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The measurement of the polarization of the high-energy photons from cosmic sources has
now become a key observational parameter for understanding the emission mechanisms
and the geometry of the active regions involved. Therefore, a mandatory requirement for
new instrumentation in this energy regime will provide high sensitivity for polarimetric
measurements associated with spectroscopy and imaging.

In this perspective, the Advanced Surveyor of Transient Events and Nuclear As-
trophysics (ASTENA) mission, which includes two main instruments: the Wide field
monitor (WFM-IS), with a large effective area and a wide energy passband (2 keV — 20
MeV); and the Narrow Field Telescope (NFT), with a broad energy passband (50-600
keV) with focusing capabilities based on the use of an advanced Laue lens; will both pro-
vide high sensitivity for polarimetric measurements. Furthermore, both instruments will
include spectometers with a good 3D spatial resolution allowing to perform 3D Compton
polarimetry, increasing the possibilities to optimize the event selection. Herein, we re-
port on the results of a Monte Carlo study devoted to optimize the configuration of both
instruments, in particular, the modulation factor (Q), the events detection efficiency
(Eff) and the Minimum Detectable Polarization (MDP).

Keywords: Polarimetry, Gamma-ray detectors, Space instrumentation, Compton scat-
tering.

1. Introduction

Polarimetry of high-energy sources is a key observational parameter for a better un-
derstanding of the emission mechanisms and geometry of a wide number of cosmic
objects and events such as GRBs, pulsars, binary black holes and active galac-
tic nuclei, whose emissions are expected to be polarized. The field of hard X-ray
polarimetry has been quite active in the last two decades: missions such as IN-
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TEGRAL, AstroSat and POLAR have provided some important scientific inputs
in understanding emission mechanism and geometry in X-ray pulsars! 3, magnetic
field structure in Pulsar Wind Nebula (PWN) % disk-jet interplay in black hole
X-ray binaries (XRBs)®® and hard X-ray emission mechanism in GRB prompt
79 Though these results are marred with large uncertainties and a firm
conclusion is not possible, most of these findings are extremely interesting as they
pose new challenges to the existing theories. One interesting and common feature

in all these measurements is a systematic increase in polarization within the hard

emission

X-ray band which makes this energy regime extremely promising for polarimetry
experiments '°.

As a part of the European project AHEAD (integrated Activities in the High En-
ergy Astrophysics Domain), a new concept of high energy mission named ASTENA
(Advanced Surveyor of Transient Events and Nuclear Astrophysics) has been pro-
posed and accepted for feasibility and performance study''. In the current AHEAD
2020 project, which is a continuation of AHEAD, we deepen the feasibility study
of ASTENA and increase our knowledge on the potential performances of the in-
struments on board concerning spectral, imaging and, particularly in this context,
polarization capabilities. In this work we present the results of a study that aims to
reliably and realistically evaluate the performance in terms of polarimetry that can
be achieved with the ASTENA and to optimize the design of the detection units to
achieve this aim taking into account the requirements.

2. ASTENA

The ASTENA configuration is described in'2, and it is shown in Fig. 1. Its main
properties are summarized in Table 1. The instrumentation on board consists of
a Wide Field Monitor-Imaging Spectrometer (WFM-IS) with a 2 keV-20 MeV
passband, and a Narrow Field Telescope (NFT) with a 50-600 keV passband.

Table 1. Summary of the main properties of the WFM-IS and of the NFT on board ASTENA.

WFM-IS NFT
Energy pass-band 2 keV — 20 MeV 50 — 600 keV
Total useful area(®) ~ 5800 cm? (< 30 keV) 7 m? (projected)

~ 6700 cm? (30-150 keV)
~ 13800 cm? (>200 keV)

Field of View 2 sr 4 arcmin
Angular resolution 6 arcmin ~ 30 arcsec HPD
Point source localization accuracy 1 arcmin < 10 arcsec

30, Continuum Sensitivity 1x 1074 1.2 x 1077
(ph/cm? s keV) (10 s, 30150 keV) (10° s, 225-375 keV)
30, 105 s Line sensitivity - 5x 1077 (178 keV)
(ph/cm? s)

Note: @ Total geometric area through the mask or collimator.
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Fig. 1. The ASTENA satellite in inflight configuration. The WFM/S modules surround the NFT
Laue lens (front), while its focal plane is positioned 20 m apart by a booming structure (back).

The NFT is a Laue lens focusing telescope with a 3 m diameter and 20 m focal
length, composed by a large number of crystal tiles in transmission configuration,
that are disposed in such a way that they concentrate the incident radiation onto a
common focal spot. 3. The lens proposed for the NFT is made of ~19500 bent crys-
tal tiles of Si(111) and Ge(111), with 40 m curvature radius (within 5% uncertainty).
The crystal tiles have a 30 x 10 mm? cross section, and an optimized thickness vs.
energy for maximizing the diffraction efficiency, with the condition of a maximum
thickness of 5 mm. The crystals are disposed on 43 rings, with an outermost ring
radius of 149 cm and an innermost of 18 c¢m, ensuring an energy passband of 50 keV
(outermost rings) to 600 keV (innermost rings). Current Monte Carlo simulations,
ray-trace analyses and laboratory experiments evaluated that an angular resolution
of 0.5 arcmin can be achieved, with a useful FOV of approximately 4 arcmin'4.

Concerning the NFT focal plane detector, the adopted configuration consists
of 4 layers of drift strip detectors of CdZnTe'®, each layer with a cross section a
80 x 80 mm? and a thickness of 20 mm. This configuration will ensure a detection
efficiency higher than 80% in the entire energy band of the NFT, a spectroscopy
response of 1% @ 511 keV and fine spatial resolution (0.2-0.3 mm) in three dimen-
sions1® allowing the correct sampling of the Point Spread Function (PSF) of the

2. Thanks to the unprecedented sensitivity

lens, that is of the order of a few mm
that can be achieved with the Laue lens focusing technique and the high segmen-
tation level the focal plane detector, NFT is expected to provide fine polarization
measurements.

The WFM-IS consists of an array of 12 units, two units on each side of the
hexagon surrounding the NFT, accommodated as shown in Fig. 1. All the units are

offset by 15 deg with respect to the axis of the NFT. Each WFM-IS unit consists
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of a 40 x 40 array of detection elements, each made of a scintillator bar (CsI(TT)
or similar) 5 cm long, with an hexagonal cross section of about 75 mm?, viewed by
two Silicon Drift Detectors (SDD) 0.4 mm thick, one on the top (side of entrance
of the celestial photons) and other on the bottom. The functioning principle of this
detector is similar to that adopted for the X-Gamma-ray Imaging Spectrometer
(XGIS) aboard the THESEUS mission concept!”. It has the great advantage of a
very broad passband (2 keV-20 MeV), a 3-D position sensitivity to energy losses
in the scintillator bars and a very low intrinsic background. The hexagonal cross
section of the bars, which allows us to obtain a low geometric systematic effect in
the polarization measurements, associated with the 3D position sensitivity of the
detector makes the WFM-IS suitable for fine polarization measurements®*.

3. Compton Polarimetry with ASTENA

In the hard X- and soft y-rays regime the measurement of the polarization status of
a photon beam rely on the Compton scattering mechanism. The detectors on-board
ASTENA provide the segmentation needed to offer an efficient method to measure
the linear polarisation of incoming photons using Compton scattering because, with
a coincidence event logic, each element/pixel can act at the same time both as a
scattering element and as a detection unit allowing to record the pairs of events
that provide polarimetric information: one is the Compton scattering of the incom-
ing photon, the other is the interaction by Compton or photoelectric effect of the
secondary photon 0.

The cross-section of a hard X-ray photon to interact with a free electron is given

by the Compton scattering cross-section described by the Klein-Nishina equation '8:
d 2¢2 /1
dg:m;(eﬁ-s—2sin20(zos2cp> (1)

where 73 is the classic electron radius, ¢ = E’/E the ratio between the energy of the
scattered photon and the energy of the incoming photon, 6 is the scattering angle
of the scattered photon measured from the direction of the incident photon, and ¢
is the azimuth scattering angle with respect to the electric vector of the incident
photon. On a segmented detector the distribution of the azimuthal angle measured
on a large sample of data has a sinusoidal behavior with period 7

N(¢) = ag(1 + a1 cos(2(¢p — as + 7/2))) (2)

where ag is the normalization constant, () = a; the modulation factor, and P = as
the polarization angle which are obtained from a fit to the data. This distribution is
the called "modulation curve”, which is built dividing the scattering map on a fixed
number of angular sectors, covering 360°, and integrating the counts inside each
angular sector. The aperture of the angular sectors should be chosen taking into
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account the discretization level of the detector (i.e., the pixel dimensions) and the
counts statistics. Because of the segmented nature of the detector, the integration
of count inside a defined angular sector should take into account effects due to pixels
that lie across their borders. Methods to account for these pixels are, for example,
that of distributing uniformly the pixel counts proportionally to the area of the
pixel intercepted by two adjacent angular sectors. For the analyses performed the
number of bins of the azimuthal distribution was optimized for each instrument
since it affects the shape of the modulation curve.

In the characterization of a polarimeter it is important to describe its response
not only to polarized, but also to unpolarized signals. For a perfectly uniform
and symmetric instrument the modulation curve from a 0% polarized signal should
be totally flat. However, the detector geometry introduces an asymmetry that is
important to correct the signal from this component. We correct the measured
modulation curve from the instrument response to a unpolarized signal by applying
the following expression for each angle bin:

Np ((b) max
Nup(8) Moy

Nco’rr(¢) = (3)
where Neopr(¢) is the corrected azimuthal distribution, N, (¢) is the polarized az-
imuthal distribution, N,,(¢) the non polarized modulation azimuthal distribution,
and N;7* the maximum of the non polarized azimuthal distribution. In practice,
the systematic uncertainty in the polarization measurement will be estimated from
the results of an extensive on-ground calibration campaign of the instruments, using
both polarized and unpolarized monochromatic beams of gamma rays.

The minimum detectable polarization (MDP) of an instrument for a given ce-
lestial source type is an essential parameter to estimate its polarimetric potential.
For a space polarimeter in a background dominated environment, the MDP with a
99% confidence level, is given by!:

4.29 [A.e.S;+ B
MDP = 4
A.E.SF.Qloo T ( )

where, A is the effective area, € is the events’ efficiency, Sg is the source flux over

the selected energy band (photons cm~2 s71), B is the background noise count rate
(counts/s), T is the observation time (s) and Qoo is the polarimetric modulation
factor for a 100% polarized source.

High polarimetric performance for hard X/soft y-rays can be achieved fulfilling
the following requirements: high scattering efficiency, fine spatial resolution, and
fine spectroscopy. These characteristics allow a large flexibility in scattered events
selection, and therefore several event filter can be implemented to optimize the
modulation factor and the event efficiency, and consequently improve the MDP.
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4. Polarimetric Analyses for a Monochromatic Source
4.1. NFT

In order to fulfil the requirements on the ASTENA NFT, and following the knowhow
acquired by both experiments on CdTe/CZT detectors used as scattering po-
larimeter and development on 3D CZT spectrometers?’, a simple model of the
NFT focal plane has been implemented using MEGALIib tools?!. Using the ME-
GAlib/Geomega package, we implement a numerical model made of a stack of 4
thick layers of CZT separated by a layer (10 mm thick) of a PCB type mixture
passive material, representative of the read-out front-end electronics board (Fig.
2). Each CZT layer is 20 mm thick and 80 mm x 80 mm wide. The CZT layers
were divided in voxels with dimensions 0.25 x 0.25 x 0.25 mm? each. The spectro-
scopic response of the detector is simply modeled by a relationship derived from
measurements on CZT drift strips spectrometers?2. In all the performed simulation
runs, we set the low energy threshold to 5 keV, that is a reasonable value at room
temperature as demonstrated by the same experimental results.

The Laue lens configuration will impinge an almost monochromatic beam for
each crystal ring on the detector, each one having a small inclination angle with
respect to the axis of the lens, ranging from 0.4° (at the energy of 600 keV, corre-
sponding to the inner radius) to 4.5° (at the energy of 50 keV, corresponding to the
external radius). This will produce rings of photons with similar energy hitting the
detector inside a PSF. We know from previous experiments that an off-axis beam
introduce geometric effects on the detector that affect the modulation factor?3.
However, since the Laue lens presents a 180° symmetry, for each beam there will be
a symmetric beam with opposite off-axis angle. This configuration will correct any
possible systematic error due to the off-axis beam and the results will be similar
as we impinge an on-axis beam on the detector. In fact, a systematic study was
performed in order to validate this assumption. We evaluated the modulation factor
by varying the number of pair of symmetric off-axis beams from 1 to 128, obtain-
ing a distribution of values for the modulation factor with a standard deviation of
0.02 from the central value which is comparable with the error on the values of the
modulation factor. To simulate a full Laue lens would require ~20000 beams, each
with its off-axis angle, however, by taking into account the aforementioned results,
we decided to use instead a Gaussian cone shape beam, 20 m from the detector,
which produce a Gaussian shape PSF with a FWHM of 0.15 ¢m on the top of
the detector. This will simplify the simulation code and speed up the simulations
without compromising the result.

To ensure the quality of the selected events we perform a check by Compton
kinematics — by evaluating the energy of the two first interactions and the corre-
sponding scattering angle we ensure that it corresponds to the expected values and
the event can be selected as a "good event”. This also can be done for multiple
interactions, by using the energy of the first interaction, the sum of the following
interactions and the scattering angle from the first and second interaction. This
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Fig. 2. Monte Carlo model of the the NFT focal plane. The gray volumes represent the segmented
CZT spectrometer, while the green ones represent the readout electronics boards.

method ensures that all the events selected are true Compton events and have
polarimetric information on it. This method also removes the double events that
occur in neighbour pixels. These type of events can introduce anomalies because
the scattering angle is difficult to know. Since we consider the interaction in the
center of pixel these types of events will be considered as a ~90° scattering event
(high polarimetric information). However, if the interactions occur near the edges
of the pixels the scattering angle can be ~0° (low polarimetric information).

Due to the focusing properties of the NFT we know that the first interaction is
always inside the PSF. These allows a further correction since we only select the
events which complies with this condition. This will reduce the background or any
spurious events that occur in the detector.

After the selections, the scattering maps and modulation curves are drawn. To
correct the systematic effects introduced by the detector geometry we also simu-
late an unpolarized source in the same conditions as the polarized source and we
corrected the distributions with equation 3. As an example fig. 3 presents the
scattering maps obtained for a 300 keV unpolarized beam and for a 100% polarized
beam with a polarization vector direction of 60°. By diving the scattering maps
into 24 bins we achieved the azimuthal distributions presented in Fig. 3, below
each scattering map. The corrected modulation curve is presented in Fig. 4. The
corrected curve is then fitted with equation 2 to get the modulation factor and the
polarization angle.

In Fig. 5 it is presented the modulation factor as function of the energy for the
NFT focal plane for monochromatic beams ranging from 100 to 600 keV. These
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Fig. 3. Scattering maps and azimuthal distributions obtained for an unpolarized (left) and 100%
polarized (right) beam. The beam energy is 300 keV and the polarization vector direction is 60°

for the 100% polarized case.
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Fig. 4. Corrected modulation curve obtained when we apply the correction in eq. 3 on the

histograms of fig. 3.

results showed that the NFT Focal Plane Detector (FPD) has potential to perform
polarimetric analysis in the whole energy range presenting modulation factors >0.2.
As expected, the best modulation factor is obtained at energies ~300 keV. The
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Fig. 5. NFT modulation factor and event efficiency as function of the energy.
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Fig. 6. NFT modulation factor and event efficiency as function of the energy for events with
scattering angles of ~90°.

percentage of selected events shows its maximum at ~200 keV where the Compton
cross section prevails over the other interactions in the CZT.

Due to the highly segmented detector we can also select events that maximize
the modulation factor like events with scattering angles ~90° (along the detector
axis). By making a selection in the Z coordinates we ensure that all the events have
~90°. In Fig. 6 it is shown the modulation factor as a function of the energy taking
account this selection. As can be seen, there is a big increase of the modulation
factor when compared with the results without selection. The modulation factor
reaches values near ~0.8 for energies ~200 keV. However the efliciency is very
affected and reduced to values below ~1%.
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Fig. 7. A geometry sketch of the the WFM-IS unit. The green volume represent the CsI scintil-
lators, while the gray ones represent the Si SDDs, light gray on top and dark gray on bottom.

4.2. WFM-IS

The Monte Carlo model of one WFM-IS unit is presented in Fig. 7. It consists of an
hexagonal 40x40 array of CsI scintillators (for a total of 205 bars), with a distance
between contiguous centres across hexagon flat sides of 5 mm, and a length of 50
mm. To mimic the depth resolution of the detector we segmented the bars in 10
segments of 5 mm each. On the top the detector has a linear SDD, 0.4 mm thick,
and, on bottom an hexagonal single anode SDD, 0.4 mm thick, with a distance
between hexagon flat sides of 5 mm. To construct the full WFM-IS we copied 12
units and placed along an hexagonal configuration, 2 units in each hexagon side,
with a distance from the center (lens axis) of 1.5 m.

Since the WFM-IS is a wide field instrument, the beam used for the simulations
was a far point source. For the WFM-IS we do not know were the beam under-
goes the first interaction, all the scintillating bars will be scattering and absorbing
elements, so we selected the events that comply the Compton kinematics and we
corrected the signal data with the unpolarized data. In Fig. 8 the scattering maps
are shown for a 500 keV unpolarized and 100% polarized source.

A systematic study was performed using monochromatic sources from 125 keV
to 5 MeV. Fig. 9 shows the modulation factor and efficiency obtained for one
WFM-IS unit and the full WFM-IS. As can be seen, for energies below 1 MeV
the modulation factor shows values >0.2, however for energies above 1 MeV the
modulation factor drops drastically becoming impossible to get polarization results.
The reason for this is that for energies > 1 MeV both the theoretic value of the
modulation factor and the efficiency of the Compton process drop significantly'°.
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Scattering maps obtained for a 500 keV unpolarized (left) and 100% polarized (right)
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WFM-IS unit and for the full WFM-IS.

Modulation factor (top) and event efficiency (bottom) as function of the energy for one

When comparing the results for one WFM-IS unit and for the full WFM-IS the
results of the modulation factor are similar, however the event efficiency increases

when using the full WFM-IS.
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Fig. 10. Minimum detectable polarization (MDP) versus energy for a 100 mCrab source when
observing with NFT and WFM-IS for 100 ks.

5. Polarimetric Sensitivity of ASTENA

In order to estimate the potential MDP of the ASTENA mission in a LEO (low
Earth orbit) when observing a Crab type source, we simulated a source with a power
law spectrum (normalization at 1 keV: 10.74 photons keV~! s72 em~2; photon in-
dex: 2.17) for each instrument individually and obtained the modulation factor and
event efficiency. The simulated energy range was in accordance with the instru-
ment energy passband: for the NFT 65 — 600 keV; and for the WFM-IS 150 keV — 1
MeV. As before, we simulated an on-axis Gaussian cone beam to mimic the 1.5 mm
diameter of the Lens PSF for the NFT and a on-axis far source for the WFM-IS.

The background components were modeled in detail also using the MEGALlib
environment tools for both NFT and WFM-IS using the works?4 28, Background
simulations were performed for both instruments individually and, to determine
the real background for polarimetric analyses, we also performed the same selection
process as the data. First we checked the events by Compton kinematics and, for
the NFT data, we check if the first interaction is inside the PSF.

The effective area of the NFT was computed analytically as the product of the
geometrical area of the instrument and the reflection efficiency of the lens!? times
the effective area for the WFM-IS was estimated using MEGAIlib simulations.

The calculated MDP as a function of the energy when observing a 100 mCrab
source for 100 ks is presented in Fig.10. As can be seen, for energies < 200 keV the
NFT presents MDP values ~1%. However, above that energy it starts to substan-
tially degrade because of the decrease of effective area of the Laue lens. For energies
above 300 keV the WFM-IS presents a better MDP than the NFT meaning that
the instruments can complement each other in energy bands.
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6. Conclusions

In the next missions for medium energy astrophysics, polarimetry will be a funda-
mental requirement for the solution of important scientific problems related to the
nature and geometry of the high energy cosmic sources emission. The ASTENA
mission, under study as part of the European project AHEAD 2020, thanks to the
high efficient, fine spectral resolution and high segmentation of the detectors on-
board will be able to make polarimetry a standard way of observation by definitively
opening this observation window also in the field of hard X- and soft ~-rays.

In this work we presented the results of an ongoing study which aims at a reli-
able and realistic evaluation of the performance in terms of polarimetry achievable
with ASTENA, and obtain information for optimizing the design of the detection
systems. The results show that the NFT will be able to achieve unprecedented po-
larametric capabilities for energies between 60 - 300 keV, while the WFM-IS will be
capable to provide polarimetric measurements up to 1 MeV. ASTENA polarimetric
performances show that such instruments hold the potential to address gamma-ray
polarimetry with high sensitivity and contribute to expanding this new astrophysics
knowledge window.
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