

length increases, the measurements are more sensitive to low spatial frequency
roughness. Table 4.4 gives the structural parameters of the mirror obtained from

fitting soft X-ray reflectivity data.

Figure 4.17 shows the comparison of the percentage change in the reflectivity
of the 1°" Bragg peaks at hard X-rays (8.047 keV) and soft X-rays (1.5 keV) for
three different samples over three-day thermal cycling. The change in reflectiv-
ity is higher at soft X-rays than at hard X-rays. Thermal cycling results in an
increase in the low-frequency roughness of W/B,C multilayer mirrors while the

high-frequency roughness remains mostly unchanged. It is also observed that the
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Figure 4.16: Measured angle dependent SXR at 1.5 keV (left side) and correspond-
ing energy dependent SXR around the 15 Bragg peak in linear scale (right side) of
three multilayer samples (top, d-1.5; middle, d-4.4; bottom, d-5.4). Before cycling
and after cycling data is shown in blue and red respectively. Best fit model is given
in black. Pre-cycling data and fit shown the left is offset by 1072 for better clarity

of the

plot.
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Table 4.4: The best-fit results for interface width of three multilayer mirrors ob-
tained from angle dependent SXR at 1.5 keV.

Parameter | B,C roughness (nm) | W roughness (nm)

d-1.5, N- 300

B.C 0.35 =0.03 0.45 £0.04

A.C 0.36 =0.03 0.47 £0.05
d-44, N- 50

B.C 0.37 £0.04 0.48 £0.05

A.C 0.55 £0.05 0.69 £0.07
d-5.4b, N- 50

B.C 0.37 £0.04 0.41 £0.04

A.C 0.6 £0.06 0.68 £0.07

low-frequency roughness increases for thicker bi-layers. This conclusion is partially
confirmed from imaging observations of layer morphology of multilayer mirrors be-
fore and after thermal cycling using a Scanning Electron Microscope (SEM). No
wrinkle formation is seen on the top of multilayer with a short period (d-4.4 and
d-5.4) after the thermal cycling. As the period of multilayer increases, the for-
mations of wrinkles become more evident. Figure 4.18 shows wrinkle patterns
observed on multilayer samples. These features have dimensions of the order of a
few tens of microns. This observation supports the argument of an increase in low
spatial frequency roughness. Earlier studies have shown similar effects of wrinkle
formation after heat treatment of depth-graded Pt/C multilayer mirrors [Maeda
et al., 2015]. This wrinkle formation can be due to the compressive stress induced

in the multilayer mirrors during cycling.



4.4. RESIDUAL STRESS MEASUREMENT OF MULTILAYER MIRRORS 97

1 M 1 M 1 M 1 M I M I M 1 M 1 i 1 i
£ 20- .
= ] —« @ 8.047 keV
= ]
O |
o 07 % -2 @1.5keV |-
= O NN
5 ]
o v 0 1 ~ \
£ '>—<' ~ T
% 5 10 ~ RN T —1|\' |
() g ~ ~ U
@ 5 ~ i
(&) 20 1
o S o
o 9 7
& < -30 ~ P |
c X
(O]
O 40 i
| -
d‘f — T T T T T T T T T T T T T T T
10 15 20 25 30 35 40 45 50 55 60

Period of ML mirrors(nm)

Figure 4.17: Comparison of percentage change in the reflectivity of the 15 Bragg
peaks at hard X-rays (8.047 keV) and soft X-rays (1.5 keV) for three different
samples after a 3-day thermal cycling.
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Figure 4.18: Scanning electron microscopy analysis of the surface of three different
samples after three-day thermal cycling.
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4.4 Residual stress measurement of multilayer

mirrors

Besides the reflective properties of the multilayer mirrors, the stability and imaging
properties of mirrors also depend on the stress in the multilayer mirrors. W/B4C
multilayer mirrors can undergo thin film stress of the order of a few hundreds of
megaPascals (MPa) [Jiang et al., 2015], [Majhi et al., 2018]. Such high stresses
can deform the mirror and also results in the peeling off of the films from the
substrate. Stress values significantly change by the fabrication process, size and
shape of the substrate. Stress in thin films is classified into two types: Growth or
Intrinsic stress and Induced or Extrinsic stress [Freund and Suresh, 2004]. Growth
or intrinsic stress is introduced during the fabrication of the multilayer mirrors.
Origin of this kind of stress can be due to the mismatch in the lattice parameters
between two adjacent materials, the surface temperature during deposition, the
rate of deposition, plasma pressure for sputtering, the formation of pores/islands
during deposition, incorporation of impurities, the mobility of atoms, etc. Induced
or extrinsic stress arise from the changes in the physical environment of the film
material following the film deposition. Some of the reasons cause extrinsic stress
are temperature change with a difference in coefficient of thermal expansions,
electrostatic response to an electric field, chemical reactions between the different

materials, bulk diffusion of layer etc.

Due to elastic properties of the film, the thin film stress induces the force on to
the substrate which causes the bending of the mirror. Based on the type of curva-
ture induced on the substrate by the film, the stress in the film is divided into two
categories: Compressive stress (convex) and Tensile stress (concave). Compressive
stress bends the substrate to make it more convex and the tensile stress makes

it more concave. Figure 4.19 shows the schematic of mirror becoming convex of
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Figure 4.19: Schematic representing the effect of residual film stress on the sub-
strate. An initial flat mirror will either becomes convex of concave depending on
the type of stress induced by the film.

concave based on the type of residual stress. The nature of the stress depends on
the film thickness, type of material, plasma pressure during deposition. Most ma-
terials initially form compressive stress for small thickness films and become tensile
for intermediate thickness and again shows compressive stress for large thickness.
Metallic films are usually more compressive than the dielectric layers. In a bilayer
of a multilayer mirror, the compressive stress introduced by reflector (metallic)
layer can be compensated by the tensile nature of spacer (dielectric) layer. Over-
all stress of a bilayer is given by the sum of both stresses induced on the layer.
Compressive stress is usually represented as negative stress while the tensile stress

is considered as positive stress.
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4.4.1 Extrinsic thermal stress in W/B,C multilayer mirror

Stress can be induced in a system due to change in ambient temperature of the mir-
ror. This is mainly due difference in the thermal expansion between the substrate,
reflector layer and the spacer layer. Thermal stress (T;)is given by 4.1 [Freund
and Suresh, 2004], [Thornton and Hoffman, 1989].

Ey

T:
11—

Aa(Ty — Tp) (4.1)

where Ty and T}, are the ambient temperature during deposition and measure-
ment respectively. E; and vy the Young’s modulus and poisson’s ratio of the film
material. A great number of stress measurements in deposited layers are asso-
ciated with the determination of the substrate curvature. Considering the small
deviation in the curvature from almost flat substrate, the residual stress (1) in

the thin film is best determined by Stoney’s equation [Stoney, 1918].

E; D*/1 1
== = (— - —) (4.2)
1—V; 6t \R, RI

where D is the substrate thickness, R; and Ry are the radii of curvature of
the mirror before and after coating, t is the total thickness of the film. Hence
by measuring the radius of curvature of the mirror before and after coating one
calculate the stress induced in the mirror due to fabrication. The stress induced
due to induced /extrinsic reasons can be calculated by the precise measurement of
change in radius of the sample.

We have measured the change in residual stress of W/B,C multilayer mirrors
due to one-day thermal cycling by measuring the radius of curvature of the mirrors
both before and after thermal treatment. We thermal cycling four samples (d-3.3a,
d-3.3b, d-5.2 and d-5.4) as described in table 4.2 for one-day thermal cycling. We

have used the KLA Tencor system at IISc, mechanical engineering department to
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Table 4.5: Summary of change in radius of curvature and residual stress of W/B,C
multilayer mirrors over one-day thermal cycling.

Sample | R; (B.C.) | Ry (A.C.) | Change in Change in
(m) (m) ROC (m) | stress (M Pa)
d-3.3a -19.564 -20.726 -1.162 103.774
d-3.3b -46.600 -49.962 -3.362 93.963
d-5.2 -16.977 -19.110 -2.133 194.174
d-5.4 -14.485 -17.700 -3.215 377.767

measure the radius of curvature. Initial radii of all mirrors are negative which
indicates the compressive nature of the stress. The radius of curvature of all sam-
ples slightly reduced over one-day thermal cycling. This indicates that positive
stress is induced in the mirrors due to thermal cycling. It is also observed large
period multilayer mirrors are more affected to the thermal treatment. Table 4.5
presents the radius of curvature of the mirrors before and after measurements and
also the change in residual stress in MPa calculated using Stoney’s equation. As
mentioned in section 4.2, there is no significant change in the reflectivity of the
multilayer mirrors due to thermal cycling. However, over an extended period of
thermal cycling (3-day cycling), we have observed a significant change in perfor-
mance for large period multilayer mirrors. This clearly suggests that the large

period multilayer are more sensitive to change in temperature of the surroundings.

4.5 Summary

The thermal cycling tests simulating the space environment in a typical low earth
orbit, show small changes in the optical performance and structural properties
of the W/B,C multilayer mirrors. Earlier studies suggested that the period of

W/B,C multilayer mirrors change due to thermal annealing [Jankowski. et al.,
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1990], [Rao et al., 2013]. But with thermal cycling within the above-mentioned
range of temperatures, we have not observed any change in the period due to
cycling. Changes in structural parameters of mirrors due to cycling are more
sensitive to mirror performance at soft X-ray region than at hard X-ray ener-
gies. For the same samples, we observed that the SXR shows a reduction while
the change in HXR is negligible. This suggests that the interlayer roughness/
diffusion increases at low spatial frequency scales while the high-frequency rough-
ness/diffusion remains mostly unchanged. Further studies on the effect of thermal
cycling on residual stress have to be carried out to understand the effect of wrin-
kle formation which will be a part of our future work. It is observed that short
period (< 2 nm) multilayers are relatively more stable both structurally and in its
optical performance over thermal cycling than large period (> 3 nm) multilayer
mirrors. These findings are consistent with the stress analysis due to one-day
thermal cycling. The change in residual stress in large period multilayer mirrors is
significantly higher than the change in short period multilayer mirrors. Long-time
performance evaluation of W/B,C multilayer mirrors has indicated the formation
of an oxidation layer on short period multilayer mirrors. However, the contami-
nation layer thickness tends to saturate within a year after fabrication. Thermal
cycling did not affect the energy resolution of multilayer mirrors in both hard X-
ray and soft X-ray regions. For most astronomical applications, constant period
multilayer mirrors are envisaged for operation only at the 1% Bragg peak condi-
tion. Hence slight variations in the grazing angle reflectivity and reflectivity at
higher order Bragg peaks are not a major concern for these applications. From
the above results, we conclude that constant period W/B4C multilayer mirrors are
suitable for space applications as they are nearly stable over time and minimally

impacted over changing the thermal environment.



Chapter 5

Soft X-ray polarimetry

5.1 Polarization of an electromagnetic wave

The polarization of photons is the fundamental nature of electromagnetic waves.
A photon is a discrete packet of time-varying electric and magnetic fields oriented
transverse to the direction of propagation. The polarization describes the configu-
ration of these fields. This configuration explains the physical processes that emits
a particular photon. Since electric and magnetic fields are interrelated through
Maxwell’s equations, the configurations of both fields are set by the specification
of the electric field alone.

An electromagnetic plane wave propagating along the z-axis with angular fre-
quency w can be described as a sinusoidally varying electric field of the form (5.1),

E =2Ex +yEy = tE,xcos(kz — wt) + §Eyycos(kz — wt + €) (5.1)

where,
¢ is the ratio of E,x and E,y,

E,x and FE,y are amplitudes of electric fields along x and y directions respec-
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tively,
2 and g are unit vectors along x and y directions respectively,

kE=w/ec.

Polarization is symmetric about 180° rotation. The wave is linearly polarized
when Ey and Ey are proportional. From equation (5.1), this occurs when € = nx
where ‘n’ is an integer.If ¢ # nm, the electric field rotates as a function of time
or position, which is termed elliptical polarization. Polarization is further classi-
fied as left and right according to whether E rotates clockwise or anti-clockwise
respectively. Circular polarization is a special case of elliptical polarization where

E,x = E,y. The polarization angle of linear polarization is given by tan~! (g—%)

Each individual photon has a defined state of polarization. However, multiple
photons from the same source may have different polarizations. If polarization
states of all photons are not random, then the source has a net non zero polariza-
tion. The Stokes parameters [Stokes, 1851] provide a means to fully characterize

the polarization of a source using four parameters ((5.2) to (5.5)):

I=(Ex) + (Egy) (5.2)
Q= <E2X> - <E02Y> (5-3)
U = (2E,x E,ycose) (5.4)

V = (2E,x E,y sine) (5.5)
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From above equations, I gives the information about total intensity of the light,
Q describes linear horizontal or vertical polarization, U describes linear polariza-
tion at 45° and V gives information about circularly polarized component of the
light. These are calculated as averages over multiple photons detected from the

source.

5.2 Techniques for measuring X-ray polarimetry

Available X-ray detectors are able to measure the intensity, energy and the
position at which X-rays deposit charge via interactions but not polarization state
directly. Hence X-rays must undergo some interactions that translate polarization
information into any of the above three mentioned parameters which detectors can
detect (usually intensity). There are only a limited number of ways to measure
the linear polarization of X-rays in 0.1-50 keV band. The difficulty is mainly due
to the lack of many elements that can efficiently interact with the polarization
property of the X-ray. An important concern which makes x-ray polarimetry very
difficult is that the modulation factor of polarization analyzers is very low (20%
to 40%) with an exception for Bragg-crystal polarimeter. Also, most astronomical
sources are not expected to emit strongly polarized x-rays (> 10%) which further

reduces the probability of having confident observations.

In-spite of above mentioned difficulties, some techniques are available that promise

to reveal the polarization state of x-rays that sheds light on the physical processes
in the source. Different fundamental processes dominate the interaction of photons
at different photon energies. Photoelectric interactions dominate at low energies,
Compton scattering dominates at intermediate energies and pair production dom-

inates at high energies of the electromagnetic spectrum.
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Pair production technique is dominant in gamma ray region and extreme hard

x-rays. Popular techniques used for x-ray polarimetry are as follows:

e Bragg reflection polarimeters for soft X-rays (0.1 to 5 keV).
e Photoelectric X-ray polarimeters for soft X-rays (2 to 10 keV).

e Compton/Thomson scattering polarimeters for hard X-rays (~ 20 to 200
keV)

5.2.1 Compton/ Thompson scattering polarimeter

Compton scattering [Compton, 1923] is the dominant process at energies above
a few tens of keV. When X-rays with sufficient energy interact with the matter,
the electrons will recoil, taking the energy from the photon. At low energy X-
rays, the recoil of the electron is negligible which limits the case to Thompson
scattering. The differential cross-section for Compton scattering of X-rays is given
by Klein-Nishina formula [Heitler, 1954] (5.6),
do  1?/E'\N2/E' FE 94 o
) <E> (E + o 2sin“Ocos ¢> (5.6)
where 1, is the classical radius of an electron, E is the initial photon energy, E’

is the final photon energy after scattering. The initial and final photon energies

varies as a function of scattering angle ”76” as (5.7),

-1

E' = FE|1+ (1 — cosh)

(5.7)

MeC?

For scattering angles close to 90°, the azimuthal distribution of the scattered
photon is strongly dependent on the polarization state of the incident photon.
Hence by measuring the azimuthal distribution of the scattered photons, one can

measure the polarization state of the incident photon.
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Figure 5.1 shows the schematic of the functioning of basic Compton/Thompson
scattering polarimeters. X-rays from the source get scattered from the target
to a detector. The target-detector is typically arranged at 90° to maximize the
scattering-detection efficiency of the set-up. A detector then records the azimuthal
distribution of the scattered photons which contains the information of degree of
polarization and angle of the incident X-rays. An ideal event is the one in which the
photon scatters once in a scattering element and is subsequently absorbed by the X-
ray detector. Compton scattering does not require a distinction between scatterer
and a detector hence it can be observed in an array of detectors. However, the
sensitivity of polarization detection can be improved by using a low Z scatterer as
it will increase the efficiency of Compton scattering and reduces the photoelectric
absorption of the scattered X-rays inside the target. Use of low Z scatter has a

disadvantage of poor energy resolution.

Incident X-rays >

Target

Recoil electron
X-ray detector

Scattered X-ray

N\ 4

Figure 5.1: Schematic describing the function of a basic Compton/Thompson scat-
tering polarimeter
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For the best performance of the instrument the length of the target should be
as large as possible to increase the number of interactions for Compton scattering
and the diameter of the target should be kept as low as possible to reduce the
photoelectric absorption of the scattered X-rays inside the target material. How-
ever as the thickness of the target reduces, effective photon collecting area of the
instrument also comes down which reduces the overall sensitivity of the instru-
ment. A hard X-ray focusing optics set-up in-front the target helps to increase the
collection area of the instrument while keeping the thickness of the target.

First dedicated extra-solar X-ray polarimeter was a Thompson scattering po-
larimeter flown on a sounding rocket in 1969 [Angel et al., 1969]. Currently, many
groups have been working on repeating this heritage. Most of the instruments have
a low Z scatter surrounded by a series of X-ray detectors around it for recording az-
imuthal scattering information. The Gamma-Ray Burst polarimeter (GAP) was
flown on-board Japanese IKAROS mission is a Compton scattering polarimeter
operated in 50-300 keV band [Yonetoku et al., 2011]. CZT detector on-board the
Indian mission Astrosat uses an array of Cadmium Zinc Tellurium detectors ob-
served the Hard X-ray polarization degree and angle from Crab nebula [Vadawale
et al., 2018]. CZT is originally designed as an imaging instrument. However,
above 100 keV the collimator of the detectors become transparent and can mea-
sure the azimuthal distribution of the Compton scattering from the neighbouring
pixels. A light-weight Polarised Gamma-ray Observer (PoGO+), balloon based
Compton polarimeter has used the same technique and measured the polarization
from the Crab Nebula at Hard X-ray region [Chauvin et al., 2018]. With the
recent success of NuSTAR [Harrison and NuSTAR Science Team, 2004] mission
demonstrating the focusing hard X-ray optics, new Compton polarimeters missions

like PoISTAR [Krawczynski et al., 2016] uses a hard X-ray optics at front-end to
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increase the effective area and reduce the background of the instrument.

5.2.2 Photo electric polarimeter

In 1926, Auger discovered from his cloud chamber experiments that the direction
of emitted photo electron depends on the linear polarization state of the incident
X-ray photons [Auger, 1926]. The expression for the differential cross section
distribution of the photoelectric effect, in the non-relativistic approximation, is

given by (5.8)

do ( 75 )7/24\/552'712(9)0082(@) (5.8)

0~ o\ 1374 (1 — Beos(0))*

where,

0 is polar angle between the direction of incoming photon and the ejected
electron,

v azimuth angle of the ejected electron with respect to X-ray polarization
vector,

7 is the atomic number of absorption material,

r, classical radius of the electron,

B speed of electron in the units of ¢ (velocity of light).

The sensitivity of the polarimeter is highest when scattering angle, # = 90° and
reduces as the angle deviates from it. The photoelectron is preferentially emitted
parallel to the photon electric field, i.e. the distribution peaks at # = 90°. Once the
photoelectron is emitted it leaves a trail of electron-ion pairs marking its path from
the initial ejected electron to a final stopping point. Thus it is possible to measure
the linear polarization of incident X-rays by measuring the initial direction of the
ejected electron. The probability of ejecting a photoelectron perpendicular to the
electric field vector is zero for an ideal polarization analyser. The major difficulty

in this technique is that, when electrons interact with the matter, they give up
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most of the energy when velocities decrease towards the end of their track, not at
the beginning. In the process of giving energy to the local medium, the electron
may change its trajectory leading to loss of information about the polarization
of X-rays. So, the complexity arises due to contradictory requirements of having
high-efficiency material for converting the incident X-ray flux into photoelectrons
and in restricting those photoelectrons to travel large distance before interacting
with elements of the absorbing materials. Gas based detectors usually have larger
path lengths which make it practically possible to track the electron path. In
semiconductor detectors, the path length of the electron is very small, which makes
it very difficult to track the initial and final direction. In silicon, the average path
length of an electron produced by a 1 keV photon is 0.03 microns, while that for
a 10 keV photon is 1 micron. But the minimum size of a silicon-based detector is
10 microns. This keeps the practical limitation of using a silicon based detector
polarization measurement in this technique. In contrast, electron track length in
neon at 1 atm and 0 C is 0.08 mm for 1 keV and 3 mm for 10 keV photon. Current
gas-based detectors are available with a positional accuracy of 100 microns which

makes it feasible to use a gas detector.

The key aspect of this technique is to track the photo-electron path in the
detector. The electrons in the track must be channelled to readout electrodes at
the edge of the detector. Electrons can be drifted through the gas by application of
a uniform electric field. There are two possible configurations in which this drifting
can be done (figure 5.2): Drift field across the direction of the incident photon
(Costa geometry, [Costa et al., 2001]) and drift field along the perpendicular to the
incident photon (Black geometry, [Black et al., 2007]). As the secondary electrons
drift, they scatter on the gas atoms inside the detector material. This leads to
the diffusion of electrons as they drift. This diffusion degrades the track image

which reduces the modulation factor of the instrument. Imaging X-ray polarimetric
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explorer (IXPE) [Weisskopf et al., 2016], a dedicated X-ray polarimetric NASA’s
mission is under development which uses Costa’s geometry detector for polarization

measurement from 2-10 keV.
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Figure 5.2: (a) Photoelectric polarimeter with Costa geometry. (b)Photoelectric
polarimeter of Black geometry. Image courtesy: [Costa et al., 2001] and [Black
et al., 2007

Bragg reflection polarimeter

A flat crystal or multilayer mirror oriented at 45° to parallel X-rays acts as a
perfect polarization analyzer of X-rays when Bragg’s condition is satisfied. This
is because the Brewster angle at X-ray region is at 45° for almost all material as
the refractive index of all materials is very close to 1. At Brewster angle, when
unpolarized light (a mixture of all polarization states of light) is incident on to
a metallic surface, only S-polarized light is reflected but not P-polarized light.
If input light is P-polarized, then the reflection is almost zero and when input
light is S-polarized, then the reflection is maximum. Exploiting this condition of
“polarization by reflection”, an atomic crystal or a multilayer mirror can be used

as a polarization analyzer. Though at soft X-rays, scattering is not a dominant
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process, superposition of coherent scattered X-rays from a periodic medium such

as an atomic crystal or a multilayer mirror, can produce an efficient reflection.

The most successful measurement of cosmic X-ray polarization has been made
with Bragg crystal polarimeters. X-ray polarimeter on OSO-8 satellite used graphite
crystals with a mosaic spread of 0.8° and an effective width of 3 eV. The instru-
ment is rotated with a nominal frequency of 6 rpm and the signature of polarization
is observed at twice the frequency. Using this polarimeter, modulation curve of
Crab nebula is obtained at 2.6 keV which indicated that the polarization is 19.22%
+0.92% and the angle of polarization is 155.770+1.3° [Weisskopf et al., 1978]. This
was the first and only high precision X-ray polarization measurement obtained for
any cosmic source and was in excellent agreement with optical polarization mea-

surements of the Crab nebula.

Due to current development in the multilayer mirror fabrication technology,
multilayer mirror based soft X-ray polarimeters are becoming popular. These are
best suited for operation under 1 keV where other polarimetry techniques are less
efficient and natural atomic Bragg crystals are not available. The polarimeter for
Low Energy X-ray Astronomical Sources (PLEXAS) [Marshall et al., 1998] concept
used a parabolic geometry similar to that of OSO-8 but with a Bragg energy near
250 eV. Other proposed instruments like Light Asymmetry and Magnetic Probe
(LAMP) [She et al., 2015] uses the similar design of PLEXAS operating at 250
eV. The major disadvantage of Bragg crystal polarimetry is its narrow bandwidth
which makes the instrument not optimal for braod-band spectroscopic studies for

the scientific community.

New technologies like depth graded and laterally graded multilayer mirrors
made it possible to develop broad band soft X-ray polarimeter under 1 keV.
Rocket Experiment Demonstration of a Soft X-ray polarimeter (REDSoX po-
larimeter) [Marshall, 2015] has been proposed using the combination of CAT
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(Critical Angle Transmission) grating [Heilmann et al., 2009] and laterally graded
multilayer mirrors. This design is capable of measuring high-resolution spectro-

polarimetric studies at soft X-rays (< lkeV).

5.3 Analyzing the polarization data

A polarimeter gives the data of intensity versus azimuthal angle. Figure 5.3 shows
the setup of typical rotating linear polarization analyzer. The analyzer is rotated,
the associated detector records the intensity of photons at each analyzer angle.
The resultant histogram of counts versus rotation angle (modulation curve), is

shown in figure 5.4 (for polarized a source).

.
.5

- Detector
Polarization analyzer

Figure 5.3: Schematic of a working of a basic polarimeter. Linear polarization
analyzer is rotated and the detector records the intensity of photons as a function
of the rotation angle of the analyzer.
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Figure 5.4: Typical modulation curve obtained by rotating the analyzer for a
polarized source. (Units of y-axis are arbitrary)

General modulation curve as shown in the figure 5.4 will have the form (5.9),
S(¢) = A+ Beos®(¢ — o) (5.9)

The polarization angle ¢, is the angle at which maximum intensity is recorded.
‘A’ describes the unpolarized component of the input intensity and ‘B’ describes
the polarized intensity. ¢ is the rotational angle of the polarization analyzer. The
modulation amplitude is given by, (5.10)
Smax - Smm

== —-——— .10
¢ Sma:p + szn (5 )

The modulation curve can also be written in terms of the Stoke’s parameters as,

(5.11)
S(¢) = I+ Qcos(2¢) + Usin(29) (5.11)

Polarization analyzer of this type is not sensitive to circular polarization. Hence

it is independent of V Stoke’s parameter. Determining the Stokes’s parameters is
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equivalent to measuring the source intensity in three different filters: Unpolarized,
polarized at 0° and polarized at 45°. The Stokes parameters can be obtained

directly from the modulation curve, (5.12)

I=(S(6)),Q = S(0°) — I,U + I = S(45°). (5.12)

2

Another important parameter for a polarimeter is “modulation index (u)”.
The modulation index of a polarimeter is defined as the modulation amplitude
obtained by the instrument for a 100% polarized source. For an ideal polarimeter,
the modulation index is 1. The most standard way of obtaining the percentage
of polarization (P) and polarization angle () is by using Stokes parameters(I, Q,
U). Two methods that directly calculates Stokes parameters from the modulation

curve are discussed in this section.

5.3.1 Muller matrix approach

For a setup like Bragg reflection polarimeter, output Stokes vectors are obtained
by pre-multiplying Muller matrix of the instrument to the Stokes parameters of
the input light. In practice, output Stokes I vector, say, ‘S;’ (total intensity) is
measured from the detector. So, if the Muller matrix of the instrument is known,
the relation between output Stokes I, S; and input stokes parameters (I,Q,U) can
be obtained. Bragg reflection polarization analyzer is a linear polarizer with its
transmission along x-axis and perpendicular axis along the y-axis. Let p, and p,
are the reflection efficiencies along x and y-axis respectively. Since at Brewster

angle, mirror or crystal behaves as a linear polarizer, its Muller matrix is given by,
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(5.13)
pi+p, pi—p, O 0
2 2 2 2
2 _ 2 4 0 0
M,=05x | Pr Py Pahy (5.13)
0 0 2papy 0
0 0 0 2DaDy

Modulation curve is obtained by rotating the polarizer around its axis. Hence

the Muller matrix of the system is obtained by post-multiplying the rotation Muller

matrix to the Muller matrix of the polarizer. Muller matrix of a rotating element

after a rotation of angle @ is given by, (5.13)

Muller matrix of the output is light is given by, (5.15)

So(4>< 1) — Mp(4><4) -Mr(4><4) S

1 0

0

0 cos(20)  sin(

0 —sin(20) cos
0 0

(
0

20)
20)

o o o O

(5.14)

(5.15)

Here S; is the Stokes vectors of input light and S, is the Stokes vector of output

light observed at the detector. Solving above equation we get,
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S patp, pa—p, O 0 1 0 0 0
Sy pa—v, pat+p, O 0 0 cos(20) sin(20) 0

= 05x X
Sy 0 0 2p,py O 0 —sin(20) cos(26) 0O
S, 0 0 0 2p.p, 0 0 0 0
Pz py (Pr—py)cos(20) (pi —py)sin(20) 0 1
_ o | PPy et pyeos20) (g pysin(20) 0| N @
0 —(2papy)sin(20)  (2pupy)cos(20) 0 U
0 0 0 2pxpy Vv
Above equations can be written in equation form as, (5.16) to (5.19)
2 | 2 2 _ 2 2 _ 2
_l_ — —
S, = b 5 Py p o I 5 pycos(29) Q + Z%sm(%) U (5.16)
2 _ 2 2 2 2 .2
- + +
Sy = prpy I+ ]%608(29) Q+ I%sm(%) U (5.17)
Sy = —papysin(20) Q + pypycos(20) U (5.18)
Sy =pzpy V (5.19)

As the X-ray detectors are not sensitive to any polarization information of the

incident beam, it measures only S; of the incident beam. Hence by observing the

intensity at any three different azimuth angles, we can find the values of I, Q and

U vectors. Since above equations are not a function V, one cannot measure the

V vector of Stokes parameters (circular polarization). Hence once the modulation

curve is obtained with any three points say (0= 0,45 and 90) Stokes parameters

= @ O~
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of the input beam can be derived by, (5.20) to (5.22)

2 2 2 2
z+ T

S (0) =2 2py1+p 2pr (5.20)
2 2 2 2
:1:+ T

S,(45) =~ pr1+p 2pr (5.21)
2 2 2 2
3:+ Tz

SﬂMD:l)prI—p QM’Q (5.22)

By solving above three equations, Stokes parameters of input X-rays can be

found out by, (5.23) to (5.25)

S1(0) + S1(90)

I = 5.23
pi+p; (5-23)
S1(0) — S1(90
Q= d;_;() (5.24)
T y
U 2 g Petl (5.25)
e 1 _— .
p: —p; p: —p;

For an ideal linear horizontal polarization analyzer, p, =1 and p,=0. Then the

above equations is simplified to, (5.26) to (5.28)

I = 5,(0) 4 51(90) (5.26)
Q = 51(0) — 51(90) (5.27)
U=29,(45) — I (5.28)

5.3.2 Fitting the modulation curve

Modulation curve shown in figure 5.4 can be mathematically described as, (5.29)

S(0) = 0.5 x (I + Qcos(26) + Usin(20)) (5.29)
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Since intensity cannot be negative and is a mix of unmodulated and modulated

terms, the above equation can also be written in its general forms as, (5.30)

S(0) = A+ Bcos*(0 — O) (5.30)

Equating above two equations, we get, (5.31) to (5.33)

[=24+B (5.31)
Q = B cos(2C) (5.32)
U = B sin(2C) (5.33)

A, B and C are obtained by fitting the measured modulation curve with the
function as mentioned in equation (5.31). Above equations assumes that the po-
larization analyzer is an ideal one i.e. p,=1 and p,=0. But in the case of practical

polarization analyzers, the more general form is given by, (5.34) to (5.36)

2448

=wm (534)
B cos(20)

0= (2 - p3) (5:35)
B sin(20)
) (536)

5.3.3 Polarization fraction and angle

Stokes parameters can be determined from either of the above-mentioned meth-

ods. Polarization fraction of the incident beam and the polarization angle can be
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calculated using Stokes parameters as, (5.37) and (5.38)

po VEHU (5.37)

i
b = 0.5 x tan~! (%) (5.38)

5.3.4 Figure of merit of the Instrument

In an X-ray polarimeter, the ability to make a significant observation of the
system depends on the modulation factor, the number of photons received, and
the amount of polarized or unpolarized background photons seen from the detector.
In the presence of noise which follows Poison’s distribution and if N is the total
number of counts, the probability p(a,)) of measuring a particular modulation
amplitude a and phase 9, given true amplitude and phase are a, and 1, is given

by [Weisskopf et al., 2010], (5.39)

pla, ) = i %[a2 + a2 — 2aa, cos(y — P, (5.39)

a, is equal to zero if the source is completely unpolarized. Since the modulation
factor is a non-negative number, there is always a non-zero probability to measure
amplitude modulation even for an unpolarized source. Figure 5.5 shows the proba-
bility of detecting a modulation amplitude of a source with true source modulation
amplitude 0.5 and true and observed phase as 45° for different observations with
different observed source counts. Figure 5.6 shows the probability of detecting
polarization angle 1 given the true ¥ = 45° and the true and observed modulation
amplitude is equal to 1. It is observed that as the number of counts of observation

increases, the confidence level of observation increases.
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Figure 5.5: Probability of observing the modulation amplitude of the source with
true modulation amplitude of 0.5 and observed and rue phase of the source is
45° for different observations with different source counts ‘N’. As N increases,
the confidence of observation increases. For small source counts, there an over
estimation of the modulation amplitude
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Figure 5.6: :Probability of detecting polarization angle i given the true ¢ =
45° and the true and observed modulation amplitude is equal to 1 for different
observations with different source counts.
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Equation (5.39) can be used determine the amplitude which has a given prob-
ability of being exceeded by chance for an unpolarized source. For example the
amplitude a9 , that has only 1% probability of being exceeded by chance is given
by [Weisskopf et al., 2010], (5.40)

4.29
a1y = ﬁ (540)

In above equation N includes both source and background counts. Hence to

express modulation amplitude as a function of detected signal alone, (5.41)

R, + Ry

I (5.41)

g = 19 X

Here R, and R, are the signal and background counting rates. Equation (5.41)
gives the minimum detectable polarization of any source with 99% confidence level
for those counts received given the instrument is an ideal polarization analyser i.e.
i of the instrument is equal to 1. But in practice, modulation index p < 1
and depends on the type of interaction of polarimeter and also on the energy
of the photon. Considering the modulation index of the instrument the minimum
detectable polarization (MDP) with 99% confidence or with 1% chance of exceeding
the actual value is defined as [Weisskopf et al., 2010], (5.42)

1
as  4.29 ’

MDP = = =
B R

R, + Ry
T

(5.42)

T is the total duration of that particular observation. MDP is the traditional
figure of merit for the X-ray polarimeter. However, MDP corresponds to detection
of the amplitude of modulation that has only 1% probability of detection by chance

but not the uncertainty of polarization measurement. If C (0 < C' < 1) is the



5.3. ANALYZING THE POLARIZATION DATA

123

desired confidence level, then the uncertainty in the amplitude measurement Aac

is given by [Weisskopf et al., 2010], (5.43)

Aac = \/—%ln(l - C) (5.43)

The observed amplitude (a) and phase (¢) on a given confidence contour (C)
is expressed in terms of true amplitude (a,) and phase (1,)o over ¢ which is varied

over 0 to 27 is given by [Weisskopf et al., 2010], (5.44) and (5.45)

a = (a2 + Aa? + 2a,Aa, cos(¢ — Q/Jo))% (5.44)
a — osin, + Aa,sin ¢

— arct 5.45

¥ = arctan ( a, cos Y, + Aa, cos ¢ ) (5.45)

Uncertainty in the measurement increases as the percentage of background
counts increases in the measurement. Figure 5.7 shows the relation between the
uncertainty and the number of counts for various percentages of background lev-
els. It is observed that high background contributes to high uncertainties in the
measurement. As the total number of counts increases the effect of background
on the measurement reduces. The uncertainty in a measurement also depends
on the true polarization percentage of the source. Figure 5.8 shows the relation
between uncertainty and the total number of counts (background neglected) for
various cases of true polarization of the source. It is observed that for poor statis-
tics, uncertainty of measurement is high when the true polarization of the source
is small. However, as the count-rate increases, uncertainty reduces and becomes

independent of true source polarization.
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Figure 5.7: 3 — 0 uncertainty in measurement of polarization amplitude as a func-
tion of total number of source counts for various cases of background.
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Figure 5.8: 3 — 0 uncertainty in measurement of polarization amplitude as a func-
tion of total number of source counts for various cases of true polarization ampli-
tude of the source.

Polarization angle usually follows a normal distribution but the distribution of
polarization amplitude is not normal. This is because by the nature, polarization

amplitude is always a positive integer. This usually results in the overestimation of
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amplitude of the polarization percentage for low statistics. This overestimation is
also a function of the true degree of polarization i.e. for a given number of source
counts, the overestimate of observed polarization is reduces as the true degree
of polarization increases. Figure 5.9 shows the relation between the percentage
change in the observed polarization as a function of true polarization amplitude.
It shows that the overestimate in measurement is high for low true polarization

state of the source and for a small number of counts.
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Figure 5.9: Percentage change in the observed polarization amplitude of the mea-
surement as a function of actual polarization amplitude of the source.

5.3.5 Observation in the presence of background

Stokes parameters are additive in nature. Hence the Stokes parameters measured
from the source in the presence of background is the sum of Stokes parameters of
the source and the background. Hence to avoid the contamination in the mea-

sured polarization information of the source, one has to subtract the background
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Stokes parameters from the source’s Stokes parameters. The background Stokes
parameters can be obtained by making an off-source observation of a dark patch
of sky close to the target X-ray source. To minimize the statistical errors on the
resulting Stokes parameters, we have to subtract the weighted Stokes parameters
from the background (weighted with the relative integration time for on-source

and off-source) from the source Stokes parameters.

Let t,¢ be the observation time for background and ¢,, is the source observa-
tion time, then the background Stokes parameters are weighted with a parameter

worp = —a~ ! where, (5.46) [Kislat et al., 2015]

ot ot (5.46)
ton 1 - foff

Here f,f¢ is the fraction of the total observation time spent off source. Weights
on the on- source events will be w,, = 1. The value of « is decided by the
strength of the source and the amount of background present while conducting

that particular observation. It is derived as [Kislat et al., 2015], (5.47)

Rpa

. vV Rpc(Rpc + Rs) (5.47)

where Rpg and Rg are expected background and signal rates respectively. If T is
the total time of observation then the corresponding MDP(1%) is given by [Kislat
et al., 2015], (5.48)

4.29v/Rpa + Rs

MDP =
VT (Rpe + Rs — /Rpc(Rpe + Rs))

(5.48)
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5.4 Major science drivers

X-ray polarimetric measurements provide the information on two important pa-
rameters of an electromagnetic wave, i.e. polarization amplitude and polarization
angle. These parameters provide deep and unique insight to study the behavior
of radiation and matter in various physical conditions like extreme magnetic and
gravitational fields. X-ray polarimetry also provides a unique platform to test the
fundamental physics like observing light bending in the strong gravitational field
of a black hole, detect the third order Quantum ElectroDynamic (QED) effects in
the magnetosphere of a magnetar, to perform sensitive Lorentz invariance etc. A

few important science cases are for X-ray polarimetry are discussed below.

Accreting black holes Thermal emission from the accretion disk around the
black hole can be polarized due to Thompson scattering in the disk atmosphere.
In the Newtonian plane, the polarization must be either parallel or perpendicular
to the disk axis. But due to general relativity effects like the relativistic beaming,
frame dragging, etc. the polarization state is altered with respect to that expected
from a pure Newtonian case [Dovciak et al., 2008]. Due to general relativity, the
radiation undergoes depolarization with respect to an observer at infinity. Effect
of returning radiation (radiation emitted from one part of the accretion disk bends
and get scattered at other places due to strong gravity) also contributes to the
depolarization of the radiation. The effect of depolarization is high in the region
close to the black hole. As the temperature of the accretion disk increases with the
decrease in the radius, the region close to the black hole usually gets extremely hot
and emits X-rays. Hence the depolarization effect is more prominent in X-rays. In
Newtonian geometry, the polarization is expected to be constant over the entire
energy range. Depolarization of radiation is also a function of the inclination and

spin of the black hole. At energies less than 0.1 keV, the degree polarization is



5.4. MAJOR SCIENCE DRIVERS 128

same as that of a flat space. But with the increase in energy from 0.1 - 10 keV,
polarization decreases. At energies greater than 10 keV, the radiation is from a
small area very close to the black hole corona. Since the area of this region is small,
the span of change of polarization angle is also small. Hence depolarization effect
will be less. At energies greater than 100 keV, the radiation is expected primarily
from jets. There also suggestions that this radiation is from the corona of the black
hole due to synchrotron emission. Hence the polarization increases at this energies.
Hence broad-band X-ray polarization measurements of binary black hole systems
can not only constrain the parameters of black hole’s inclination, spin, luminosity
and emission profile, but also provides an observational evidence to general rela-
tivity. Figure 5.10 and figure 5.11 [Schnittman and Krolik, 2009], [Schnittman and
Krolik, 2010] shows the simulations of energy dependent polarization degree and
angle for two different radiation emission profile, i.e. Noviok-Throne radial emis-
sion (a) and power-law emission (a). Figure 5.10 compares the profile for different
spins (a/M ratios), where a is the Kerr parameter and M is the mass of the black
hole. Figure 5.11 compares the profile for various luminosities (L/Lgq4q), where L
is the luminosity of the source and Lgg4y is the Eddington luminosity. These sim-
ulations suggest that the energy-dependent polarization variation at X-rays have

a distinct profile for various black hole parameters and emission mechanisms.

Neutron stars, Magnetors and Pulsars Compact objects like neutron stars,
pulsars and magnetars are expected to be polarized due to the strong magnetic
field. The X-ray emission in these type of objects is either due to synchrotron or
curvature radiation. The spectra of both synchrotron and curvature radiation are

similar whether it is coming from thermal or non-thermal particles particles.Hence



5.4. MAJOR SCIENCE DRIVERS 129

100.0 100.0

)

polarization degree (%)

polarization degree (%!

E,. (keV)

50+

g g
© 2
® o 1
£ o 1 5
§ - 5 \
g = ~ 5 M=0 \ ]
§ o —0 S T
g ; g 099 =S
%88 = 0.998 \“\-cg
=100 ==
-100
0.1 1.0 10.0 01 1.0 10.0
E,. (keV) oo (KEV)
(a) (b)

Figure 5.10: Polarization degree and angle for a range of black hole spin param-
eters. All systems have inclination i = 75° black hole mass 10M, luminosity
L/Lgaa = 0.1, for (a) Novikov-Thorne radial emission profiles and (b) Power law
emission profile. Reference: [Schnittman and Krolik, 2009]
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Figure 5.11: Polarization degree and angle for a range of luminosities for a/M =
0 (solid curves)and a/M = 0.9 (dashed curves). All systems have inclination i =
75, black hole mass 10M, and (a) Novikov-Thorne radial emission profiles (b)
Power law emission profile. Reference: [Schnittman and Krolik, 2010]

is it very difficult to distinguish between these two emission mechanisms of a source

from only the light-curve and spectroscopic observations. X-ray polarimetric stud-
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ies can differentiate between these two mechanisms. The degree of polarization
of radiation emitted by both mechanisms is also same (usually high). However,
the Stokes vectors for synchrotron emission is usually perpendicular to that of
curvature radiation. Hence during pulse period, the polarization angle will swing.
Curvature pulse polarization angle will show different phase morphology from that
of the synchrotron process. Hence in conjunction with light curve and spectroscopy,
polarization measurement during pulse period will probe the electron distribution
shape and hence suggests the dominant physical process in the object.

X-ray polarization can also a unique technique to distinguish the beam profile
of highly magnetic neutron stars (magnetars) [Romani, 1996], [Romani and Wat-
ters, 2010]. Figure 5.12 [Schonherr, G. and Wilms, J. and Kretschmar, P. and
Kreykenbohm, I. and Santangelo, A. and Rothschild, R. E. and Coburn, W. and
Staubert, R., | shows the schematic of fan beam and pencil beam profile that can
exist in a neutron star. In pencil beam profile, the oscillation in the polarization
percentage is expected to be out of phase with the pulse, i.e. maximum polarization
is expected at the pulse minimum. Whereas in fan beam profile, the percentage
of polarization is to be in-phase with the pulse, i.e. maximum polarization at
pulse minimum. Hence precise polarization measurement of these objects helps to
probe the beam shapes of pulsars. These observations are best suitable around
cyclotron resonance frequencies [Schonherr, G. and Wilms, J. and Kretschmar, P.
and Kreykenbohm, I. and Santangelo, A. and Rothschild, R. E. and Coburn, W.
and Staubert, R., ] usually at 10- 50 keV range).

Active Galactic Nuclei (AGN) AGN emits thermally in the hard-UV band
with a peak of thermal emission in the range 30-100 eV with a power law profile

extending to X-ray region [Nandra et al., 1991], [Mushotzky et al., 1993]. At
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Figure 5.12: Accretion geometries and radiation patterns. Left: “fan beam” (cylin-
der geometry). Right: “pencil beam” (slab geometry).

hard X-ray region ( 100kel) the coronal emission arises due to comptonization of
thermal photons by electrons. This coronal emission is expected to be polarized
(8%) [Sunyaev and Titarchuk, 1985], [Schnittman and Krolik, 2010]. Measurement
of X-ray polarization at these energies can constrain the inclination of the AGN

and also suggests the coronal model of the AGN.

Jets from AGN Jets in AGN exhibit continuum emission from radio to TeV
range. Its spectrum often exhibit a low energy (synchrotron) and a high energy
(inverse Compton) peak. Accreting supermassive black holes in AGN with the jet
aligned close to the line of sight of observation are called Blazers. The relativistic
motion of emission plasma amplifies the jet emission along of line of sight direction
and makes blazers very bright. Hence Blazer observation can provide a deep insight
into the jet mechanism of an AGN [Krawczynski et al., 2011]. Multi-wavelength

polarimetric observations of these objects can provide information regarding how
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hard X-rays are emitted. There are two different models predicting the emission
mechanism at hard X-rays, i.e. Synchrotron Self Compton (SSC) and External
Compton models. In SSC model, X-rays come from inverse Compton interactions
of electrons with co-spatially emitted synchrotron photons (low energy radiation).
In this scenario, one expects the X-ray polarization to be similar to the polarization
of low energy radiation (radio, infrared and visible). The degree of polarization this
case is usually high. Whereas in external Compton model, the X-ray polarization
is expected to be very small (< 5%) [Krawczynski et al., 2011]. Hence X-ray po-
larimetric measurements in conjunction with polarimetric measurements at other
wavelengths can constrain the emission mechanism of hard X-rays in Blazers.
X-ray polarimetry is also an important technique in solar physics to constrain
the electron beaming and orientation of the magnetic field with respect to the line
of sight. Besides providing a better window in explaining exciting astrophysical
problems, X-ray polarimetric studies are also useful in providing a unique platform
in testing a few fundamental physical phenomena like testing QED effects in the
presence of vacuum birefringence [Baring, 2008], detecting Axion and Axion like

particles form highly magnetic sources etc.

5.5 Soft X-ray polarimeter designs

Soft X-ray polarimeter designate operating below 1 keV is uniquely possible by us-
ing multilayer mirrors where other techniques are less effective. Recalling equation

(2.41) reflected intensity of a multilayer mirrors is given by the equation (5.49).

1(0) =1, | P*+ (P? —1)cot*(A)(P?* —1)"5 | (5.49)

where

A =2LEdpeg,),
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P = (Z2)((0 — 0u)sin(20,,) — 23],

K =1 forL; = |cos20,,|for ||;= (14+]|cos20,,|) /2 forunpolarizedlightrespectively,
L is the number of layer pairs,

m is the order of Bragg peak,

6 and 6,, are the angle of incidence and the Bragg angle respectively,

F(6,,) is the structure function of the coating layer at Bragg angle,

1, is intensity of incident ray,

0 is real part o refractive index of the material,

d is period of bi-layer of multilayer mirror.

From equation (5.49), one can observe that at 6,, = 45° for parallel polarized
light, the term ‘K’ becomes zero which makes the reflected intensity I term zero.
In this configuration, the modulation factor of the mirror will be a unity which
makes it a perfect polarization analysing element. Figure 5.13 shows the typical
reflectivity profile of a multilayer mirror at 45° for S- and P-polarized X-rays. The
profile presented in figure 5.13 is a simulated response of a Co-C multilayer mirror
with period 3 nm. It is observed that the reflectivity of the multilayer at 45° is neg-
ligible for P-polarized X-rays when compared to that of S-polarized X-rays. This
difference in the reflectivity value for S- and P- polarized sources is very impor-
tant for polarization measurements. With this motivation, a couple of polarimeter

designs are worked out which are suitable for a small satellite astronomy mission.
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Figure 5.13: Reflectivity profile of a Co-C multilayer at 45° for S- and P- polarized
X-rays. These are calculated using IMD software

5.6 Design I: Narrow band soft X-ray polarime-

ter

The proposed design consists of a single reflection parabolic shell of multilayer
mirrors placed at 45° to the incident X-rays. Four pixelated X-ray detectors are
placed in the center of the shell such that each detector sees X-rays reflected
from each quadrant of the shell. Polarization information is recorded across four
detectors simultaneously as a function of azimuthal angle. Figure 5.14 shows the
top view and the side view of the mirror and detector structure. Table 5.6 gives
the design specifications of the instrument. These parameters are considered in

view of a feasible small satellite astronomical polarimetric instrument.
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Table 5.1: Specification of the narrowband soft X-ray polarimeter.

Parameter Specifications
Diameter of the shell 50 cm
Axial profile of the mirror segment | Parabola (y* = 50z)
Axial length of the mirror 14 cm
Number of detectors 4 (pixelated)
Angle of incidence 45°
Range of incidence angles 40° -50°
Effective geometric area 1154cm?
Modulation index 0.96
Coating of mirrors Co-Si
Period of bilayers 2.5 nm
Operation energy 350 eV
Energy spread for non graded coating 330 - 390 eV

60 cm 40 cm

\ 4

10 cm

(a) (b)

Figure 5.14: (a) Front view of the mirror- detector assembly. (b)Side view of the
mirror assembly with dimensions
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5.6.1 Mirror profile

Mirror assembly consist of a segmented multilayer mirrors. Number of segments of
multilayer mirrors required to complete the mirror assembly depends on the size of
the individual segment, which in this case limited with the substrate holder during
fabrication in the magnetron sputtering machine. Each mirror segment is a toroidal
mirror with circular azimuthal profile and a parabolic axial profile. Parabolic
profile reduces the spherical aberration and tightens the spot size. Schematic of

an individual mirror segment with dimensions is shown in figure 5.15.

Based on the required sensitivity and optimum possible size of the instrument
appropriate for a space instrument, a design with diameter 50 c¢m is considered
with the axial length of each shell as 14 cm. Hence the focal length of the mirror
should be 25 cm at the angle of incidence of 45°. The equation of the parabolic
profile of mirror which suits above-stated parameters is Y2 = 50X. Figure 5.16
shows the parabolic profile of the mirror with respect to coordinate axis. If the
vertex of the parabola is at the origin, then the focus is at the coordinates (12.5,0)
and the mirror is located from coordinates (8,20) to (18,30) in parabolic profile.
This makes the diameter of the shell as 60 cm at one end of the shell (point 3)
and 40 cm at the other end of the shell (point 1).

Arc length of the mirror: Since axial profile of the mirror is a parabola, arc

length of the mirror as per figure is the given by the following equation, (5.50)

S=@+fxzn<%)

2 (5.50)
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Figure 5.15: Schematic of a single segment of a multilayer mirror with the dimen-
sions
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Figure 5.16: Parabolic profile of the mirror.
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q=+/f*+h?
X is any point on the parabola

p is the perpendicular distance from x to the axis symmetry of parabola,

f is the focal length.

Arc length between any two points 1 and 2 on parabola is given by, (5.51)

higi — hago

Sl—SQZ f

i Ch) (5.51)

+fxm(h2+q2

With this equation one can calculate the mirror length if it is parabolic in
profile. From the above specified parameters, the arc length of the mirror in this

design is 14 cm.

Radius of curvature of the mirror The radius of curvature of the mirror
is not same throughout the axis as the profile is parabolic. There is a gradual
and small variation of the radius of curvature of the mirror over the axis of the
mirror. Radius of curvature at any point on the curve is given by the standard

formula,(5.52) '
(1+ (f'(x))>
f"(x)

plr) = (5.52)

where
p(x) is the radius of curvature at the point x,

f(x) is the function representing the curve.

For the given equation of a parabola, the radius of curvature of the mirror

varies from 95.28 cm at point 3 to 52.50 cm at point 1. Since there is a gradual



5.6. DESIGN I: NARROW BAND SOFT X-RAY POLARIMETER

139

change in radius of curvature over the mirror, the angle of incidence of input x-rays
also slightly deviates from 45°. In this present configuration, the incident angle is

around 40° at point 3 and 50° at point 1 as pointed in figure 5.6.1.

5.6.2 Effective area of the Instrument

The geometric area of the mirror assembly is 1550 cm. But the effective area
is calculated by multiplying reflectivity of mirrors with the geometric area of the
telescope. Peak reflectivity of a typical MCM peaks at a specific energy depends on
the coating parameters and the angle of incidence of x-rays onto it. Since there is
a gradient change in angle of incidence due to parabolic profile as discussed earlier,
reflectivity peak of the overall system also broadened. In the present design due
to this broadening, the curve has a flat peak of reflectivity from 330 eV to 390
eV which otherwise should be a sharp peak at 354 eV. Use of laterally graded
multilayer mirrors in which the thickness of coating varies across the surface to
counter balance the change in angle of incidence can provide a sharp reflectivity
peak which improves the energy resolution. Figure 5.6.2 shows the effective area

of the instrument with as a function of operational energy.

5.6.3 Performance estimation of the instrument

For an ideal multilayer mirror at 45°, the modulation factor is equal to unity.
But in the current configuration, as the angle of incidence of X-rays has a spread
(40°-50°) due to curvature, the modulation index of the instrument gets lowered.
Figure 6.19 shows the normalized reflectivity of the multilayer as the polarization
state of the incident beam varies from P-state (-1) to S-state (+1). When the angle

of incidence is exactly equal to 45° the reflectivity at S-state is maximum while it
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Figure 5.17: Effective area of the system with respect to of incident photon energy.

Figure also shows the effective area for two cases when the coating of the mirror is

uniform across the surface (blue) and when coated with laterally graded multilayers
to counter balance the peak broadening effect from spread in angle of incidence

(red).

is zero for P-polarized X-rays, which makes modulation as 1. But in the current
configuration, the reflectivity at P-polarized X-rays is slightly greater than zero.
Neglecting the background, for the current configuration, the modulation index is

expected to be 0.96.

In the current configuration, each detector sees the reflected X-rays over 90° of
azimuthal rotation. If the incident X-rays are polarized, an intensity modulation is
observed across pixels of each detector. Figure 5.6.3 shows the simulated response
of the detector response for the polarized and unpolarized case. It is observed
that the intensity inf all detectors remain the same when unpolarized X-rays are

incident onto the instrument.
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Figure 5.18: Normalized reflectivity of multilayer mirror as a function of polariza-
tion state of incident X-rays. In X-axis -1 indicates 100% P-polarized X-rays, +1
indicates 100%S-polarized and 0 indicated unpolarized light
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Figure 5.19: Simulated response of instrument’s performance for polarized and
unpolarized cases.
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5.6.4 Discussion

The above-discussed polarimeter operates at 350 eV and has a very high modula-
tion index. The design makes use of four detectors under simultaneous operation
which increases the timing property of the instrument. The major disadvantage of
this design is its narrowband response which makes it restrictive scientific inves-
tigation. Also, use of four detectors simultaneously increases the weight and cost
of the instrument. The effective area of the instrument is directly proportional
to the diameter of the instrument. Hence as the requirement of the effective area
increases, the total volume of the instrument increases proportionally. A require-
ment of toroidal (parabolic + spherical) segmented multilayer mirrors increases

the cost and complexity of the fabrication.

5.7 Design II: Broad band soft X-ray polarime-
ter

A broad-band soft X-ray polarimeter greatly increases the scientific capacity of
the instrument than a narrow band one. Hence an attempt is made to design a
broad band instrument using multilayer mirror to operate at energies less than 1

keV [Panini et al., 2018]. The polarimeter consists of three major sub-systems:
e Soft X-ray concentrator.

e Multilayer mirror (one or many on a rotating wheel) placed at 45° with

respect to the optical axis of the concentrator.
e A soft X-ray detector positioned at the Nasmyth focus.

The instrument is rotated about its optic axis at a constant rate to derive the in-

tensity modulation for polarized X-rays from the source. If the source is completely
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unpolarized, the source intensity remains constant during a 180° rotation.

The passband of a fixed period multilayer mirror is usually of the order of a
few 10s of eV. In order to increase the overall bandwidth of the instrument, five
different multilayer mirrors are arranged at different azimuthal angles, such that
only one operates at a time with the detector (fixed). Each mirror’s 15 Bragg
peak reflectivity is designed to be at different energies spread across the desired
energy range. This is analogous to using different filters on an optical telescope.
The band-pass of each mirror can be customized by tuning the bi-layer period, the
number of bi-layers and the choice of coating materials to get good reflectivity at
the 1% Bragg peak. All five mirrors are placed on a motorized rotating platform,
that brings each mirror into the converging beam before the focus of the X-ray
concentrator, one at a time. For a given multilayer mirror, figure 5.20 shows the
schematic of the instrument design with one multilayer mirror in position to reflect
X-rays to the detector at the Nasmyth focus. We now present a straw man design

for the system and its components.

5.7.1 X-ray concentrator

Use of X-ray concentrator provides the sufficient sensitivity for polarimetric ob-
servations. Considering that the instrument should be sensitive to detect the
polarization state as low as 2% of at least 200 bright X-ray sources for 100 ks
observation, the concentrator would need at least 600cm? geometric area. Design
specification of the concentrator is considered to meet the geometric area require-
ment and also to have a short focal length ( 100cm) to make the design compatible
with a low-cost space mission. The X-ray concentrator would consist of 24 trun-
cated conical nickel (Ni) coated shells placed in a concentric arrangement. X-rays

undergo single grazing angle reflection from the concentrator and converge at the
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Figure 5.20: Top: Optical layout of the soft X-ray polarimeter with a concentrator,
polarization analyser (multilayer mirrors) and the detector. Bottom left: Zoomed
region of the schematic near the focus (axis is rotated by 70° with respect to the
coordinates of figure on top. Bottom right: Side view of the design (as seen from
the prime focus).
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focus positioned at a focal length of 107.5 cm. The geometrical area of the con-

2. Design specifications of the concentrator are optimized to

centrator is 630 cm
have high reflection efficiency for X-rays below 1 keV. The radii of the innermost
and the outermost shells are 5 cm and 15 cm respectively, and the graze angles
of the inner and outermost shells are 1.27° and 3.84° respectively. Detailed shell

specifications of the concentrator are presented in table 5.7.1. The effective area
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(EA) of the concentrator for a given energy ‘E’ is estimated by summing over the
effective areas (geometric area x reflectivity) of all individual shells as given in

equation, (5.53)

24
EAconcentrator(E) = Z 27Trnl Sin(en)Rn (E, en) (553)
n=1

r, and 6, are the radii and the axial orientation of the n** shell.‘l’ is the axial
length of the shell. R, (E,6,) is the reflectivity profile of n'* shell as a function of
the incident photon energy and 6,,. All reflectivity profiles are calculated using the
IMD software within the X-ray oriented programming (XOP) package. Figure 5.21
shows the estimated effective area of the soft X-ray concentrator as a function of

the incident photon energy.
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Figure 5.21: Estimated effective area of the concentrator as a function of photon
energy. Effective area drops off at 850 eV as the reflectivity of Ni falls rapidly due
to the Ni L- shell absorption edge

The substrate of these shells is considered as 0.2 mm aluminium (Al) foils from

the heritage of Soft X-ray telescope on board Astrosat. The weight of the optics
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Table 5.2: Specifications of the individual shells in the concentrator. r; and ry are
the inner and outer radii of a given shell in the concentrator.

Shell No | Shell No | 72(cm) | § (degrees) | Geometrical | Volume(cm?)
area (cm?)

1 3 4.77 1.27 6.98 6.13
2 5.25 5.02 1.33 7.7 6.44
3 5.51 5.27 1.4 8.5 6.76
4 5.79 5.53 1.47 9.38 7.1

5 6.08 5.81 1.55 10.34 7.46
6 6.39 6.1 1.62 11.4 7.84
7 6.7 6.41 1.7 12.57 8.23
8 7.04 6.72 1.79 13.85 8.64
9 7.39 7.06 1.88 15.25 9.06
10 7.75 7.41 1.97 16.8 9.51
11 8.13 7.77 2.07 18.49 9.98
12 8.53 8.15 2.17 20.36 10.47
13 8.95 8.55 2.28 224 10.99
14 9.39 8.97 2.39 24.65 11.52
15 9.85 9.41 2.51 27.11 12.09
16 10.33 9.87 2.63 29.82 12.68
17 10.83 10.35 2.76 32.79 13.29
18 11.35 10.85 2.89 36.06 13.94
19 11.9 11.37 3.03 39.64 14.61
20 12.48 11.92 3.18 43.57 15.32
21 13.08 12.5 3.33 47.88 16.06
22 13.71 13.1 3.5 52.62 16.84
23 14.37 13.7 3.67 57.82 17.65
24 15.06 14.39 3.84 63.52 18.5
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without considering support structure is estimated as 733 grams. Aluminium
being a low-density metal lowers the weight of the optics which is a major concern
for any space-based instrument. At soft X-rays below 0.7 keV optics provides on
average effective area of 0.65 cm?/grams. Figure 5.22 shows the effective area
contributed by each shell per weight in grams and the total effective area of the
concentrator per weight. Table 5.3 summarizes the design specifications of the soft

X-ray concentrator.
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Figure 5.22: Total effective area per total weight of optics of the Soft X-ray con-
centrator as a function of photon energy.

5.7.2 Multilayer mirrors

All five multilayer mirrors are placed on a motorized wheel such that one multilayer
mirror can be operated at a time. The position of multilayer mirror is majorly
decided by the maximum size of the footprint of X-rays on the mirror. Exper-

imentally, we have observed that the effective bi-layer period of the multilayer



5.7. DESIGN II: BROAD BAND SOFT X-RAY POLARIMETER 148

Table 5.3: Specifications of the soft X-ray concentrator.

S1.No Parameter Quantity
1 Number of shells 24
2 Focal length 110 cm
3 Inner most shell radius 5 cm
4 Outer most shell radius 15.06 cm
5 Axial length of each mirror 10 cm
6 Inner most shell ‘¢’ 1.27°
7 Outer most shell ‘¢’ 3.84°
8 Coating Ni
9 Substrate 0.2 mm thick Al foil

mirrors varies laterally over the surface due to fabrication uncertainties. Though
this variation is very small (of the order 0.05 nm/cm) for thin multilayers, ideally
it is always better to have a small footprint on the multilayer mirror. Figure 5.23
shows the X-ray reflectivity (XRR) test results obtained from a W-B4C multilayer
with 20 bilayers of period 1.7 nm. Red and blue curves represent the XRR test at
two different positions on the mirror’s surface which are 3 cm away. From these
results, the measured effective bi-layer period of red and blue curves are 1.77 and
1.76 respectively. Based on these results, the position of the multilayer mirror is
fixed at 100 cm from the X-ray concentrator which corresponds to an elliptical
spot of (2.1 x 3cm) in diameter on the multilayer mirror. From Zemax ray-tracing
analysis it is observed that a multilayer mirror of 5 cm in diameter is sufficient
to completely receive X-rays from the concentrator even from an off-axis source
of £0.3°.Specifications of the multilayer mirrors are given in table 5.4. The ratio
of the thickness of the metallic layer (high Z-element) to the total thickness of a

bi-layer is set to 0.4 for all coatings.



5.7. DESIGN II: BROAD BAND SOFT X-RAY POLARIMETER

149

0.1

0.01

1E-3

Reflectivity

1E-4

1E-5

T T T T T T T T T T
0.0 0.5 1.0 15 2.0 25 3.0 35
Theta (Grazing) (Degrees)

Figure 5.23: X-ray reflectivity measurements at 8.047 keV of a W-B,C' multilayer
mirror with 20 bi-layers of period 1.7 nm at two different positions which are 3 cm
away. The measured bi-layer period of red and blue curves are 1.77 and 1.76 nm
respectively

5.7.3 Soft X-ray photon counting detector

The soft X-ray detector is placed at the Nasmyth focus, 7.5 cm away from the mul-
tilayer mirror. The detector is expected to have good quantum efficiency (> 20%)
at low energy X-rays (< 0.5 keV) which is a challenge as the optical light rejec-
tion window absorbs soft X-rays at these wavelengths. High spectral resolution of
the detector is not a primary requirement as the multilayer mirrors reflect only a

narrow band of energies but may be very useful for background rejection.

5.7.4 Optics performance

Since the front optics consists of single reflection conical shells, the design has a
very poor imaging quality and hence suitable only for non-imaging polarimetry.
Imaging is severely limited by coma aberration for off-axis sources. Figure 5.24

shows the Zemax ray-tracing simulations of the optical design. It is observed that
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Table 5.4: Specifications of multilayer mirrors on the mirror wheel.

Mirror ID | Coating | Period of bi-layers (nm) | Energy of 1 Bragg peak (eV)
M1 W-Si 1.5 587
M2 Ni-Si 1.8 490
M3 Ni-Si 2.3 384
M4 Co-C 2.9 306
M5 Co-C 3.5 254

off-axis point sources have a spread in the image plane which resembles the coma
aberration. Field of view of the instrument is £0.3° for a 1 ecm x 1 cm detector.
Figure 5.25 shows the collimator response (normalized effective area Vs off-axis
angle) of the design. Though the off-axis image quality of the system is very poor,
the polarization measurement of an off-axis point source will not have additional
modulation from aberrations since the collimator response is symmetric about the

optical axis.
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Figure 5.24: Zemax ray-tracing simulations of the optical performance. 4 point
sources are placed, one at on-axis and other at off axis positions of 0.1°, 0.2° and
0.3°.
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Figure 5.25: Normalized effective area of the instrument as a function of the off-
axis angle (collimator response).

5.7.5 Estimated performance analysis of the Instrument

The effective area of the instrument depends on the effective area of the X-ray
concentrator, the reflectivities of multilayer mirrors and the efficiency of the de-
tector system. The converging X-rays from the exit pupil of the concentrator are
incident on the multilayer mirror at a range of angles. Since the reflectivity of
the multilayer mirror and the energy of the Bragg peak depend on the angle of
incidence, the overall response of the instrument depends on the F (ratio of focal
length to the diameter of the outermost shell) of the concentrator. The concen-
trator consists of 24 shells with a maximum diameter of the exit pupil of 30 cm
and focal length of 107.5 cm. As shown in figure 5.20, the concentrator’s entrance
aperture defines the x-y plane and the +z axis points towards the multilayer mir-

ror. A multilayer mirror is placed at 45° to the optical axis of the concentrator as
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shown in figure 5.20.The beam of converging X-rays from 37° to 58° depending
on y coordinate along the concentrator. X-rays incident at 45° are reflected from
the y=0 plane of the concentrator, 37° from the y=-15 plane and 58° are from
the y=+15 plane. Equation (5.54) gives the grazing angle (in degrees) on the
multilayer as a function of y. The geometric area as a function of Y is shown in
figure 5.26(left). Figure 5.26(right) shows the front view of the concentrator seen

from the source end marked at different positions along the y-axis.

0 = tan™! (%) +45° (5.54)
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7 Front view of the concentrator

Figure 5.26: Left:Geometric length of the concentrator along X-axis as a function
of the concentrator position. The central dip is due to the unfilled inner region of
the innermost concentrator.Right : Front view of the concentrator (seen from the
source end) marked at different positions along y-axis.

The geometric length of the concentrator falls to zero at y=+ 15 (maximum
radius of the concentrator). The central dip from + 5 c¢m corresponds to the

unfilled inner 10 cm diameter of the concentrator. Overall reflectivity at a given



5.7. DESIGN II: BROAD BAND SOFT X-RAY POLARIMETER

153

y-plane of the concentrator is calculated as the average reflectivity from all shells
contributing to the reflection at that plane. At y=0 all 24 shells contribute to X-ray
reflection but at y==415 only the outer shell contributes. The reflectivity profile
of the concentrator varies with y symmetrically about the y=0 plane (figure 5.27
left). Figure 5.27 (right) shows the reflectivity profile as a function of Y-axis of
the concentrator at two energies. This profile is symmetric about y=0 plane of the

concentrator.
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Figure 5.27: Left: Comparison of effective reflectivity of the concentrator at y=0
and y=415 cm. Right: Reflectivity of the concentrator as a function of the Y-axis
at 250 eV and 600 eV

To estimate the effective area of optics, the reflectivity of the multilayer mirror
at an angle is multiplied by the effective area of the concentrator. By design, the
angle at which X-rays fall on the multilayer mirror depends on the the value of y

along the concentrator and the total effective area of the optics (EA) is, (5.55)

y=+15
EAypies — / Ryl (¢) x EA(y)dy (5.55)
Yy

=-15
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Table 5.5: Bandpass, width, and grasp of the instrument with individual multi-
layer mirrors in place.

Mirror ID | Band of operation (eV) | Band width (eV) | Grasp (cm?eV)
M1 520-685 165 200
M2 435-570 135 160
M3 340-450 110 210
M4 270-360 90 340
M5 220-300 80 520

where Rgé) (e) is the reflectivity of the multilayer mirror at a given angle which
corresponds to the y-plane of the concentrator as given in equation (5.53). EA(y)
is the effective area of the concentrator which is a product of differential geometric
area and reflectivity of the concentrator at a given y (as shown in figure 5.26(left)).
The reflectivities of all multilayer mirrors are calculated assuming the RMS surface
roughness to be 0.5 nm and an interlayer roughness of 0.1 nm per layer. Since
the reflectivity is integrated over the y-axis, the spread in incidence angles of X-
rays leads to broadening of the Bragg peak, but integrated sensitivity remains
unchanged for continuum sources.

Figure 5.28 shows the effective area of the optics as a function of photon energy
for all five multilayer mirrors which are to be operated individually, one at a time.
Table 5.6 summarizes the operational band of each mirror and the total “grasp”
(grasp= effective area x bandwidth).

Figure 5.29 shows the effective area of the instrument for S- and P-polarized X-
rays. The grasp of the instrument is around 50 times more for S-polarized X-rays

than for P-polarized.
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Figure 5.28: Effective area of optics for unpolarized X-rays as a function of photon
energy for all five mirrors.
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Figure 5.29: Left: Maximum effective area of the optics (achieved for 100 %
polarized X-rays in s-polarized state). Right: Minimum effective area of the
optics (achieved for 100 % polarized X-rays in p-polarized state)

5.7.6 Modulation factor

The intensity of a linearly polarized X-ray source modulates at double the fre-
quency of azimuthal rotation of the instrument. The modulation factor (u) is an
important parameter of a polarimeter which is defined by equation (5.56). p =1
for an ideal polarimeter. A multilayer mirror at 45° acts as a perfect X-ray po-
lariser. But in this design, rays are incident on the multilayer mirror over a range

of angles around 45°. From figure 5.29(right) it is observed that the effective area

800
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of the mirror for p-polarized light goes to zero only at the central wavelength (cor-
responds to reflectivity at 45°) of a band and gradually increases away from this

central wavelength.

Smax - Smin

il mmin 5.56
Smaa: + szn ( )

M:

Smaz and Sy, are the maximum and minimum intensities of a completely
polarized source seen through the polarimeter, separated by 90° of azimuthal ro-
tation. Figure 5.30 shows the modulation factor of the instrument as a function
of incident photon energy for all mirrors. The modulation factor of the instru-
ment is over 0.9 for all bands. Since the flux is integrated over the pass-band of
the spectrum (see table 5.6) and the shape of modulation factor varies over that
range, the overall modulation of the instrument is calculated using the grasp for
each mirror. Table 5.6 summarizes the modulation factor of the instrument in each
band. If Gg and Gp are grasps of the instrument for a particular multilayer mirror
at its 1°* Bragg peak, then the modulation factor is given by equation (5.57). This
equation assumes that the spectrum of the source and the quantum efficiency of

the detector are uniform over the spectral band.

 Gs—Gp

_bs—bp 5.57
"= Gt ar (5.57)

5.7.7 Instrumental polarization from the soft X-ray con-

centrator

Instrumental polarization is defined as the intrinsic modulation induced within the

instrument for unpolarized incident light. In this design, instrumental polarization
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Table 5.6: Operational band and grasp of the instrument for s- and p- polarized
X-rays with respect to the multilayer mirror and the effective modulation factor
of the instrument for a band.
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Figure 5.30: Modulation factor of the polarimeter optics as a function of incident
photon energy for all five mirrors. Selected regions in red represent the bands of
operation in which the mirror is designed to be operated.

can mainly occur due to the difference in S- and P-polarized X-ray reflectivities
from the soft X-ray concentrator. Currently used soft X-ray detectors are po-
larization insensitive. Instrumental polarization can adversely affect the measured
degree of polarization and polarization angle. For a closed shell X-ray concentrator

which integrates X-rays reflected from all azimuthal angles equally, the net change
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in polarization angle due to instrumental effects is zero. This can be understood if
we examine the Muller matrix of the X-ray concentrator as a function of incident
photon energy. The Muller matrix for such a setup reduces to a diagonal matrix
after 360° azimuthal integration of flux and is given by [Almeida and Pillet, 1993,
(5.58)

M =0.5(1 — €%) x (5.58)

o o o +
o o . O

S x» o o
o

where A = |R,+ R,)|?, B = |Rs— R,|* and R, and R, are the reflectivities of the
mirror for s- and p- polarized X-rays respectively. € is the centre obscuration ratio
between the internal and external radii of the annular aperture. It is a measure
of the active area from where rays are reflected. As the Muller matrix is only
a diagonal matrix, there is no cross-talk between the two polarization states of
incident X-rays. If the reflection efficiency of the concentrator is same for both S-
and P- polarized X-rays, then the Muller matrix becomes an identity matrix which
acts as an attenuator. The residual instrumental polarization of the concentrator

is given by [Almeida and Pillet, 1993], (5.59)

(Rs — Rp)2

[P =
(Rs + R,)?

(5.59)

The instrumental polarization of the soft X-ray concentrator is calculated by deter-
mining the S- and P- polarized reflectivities from an individual shell as a function
of incident photon energies and then computing the same for the complete system.
Figure 5.31 shows the residual instrumental polarization calculated as per equa-

tion (5.59) as a function of photon energy for the soft X-ray concentrator. As the
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instrumental polarization of the concentrator is very low (of the order of 107°),
it can be neglected for practical purposes as the sensitivity of the polarization

analysing mirrors is much larger.
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Figure 5.31: Residual instrumental polarization of the soft X-ray concentrator as
a function of incident photon energy.

Instrumental polarization may occur when there is a mismatch in the optical
axis of the concentrator and the axis of rotation of the instrument. Maximum
efforts need be made to ensure required alignment is reached during ground inte-
gration. However, various scenarios (including pre-launch vibration, launch, sep-
aration shock, etc) could create misalignment. For an on-axis point source, with
no instrumental misalignment, the angle of incidence of the chief ray from the
concentrator to the multilayer mirror is 45° and is constant over the rotation of
the instrument. But if the axis of the rotation has a constant misalignment of
angle # with respect to the optical axis, the chief ray from the concentrator makes
an angle 45° + @ with the multilayer mirror. This will result in a change in the
modulation factor of the instrument. However, this can be eliminated largely using

on-board calibration with a known unpolarized cosmic source and correcting the
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final results for the intrinsic modulation arising from of the instrument.

5.7.8 Instrument sensitivity

The concentrator allows the instrument to gather more flux from a source relative
to background and hence improves the MDP of the instrument. The MDP of
the instrument was estimated for several bright sources by considering their soft
X-ray flux from the XMM-Newton catalog [Rosen. et al., 2016]. There are at
least 100 sources which are bright enough whose MDP is less than 2% at 99%
confidence for 100 ks of integration time per band. For this calculation, we assume
that the detector has a quantum efficiency of 70% in the whole band. Background
counts are mainly contributed by the cosmic soft X-ray background and detector
background. Soft X-ray background from extragalactic sources from 0.1-2 keV
follows a power law with index 7=1.46+0.06 and normalization factor A=10.5 keV
em™2 s~ sr7! keV~1 . This is approximately 65 counts per 100 ks observation
time which is 10% of the source counts expected in the given operation band of
the instrument for most bright sources of interest. Internal background counts
from the detector are mainly due to the readout noise and the thermal noise of
the detector. Detector noise can be lowered by cooling the system and is usually
very low when compared to the cosmic soft X-ray background. The MDP of the
instrument is different at different energies as the effective area of the instrument,
and the source flux varies as a function of the photon energy. Table 5.7 gives,
estimated MDP values for the blazar PKS 2155-304 for a 100 ks integration time.
For these estimations, we have considered 10% (i.e. b=0.1xr) of total counts

received arises from background sources.
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Table 5.7: Estimated MDP of values for the blazar PKS 2155-304 in 100 ks inte-
gration per band with 10% background counts using different multilayer mirrors.

Mirror ID M1 M2 M3 M4 M5
Energy band (eV) | 520-685 | 435-570 | 340-450 | 270-360 | 220-300
MDP (%) at 99% 0.62 0.60 0.40 0.29 0.17

confidence for 100 ks 9

5.7.9 Discussion

The soft X-ray polarimeter design proposed in this paper has a broadband sensitiv-
ity to soft X-rays less than 1 keV. The estimated modulation factor at each band
is over 0.9 which provides good polarization detection sensitivity. Multilayer mir-
rors used in this design are small in dimensions (3 X 3 ¢cm), have a uniform period
coating, and plane mirrors. Hence it is relatively easy to fabricate such mirrors.
As the design requires a single detector to detect the polarization state of input X-
rays, the power and weight requirement of the system is minimized. However, the
instrument must be rotated continuously to provide the signal modulation. And
also the multi-band polarization measurements require switching between multi-
layer mirrors faster than the source variability time scale. Instrument polarization
from the concentrator is estimated to be under 107> over the operational band.
Hence the design is ideally suited for sensitive polarimetric studies of cosmic X-ray
sources. The sensitivity of the instrument can be scaled up or scaled down just by
changing the number of shells in the concentrator without any significant change

in the dimensions of the instrument.
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5.8 Simultaneous broad-band soft X-ray polarime-

ter

One of the major disadvantages of the polarimeter in design II is that the broad-
band observations is not simultaneous. While each multilayer mirror completely
uses the total effective area of the concentrator, the instrument has to operate in
5 different bands in-order to cover the entire spectrum. The design also requires a
rotating wheel which increases the complexity for a space instrument. With some
minor modifications in the design, the instrument can operate simultaneously in
the entire spectrum. This can be achieved by developing a mosaic multilayers
with different periods. A mosaic multilayer mirror can be prepared by carefully
cutting different multilayer mirrors and arranging them into a single mosaic mirror.
Figure 5.32 shows schematic of the polarimeter with a mosaic multilayer mirror
for simultaneous broad band observation. In this design, the total effective area
of the concentrator is divided by each multilayer mirror to reflect soft X-rays of
different energies.

The major advantage of this modification to a soft X-ray polarimeter is the
simultaneous observation of the source from 0.2 keV to 0.7 keV. Since a single mo-
saic multilayer mirror is used as a polarizing element, no mechanism for a rotating
mirror wheel is required. This reduce the weight and complexity of the entire sys-
tem. However, in this configuration each energy band operates a small portion of
the concentrator’s effective area, the overall observation time per energy increases.
This limits the observation of highly variable X-ray sources whose flux variability

is of the order of observation time required for polarization measurement.
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Source

—

Figure 5.32: Schematic of the simultaneous broad-band polarimeter design with a
single mosaic multilayer mirror as a polarizing element.

5.9 Summary

In this chapter we have summarized the important science motivations for soft
X-ray polarimetry and also presented a quick review on the available techniques
and limitations for astronomical X-ray polarimetry. We have presented two design
concepts soft X-ray polarimeters based on multilayer mirrors. We have also esti-
mated the performance of these designs. These instruments works as polarimeters
less than 1 keV. Multilayer mirror based polarimeters have very high modulation
factor (> 0.9) hence they are very efficient. We have also proposed alternative

design for simultaneous broadband observation of soft X-ray polarization.
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Chapter 6

Development of thin substrate
multilayer mirrors through ion

etching

6.1 Motivation

The soft X-ray broad-band polarimeter described in Chapter 5 can also be im-
plemented as an additional back-end instrument for a hard X-ray telescope. A
conceptual design of a broadband hard X-ray polarimeter is under study phase
for future Indian astronomical instrument. A proposal was made by combining
the multilayer mirror based soft X-ray polarimeter and Compton scattering based
hard X-ray polarimeter as back-end instruments with a hard X-ray telescope at
the front-end. Schematic of this instrument is given in figure 6.1.

The instrument consists of a depth-graded multilayer mirror based hard X-
ray telescope at the front-end and two simultaneous back end instruments for
soft and hard X-ray polarimetry. Depth-graded multilayer mirror based hard X-

ray telescope focuses X-rays from very small energies (< 1 keV) to hard X-ray

165
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~ 100 keV. Soft X-ray polarimeter works less than 1 keV similar to the design
discussed in chapter 5. Compton scattering polarimeter acts as a polarimeter
at hard X-rays above 15 keV. Soft X-rays from the telescope reflects from the
multilayer mirror and focuses on to the soft X-ray detector at the Nasmyth focus.
Hard X-rays gets transmitted through the multilayer mirrors and gets focussed
onto the Compton scattering element at the prime focus. This setup provides
simultaneous observations to both soft and hard X-rays. The major advantage
of this design is that the total effective area of the telescope is used by both

instruments simultaneously as they operate as different energy ranges.

Transmitted hard X-rays

Incident X-rays from the source
t Multilayer mirror Compton scatter polarimeter
’ Reflécted soft X-rays

Soft X-ray detector

Rotation wheel with
five multilayer mirrors

Figure 6.1: Schematic of a broad-band X-ray polarimeter with a combination
of a multilayer mirror based soft X-ray polarimeter and a Compton scattering
based hard X-ray polarimeter as the back-end instruments with a depth-graded
multilayer mirror based hard X-ray telescope at the front end.

6.1.1 X-ray absorption from the substrate

The major challenge in implementing this instrument is the absorption of X-rays

by the substrate of multilayer mirrors. The standard substrate we use for deposit-
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ing multilayer structure is 500 microns thick super polished Silicon (Si). While
hard X-rays above 15 keV can get transmitted with high efficiency (> 65%) from
the multilayer film (~ 0.2 microns), they significantly get absorbed at the thick
Si substrate. This reduces the effective area of the instrument for hard X-ray
polarimeter at energies from 15 keV to 25 keV. X-ray absorption can be reduced
by using ultra-thin substrates (~ 100 microns). However, handling such thin sub-
strates is difficult. Figure 6.2 shows the transmission efficiencies of W/B,C mul-
tilayer mirrors with period 2 nm and 100 number of bi-layers at 45° degrees with
different substrate thickness as a function of photon energy. It is observed that
the transmission efficiency is only 20% at 15 keV for 500 microns thick substrate

while it is 70 % for 100-micron thick substrate.

W/B,C multilayers on Si substrate at 45°
1 n 1 n 1

Si‘substrate 7
thickness

0.9 4

1

1

VA

1

] e 400 ity |

07 e 200 i |
1 i 300 (1111 {

el KO0 |

0.8

0.6

0.5

Wl
[

0.3

Transmission efficiency

e —

1
0.2
ol |

0.0- T
10 20 30 40 50 60 70 80
Photon energy (keV)

Figure 6.2: The transmission efficiencies of W/B,C multilayer mirrors with period
2 nm and 100 number of bi-layers at 45° degrees with different substrate thickness
as a function of photon energy.

The major challenge in developing thin substrate multilayer mirrors lies in the
mechanical and thermal stability of the mirror. In order to reduce substrate thick-

ness from finished multilayer mirrors coated on thicker Si, initiated a process for
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localized Silicon etching of the substrate. By this technique, we etched approxi-
mately 400 microns of Si from the substrate from the non-reflective surface of the
mirror. Silicon etching can also be done only at a specific portion of the substrate
where hard X-rays are expected to be transmitted. This does not significantly al-
ter the mechanical stability of the mirror as the major portion of the mirror is left
with a thick substrate. We conducted Si etching of our samples at the Laboratory
for Electro-Optical System (LEOS), Indian Space Research Organisation (ISRO),

Bengaluru.

6.2 Silicon etching through Deep Reactive Ion
Etching

Etching is a chemical process to remove layers of micron sized thickness from
the surface. FEtching is a very popular technique in developing Micro-Electro-
Mechanical Systems (MEMS). When a silicon substrate is subjected to a specific
liquid chemical or a vapour plasma (etchant), the microlayers on the substrate get
etched out. Etching is broadly classified into two types: Wet etch and Dry etch.
Wet etch uses liquid chemicals to remove materials from the wafer. In dry etching,
material removal is done using energetic plasma. Different etchants are used for
removal of different materials. For most applications, only a specific pattern of
the substrate needs removal. In order to achieve this a photo-resist mask is coated
on the wafer in the desired pattern. Photo-resist material is immune to etchant
materials hence etching does not happen at photo-resist layers. The flow chart for

the patterned dry etching process is described in the figure 6.3.
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Figure 6.3: Flow chart describing the patterned dry etching process.

We have performed patterned Silicon dry etching technique on the non-reflecting
side of multilayer mirrors. We etched 400 microns out of a 500 micron thick sub-
strate in a circular pattern of diameter 5 mm. Figure 6.4 shows the schematic of
a the whole Si etching process including photo-resist pattern development, Dry

etching and cleaning process.

6.2.1 Coating photo-resist layer

Photo-resist layer is coated on the rear side of the multilayer mirror using spin

coating. In order to perform spin coating, the mirror is heated to ~ 80° C and
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Figure 6.4: Schematic of Si etching process on the rare side of a multilayer mirror.

wax applied on the multilayer film side. The wax acts as epoxy which helps to
keep the substrate attached to the rotating platform during spin coating. We used
555-HMP-1116 of AREMCO™ as wax for adhesion. The substrate is attached
to glass slate which is placed on a rotating platform for spin coating. We have
used Polyamide-AZ10XT (520C P)™ (1 Methonal 2-Proposal acetone (108-65-6))
as a photo-resist layer. A solution of photo-resist is applied on the substrate and
the substrate is spun at a speed of 1000 RPM for 30 seconds at room temperature
and pressure. This forms a uniform photo-resist layer of 10 microns across the
surface. The thickness of the layer is inversely proportional to the square root of

the rotation speed. After spin coating, the substrate is heated to 80° C for 40
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minutes.

6.2.2 Pattern formation

Photoresist is removed from the substrate in a desired pattern before the start of
etching process. A photomask is developed in the required pattern. In this case,
the pattern is a circular aperture of diameter 5 mm. The photomask efficiently ab-
sorbs the Ultra-Violet (UV) light all across the surface except at the aperture. The
photomask is placed on the substrate and the whole setup is exposed to UV light
for 135 seconds. UV light breaks the polymer bonds of the photo-resist material in
the vicinity of the aperture. After UV exposure, the substrate is cleaned with the
developer solution. Cleaning with developer solution removes the photoresist layer
whose bonds are broken due to UV exposure.35 mL developer (Hydride de Potas-
sium) (AZ400k™) is mixed with 65 mL of distilled water to make a developed
solution. After thoroughly cleaning the substrate with the developer solution, the
substrate is baked for 15 minutes at 70° C. This process develops the pattern in

the photo-resist layer on the substrate.

6.2.3 Deep Reactive Ion Etching (DRIE)

Deep Reactive Ton Etching (DRIE) is a dry etching process where ion plasma is
used to etch the material from the substrate. We have used dry O,, SFyz and
C,Fy plasma for etching process. In order to get the anisotropic etch, we used
Bosh process for etching. Anisotropic etch allows the etch process occur only in
one axis i.e. in the axis vertical to the substrate. In Bosh process, CyFy plasma
acts as a passivation layer and SFg plasma acts as etching plasma. For each cycle
of etching, C4Fy layer is deposited on the substrate alternating with S Fy plasma.
SFg plasma etches the pre-existing CyFg layer and then etches some portion of

Silicon. Residual CyFy layer restricts the Si etching across the walls allowing only
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etching only in one direction. This process is repeated several times until Si etching
process is finished to the required depth. Etch rate of this process is 6 microns per
minute. Figure 6.5 shows the schematic of Deep Reactive lon Etching using Bosh

process.
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Figure 6.5: Schematic of Deep Reactive Ion Etching using Bosh process.

Si etching

6.2.4 Cleaning

After the DRIE process, the etched sample is left with Photo-resist layer on the rear
side and adhesive wax on the multilayers. Photo-resist layer can be completely

removed by plasma ashing. Plasma ashing technique uses mono-atomic plasma
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(Oxygen or Fluorine) to react with the photoresist and form ash which can be
removed by evacuating the chamber. However, since the photoresist layer is on
the non-reflective side of the mirror, we have not performed the plasma ashing but
cleaned it with acetone which significantly removes the photo-resist layer. Wax is
cleaned by heating the sample to ~ 90° C and clean with Isopropyl alcohol (IPA).
Since the wax layer is directly on the multilayer structure, the removal of wax can
probably disturb the multilayers. During the removal of wax, we have observed
that the large period multilayers (d=5.5 nm) got significantly damaged. This is
due to the poor adhesion of layers for large period multilayers. Figure 6.6 shows
the photograph of the etched sample on the non-reflecting side of the multilayer

mirror. Etch regions is a circle with a diameter of 5 mm.

Figure 6.6: Photograph of the etched sample on the non-reflecting side of the
multilayer mirror. Etch regions is a circle with a diameter of 5 mm.
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6.3 Testing multilayer mirrors’ reflectivity post
Si etching

As explained earlier, the complete process of Si etching involves steps like heating
the sample, applying and removing adhesive wax on multilayers and plasma etch-
ing the substrate. These steps can significantly alter the structural integrity of
multilayers resulting the change in reflectivity. Residual wax leftover from clean-
ing process can form a contamination layer on the top surface which gives rise to
oscillation in the reflectivity profile at small angles. Cleaning of wax can also peel
of a few multilayers from the surface which results in the lowering of Bragg peak
reflectivity. In-order to study the influence of etching process on the performance
of multilayer mirrors, we have conducted X-ray reflectivity tests using 8.047 keV
laboratory source on the mirrors and compared the results with the pre-etching
reflectivity data.

We conducted etching on two mirrors with period 3.3 nm (d-3.3) and 5.4 nm
(d-5.4). We observed that the reflectivity of the multilayer mirror of period 3.3 nm
remained unchanged after the etching process. Figure 6.7 shows the comparison of
the reflectivity profiles of the sample d-3.3 before and after etching process. The
slight increase in the first Bragg peak reflectivity from 30% to 34% is due to change
in the angular resolution of the refractometer. There is no trace of residual wax
contamination layer on the top surface. But in the case of sample d-5.4 the Bragg
peak reflectivity is significantly lowered from 20% to 5% after etching. Figure 6.8
shows the comparison of the reflectivity profiles of the sample d-5.4 before and
after etching process. During the cleaning process, peel-off of few layers from the
top surface is observed. This is due to low adhesion in the large period multilayer

mirrors.
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Figure 6.7: The comparison of the reflectivity profiles of the sample d-3.3 before

and after etching process.
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Figure 6.8: The comparison of the reflectivity profiles of the sample d-5.4 before

and after etching process.

6.4 Estimation of X-ray transmission from the

etched samples

We have conducted X-ray transmission measurements from the etched window of
the samples to calculate absolute transmission and also to estimate the thickness

of the substrate. X-ray transmission measurements are performed using 8.047
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Table 6.1: The normal incidence 8.047 keV transmission efficiencies of two mirrors
and two substrates along with the estimated substrate thickness at the etched

region.
Sample ID Transmission Initial thickness | After etching
efficiency at 8.047 keV | of the substrate thickness
d-3.3 0.16 500 microns 129 + 10 microns
d-5.4 0.16 500 microns 128 £ 10 microns
Si wafer 1 0.12 280 microns 148 £ 10 microns
Si wafer 2 0.13 280 microns 145 4 10 microns

keV lab source by comparing the direct beam intensity to the transmitted beam
intensity. Transmission efficiencies of two base 280 micron etched Si samples are
measured along with the two multilayer mirrors. Table 6.1 shows the normal
incidence 8.047 keV transmission efficiencies of two mirrors and two substrates

along with the estimated substrate thickness at the etched region.

6.5 Summary

We performed Si etching using DRIE process on the non-reflecting side of the
multilayer mirrors as well as bare silicon substrates. These mirrors are useful for
developing hard X-ray transmission soft X-ray polarimeters using multilayer mir-
rors as a back-end instrument for a hard X-ray telescope. We observed that the
etching process has significantly damaged the reflection efficiency of large period
multilayer mirrors. However, short period multilayer mirrors (d ~ 3 nm) are not
affected by the etching process. These results are consistent with the earlier obser-
vations suggesting the high stability of short period multilayer mirrors over large
periods. As described in chapter 5, soft X-ray polarimetry uses only short period
multilayers (maximum period is 3.5 nm) for polarization measurements. Hence we

have demonstrated Si etching of multilayer of short period multilayer mirrors as a
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reliable technique to develop ultra-thin substrate windows for increasing the hard

X-ray transmission efficiency.
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Chapter 7

X-ray telescope for the study of
Solar Wind Charge eXchange
reactions (SWCX)

7.1 Charge exchange reactions from the solar-

system bodies

A stream of charged particles is being continuously released from the solar corona
(outer atmosphere of the sun). These charged particles travel at supersonic speeds
throughout the solar-system usually referred to as the Solar wind. Solar wind
mostly consists of electrons, protons and alpha particles with kinetic energies rang-
ing between 0.5-10 keV [Bame et al., 1968a], [Bame et al., 1968b], [Hundhausen,
1968], [Geiss et al., 1969]. Planets, their moons, and comets act like obstacles to
the flow of solar-wind and often interacts via various mechanisms. Spreiter et. al
in 1970 [Spreiter and Alksne, 1970] divided the solar-wind interaction into three

different types: The Moon type, the Earth type, and the Venus type. This division
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is mainly classified on the presence of an atmosphere and/or a magnetic field.
The Moon-like bodies does not have either atmosphere or the magnetic field
around them. The solar wind particles travel undisturbed until they impact the
Lunar surface and then particles are absorbed and neutralized. Hence the Moon
acts as a simple obstacle to the solar-wind and forms umbra and penumbra regions.
In Moon-like bodies, solar wind interacts with the surface of the Moon. Figure 7.1

shows the schematic of the interaction of solar wind with Moon-like objects.

Penumbra

Solar wind + +

\

\/

\

Figure 7.1: Schematic of the solar wind interaction with Moon-like objects with
neither atmosphere nor magnetic field.

When objects have an intrinsic magnetic field like the Earth and the Jupiter,
the interaction of the solar-wind particles (charged) is driven by the Lorentz force.
The solar-wind magnetic field reconnects with the intrinsic magnetic field of the
solar system body and a magnetosphere is often formed. The magnetosphere acts
as an obstacle preventing the solar-wind from approaching too near to the object.
Hence magnetic field of the objects acts as a protective shield from the solar wind.
Figure 7.2 shows the schematic of the interaction of the solar wind with an Earth-

like planet.
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Figure 7.2: Schematic of the solar-wind interaction with the Earth like objects
with magnetic field.

The intermediate case for the Moon like and Earth-like object is the Venus-like
object. This category of objects do have a thick atmosphere but do not have a
global magnetic field. Planets like Venus and Mars falls under this category. In
this case, the solar wind directly interacts with the exosphere of the object and
undergo charge exchange reactions. Schematic of the solar-wind interaction with

the Venus-like objects is presented in figure 7.3.

Charge-exchange process The interaction between the solar wind plasma and
the neutral planetary atmospheric gases is mainly due to charge exchange reactions
[Elco, 1969]. In this process, the charge of the energetic plasma is exchanged with
the neutral atom which ionises the neutral atom. The fundamental interaction
between the energetic ion (A™) and the atmospheric gas (G) is given by equation
7.1

AT +G = A+GT (7.1)
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Solar Wind

Figure 7.3: Schematic of the solar-wind interaction with the Venus like objects
with thick atmosphere but no global magnetic field.

Some the examples of charge exchange reactions in the Mars and the Venus is
given by [Kallio et al., 1997],

H+larwind + H — Hsoalrwind + H+ (72)

SO

H+larw7jnd + O — Hsolarwind + O+ (73)

SO

Solar wind often consists of heavy multiply charged ions (example O®"). The
charge exchange reactions with multiply charged ions, say n times (A"") with

neutral can result in production of photons (y) 7.4 and 7.5.

AT G = A DF (7.4)

— A=D+ 4 M+ 4y (7.5)

The superscript * represents the excited state of the ion. The wavelength of the
emitted photon is usually of the order 0.1- 1 keV [Kallio et al., 1997]. Hence X-ray

observations can provide evidence for charge exchange reactions. Charge exchange
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is the fundamental process in atomic physics which has been studied in various
contexts from a long time. X-ray observation of comets revealed the observational
significance of this mechanism from solar system objects [Cravens, 2000], [Cravens
and Maurellis, 2001}, [Cravens, 2002], [Lisse, 2001], [Lisse et al., 1996] [Lisse et al.,
1999], [Krasnopolsky et al., 2004, [Mumma et al., 1997] .

7.2 X-ray emission from Planets

The Sun is the brightest X-ray source in our solar system. X-ray emission from
the Sun is mainly due to thermal emission from the million-degree hot coronal
plasma. Planets do not have high surface temperatures to thermally produce
X-rays. However, planets and moons can be X-ray bright either by scattering
solar X-rays or by the X-ray fluorescence emission from the surface/ atmospheric
atoms [Aikin, 1970]. Planetary bodies with an atmosphere can also produce X-
rays via charge exchange reaction processes [Cravens, 2002], [Lisse et al., 2004].
Cometary X-ray studies from ROSAT X-ray instrument suggested that a similar
mechanism should happen in other non-magnetic planets with atmosphere and
produce X-rays [Dennerl et al., 1997]. X-ray observations of Venus and Mars
have shown that the scattering occurs predominantly in the form of fluorescence
on C, O and N atoms [Cravens and Maurellis, 2001], [Dennerl, 2008], [Bhardwaj
et al., 2005a]. The atomic transitions which give rise to fluorescence are similar
to the de-excitation process after charge exchange reactions. However, in the case
of charge exchange, the atom is in a higher ionization state. Hence the binding
energy of the inner shells is larger when compared to the case of fluorescence.
Consequently, the X-ray energies resulting from charge exchange is slightly higher
than the corresponding transitions from fluorescence [Bhardwaj et al., 2007]. This

opens a possibility of spectrally separating emission from both processes.
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The X-ray luminosity of the of the fluorescence X-rays depends on the solar X-
ray flux and the X-ray luminosity due to charge exchange reaction depends on the
velocity-density of solar winds. During the last few decades, X-ray emission from
almost all solar system objects is observed. X-rays are observed from both polar
and disk regions for magnetic planets like the Earth [Seward et al., 1976], [Petrosian
et al., 1979], [Ezoe et al., 2014], Jupiter [Bell, 1980], [Metzger et al., 1980], [Metzger
et al., 1983], [Barbosa, 1990], and the Saturn [Bhardwaj et al., 2005a], [Gilman
et al., 1986], [Bhardwaj et al., 2005b], [Branduardi-Raymont et al., 2009]. X-
rays from the Moon (Earth’s moon) were observed by several satellites [Dolan,
1967], [Mandel’Shtam et al., 1968], [Michel, 1964], [Crawford et al., 2009], [Naren-
dranath et al., 2010], [Narendranath et al., 2011] and confirmed the fluorescence
X-ray emission from the lunar surface providing an excellent way to determine
the elemental composition [Athiray et al., 2013]. First ever X-ray observation of
the Moon was done by ROSAT in 1990 [Schmitt et al., 1991]. Figure 7.4 shows
the X-ray image of the moon taken by the ROSAT satellite. X-ray emission from
the day side of the Moon mostly arise by X-ray scattering and fluorescence. With
advancements in the spectral resolution of X-ray instruments, the high-resolution
spectroscopic observations of the Mars are conducted by the XMM-Newton tele-
scope [Dennerl et al., 2006]. This study clearly indicated a clean separability of
X-ray emission from charge exchange reactions and fluorescence. Figure 2.6 shows
spectral imaging of Mars taken using XMM-Newton grating. Green and blue emis-
sion regions in Mars’s exosphere are due to charge exchange reaction of Carbon
and Oxygen respectively. X-ray emission shown in orange is due to fluorescence of
solar X-rays on neutral Carbon and Oxygen. The X-ray observations from Venus
are mainly limited due to small angular separation of Venus and Sun as viewed
from the Earth’s orbit. However, Chandra X-ray telescope could observe Venus

confirming the X-ray line emissions from C, O and N [Dennerl et al., 2002]. These
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observations predicted that the X-ray emission from Venus is dominated by fluo-
rescence. Figure 7.6 shows the first X-ray image of Venus taken by the Chandra
X-ray telescope. Unlike in the case of the Moon, the fluorescent scattering in Venus

is from the atmosphere and not from the surface.

ROSAT PSPC
The-Moon:

Jure 29 1990

Figure 7.4: X-ray image from the Moon from ROSAT observations. Day side
emission of the Moon is mainly due to scattering and fluorescent emission from
the solar X-rays.

7.3 X-ray instrument for planetary observations

Despite the fact that X-ray observations of planetary bodies provide an excellent
window to study many fundamental mechanisms occurring at planetary surfaces
and atmosphere, the study is limited with insufficient observational data. General
purpose X-ray instruments are not optimized for this application and hence it is

difficult to establish the connection between predicted models and observations.
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Figure 7.5: XMM-Newton observations of Mars. Green and blue emission is in
the Mars’ exosphere is due to charge exchange reaction of Carbon and Oxygen
respectively. X-ray emission shown in orange is due to fluorescence of solar X-rays
on neutral Carbon and Oxygen. Surface dimension of Mars is represented by the
circle in the center.

12000 km
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Figure 7.6: First X-ray image of Venus, obtained by the Chandra ACIS-I. The
X-ray emission is mainly dominated by the fluorescence emission by neutral atoms
in Venus’ atmosphere by solar X-rays.
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An X-ray instrument with good spatial and spectral resolution with good sensi-
tivity of less than 1 keV orbiting the planetary body provides the perfect set of
conditions to conduct the detailed study of these processes. To address this issue,
we are working towards developing a soft X-ray telescope compatible for a plane-
tary mission. This instrument aims to observe Venus-like planet with atmosphere
but no magnetic field. X-ray flux from fluorescence and charge exchange reaction is
usually low hence the major challenge of the X-ray telescope on an interplanetary
mission is maintaining the trade-off between small size and large effective area.
To spectrally distinguish these two mechanisms, the instrument’s spectral res-
olution should be better than 20 eV at 0.5 keV. X-ray detector’s operating single
pixel readouts cannot operate at such high resolutions. Additional back-end instru-
ments like a grating increase the size and complexity of the instrument. However,
the fluorescence and charge exchange reactions can be distinguished by the spatial.
For non-magnetic planets, the fluorescence usually occurs at the lower atmosphere
while the charge exchange reaction occurs at the exosphere which extends from 3
to 8 times the radius of the planet. Hence an eccentric orbit around the planet can
probe different spatial regions of the planetary atmosphere which helps in spatially

separating X-ray flux from fluorescence and charge exchange reactions.

7.3.1 Instrument design

The proposed instrument consists of a soft X-ray concentrator (to increase signal
collection area) and a pixellated X-ray detector. The x-ray detector chosen is a
back-illuminated CCD (Charge Coupled Device). The X-ray concentrator con-
sists of single reflection grazing incidence mirrors optimized to reflect soft X-rays
(<1 keV). Optics consists of 8 concentric shells of gold (Au)coated mirrors with a
different angle of incidence to have a common focus. The maximum diameter of

the concentrator is 20 cm and the focal length is 80 cm. The angle of incidence



7.3. X-RAY INSTRUMENT FOR PLANETARY OBSERVATIONS

188

of the optics changes from 2.25° to 3.53° from inner shell to outer shell respec-

tively. Overall active geometric area of the optics is 210cm?. Figure 7.7 shows the

schematic of the instrument. Table 7.1 gives the specifications of all 8 shells of the

concentrator.

Table 7.1: Specifications of all 8 shells of the X-ray concentrator.

Shell No. | Incidence angle | Diameter (cm) | Active area (cm?)
1 2.25° 13 16.1
2 2.4° 13.8 18.3
3 2.56° 14.7 20.8
4 2.73° 15.7 23.6
) 2.91° 16.8 26.8
6 3.11° 17.8 30.5
7 3.31° 19 34.7
8 3.53° 20.3 39.4

X-ray concentrator

80 cm

X-ray CCD

Figure 7.7: Schematic of the proposed instrument consist of an X-ray concentrator
focussing X-rays on to a detector. Blue band indicates the X-rays light from the

source.

7.3.2 Performance estimation of the optics

Since the X-ray concentrator consists of a single reflection conical shells, the off-

axis PSF of the optics is severely limited by the Coma aberration. Hence the
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telescope is not suitable for imaging. However, the concentrator increases the
signal to noise ratio of the observation by focusing X-rays on to the detector.
Since angles of incidence of mirrors are different for different shells, the grazing
incidence reflectivity varies significantly for different shells. Outer shells have larger
angles and hence have low reflectivities. Figure 7.8 shows the reflectivity of all
shells as a function of energy. The effective area of the telescope is estimated
by multiplying the energy-dependent reflectivity to the effective geometric area of
the shell. Effective geometric area contribution is higher for the outer shells as
the radius and angle of incidence increases. Figure 7.9 shows the effective area
contribution of all shells as a function of energy. The effective area decreases as
the energy increases due to low reflectivity. The overall effective area of the optics
is estimated by the sum of effective area contribution of all shells. Figure 7.10

shows the overall effective area of the optics.
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Figure 7.8: Reflectivity as a function of energy for all shells. Outer shells have
have low reflectivity due to large angle of incidence.
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Figure 7.9: Effective area contribution of all shells as a function of energy. Outer

shells have large effective area due to large radius of the shell and large angle of
incidence.
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Figure 7.10: Overall effective of the optics as a function of energy. The effective
area rapidly reduces as the photon energy increases.
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7.3.3 Performance estimation of the instrument

Planetary bodies like Venus and Mars are very bright in visible light due to the
reflection of solar light. The X-ray concentrator and the X-rays detector are also
sensitive to visible light. Since the visible light flux is several orders of magnitude
larger than the X-ray flux, an optical light blocking detector is placed in front of the
detector. A 100 nm aluminium (Al) film acts as a good visible light blocking filter.
However, this filter also attenuates X-rays mainly at soft X-ray region. The X-ray
CCD also does not have 100% quantum efficiency throughout the spectrum. Figure
7.11 shows the quantum efficiency of the X-ray CCD along with the transmission
efficiency of the 100 nm thick Al filter. Part (a) of the figure shows the quantum
efficiency over the wide band. Part (b) shows the quantum efficiency over the

region of interest for this instrument i.e. <1 keV.

Re f
g nterest —— QE of CCD+ 100 nm Al filter
0 I [[=—-QE of CCD+ 100 nm A fter,
;
:

Quantum efficiency
Quantum efficiency

0.0

+ und T T T T T T T T T T T T T T T T
00 05 10 15 20 25 30 35 40 45 50 100 200 300 400 500 600 700 800 900 1000
Photon energy(keV) Photon energy(eV)

(a) (b)

Figure 7.11: The quantum efficiency of the X-ray CCD along with the transmission
efficiency of the 100 nm thick Al filter. (a) The quantum efficiency over the wide
band. (b) The quantum efficiency over the region of interest for this instrument
ie. <1 keV.

The overall effective area of the instrument is estimated by convolving the

quantum efficiency of the detector and filter with the effective area of the optics.
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Figure 7.12 shows the estimated effective area of the entire instrument. The small
effective area at low energies is mainly due to absorption of X-rays from the visible

light blocking filter.
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Figure 7.12: Estimated effective area of the entire instrument as a function of
photon energy.

The instrument has an effective area over 70 em? at 500 eV. This allows the
instrument to conduct very sensitive observations over the entire atmosphere. We
have conducted a simulation in Xspec [Arnaud, 1996] by feeding the response func-
tion of the instrument to the fake spectrum (user simulated spectrum to resemble
the source spectral properties) of the source. We have considered a case of observ-
ing the Martian atmosphere using data available from earlier missions. Figure 7.13
shows the observed spectra of the Martian atmosphere by XMM-Newton telescope
with a high-resolution spectrograph. X-ray emission is mostly by line emission with
no significant continuum contribution. We have considered the brightest 14 line

emissions arising either from fluorescence or charge exchange reactions. Figure
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7.14 shows the fake line emissions estimated with different intensities (as per data
available from XMM-Newton) as input to the instrument. Figure 7.15 shows the
expected count rate from by the instrument. Several lines present in the atmo-
spheric spectrum are very closely located spectrally. The spectral resolution of
the instrument is not sufficient to distinguish all the lines. However, by pointing
the instrument at various spatial positions in an elliptical orbit around the planet,
one can differentiate between the various line (Fluorescence lines from lower at-

mosphere and charge exchange lines from the upper atmosphere).
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Figure 7.13: Observed X-ray spectra of the Mars by XMM-Newton telescope high
resolution spectrograph.
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Figure 7.14: Fake spectra with several line emissions with respective intensities
that was fed to the instrument response matrix in Xspec. These lines and inten-
sities are taken from the observed flux from the Mars.
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Figure 7.15: Expected count rate from the instrument when a spectra shown in
figure 7.14 fed to the instrument response matrix.
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7.4 Development and testing of the prototype

X-ray concentrator

A prototype X-ray concentrator is developed using the spare X-ray mirrors from
the previous Astrosat -SXT mission [Singh et al., 2017b]. Soft X-ray Telescope
(SXT) mirrors are developed by depositing gold on the aluminium substrate using
the replication process. These mirrors are originally made for 2-meter focal length
double reflection optics. Since the currently proposed optics is a single reflection 80
cm concentrator, all mirror foils have to be reshaped accordingly. With the help of
ISRO’s R.R.Rao Satellite Center’s (URSC) Apace Astronomy Group collaborators,
we reshaped all mirror segments and developed a mechanical structure to hold
the optics in the required geometry. The mechanical structure is completely 3-d
printed using the facility available at URSC. The mechanical structure consists of
a circular annulus with spider structure placed radially outwards either sides of
the concentrator. Spider structure consists of groves with dimensions suitable for
placing mirrors at required angles. The difference in the grove location between
the front and the rare side of the optics provides the prescribed angle to a shell.
Each mirror segment is a trapezium with a curvature on one axis to form a part
of a circular ring. Figure 7.16 shows the photograph of the finished concentrator

with X-ray mirrors assembled into the 3-d printed mechanical structure.

Preliminary testing of the mirror assembly is made by measuring the focusing
properties of the optics. We have used a wide parallel beam optical light from the
sun to get an initial estimate of the spot size at the focus. Imaging properties of
this system significantly vary with the wavelength. It is difficult to estimate X-ray

imaging properties by testing the optics at a visible wavelength. However, for a
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Figure 7.16: Photograph of the prototype X-ray concentrator developed using SXT
spare mirrors. The mechanical structure in 3-d printed using URSC facility.

concentrator whose imaging property is not a major concern, visible light testing
can give a fairly good approximate to the quality of the mirror alignment. We
have used a Celostat system to track the sun and send the parallel beam sunlight
constantly to the laboratory test bench. The X-ray concentrator is placed on an
optical bench in the laboratory and a screen is placed at the focal plane of the
optics. Schematic of the test setup of the calibration is shown in figure 7.17. Figure
7.18 shows the photograph of the test setup inside the laboratory showing sunlight
illuminating the X-ray concentrator and a screen at the focus. Figure 7.19 shows
the photograph of the spot at the focal plane screen of the concentrator. The
spot size is approximately 0.4 cm for a concentrator of diameter 20 cm at a focal
length of 80 cm. An initial estimate indicates that the concentration factor of 50
is achieved with this system which substantially increases the signal to noise ratio

of the detection.
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Figure 7.17: Schematic of the test setup used to calibrate the X-ray concentrator
using the sunlight. A Celostat system is used continuously track the Sun to send
parallel white light to feed the X-ray concentrator inside the laboratory.

7.5 Summary

In this chapter, we have presented an instrument design for observing the planetary
atmosphere to study the charge exchange reactions from planetary exosphere as
well as X-ray fluorescence emission measurement from the surface. The instrument

consists of an X-ray concentrator with effective area on 80 cm?ideally suited to
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Figure 7.18: Photograph of the test setup in side the laboratory showing the
sunlight illuminating the X-ray concentrator and a screen at the focus.

observe the Venus or the Mars from the planet’s orbit. Short focal length of the
instrument is ideally suited for a small payload for planetary mission. We have
also assembled the prototype X-ray concentrator using spare mirrors from SXT-

Astrosat and tested the focussing properties using optical white light source.
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Figure 7.19: Photograph of the spot at the focal plane screen of the concentrator.
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Chapter 8

Summary and future work

8.1 Major findings from the thesis work

1. High quality W/B,C multilayer mirrors are fabricated with different design
parameters like the number of bi-layers and period of bi-layers. All fabricated
multilayer mirrors are characterized using multi-wavelength X-ray reflectivity
analysis. We have studied the long time performance variations of multilayers
over a span of 2 years. We have observed that the short period multilayers
form a thick contamination layer on the top surface which results in the
formation of oscillations in the reflectivity curve at lower angles. By imaging
and spectroscopic studies of the mirror’s surface, it is observed that the
formation of contamination layer is due to oxidation of Tungsten layer in
the mirror. Large thickness Boron-Carbide layer in large period multilayer
mirrors prevents the Tungsten layer to interact with the atmospheric oxygen.

These results are published in [Singam et al., 2018].

2. Performance stability of W/B,C multilayer mirrors is studied by subjecting
the mirrors to conditions similar to environmental conditions experienced

by a satellite in low earth orbit. We have thermally cycled W/B,C multi-

201
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layer mirrors in the from —40° C to +50° C for several days in the profile
analogues to the temperature variation expected in the low earth orbit. We
have studied the performance and stability of these mirrors both before and
after thermal cycling. We have observed that the short period multilayer
mirrors are more stable to the dynamical thermal variations in the ambient
temperature. We have observed reduction in reflectivity of multilayer mir-
rors with large period as well as observed the formation of wrinkles after
thermal cycling the mirrors. We have studied the variation in residual stress
in the multilayer mirrors due to thermal cycling. We have observed that the
change in residual stress is large for large period multilayer mirrors. These

results are published in [Singam et al., 2018§]

3. A new design of a multilayer mirror based broad-band soft X-ray polarimeter
is designed and its performance is estimated. This design uses a multilayer
mirrors as polarization analysing mirrors at 45° to reflect only S-polarized
X-rays. This instrument is capable of measuring the polarization of X-ray
from 0.2-0.7 keV with a modulation factor more than 90°. Details of this

instrument is published in [Panini et al., 2018].

4. We have successfully performed deep Si etching on the non reflecting surface
of multilayer mirrors to increase the transmission efficiency of multilayer mir-
rors for hard X-rays. These mirrors are useful for developing an additional
simultaneous back end soft X-ray polarimeter for a hard X-ray polarimeter.
The major requirement of this arrangement is the development of thin sub-
strate to transmit the hard X-rays (> 15 keV). Multilayer mirrors fabricated
on the thick Si substrate (0.5 mm) absorbs hard X-rays which makes it diffi-
cult to design a configuration for the simultaneous observation of soft X-ray

and hard X-ray polarimeter at a back end of a Hard X-ray telescope. Hence
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we made a 5 mm, 0.1 mm thick substrate window by removing 0.4 mm of Si

to make an aperture for for hard X-ray transmission.

5. A new, compact and a small size X-ray telescope is designed and proposed
for studying the X-ray emission from planetary bodies. This instrument is
having large sensitivity less than 1 keV to study fluorescence and charge
exchange line emissions from the atmospheric atoms. Instrument consist of
a grazing incidence X-ray optics and a focal plane detector at a focal length
of 80 cm. A prototype X-ray concentrator system is developed with exact
specifications is developed using Astrosat-SXT spare mirrors and focussing
properties are calibrated using visible light. We have achieved a spot-size 5

mm by imaging the Sun in visible light.

8.2 Future work

8.2.1 Residual stress analysis of W/ B4C multilayer mirrors

By studying the stability of W/B,C multilayer mirrors over thermal cycling, it is
observed that the performance of large period multilayer mirrors forms prominent
wrinkle structures on the layer structure. This can be related to the change in
the residual stress of the mirror due to thermal cycling. We have measured the
change in residual stress of the mirrors with two different periods and observed
that the large period multilayer undergo larger change in residual stress than the
short period mirrors. This phenomenon can be better understood by studying the
evolution of residual stress on the substrate from the fabrication process and also
by systematically conducting thermal cycling to all samples for different durations.
This study gives the clear understanding of the origin and evolution of stress as

a function of the period of bilayers both by intrinsic and extrinsic influences in
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W/B,C multilayer mirrors. This study also helps to develop stress mitigation

techniques to use efficiently use W/B,C multilayer mirrors for space applications.

8.2.2 Stability analysis of Si etched multilayer mirrors

This substrate multilayer mirrors are developed by etching the Si from the rare side
of the mirror. Since these mirrors are sensitive to mechanical vibrations during
the launch of the instrument to space. This thin substrate region of the mirror
can become form pours as it undergoes large vibrations. This can also affect
the structure of the multilayers which can lower the reflectivity. Chances of such
accidents can be estimated by subjecting the mirrors to the vibrations analogous
to the profile excepted during the take-off of a satellite launching vehicle. Stability
of these mirrors to such conditions can be studied by microscopic imaging of the
mirrors for identifying the pores formation and by X-ray reflectivity studies for
quantifying the change multilayer structure of the mirror. Substrate etched mirrors
can me more sensitive to the temperature variation of the surroundings. This is
due the differential expansion/ contraction of the substrate material with respect
to thin film. As the substrate is not uniform in the case of etched samples, the
effect of thermal cycling can be different from the earlier studies of made of uniform
thick substrate mirrors. Etched samples can form localized non-uniformities in the
multilayer structures at the region where the substrate is etched. These effects can
be systematically studied by conducting the thermal cycling to the etched samples

and comparing the reflectivities of the mirrors before and after thermal cycling.
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8.2.3 Development of active X-ray mirrors for high reso-

lution X-ray imaging

Astronomical X-ray telescopes are severely limited by the optimized trade-off be-
tween the high resolution imaging and the large area optics. Effective area of
the telescopes is enhanced by reducing the thickness of the mirror’s substrate as
it increases the packing density of the optics. Thin substrate X-ray mirrors also
reduces the overall weight of the instrument. However, it is very difficult to de-
velop and maintain the parabolic and hyperbolic figures in the mirrors developed
by electro-forming or replication techniques. Hence X-ray mirrors developed by

conical approximation are limited by the angular resolution.

Piezoelectric actuators

One the of the feasible techniques to address this problem is by developing the ac-
tive X-ray mirrors. Active X-ray mirrors employee a mechanism to actively adjust
the profile of the mirror to a required conic constant. The most popular technique
to develop active X-ray mirrors is by developing Piezoelectric actuators on the rare
side of the mirror. Piezoelectric materials like Pbggo5(Z70.5270.48)0.09Nbo.0103 is
deposited on the non-reflecting side of the thin substrate and developed into several
cells such that each cell acts as a micro actuator when applied voltage. Actuators
exert a mechanical push on the mirror surface according to the applied voltage.
By placing large number of actuators on the mirror, the shape and figure profiles
of the mirrors can be changed in real time to achieve better spatial resolution from
the telescope. Several optimization techniques have to be investigated from the
coating of the piezoelectric layers to develop the fully functional actuator cells. As
a part of future work, we work on the feasibility of developing and implementing

piezoelectric actuators for on a prototype X-ray mirror.
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Shape memory alloy substrates

High resolution X-ray mirrors can also be developed by using shape memory alloy
substrates like TiNi for mirrors. Shape memory alloys can be originally made into
the shape suitable for the high resolution X-ray optics. When the original shape
is deformed during the launch or overtime, the initial shape can be retained by
heating the substrate. Shape memory alloys are demonstrated in several actuator
applications in medical, aircraft and auto-mobile applications. This technique do
not allow real time profile modifications to the mirror but it can retain its original
shape obtained during the processing phase. Feasibility study of using different
shape memory alloys as a substrate materials for X-ray mirrors will be studied

further.

8.3 Conclusion

As described in this thesis, our progress in understanding the behaviour of mul-
tilayer mirrors helps in developing several next-generation astronomical X-ray in-
struments with enhanced capabilities. Multilayer mirrors help in improving the
current limitations of X-ray instruments by increasing the numerical aperture of
soft X-ray telescopes as well as by improving the bandwidth of operation towards
hard X-rays. Multilayer mirrors also contribute in opening a completely new win-
dow of observing the universe such as soft X-ray polarimetry. Capacity to fabricate
a variety of good quality multilayer mirrors has reinvigorate new possibilities in

the otherwise saturating field of astronomical X-ray optics.
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