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Abstract— Today, the measurement of the polarization status of
cosmic sources high-energy emission, is recognized as a key
observational parameter to understand the active production
mechanism and its geometry. Therefore, a mandatory
requirement for new instrumentations operating in this energy
range will be to provide high sensitivity for polarimetric
measurements. In this framework, we have presented the concept
of a small high-performance imaging spectrometer optimized for
polarimetry between 100 and 600 keV suitable for a stratospheric
balloon-borne payload and as a pathfinder for a future satellite
mission. The detector with 3D spatial resolution is based on a CZT
spectrometer in a highly segmented configuration designed to
operate simultaneously as a high performance scattering
polarimeter. Herein, we report results of a Monte Carlo study
devoted to optimize the configuration of the detector for
polarimetry with particular focus on event selection filter able to
increase the polarimetric performance. This preliminary analysis
shows that a procedure to optimize the polarization response of a
3D spectrometers should first of all determine the best tradeoff
between the statistical significance and the quality of the
modulation factor.

1. INTRODUCTION

TTHE measurements of the polarization status of hard X- and
soft y-rays from cosmic sources represent a powerful
diagnostic tool to identify the emission mechanisms and to
obtain fundamental information on the geometry of emitting
region [1]. To date very few reliable polarization measurements
in the hard X-/soft gamma-ray domain are available. Significant
results were recently obtained for a very long exposure (>10° s)
using the SPI (SPectrometer on INTEGRAL) and IBIS (Imager
on-Board INTEGRAL Satellite) telescopes on the polarization
of the Crab (that is the most intense source in this energy
domain) [2, 3] and on Cyg-X-1 [4]. Furthermore, the signature
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of polarisation have been observed in some strong Gamma-Ray
Burst [5, 6]. Many different research groups are involved in the
development of hard X- and soft gamma-ray polarimeters for
balloon experiments and/or for space instrumentation; see for
some examples [7, 8, and 9]. Recently, the data obtained by the
PoGOLite balloon flown in July 2013 on the Crab are in good
agreement with the SPI rsults in a different energy range [10].
Herein we present some undergoing activities for the design
of a balloon borne experiment based on a compact highly CZT
segmented detector
dedicated in particular to
assess its capability as a

scattering polarimeter in the K

60-600 keV range through [
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II. SCATTERING POLARIMETRY WITH PIXEL DETECTORS

In the hard X- and soft y-rays regime polarimetric
measurements are possible using Compton scattered events.
The Klein-Nishina (K-N) equation cross-section exhibits an
azimuthal dependency in the scattering direction for linearly
polarized photons [13]; for polarized photons, the probability
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distribution of the scattering angle will present a maximum
along the direction orthogonal to the polarisation plane and a
minimum in the parallel one (Fig. 1).

A pixel (i.e., a highly segmented) detector offers an efficient
method to measure the linear polarisation status of incoming
photons using Compton scattering. Indeed, with a coincidence
event logic, each element/pixel can act at the same time as both
a scattering and a detection unit. A further advantage being that
the polarimetric measurement can performed in parallel with all
the other standard operational modes (i.e. imaging,
spectroscopy and timing). In the last fifteen years, we
performed different experiments on CdTe/CZT pixel detectors
at the ESRF (Grenoble) with the linearly polarized high-energy
beam at ID15 [14, 15, 16, and 17].

For a pixel detector, a simple figure of merit as scattering
polarimeter, the Q factor, is defined by:

NN, )
N_+N )

where N, and N, are the sums of scattered events in two
orthogonal directions. In fact, Q is a periodical (= 27) function
of the azimuthal angle ¢. The Q reaches a maximum in absolute

value when one of the two orthogonal directions is parallel to
the polarized photon electric field direction.

0=

Fig. 2. Scatter maps of a 98% polarized beam collimated into one of the
center pixels with the polarization direction inclined 45° with respect to detector
sides: (left) 5 mm thick CZT detector (POLCA) with 11x11 pixels of 2.5 mm
pitch. (right) Caliste module equipped with 2 mm thick CZT pixel spectrometer
(16x16 pixels with 0.625 mm pitch).

In such type of detectors, the polarization status of the incoming
flux can be evaluated by building the distribution of the two
interaction positions, depositing E; and E; respectively. Fig. 2
shows two examples of reconstructed scattering maps obtained
with two different CZT pixel detectors.

III. 3D CZT/CDTE SPECTROMETERS FOR SCATTERING
POLARIMETRY

The performance of a polarimeter based on a highly
segmented detector is strongly dependent on its geometrical
configuration. To achieve good polarimetric performance for
hard X/soft y rays, the detector should fulfil the following
requirements:

- high scattering efficiency,
thickness;

- high modulation factor achievable with decreased thickness
and pixel size;

achievable with increased

- fine  spectroscopy  allowing
effective background rejection
and good event selection.

An efficient answer to all this
requirements is offered by
spectro-imagers ~ with  three
dimension spatial resolution (3D
spectrometers). In particular,
concerning CZT/CdTe detector
technology, at least two different Fig. 3. PTF imadiation
solutions are under study. Both configuration: the photons are
are based on the PTF (Planar impinging onto the detector
Transverse Field) irradiation Orthogonally to the collecting field

direction

configuration (Fig. 3), in which

the photon absorption thickness is independent from the charge

collecting distance, practically limited only by bulk crystal

growing technology.

The first solution (a) use pixel spectrometer as basic sensor
unit (Fig. 4a). This configuration is under development by the
ICE group in Bellaterra [18]. The second solution (b) is under
development at the DTU-Space, IASF/INAF and IMEM/CNR
[19-20]. In this case, the sensor unit is a bulk CZT crystal with
both the electrode sides segmented in two sets of orthogonal
micro-strips  (Fig. 4b). Furthermore, the anode side set
implement a drift strip configuration allowing the evaluation of
the photon interaction position between the two electrode sides.

(@ (b

Fig. 4. (a) Pixel detector used in PTF. The basic unit is a single 12.5x12.5

mm2 CdTe crystal (2 mm thick) with a planar cathode and with the anode

segmented in a 11x11 pixel array with 1 mm pitch. (b) Drift strip detector used
in PTF. The basic unit is a single 20x20 mm?* CZT crystal (5 mm thick).

CZT/CdTe sensors units, regardless of the configuration, can
be assembled on thin insulating supports to build linear
modules. Therefore, the linear modules itself could be stacked
together as in the scheme shown in Fig. 5.

We point out that such type of 3D detector modules is
equivalent to stack of thinner layers, but without any passive
material within.

The final size of 3D
pixels (i.e. voxels) in
these modules depends
on both the configuration
and the segmentation of
electrodes the CdTe/CZT
sensors units and can
range between mm and Fig. 5. A possible assembling scheme for
hundreds of micrometers a 3D stack module.
scales.




IV. THE CuSP BALLOON BORNE PAYLOAD OUTLINE

In order to realize the detector of CuSP, we propose to build
a mosaic of 2x2 of the above 3D stack modules. Each module
will be rotated 90° with respect to the adjacent ones to minimize
the systematic effect on the polarization modulation induced by
the voxel geometry (e.g. voxel dimensions asymmetry,
diagonal effect) [17]. Table I reports the main characteristics of
possible configuration for the CuSP detector.

The detector is coupled with a simple (i.e. same size of the
detector) Coded Mask made by thin high Z opaque elements to
provide imaging up ~100 keV. The imaging (at 20" level) will
be used to control the source pointing and the calibration of the
instrument itself. In the opposite, the mask shall become almost
completely transparent above ~150 keV to expose the full
sensitive detector area, increasing the polarization sensitivity.

The main objective of the CuSP balloon payload will be to
assess definitively the performance of highly segmented high Z
3D spectrometers as scattering polarimeters by performing a
measurement of the Crab source in the range between 100-600
keV. The success of such balloon experiment will confirm the
advantages and the suitability of using this type of detector for
future space mission based on new high energy focusing systems.

TABLE L. CuSP DETECTOR MAIN CHARACTERISTICS AND RESOURCES.
(a) and (b) refers to PTF pixel and PTF drift strip sensor units, respectively.

Sensitive area 400 cm?

3D configuration

2x2 mosaic of stack modules

Stack module

20 linear module (10x10 cm?)

Linear module

4 CZT (2 mm thick) crystals

CZT/CdTe unit 2.5%x2 ¢cm?, 5 mm thick
Voxel size 2x2x2 mm? (geometric)
Voxels number ~30000 (2)/15000 (b)
Power (AFEE) ~40 (a)/~20 (b) W
Active Weight ~1.5kg

Instrument type Simple Coded Mask
Mask-Detector Separation 100 cm

Shielding Passive

Detector Operative Range 5-600 keV

Polarimetry Range 100-600 keV

The main objective of the CuSP balloon payload will be to
assess definitively the performance of highly segmented high Z
3D spectrometers as scattering polarimeters by performing a
measurement of the Crab source in the range between 100-600
keV. The success of such balloon experiment will confirm the
advantages and the suitability of using this type of detector for
future space mission based on new high energy focusing systems.

A measure of the polarimetric capability of an instrument is
given by the Minimum Detectable Polarization (MDPogy)
defined as [1]:

MDP.. - 4.29 |A-¢-S,.+B @)
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Based on the chosen detector configuration and on the Q
values (0.3-0.5) obtained with CZT pixel prototype in the
different experiments at the ESRF (Grenoble), we expect to

achieve with the CuSP instrument a MDP level between 2 and
5% for a 10000 s observations over the range 60-600 keV [21].

V. MONTE CARLO STUDY OF THE POLARIMETRIC 3D
DETECTOR RESPONSE

Monte Carlo modelling represents an essential step in the
optimisation of pixel detector polarimetric response and in
defining the best trade-off between performance and detector
design complexity. Using GEANT4 [22], we are performing
numerical simulations using a simple model based on a CZT
block (20 cm x 20 cm x 2 cm) that can be segmented in 3D at
any defined voxel size by a SW tool developed in MATLAB
[23]. This tool read the event files generated by GEANT4
simulation runs and allow to perform and implement different
analysis by an easy parametrisation of different parameters.

The simulations, related to the present work, are based on the
following characteristics for both the detector and the
impinging photon flux:

- Parallel and on axis flux (incidence angle=0°) impinging
uniformly on the overall detector top surface (400 cm?);

- Impinging flux 100% linearly polarized,;

- Photons spectrum: 10xE-2 photons/keV/cm?/s in the 60-600
keV range (Crab like spectrum) for a total of 10° photons;

- Segmentation of the detector volume: 2 mm x 2 mm x 2
mm voxels.

- Detector volume equivalent to a 3D (i, j, k) array of
100%100%20 elements.

The simulated number of photons is equivalent to a source
observation time of ~4.6 hours. This time is fully compatible
with the typical length of an observation pointed to the Crab
source from a mid-latitude balloon borne experiment launched
in the northern hemisphere.

Table II report the values of double events efficiency in 4
evenly spaced logarithmic energy band between 60 and 600
keV together with the modulation factor Q obtained using Eq.
(1) by summing the counts over the central row and the central
column of the scattering map. This draft evaluation of Q is
possible because we know the orientation of the polarization
vector of the imping photons. Both double event efficiencies
and the Q values are given the first time considering all the
double events (Z=free) and in the second case counting only
double events in which each hits have the same Z coordinate
(Z=cost). This selection tend to increase the Q factor because is
equivalent to select scattering angle in average more close to
90°.

TABLE II. DOUBLE EVENTS EFFICIENCY AND
RELATIVE MODULATION FACTOR Q

AE Double Qfree Double Qcost
(keV) Z=free Z=cost
60-107 0.6% 0.22 0.5% 0.24
107-190 7.9% 0.30 3.9% 0.31
190-337 22.9% 0.19 7.5% 0.33
337-600 23.1% 0.19 6.1% 0.30

In general, with 2 mm segmentation scale in 3D, the selection
of double events with Z=cost allow a small improvement of the
Q factor in almost all energy bands. However, this selection is



paid by strong loss in statistics due to the decrease of double
events efficiency: from 1/2 to more than 1/3 of all double
events. In fact, the small improvement in Q does not
compensate the reduction of the double event detection
efficiency (¢) because the detection efficiency and the Q value
weight as 1/(Q xsqrt(¢)) in defining the MDP (Eq. 2).

Using the results reported in Table II, we concentrated our
analysis in the third energy band, in which the double events
efficiency maximizes together with the raw evaluated Q factor.
This energy band represent just the 15% of the total impinging
photons. We use these energy band to mainly study the effect
in the modulation factor evaluation of event filters based on the
distance between the two hits (named in the following also
adjacency). Fig. 6 (left) show the histogram of the double event
hits distribution distance in pixels in the band 190-337 keV.
From this figure is clear that the first order adjacency (i.e. the
two hits happens in adjacent pixels) is dominant, and that
distance larger than 5-6 are really few.
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Fig. 6. (left) Distance distribution between the hits of double events in the
third energy band of Table II; (right) The counts integration scheme used to
build the modulation curves. The cyan (light) lines limit the two orthogonal
angular sectors used to calculate the sums of scattered events in two orthogonal
directions (N and N,) required by Eq (1). The red (dark) square concentric
perimeters exemplify the applied adjacency filter.

Fig. 6 (right) shows the method implemented in the
MATLAB data analysis tool to build the modulation curve. The
two orthogonal angular sector (0.2° aperture) are rotated by a
defined angular step (10° in the present work) to cover 360°.
Therefore, for each phase angle the modulation factor Q(a) is
evaluated by using Eq (1). The results of this procedure all the
double events recorded in the energy band 190-337 keV is
plotted in Fig. 7 for the two cases: double events with Z=free
and Z=cost, respectively.

The shapes of both modulation curves in Fig. 7 exhibit a quite
evident large scale discretization with the phase angle. This is
the effect of the first order adjacency counts that are dominant
in the statistics. The scattering in the first order adjacency pixel
tend to limits the phase angle sensitivity to 40° (i.e. 360/9
surrounding pixels) steps.

In order to overcome this effect, we have built the modulation
curve applying a filter in the adjacency order of scattered
events. In particular, as a first trial, we have selected double
events whose distance between the hits is comprised between 2
and 5 pixels. The result is presented in Fig. 8, for the usual case
of Z=free and Z=cost. The implementation of this event filter
produces a marked improvement of both the maximum Q and
the shape of the modulation curves. In the case of Z=fiee double
events the maximum Q reach a value of 0.47 with respect to
0.27 for the no adjacency filter case. The improvement of

maximum Q is even greater when the filter is applied to Z=cost
double events, reaching 0.75 (0.33 for the no adjacency filter
case). Of course, as it is possible to infer from the same figure,
this improvement is paid also, in this case, by a dramatic loss in
the statistical significance of the calculated modulation values.
In fact, the 1o errors become quite large, in particular for the
Z=cost double events selection, decreasing drastically the
reliability of the result. This improvement is mainly due to the
fact that excluding the first order adjacency only a very low
percentage of double events is left (see Fig. 6 - left) in particular
in the direction orthogonal to the polarization plane. This
tendency is confirmed if we apply an adjacency filter selecting
only double events whose hits are at a distance between 3 and
6 pixels. The maximum Q again improve (0.85 for Z=cosf), but
the errors become so larger that the estimated values have
almost no statistical significance.

As expected, the modulation curves exhibit a smoother and
more continuous shape as function of the phase angle: the effect
of the square discretization of the detector is less evident.
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Fig. 7. The modulation curve with no adjacency filter: Q for all the double

events (z=free) is 0.277 £ 0.015, while for the z=cost double event Q= 0.331 +
0.023. This values are consistent with the ones reported in Table II.
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Fig. 8. The modulation curve obtained using double events with adjacency
between 2 and 5, with Z=cost and Z=free, respectively. The errors are at 1o
level.

Because the significance of the results strongly depends of
the events statistics, we have also implemented in the analysis
tool the possibility to easily define the width of the angular
aperture of the orthogonal sectors used to evaluate the N, and



the N, counts required for the evaluation of Q vs the phase angle
(see Fig. 6-right). Increasing the amplitude of the angular
aperture of these sectors, we can increase the statistics, of
course loosing again in some other characteristics, like the
maximum Q values and the sensitivity to phase angle. In Fig. 9
we present the modulation curves obtained with two different
angle aperture of the integration sectors (5° and 10°,
respectively) using double events within 2 to 5 pixel
adjacencies. The doubling of the count integration area over the
scattering matrix does not have any apparent effect in the
quality of the Q factor. In fact, the only effect, not reported in
the figure, is the increase of the statistical significance of each
point in the modulation curve of ~v/2 using 10° aperture with
respect to 5°. The apparent discontinuity each 45° is related
with the square shape of pixels. When phase angle pass through
the diagonal of pixel/detector the number of pixels that
contribute to counts change suddenly and this reflects in the
value of the modulation.
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Fig. 9. Filter 2-5 adjacency order for Z=cost and two angle aperture of the
integration section over the scattering map.

As a first conclusion, this preliminary analysis shows that a
procedure to optimize the polarization response of a 3D
spectrometers for each geometrical configuration should first of
all determine the best tradeoff between the statistical
significance and the quality of the modulation factor.

VI. ON GOING ACTIVITIES AND PERSPECTIVE

The CuSP balloon borne payload is a pathfinder for future
space instrumentation based on new hard X- and soft y-rays
focusing optics (Multilayer Concentrators and broad band Laue
lens) or for a small satellite mission intrument.

In particular, we plan to focus future activities on the
following main lines:

- Validation of the Monte Carlo code by comparison with
experimental data (e.g. the ESRF results on the Caliste 256
module);

- Implementation of a model of the readout detector response
(e.g. a realistic energy resolution model);

- Investigation of the effect of pixel size on the polarimetric
capabilities (future space instrumentation, e.g. Laue Lens
Telescope);

- Further investigation on the polarimetric performance
optimization through accurate data analysis and fine-tuning
of the double events selection filters.
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