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Soft X-ray spectroscopy of the Sun is an important tool to understand the coronal
dynamics and composition. The solar coronal X-ray spectrum below 1keV is the least
explored with high-resolution spectroscopy. Recent observations with Hinode XRT using
coarse spectroscopy along with high-resolution imaging have shown that abundances in
the coronae have variability associated with structures on the Sun. Disk averaged
abundances with better spectral resolution spectrometers show time variability
associated with flares. Both spatial and temporal variabilities seem to be related to
changes in the magnetic field topology. Understanding such short term variabilities is
necessary to model the underlying dynamics and mixing of material between different
layers of the Sun. A Sensitive high-resolution spectrometer that covers the range in plasma
temperatures and emission line complexes would uniquely reveal the entire evolution of
flares. We are investigating a design of a multi-layer mirror-based X-ray spectrograph in the
spectral range from 0.5 to 7 keV. The instrument operates in four asynchronous spectral
channels operating one at a time. The multi-layer mirror placed at the focus of a Wolter type
| telescope reflects a narrow band X-rays to the CCD which is placed at Nasmyth defocus.
Converging X-rays from the front end optics helps to increase the spectral range of each
channel while preserving the spectral resolution. This design is estimated to achieve a
spectral resolution of 20 eV in the spectral range of 0.5-7 keV. With such high spectral
resolution, we can resolve individual spectral features e.g., 6.7 keV Fe complex which can
be used to diagnose high-temperature transient plasma during flares. The instrument
design estimated performance and the science capabilities of this instrument will be
discussed in detail in the paper.

Keywords: solar corona, x-ray spectroscopy, X-ray telescope, multilayer mirror, X-rays

1 INTRODUCTION

Solar coronal plasma is known to have a high temperature (1-2 MK) compared to the photosphere
even during quiet periods (when no active regions are present). The coronal plasma across the solar
disk is inhomogenous and changes as features develop at different spatial and temporal scales.
Spectroscopic techniques in Far-UV to X-ray wavelengths have been used to study the evolution of
plasma parameters such as electron temperature, densities, Differential Emission Measure and
elemental abundances. The optically thin emission spectrum consists of a continuum and emission
lines from highly ionized ions. In the soft X-ray regime, the continuum is a measure of the
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temperature and the emission line strengths that of the
abundances. Systematic measurements of the plasma
parameters from the pre-flare’ quiet sun phase to peak at
uniform time bins is challenging given the large increase in
the flux during such events. As a consequence, much of the
past studies have focused on spectral evolution during flares and
active regions. Also limited are high-resolution spectroscopic
measurements in the <1keV energy range, primarily due to
the large flux.

This regime in X-ray wavelengths remains untapped despite
its potential to answer several important questions pertaining to
solar coronal heating:

e The quiet corona on an average has a temperature of
1.5 MK (Mackovjak et al., 2014). Variations and time
scales of the quiet corona are an important input to
current models of coronal heating.

e Does quiet corona harbor re connection, leading to
micro-flares or nano-flares and are they accompanied
by physical processes seen in active region flares such as
magnetic re-connection, particle acceleration, shocks,
waves, flow, evaporation, heating, cooling?

e [shikawa et al. (2017) provided the first evidence for
nano flare heated plasma in a non-flaring active region
from the Focusing Optics X-ray Solar Imager (FOXSI-
2) rocket sounding experiment. Evolution of plasma in
such regions require high sensitivity instruments that
can systematically trace the region.

o The low energy cut-off for the non-thermal power-law
component is an important parameter to understand
the energy partition between thermal and non-thermal
regimes. Glesener et al. (2020) reported a value of
6.5keV for a micro-flare observed with NuSTAR
while for higher intensity flares the cut-off has been
higher close to 10 keV (Aschwanden et al., 2019). Does
this hold good in the quiet corona?

e The First Ionization Potential (FIP) bias varies in flares
(Phillips et al., 2003; Katsuda et al., 2020; Narendranath
etal,, 2020) and active regions (Baker et al., 2015; Baker
et al, 2019). Measurements of abundances in quiet
regions and its possible variations are very limited. Ne
and O (high FIP elements) measured in the solar wind
(as Ne/O ratio) and with RESIK shows variations
(Schmelz, 1993). The energy range ; 1keV is thus
important for understanding the FIP effect.

X-ray spectroscopy can be achieved either by the calibrated
detectors using single-photon counting mode or by using
dispersive elements such as gratings, crystals and multi-
layer mirrors. Detector based spectroscopy provides a large
bandwidth of operation but is limited by the low spectral
resolution. Detector based spectroscopic instruments are
suitable for cost effective operations and provide large
band-width operation (Sylwester et al., 2008; Sylwester
et al, 2012; Moore et al., 2018; Jain et al., 2008). Several
dispersive elements provide very high resolution but cover
small bandwidth in a given configuration. Over the last decade,
X-ray imaging and spectroscopy have been implemented in
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several solar missions including SOHO (Malinovsky-Arduini
and Froehlich, 1984), TRACE (Handy et al., 1999), HINODE
(Kano et al., 2008), STEREO (Howard et al., 2000), SDO
(Woods et al., 2002), RHESSI (Hurford, 2002), and STYX.
X-ray spectroscopy in these instruments is implemented
using the detector’s inherent spectral resolution when
operated in the single-photon counting mode. Bragg
crystal spectrometer (BCS) on-board Yohkoh satellite
(Sylwester et al., 2005) used the graphite Bragg crystal to
resolve the complex lines. Since the Bragg crystals have a very
narrow band response, BCS used four channels (two for Fe
lines, one for Ca and one for S) to study specific lines. Bragg
crystals have unprecedented spectral resolutions of about
6,000 at 0.31 nm. BCS-Yohkoh has recorded the highest
spectral resolution solar spectrum to date. However, due
to the large field of view, it could only observe an
averaged spectrum. Bragg crystal based monochromatic
imaging instrument MgXII spectroheliograph, a part of
CORONAS-F/SPRIT instrument (Zhitnik et al., 2003; Reva
et al., 2012) provided deep insight to plasma temeperature
and electron densities of Solar Corona. Soft X-ray telescope
XRT (Kano et al., 2008) on the Hinode satellite has excellent
imaging capability, determine an approximate temperature
by taking filter ratios through multiple broadband filters.
Focusing Optics X-ray Solar Imager (FOXSI) (Christe et al.,
2017) flown on sounding rockets used direct imaging X-ray
telescopes in the 3-70 keV energy range. Currently, Marshall
Grazing Incidence X-ray Spectrometer (MaGIXS) (Athiray
etal,, 2019) is a grating-based solar X-ray spectrometer which
operates from 0.5 to 2 keV under development for a rocket
flight.

We have designed an instrument for the 0.5-7 keV energy
range with high spectral resolution using multi-layer mirrors as
dispersive elements. The instrument operates in four different
spectral channels, one at a time, while the large effective area
provided by the front end optics helps to reduce the integration
time needed per channel, allowing fast switching between the
channels. Independent channels also provide a provision to
record dynamic events at high time resolutions in a single
channel of scientific interest. The instrument can also be easily
modified into an X-ray imaging telescope to image faint flares.

2 INSTRUMENT DESIGN

The three major requirements of the instrument are large
Bandwidth, high sensitivity and high spectral resolution. Single
shell X-ray telescope is used at the front end to increase the
photon collection capacity of the instrument. Multi-layer mirrors
provide required spectral resolution but are limited in bandwidth.
Band-width is increased by operating the instrument in four
different channels by using a couple of mirrors in two different
configurations. The instrument consists of three major
components: Wolter type I front end telescope, multi-layer
mirrors at the focus placed off-axis with respect to the optical
axis, and an X-ray CCD at defocus position to capture the
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FIGURE 1 | Schematic diagram showing the layout of the spectrograph. The X-ray telescope has a focal length of 191 cm. Multi-layer mirror is placed at the focus
of the telescope at a specific angle to reflect the narrow band of X-rays to the detector at 10 cm defocus.

191 cm

reflected X-rays from the multi-layer mirror. Figure 1 shows the
simplistic schematic of the instrument for one channel. Two
different multi-layer mirrors are used at two different angles in
four asynchronous channels operating one channel at a time to
cover different spectral regions. X-rays from the Sun undergo
double reflection from the primary parabolic and secondary
hyperbolic reflecting mirrors of the front end optics and gets
focused on to a multi-layer mirror which is placed at a specific
angle at the focus. Multi-layer mirrors consist of a series of thin
alternative metallic and non-metallic layers deposited on a
smooth substrate. When X-rays are incident on multi-layer
mirrors above the critical angle, a narrow-band of X-rays are
reflected at a given angle which is governed by the Bragg’s law.
The energy of the reflected X-rays depends on the thickness of the
coating materials and the angle of incidence of X-rays on the
multi-layer mirror.

The front end optics is a single shell, gold-coated, Wolter
type I optics with primary parabolic and secondary hyperbolic
reflection. The diameter of the primary shell is 16 cm. The focal
length of the telescope is 191 cm. The optics have an angle of
incidence of 0.6° from the surface. The effective geometric area
is 5.3cm’ A 1K x 1K X-ray CCD is placed at the defocus
position to record the reflected X-rays from the multi-layer
mirror. X-ray CCD has a pixel size of 13.5 um. X-ray CCD is
also sensitive to the optical light. Since the Sun is the strong
source of the optical light, a couple of optical light-blocking
filters are used to reject the optical light and transmit the
X-rays. First optical filter (Pre-filter) is placed at the entrance
pupil of the X-ray telescope. The second filter (focal plane
filter) is placed in front of the CCD. The visible light blocking
requirement is of the order of 107", Hence each filter should
have a rejection of 107°. This requirement drives the minimum
acceptable thickness for each filter. The visible light filter also
has significant soft X-ray absorption. Hence thickness of the
filters is optimized to have high visible-light blocking
coefficient as well as less X-ray absorption. Mechanical
stability of these filter to sustain the launching conditions
also determines the materials and thickness of the filters. The
pre-filter is a 125nm Aluminum on a 250 nm Polyamide
(C41H2,N4O1,). The focal length filter is a 600 nm Carbon
on 250 nm Polyamide. Polyamide layer acts as a support
structure to provide the required mechanical strength for
the filters. Pre-filter also helps in keeping the optics from

heating up during observation. Figure 2 shows the quantum
efficiency of the X-ray CCD as provided by Teledyne-e2V with
and without filters. From the figure, it is evident that the low
energy X-rays are absorbed by the filters and hence reducing
the quantum efficiency at the low energy region.

2.0.1 Working Principle of the Spectrograph

In the spectrometer, the multi-layer mirror is placed at the focus
at a particular angle with respect to the optical axis. Since the
input beam from the X-ray telescope is a converging beam,
X-rays make a cone of angles on the multi-layer mirror. An
X-ray CCD is placed in the optical path 10 cm away from the
focus. Since the detector is defocused, the spot size on the image
plane is a circular annulus which represents the scaled version of
the entrance pupil. When a multi-layer mirror is placed at an
angle 0 with respect to the optical angle, X-rays are incident on
the mirrors with a cone of angles ranging from 0 + §0 to 6 — 60,
where 86 is given by tan (J%) and r, f are radius and the focal length
of the optics. In the design discussed here, 86 is 2.3°
Monochromatic X-rays are reflected from the multi-layer
mirror for a given angle of incidence. The dispersed spectrum
from the ML mirror reflection can be correlated with the
defocused spot on the detector. Schematic of the working
principle of multi-layer mirror based spectrometer is presented
in Figure 3A. The detector view of on-axis point source reflected
from multi-layer mirror with spectral correlation is shown in
Figure 3B. The intensity of the pixels in the column gives the
spectral information while the intensity in each row can be
binned to get the overall intensity. Central energy of the
spectrum depends on the thickness of the multi-layers of the
multi-layer mirror. In order to cover the entire spectrum from 0.5 to
7 keV, the spectrometer works in 4 separate channels. Two different
multi-layer mirrors are used each at two different angles to cover the
entire spectrum in four channels. Two mirrors are placed on a linear
translating platform to position a specific multi-layer mirror for
operation. Multi-layer mirror platform and the detector is placed on
a 6 — 20 goniometer setup to place multi-layer mirrors and detector
in required angles. In each channel, first two Bragg reflection from
the multi-layer mirrors are strong enough to obtain the spectral
information. A variable exposure time depending on the spectral
band of interest would provide the desired flux. Table 1 presents the
specifications of multi-layer mirrors and their positioning for all four
channels.
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FIGURE 2 | Quantum efficiency of the detector and the modification introduced by light filters.
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FIGURE 3 | Working principle of the Spectrograph. (A) X-ray from different portions of the telescope are incident at different angles on the multi-layer mirror which
reflects a range of energies. (B) Detector view when placed at 10 cm defocus as shown in Figure 1. Vertical axis contains the spectral information and the horizontal axis

TABLE 1 | Specifications of multi-layer mirrors and the positioning angles for all

channels

Channel Mirror theta’ 0 range E range E range
(First order) (Second order)

1 M1 15.7° 13.4-18"  0.5-0.69 keV 1-1.35 keV

2 M1 11.5° 9.2°-13.8° 0.66-1 keV 1.3-2 keV

3 M2 12° 9.7°-14.3° 1.68-2.4 keV 3.35-4.9 keV

4 M2 9 6.7°-11.3° 2.1-3.5 keV 4.2-7 keV

2.0.2 Performance of the Spectrometer
M1 and M2 are W/B,C multi-layer mirrors with the thickness

of bi-layers of 4 and 1.5nm respectively. In-order to obtain
high-reflectivity, 100 bi-layers are repeated in the multi-layer
structure. Each bi-layer consist of two thin layers of Tungsten
and Boron-Carbide. These multi-layers are fabricated on a smooth,

flat Silicon wafers using magnetron sputtering technique to
produce smooth and sharp interfaces between the Tungsten and
Boron-Carbide layers. We have previously reported the fabrication
procedure and studied the performance and stability of these
mirrors (Singam et al, 2018a; Singam et al., 2018b).The ratios
of Tungsten layer to the bi-layer thickness for each layer of multi-
layer mirror is maintained at 0.33. This suppresses the third order
Bragg peak from the multi-layer mirror. Reflection efficiency of
higher order Bragg reflection from the multi-layer mirror are
usually very low and can be neglected. Hence only first two
significant Bragg orders are reflected from the multilayers.

From the optical design, it is noted that the first and second
Bragg peaks are reflected at the same angle form the multi-layer
mirror. Hence the photons from first and second order (typically
twice the energy as the first order) reflection will incident at the
same detector pixel. Hence it is not possible to spatially separate
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these photons. Hence we propose to use the X-ray CCD in single
photon readout mode with spectrometer capability. The spectral
resolution of X-rays CCDs operating in this mode is of the order
of 100-150 eV at 1keV (Bautz et al., 2004). Hence this coarse
resolution is sufficient to separate first and second order from the
multi-layers while the finer resolution is achieved by multilayer’s
reflectivity that are spatially separated on the detector. Spectral
resolution of the instrument in this configuration is governed by
the Point Spread Function (PSF) of the telescope and the natural
broadening of the Bragg peak of the multi-layer mirror. In the
current configuration, the detector is sufficiently defocussed such
that the spectral resolution is not limited by the PSF of the
telescope. Rather, the spectral resolution for this design is driven
by the natural Bragg peak broadening of the multi-layer mirrors.
The resolution of a multi-layer mirror’s Bragg peak is dependent
on several factors such as the number of bi-layers, angle of
incidence, thickness of layer pairs, reflected energy and the
order of Bragg reflection. As four different spectral channels
with different specifications are used in the design, the spectral
resolution of the instrument is not uniform through out the entire
band-width of the instrument. Figure 4 shows the estimated
spectral resolution of the instrument combined in all four
channels. Each channel has both first and second order of
reflection. Resolution of multi-layer mirrors increases as the
order of the Bragg peak increases. The spectral resolution of
the instrument is less than 20 eV for the major portion of the
operation region. The instrument has the full field of view of 10’
which can cover an entire active region in the solar corona. The
off-axis aberrations of the X-ray telescope affects the spectral
resolution of the instrument at larger fields.

The effective area of the instrument estimated by convolving
the effective area of the front-end Wolter telescope with the
energy dependent reflectivity of the multi-layer mirror and the

quantum efficiency of the detector with filters. Since the multi-
layer mirror reflects X-rays of different energies from different
portions of the X-ray optics, the full geometric area of the optics
is not used in spectrometer mode. As the angle of incidence of
X-rays to ML mirror depends on the vertical axis of the
telescope, the overall effective area of the telescope varies as
a function of active reflecting area form the telescope as a
function of photon energy. From Figure 3, the active area of the
optics varies as the function of length of the chord which is
maximum at yo and gradually falls to zero at both the extreme
ends. Hence at each channel, the effective area varies the profile
of active area along y-axis as a function of energy. Effective area
response of the spectrometer also varies significantly with the
channel and the order of the Bragg peak. Figure 5 shows the
estimated effective area of the instrument operating in
spectrometer mode. The solar spectrum simulated for three
temperatures from 1 to 14 MK involved with the response of the
instrument in the spectroscopic mode (four channels
combined) is shown in Figure 6. High resolution spectra of
with a few seconds of time resolution is possible even down
to 1 MK.

2.1 X-Ray Imaging Telescope
The spectrometer can also be easily reconfigured into an X-ray
imaging telescope during low solar activity. During weak flare
conditions, the solar X-ray flux reduces several orders of
magnitude. As the multi-layer mirror and the detector is
placed on moving platforms for the spectrometer, there is a
provision to physically move the X-ray CCD to the focus of
the X-ray telescope to operate in the imaging mode.

The effective area of the instrument in the imaging mode is
several orders of magnitude higher than the spectrometer.
Hence the imaging mode can only be operated during low
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plasma using the Astrophysical Plasma Emission code based on AtomDB atomic data base.
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solar activity. The effective area in the imaging mode is
estimated by convolving the effective area of the X-ray
telescope with the efficiency of the X-ray CCD along
with the absorption from optical light blocking filters.
Figure 7 shows the estimated effective area of the
instrument in the imaging mode. The field of view of the
imaging telescope is limited to 0.1° to target small flares. As

the effective area of the imaging telescope is very high, any
bright event in the field can completely dominate the counts
in the CCD. Hence the field of view is restricted using a
custom designed central obscuration which also blocks
ghost rays (single reflected and direct X-rays) reaching
the X-ray CCD. Table 2 summarizes the design
specifications of the instrument.
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TABLE 2 | Specifications of the instrument.

SI.No Parameter Specifications

1 Optics design Wolter Type |

2 Diameter of the primary mirror 16 cm

3 Focal length 191 cm

4 Angle of incidence 0.6°

5 Axial length of the primary and secondary mirror 10 cm

6 Effective geometric area of the telescope 5.26 cm?

7 CCD size 1TKx 1K

8 Pixel Size 13.5 um

9 Pre-filter 125 nm Al on 250 nm Polyimede
10 Focal plane filter 600 nm C on 250 nm Polyimede
iR Mirror coating for telescope optics Au

12 Mirror coating for multi-layer mirror W/B,C

3 SUMMARY DATA AVAILABILITY STATEMENT

The proposed instrument design can provide spectral resolution
around 20 eV over the large spectral band from 0.5 to 7 keV by using
four different channels. The instrument is flexible to observe the
entire broad spectrum as wells have the freedom to chooses a specific
channel for observation at high temporal resolutions. Front end
optics provides enough signal to observe the evolution of dynamic
solar activities. At low activity levels, the configuration can be
modified into pure imaging mode. The design is based on
existing well-established technologies and thus is a potentially
promising instrument for future small satellites.

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.
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