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1. What after IXPE and Why

In the following, we will briefly outline the motivation for a new X-ray polarimetry
mission, discussing the strengths and weaknesses of IXPE.

1.1. General Consideration

IXPE [1-3] has opened a new window in astrophysics by providing precise X-ray
polarimetry for a diverse sample of celestial sources. Both radio quiet and radio loud
AGN:s, as well as galactic black hole binaries and neutron stars, have been probed. For the
first time, polarization maps in X-rays of pulsar wind nebulae and supernova remnants
have been made available. Additionally, faint extended sources, such as molecular clouds
and filaments around the Galactic Center and near lobes from microquasars, have been
successfully investigated. Although theoretical models were sometimes confirmed, IXPE
has reported, for many observations, unexpected results that warrant further and deeper
investigation by theorists on one hand and, on the other, a new mission with improved
polarimetric capabilities. In this review, we will propose some possible new directions for
the second case.

1.2. Strength and Weakness of IXPE and Some Potential Improvement

One of the keys to the success of IXPE is its imaging capabilities, which are invaluable
for angularly resolved polarimetry of extended sources but also very effective in keeping
background counts at an acceptable level for dim sources. Given the current limitations,
it is virtually impossible to use a solid-state detector for photoelectric polarimetry in the
near future. The main challenges are the unfavorable small photoelectron track length
relative to the available pixel size and the depletion layer. Therefore, gas devices with
centimeter-thick absorption/drift regions will still be required. The angular resolution of
IXPE, between 25" and 30", was only fully utilized for the Crab Pulsar Wind Nebula [4]
due to the large statistical requirements for polarimetry and the relatively small effective
area of the mirrors. Replicating the exquisite angular resolution of Chandra is a difficult
task; however, mirrors with angular resolutions between 5” and 10” and effective areas in
the range of a few thousand cm? are already becoming accessible. Technological advances
include silicon multi-pore optics as well as optics developed using replica techniques.

We have already demonstrated that the half energy width (HEW) of the telescope is
primarily determined by the quality of the optics, while the secondary factor is the inclined
penetration within the detector’s drift length. In fact, with focal lengths in the range of
10-12 m, the degradation due to inclined penetration is modest, and the HEW can be
maintained very close to 5”-6" [5].

The efficiency of an X-ray imaging polarimetry device comes at the expense of the
modulation factor because the larger the drift length, the greater the quantum efficiency, but
the greater the diffusion as well, which blurs the track and reduces the modulation. How-
ever, ASICs of the new generation provide simultaneous information on both energy and
arrival time on each pixel. This allows for 3-D imaging of tracks, with an expected increase
in the modulation factor. Additionally, new gas-multiplication technologies can improve
the energy resolution of gas pixel detectors. A better resolution twice that of IXPE should be
feasible. This would benefit the study of supernovae remnants by allowing the resolution
of thermal emission lines and excluding them from the analysis, and it would enhance
spectro-polarimetric studies of Fe K-alpha lines by resolving lines, the continuum, and
the edge.

However, the main limitation of IXPE, which should drive the design of future mis-
sions dedicated to polarimetry, is its relatively narrow energy band. This limitation arises
from the intrinsic energy-dependent photoelectric cross-section. IXPE’s results have demon-
strated the advantages of developing a polarimeter with a wider energy band, as will be
discussed in the subsequent paragraphs of this review (see also [2,6]). Most of the necessary
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technological advancements have already been made or are currently under development,
with further progress expected in the near term.

2. Polarimetry below 2 keV

The astrophysics goals for polarimetry below 2 keV are highly compelling, as de-
scribed below, and they warrant pursuit through a dedicated experiment. In this energy
band, the photoelectric effect can be marginally exploited, along with techniques based on
Bragg diffraction.

2.1. Scientific Motivation

Some classes of sources are outstanding in the soft range <0.6 keV. E.g., isolated pulsars
have a spectrum peaking at 0.1-0.3 keV, where their flux is orders of magnitude larger
than in the IXPE range. Among the approximately 1800 rotation-powered pulsars, about
100 are known to emit thermal X-rays with temperatures ranging from 10° to 10° K, thus
peaking at very soft X-ray energies. Non-zero X-ray polarization, expected due to the high
magnetic field strengths (see, for example, [7]), can provide insights into geometrical pa-
rameters and emission regions. Further, isolated neutron stars, including magnetars, often
exhibit thermal emission from their surfaces peaking around or below 1 keV. Notably, about
10 cataloged magnetars are situated at high galactic latitudes. So far, IXPE has observed
4 magnetars with a net observing time in the range of 10° s, revealing complex morphology
and physical properties of their emission regions from the neutron star surfaces (see, for
example, [8]) and magnetosphere. The long-sought QED effect of vacuum birefringence
has not yet been unambiguously proven, requiring the detection of significant polarization
in their phase-resolved spectra associated with large emitting regions spotted by a very
low pulsed fraction emission. Increasing the sample in this energy band would permit
better constraints on their complex emission regions, further paving the way to test this
elusive QED effect. Among black hole binaries, about a dozen are located at high galactic
latitudes. A black hole in a high-soft state emits thermally (peaking in the keV range)
from the accretion disk, with possibly extension to the innermost stable circular orbit
(ISCO). The low-energy measurements can constrain accretion disk magnetic fields by
observing (E < 1 keV) the effects of Faraday rotation and depolarization [9]. For some
systems, the low-energy polarization will constrain the accretion disk orientation further
away from the black hole, and may thus lead to the discovery of warped accretion disks.
The most visible blazars are located at high galactic latitudes. High synchrotron peaked
blazars (HSP) may have their peak energy in the 0.1 keV to 10 keV range, with very
steep power-law indices. IXPE demonstrated that X-ray polarization could be 2-3 times
greater at optical, infrared, or mm wavelengths, probing locations with more turbulent
magnetic fields (see, for example, [10]). For instance, in the case of Mrk 421, IXPE de-
tected [11] a rapid rotation of the polarization angle in X-rays that was not accompanied
by a rotation at longer wavelengths. A measurement in the soft X-ray band would probe
whether a smooth transition of these behaviors exists while investigating different magnetic
field configurations.

As a matter of fact, while the energy range below 2 keV offers limited sensitivity for
all sources located along the galactic plane due to interstellar extinction, it is particularly
beneficial, as shown above, for sources located at high galactic latitudes.

2.2. Soft X-ray Gas Photoelectric Imager

Exploiting the photoelectric effect below 2 keV becomes increasingly difficult because
the range of the photoelectrons shortens rapidly. The use of a rarefied gas mixture based
on, e.g., isobutane, can provide some sensitivity below 1 keV for imaging polarimetry
and was studied in the past [12] for potential inclusion in the XEUS-ESA mission (see
Figure 1). In fact, the decrease in pressure (P) is accompanied by an increase in diffusion as
~+/d;/ P, requiring a short drift length (d;). Since the range of a photoelectron for sensitive
polarimetry must not be much different in each energy band, a possible drawback of this
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configuration with a small gas gap (0.5 cm or smaller) could be a larger fraction of events
with incomplete charge collection.
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Figure 1. The modulation factor from [12] for some low-pressure gas pixel detectors filled with

isobutane as evaluated by Monte Carlo simulation.

Helium is characterized by a large diffusion coefficient and must be used with a gas
quencher. Given the K-shell energy of carbon in hydrocarbons, a sensitivity lower limit of
about 600 eV must be set, which is due to the presence of polarization-insensitive Auger
electrons. With the above constraints, such a device would be virtually transparent above
2 keV. The use of a thin silicon-nitride window will provide better sensitivity compared to
polypropylene or polyimide windows, especially at lower energies.

2.3. Graded Multilayer Mirrors

The Bragg technique, despite the large modulation, was heavily limited by the very
narrow energy band, which was mitigated by the mosaic technique, and by the limited
choice of natural crystals that typically diffract at 45° in the 2-8 keV band. The introduction
of artificial organic crystals allowed them to operate in the soft energy range, while the
graded thickness increased the bandwidth and hence the efficiency, opening the window
of polarimetry for soft X-rays. These materials are also suitable to be used in combination
with optics. The most advanced approach was designed [13-16] by using laterally graded
artificial multilayer mirrors (LGML) that diffract X-rays dispersed according to their wave-
lengths by means of a transmission grating. The nearly 45° reflected radiation is detected by
a CCD along the grading direction. As a non-dispersive polarimeter, three such devices are
necessary to measure the three Stokes parameters I, Q, and U, or one can rotate one device at
the expense of sensitivity, especially to variable sources. To achieve the necessary sensitivity,
the grating is placed close to an X-ray mirror. The main advantages of such an approach are:
(1) a wide soft-energy band anticipated to range from 0.1 to 0.7 keV; (2) a large modulation
factor (approaching~100%) across the entire band; (3) very good energy resolution due
to the dispersing technique, which may be beneficial in the presence of low-energy lines;
(4) a geometric arrangement that allows for designing a stacked instrument (see section
Figure 2), with only a small loss of effective mirror area at higher energies; (5) by correlating
the signal amplitude with its position on the CCD, the background can be minimized. The
proposed instrument relies on laboratory studies of individual components performed
at MIT ([17,18]) and simulations of performance ([19]). A rocket demonstrator, REDSoX
(Rocket Experiment Demonstrator of a Soft X-ray Polarimeter), has already been funded for
flight in a few years, paving the way for an extended version for a dedicated satellite, which
is also under study (Globe Observatory Soft X-ray Polarimeter or GoSOX). The estimated
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requirement for pointing precision is about 5-7 arcsec [15]. The satellite version requires
rotation (1°/s) and hosts a single device, whereas the rocket configuration, in principle,
does not require rotation if the response to polarized and unpolarized radiation of each of
the three devices is sufficiently equalized and well-calibrated.

Figure 2. The REDSoX Rocket Experiment Demonstrator of a Soft X-ray polarimeter. The payload
consists of the X-ray optics with Wolter type I mirror shells, 200 nm period critical angle transmission
(CAT) gratings mounted on a 2.5 m focal length optical bench. A rocket flight was granted funding
to completion. The target for this short flight will be decided with careful evaluation of its real
performances.

3. Classical Energy Band 2-10 keV

The classical energy band of X-ray astronomy is benefiting from the results of IXPE
and the wealth of theoretical work stemming from its observations. In the following,
we will describe how an improved, higher-throughput mission, building upon IXPE’s
results, will extend polarimetry to a larger number of sources and enhance precision for
extended sources.

3.1. Scientific Motivation

For most classes of X-ray emitting sources, IXPE has detected to date polarization
from only a handful of bright objects. It observed about a dozen only for bright black-
hole and neutron star binary systems. This energy band has the advantage of being
much less affected by interstellar absorption. An increase in the mirror’s effective area
by a factor of approximately 10 would accordingly increase the number of extragalactic
sources, especially Seyfert-1 galaxies, where the main primary emission in this energy
band is due to comptonization from the hot corona. This also applies to low synchrotron
peaked (LSP) blazars, for which IXPE has detected to date only upper limits, while positive
secure multi-wavelength detection can clarify the nature of accelerated particles (leptons or
hadrons, [20]). Additionally, HSP blazars can benefit from a larger effective area, which will
facilitate studies of polarization variability and its relation to the magnetic field directions
within the jet. For these, IXPE has so far only shown the tip of the iceberg [21]. An
improvement in angular resolution by a factor of approximately 3-6 will also allow for
more detailed exploration of the morphology of pulsar wind nebulae, significantly aiding
pulsar polarimetry after IXPE’s secure detection in only their brightest phase bins (see,
for example, [4]) and only for two of the five observed so far. Considering the dimmest
PWN observed by IXPE and the 2010 catalog of Chandra PWN [22], we expect at least an
additional 7 PWNs to be within the reach of such an improved mission. Albeit this energy
band is non-optimal for studying SNRs, the advantage of a better angular resolution, if
accompanied by an increased effective area, would allow to probe turbulence and magnetic
field orientation closer to the shock and with higher precision in regions where non-linear
diffusive shock acceleration may be at work [23].

3.2. Time Projection Chamber

Following the papers by E. Costa [24] and later by K. Black [25], a significant rejuve-
nation of X-ray polarimetry in astronomy took place (see Figure 1 in [26]). A few years
later, Black [27] devised and built a detector that decoupled the modulation factor from
the quantum efficiency, based on the time projection chamber (TPC) approach. The drift
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field was perpendicular to the optical axis, and a 1-D readout plane was positioned on
a side out of the absorption path. To obtain a 2-D image of the photo-electron track, the
timing information from each detected signal is converted into space coordinates using
precise knowledge of the drift velocity. The image is good to derive the photoelectron
emission angle, but, ignoring the starting time of the drift, the point of interaction cannot
be localized. To compensate for the intrinsic systematic effects, the device rotates around
the direction of the incoming beam. The main advantage of the TPC is that the drift length
and the related diffusion are constant along the depth. A very thick polarimeter with
a high detection efficiency is possible. Due to the need to use low-pressure gases the
increase in depth with respect to the gas pixel detectors (GPDs) is much larger than what is
expected for the increase of efficiency only. The primary drawback of this design is that
1D only imaging does not allow for imaging polarimetry, and the substantial reduction of
background amplified by the fact that the blurring due to the absorption of a converging
beam on a thick detector is much more substantial than in the GPD. This is not a trivial
issue as IXPE showed [28], as (1) the background noise is higher than in an imaging de-
vice, and the residual background cannot be subtracted using the same observing time,
(2) many celestial objects require imaging for making polarization mapping (supernova
remnants [29]), pulsar wind nebulae [30], molecular clouds [31], filaments [32], and lobes
of microquasars [33], as shown by IXPE, and (3) the necessity for rotation complicates the
study of the polarization pattern from sources showing erratic periodicity, making the use
of multiple devices essential.

Although an adequate level of readiness was achieved, constructing a flight device [34]
proved more challenging than anticipated. Additionally, the Gravity and Extreme Mag-
netism SMEX (GEMS) mission [35] was cancelled for programmatic reasons. However, the
Time Projection Chamber may be considered for a stacking polarimetric configuration in
the future (see Section 5).

3.3. Gas Imager

The gas pixel detector (GPD) [24,36,37], a much-needed but previously lacking tool in
this energy range, opened the window of polarimetry in X-ray astronomy. As discussed
above, improvements can be envisaged with optics of larger area or better angular reso-
lution, but also with improved detectors by exploiting 3-D track imaging and improving
performance in terms of modulation factor and efficiency. Another limitation of the IXPE
GPDs was the large dead time (1.1 ms), which is incompatible with the brightest sources
and, for sure, with future high-throughput optics. In the Chinese eXTP mission, it will be
mitigated by a new XPOL ASIC with a dead time of 0.15 ms [38]. But already with an optics
of the order of 1500 cm? (like XMM) and for missions based on new mirror technologies,
such as the AXIS mission (4200 cm? on axis [39]), and given the relevance of very bright
transient sources, a more substantial improvement is absolutely needed. Another point to
address is the intrinsic modulation factor. Optimization over the years, prior to IXPE selec-
tion, showed that a 1-cm drift with an 800 mbar dimethyl-ether gas mixture provides the
best sensitivity. Although fine-tuning these parameters is based on the energy-dependent
mirror effective area and on the source spectrum, no significant change is expected. An
improvement in these two areas can come from using the new generation of multipurpose
ASICs from the Medipix collaboration, Timepix3 [40] and Timepix4 [41]. They would
solve the issue of dead time for any planned high-throughput optics. The Timepix4 could
also extend the field of view or preserve the current one, but with a longer focal length.
Both record Time-of-Arrival (ToA) and Time-over-Threshold (ToT, proportional to energy)
simultaneously in each pixel. ToA information is coded with a nominal resolution of
1.5625 ns (Timepix3) or 195 ps (Timepix4). Timepix3 features 256 x 256 square pixels
(55 x 55 pm?) and is virtually dead-time free up to 40 Mhits/cm? /s. The measurement of
the ToA for each pixel allows for 3-D track reconstruction, which may lead to a better deter-
mination of the photoelectron direction, consequently improving the modulation factor. A
possible implementation of such a device as a fine imaging gas detector is GridPix [42,43],
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where a metallic mesh onto dielectric pillars 50 um long provides the multiplication with
no additional track diffusion in the transfer gap.

A comparison between the two designs is shown in Table 1. The GPD design shows
two major criticalities. One is a rate-dependent decrement of the gain due to the attachment
of charges produced in the avalanche onto the gas electron multiplier (GEM). This varies
pixel by pixel and is difficult to model or calibrate during flight. The second issue is the
absorption (or adsorption) of the gas (dimethyl-ether) by the elements of the GPD body
(most probably by the glue). The use of a mesh solves the first issue, but it requires a thin
coating of Si3Ny4 onto the ASIC top layer for safety in case of sparking, the effect of which
on charging needs still to be evaluated. Other approaches may use a partially conductive,
two-sided, metallic, micro-porous lead-glass device in place of the GEM [44].

Table 1. Table of comparison of performances between IXPE GPD and GridPix (with Timepix3
ASIC [40]). In parentheses are the expected performances of XPOL III [38], a new version of the ASIC
on-board IXPE.

GPD GridPix
Pattern Hex 50 um pitch 55 x 55 um? pitch
Amplitude Signals Output Analog Digital (ToT)
Size 1.5 x 1.5 cm? 14 x 1.4 cm?
Track imaging 2-D 3-D
MZ’:E“E‘;:}? :é’trlolr? % 100 (700) 106 (100 pixels track)
Diffusion in Transfer gap 55 8
(DME, pmyys)
Noise per pixel (e/s) 50 (30) 60
Threshold dispersion (es) Non equaliz. 35 (equaliz.)
Minimum Threshold (e™) 2300 (150) 500 (ToT/ToA)

The issue of absorption/adsorption (producing a loss of efficiency of ~20%) may be
solved with a careful choice of the constructive elements of the detector and, possibly, by
replacing DME with another low-diffusion low atomic number gas mixture (isobutane,
COy,). These gas mixtures have similar transverse diffusion with DME, while CO, may
require a larger electric field for comparable multiplication. Also, it has a larger energy
threshold for polarimetry due to the larger amount of oxygen.

Finally, we note that the spurious modulation (the residual modulation from an
unpolarized source) was reduced by a readout optimization and eventually corrected
with a huge calibration campaign. For GridPix, it is also needed to show that the square
geometry and the slightly larger pixel size do not introduce additional spurious modulation
or, if this is the case, that it can be modeled and efficiently subtracted.

4. Hard X-ray Band (10-80 keV)

In the following, we will explain how integrating imaging photoelectric X-ray po-
larimetry with Compton polarimetry, by leveraging the capabilities of multilayer X-ray
mirrors, can uncover entirely new phenomena and enable measurements that are challeng-
ing to perform in the classical energy band.

4.1. Scientific Motivation

The energy band of IXPE just borders some of the main scientific objectives for po-
larimetry. We reviewed the most important ones (see also [45]) (1) Reflections in AGNs:
above 6 keV, the spectrum of Seyfert-1 galaxies is dominated by reflection (scattering) of
primary radiation from the disk, or in Seyfert-2 galaxies, from the scattering from the
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ionization cones (warm-reflector) or from the surrounding molecular torus (cold-reflector).
IXPE showed that the primary radiation of Seyfert-1 galaxies comes from a corona (slab
or wedge-shaped) orthogonal to the disk’s normal axis [46]. In the IXPE energy band, the
reflection fraction of NGC 4151 is only 8%, doubling in the upper energy band. The polariza-
tion of the reflected component (which may provide the geometry of the disk and possibly
the black hole’s spin) from the disk was not firmly measured. In the reflection-dominated
Compton-thick Circinus galaxy, the reflection from the torus was measured [47], albeit the
polarization from the ionization cone was largely unconstrained. The same goes for NGC
1068, the archetypal Seyfert-2 galaxy [48]. The possible misalignment between these two
structures could be measured ([49]) by efficient X-ray spectro-polarimetry in a wide energy
band with deep consequences in the AGN formation and feedback mechanism. IXPE
also showed how difficult the 2-8 keV polarimetry of supernova remnants (see, for exam-
ple, [29]) is due to the presence of lines and large thermal emissions. Imaging polarimetry
above iron lines will facilitate the study of synchrotron non-thermal emission and may
explain the new features detected in Cas A SNR by NuSTAR [50]. As already mentioned
above, IXPE showed a complex pattern for the emission regions from magnetars. Further,
INTEGRAL and NuSTAR detected a hard energy tail extending at least up to 100 keV,
which does not always appear to be the continuation of the lower energy power law for
all the sources [51,52]. Polarimetry in the 6-30 keV energy band will help shed light on
their origin by exploring the transition between these two components. Given the faintness
of this source imaging, polarimetry is required to reduce the impact of the background.
IXPE surprises also come from binary pulsars and their lower-than-expected polarization
(see, for example, [53]). While an intense modeling effort is needed, the measurement of
polarization at the cyclotron line (fundamental and higher harmonics) is still lacking be-
cause almost all the neutron-star binaries are characterized by cyclotron line fundamentals
at energies above 10 keV. It is still not clear whether the linear polarization at the energy
close to the cyclotron line is large (~80% [54]) or zero [55,56]. Such measurements would
be definitively crucial to characterizing the transport of photons through a magnetized
plasma at resonance energy. Finally, IXPE paved the way for making tomography of the
galactic center by means of polarimetry of X-rays shining from cold molecular clouds in
the galactic center region [31]. However, this is still a low-significance result due to the
presence of relatively warm and bright plasma emitting in the few keV energy band. A
hard X-ray imaging device (10”-20"” HEW) can enable cleaner and more sensitive measure-
ments, expanding the range of molecular clouds for which such measurements are feasible.
Consequently, this could help determine the time evolution of the flare.

4.2. Photoelectron Gas Charge Imager (6-35 keV)

A gas photoelectron charge imager sensitive to polarization above 6 keV up to ap-
proximately 30 keV requires the use of pressurized Argon as the principal gas [57] with
a thick gas cell. A GPD filled with a 2-bar, 2-cm Ar-DME gas mixture has already been
built and tested [58], and an implementation (3 cm, 3 bar) for an ESA mission was al-
ready proposed [59] with comparable sensitivity to a GPD in the 2-8 keV energy band (see
Figure 3). A TPC 7.8 cm thick, was also more recently tested with a 1-bar 60-40 Ar-DME
mixture up to 16 keV [60]. In the hard X-ray and soft gamma-ray energy bands, the residual
(instrumental) background, mainly due to Earth’s albedo, decays with energy with a law
less steep than celestial sources, so that the need for good discrimination increases with
the energy. A sensitive experiment using a photoelectron gas charge imager necessitates a
careful background rejection, through topological analysis of the detected tracks [28] by
applying the techniques traditionally applied with proportional counters and not excluding
an active anti-coincidence system to reject the minimum ionizing particles (MIPs). All these
are viable with GridPix. Last but not least, the imaging capabilities of the GPD and GridPix
devices additionally allow for background subtraction simultaneously to the observation
by using the same sky image. The background in the focus of an imaging device is the one
within the point spread function, orders of magnitude smaller than that of a non-imaging
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device. And, most of all, many important scientific cases (a few mentioned above) deserve
imaging polarimetry: this is the legacy of IXPE.

The sensitivity of such a broad-band mission can only be accurately determined
through a detailed design. However, a rough order of magnitude estimation can provide
confidence that such a mission will remain competitive. For the high-energy part, we
can reference computations performed nearly 10 years ago when a new hard X-ray mis-
sion (NHXM) was proposed to ESA in response to the M3 call [61]. This mission was
based on four multilayer telescopes with a focal length of 10 m. Although it was only a
design, comparisons of effective areas at different hard X-ray energies show them to be
comparable to NuSTAR and XL-Calibur, two existing missions. The sensitivity for the low
energy polarimeter (LEP, 2-10 keV) and the medium energy polarimeter (MEP, 5-35 keV)
was computed based on simulations and laboratory data [59,61]. The LEP detector is
quite similar to IXPE, and the optics effective area is comparable (~500 cm? for NHXM vs.
~600 cm? for IXPE). The computed minimum detectable polarization (MDP) for a
0.5 mCrab source in 10 days was 5.1% compared to IXPE’s 5.5%. The MDP for the MEP
was approximately 34% worse in terms of mCrabs, as shown in Figure 3. A combination of
one LEP and two MEPs would be very balanced. We can assume that new ideas for gas
detectors, such as 3-D reconstruction, will improve both stages. Therefore, it is reasonable
to assume that a combination of LEP and MEP can be well-matched in terms of science and
practical for future implementation.

'IOO E. '\: N LR | B | LR | R | Ty
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: \\‘\0“‘\"@ 1
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Figure 3. The sensitivity of the LEP (2-10 keV) and MEP (5-35 keV) foreseen for the new hard X-ray
mission [61].

4.3. Compton Polarimeter (up to 79 keV')

Above 20 keV, photoelectric polarimetry with Ar-based mixtures starts to compete
with Compton polarimetry, with a possible overlap between 20 and 30 keV. The use of
mixtures based on krypton still needs to be studied, but could be discouraged by the large
fluorescence yield and the large scattering/stopping ratio. Compton polarimeters at the
focus of X-ray optics have, until now, only been used in balloon-borne experiments [62,63]
and were proposed in the past for both PolariS, a Japanese experiment by JAXA [64]
and PolSTAR, a NASA SMEX mission [65]. A focal plane Compton polarimeter requires
the use of two phases [66,67]: a scattering phase with a low atomic number scintillator
(lithium, beryllium, or plastic [68], organic crystals like p-Terphenyl were found [69] less
effective than expected) and an absorber phase. The choice of the scatterer depends on
the energy threshold and, consequently, on the active or passive configuration. A passive
configuration may have a low energy threshold of 5-6 keV [70] for a satellite or 15-20 keV
for a balloon-borne experiment but the background is high, so an efficient active inorganic
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anti-coincidence shield is necessary (as for example in XL-Calibur [71] where the focal
plane Compton polarimeter is shown in Figure 4).

b ——— COLLIMATOR

SCAMERER

SZ1s Tor Bco
SHIELD

COPPER

CACE BEARING

—— ASSEMBLY

Bottom Bco
SHIELD

Figure 4. The configuration of the XL-Calibur focal plane instrument. One Beryllium scatterer
is surrounded by four planes of CZT detectors, surrounded by a thick BGO shield to reduce the
background [72].

In fact, imaging is not possible, nor is it possible to cover a large area for a collimated
experiment. An active Compton polarimeter may have a much smaller background just
by using the coincidence technique alone. However, the energy threshold for active use
is higher (~20 keV) even for a satellite focal plane experiment [69,73]. With segmented
scatterers with a ~4-9 mm? area in an array of 16-36 elements at the focus of ~10 m
focal plane multilayer optics, coarse imaging of ~1 arcmin is possible. Segmentation
reduces the impact of off-axis pointing (for passive elements, such impact is explored
and mitigated as in [74,75]. This is the configuration proposed for PolariS. For such a
configuration, the threshold may be higher due to the aspect ratio of the single plastic
scintillator, although sensitivity, even at 20 keV, has been demonstrated [64]. An improved
design may take advantage of reading out the signal from both sides of the scatterer and
the absorber using two thinned SDDs, two thinned SiPMs, or silicon drift detectors [76].
If proved effective enough, this configuration facilitates the construction of a possible
3-D Compton polarimeter with improved performance in terms of low background, high
modulation factor, and sensitivity. A Compton polarimeter allows for extending the band
up to the maximum energy permitted by the use of a multilayer mirror. Imaging would
also allow mapping of magnetic fields in the Crab PWN and in SNRs up to these en-
ergies. Predicting the sensitivity of such an instrument is challenging due to the many
variables that need confirmation. In a follow-up to the new hard X-ray mission proposal,
the team [59] evaluated the performance of a scattering polarimeter with an active plas-
tic scintillator scatterer and a cylindrical absorber, based on certain assumptions about
triggering efficiency and zero background. These factors require validation through sim-
ulations, testing, and analysis of XL-Calibur data. However, the computations suggest
that reasonable performance could be achieved in this band, with an MDP of 6% for a
1.8 mCrab source. Even though actual trade-offs might worsen this number, we are close to
achieving the goal of broad-band polarimetry.

5. A Possible Stacked Configuration

A future sensitive X-ray polarimetry mission should explore the energy band in the
0.1-80 keV range, as previously discussed. Such a mission can be designed either in a
multi-instrument configuration with multiple optics optimized for specific energy bands
or with a single telescope with a platform to change the instrument at the focal point. The
first configuration optimizes the design of the telescope (mirror and detector system) for a
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given energy band, while the second minimizes the number of mirrors but is less efficient
in covering the whole energy band and does not allow for simultaneous observation across
the entire band.

Given the availability of multilayer, high-throughput, fine HEW mirrors, a stacking
configuration may optimize available resources to provide sufficient mirror area by repli-
cating the mirror-detector system. A possible stacking configuration has already been
proposed [77,78]. It is natural to design a binary-detector system comprising a TPC on
top, filled with a DME mixture sensitive on a 2-15 keV range or an Ar-DME mixture to be
sensitive to 10-30 keV, coupled, through a thin window (Be) to a scattering polarimeter
underneath to extend the band up to 80 keV. This is because, as mentioned, the sensitive
plane is parallel to the photon beam.

Unfortunately, the lack of imaging compromises a significant subset of the potential
science goals mentioned above. An imaging system with a sensitive plane perpendicular to
the photon beam is essential, provided the detector is thin enough to minimize radiation
absorption by passive materials, ensuring maximum detection by the active systems. This
substrate includes the ASIC chip and the underlying board (and, in the case of GPD, the
Kyocera package). For Timepix3, the wafer, initially 800 pm thick, can be thinned down
to 180 um without any loss in performance (Bergmann, B. Czech Technical University in
Prague, private communication), resulting in a transparency of 85% at 20 keV. With a thin
board or a hole beneath the ASIC and the potential use of a beryllium window, if necessary,
a stacked imaging system becomes feasible. The gas stage should be positioned on the focal
plane, while the scattering stage can tolerate some defocusing, especially considering the
small convergence of hard X-ray optics. An even more ambitious solution could involve
three stacked detectors: a front TPC (Time Projection Chamber) tuned to lower energies
(1-6 keV), a GridPix for the medium range (6-30 keV), and a scattering stage for higher
energies (30-80 keV). These detectors, mounted on a single telescope, could provide the
polarimetry capability for a multi-mirror mission in X-ray astronomy.

6. Conclusions

In this review, we demonstrate the advantages of designing an X-ray polarimetry
mission that spans the 0.1 keV to 79 keV range. The IXPE mission explored the 2-8 keV
energy band, uncovering new opportunities beyond the boundaries of this classical en-
ergy band. Current single mirror designs within this range already allow for a threefold
increase in sensitivity and a three- to sixfold improvement in angular resolution. At higher
energies, focal plane polarimetry has been implemented only through Compton scattering
in balloon-borne experiments such as X-Calibur and XL-Calibur, which offer limited sen-
sitivity. However, a satellite mission that effectively combines the imaging photoelectric
effect and focal plane Compton scattering will significantly enhance sensitivity, enabling
the detection of previously unseen phenomena in the hard X-ray energy band.
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