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Abstract. We have developed a gaseous Time Projection Chamber (TPC) containing a single-layered foil of a
gas electron multiplier (GEM) to open up a new window on cosmic X-ray polarimetry in the 2–10 keV band.
The micro-pattern TPC polarimeter in combination with the Scalable Readout System produced by the RD51
collaboration has been built as an engineering model to optimize detector parameters and improve polarimeter
sensitivity. The polarimeter was characterized with unpolarized X-rays from an X-ray generator in a laboratory
and polarized X-rays on the BL32B2 beamline at the SPring-8 synchrotron radiation facility. Preliminary results
show that the polarimeter has a comparable modulation factor to a prototype of the flight one.

1 Introduction
Recent progress in micro-pattern gas detectors enables us
to sensitively and shapely track charged particles including
photoelectrons with an energy down to 1 keV. The angular
distribution of photoelectrons originated from the photoelectron eﬀect is sensitive to the electric field vector (or
polarization direction) of incident X-rays. Since the photoelectron eﬀect is the dominant interaction of X-rays, the
micro-pattern gas polarimeter is expected to open up a new
window on cosmic X-ray polarimetry.
So far, the Crab Nebula is the only astronomical source
that has been detected by X-ray polarization measurements since the 1970s [1]. In order to make a breakthrough
in cosmic X-ray polarimetry, three satellite missions, each
of which will carry micro-pattern gas polarimeters utilizing the photoelectric eﬀect in orbit, were selected in
2015 as a promising candidate for launch in the 2020s.
XIPE (X-ray Imaging Polarimetry Explorer) [2] is an ESA
medium-class mission candidate, while IXPE (Imaging Xray Polarimetry Explorer) and PRAXyS (Polarimeter for
Relativistic Astrophysical X-ray Sources) [3] are NASA
Small Explore finalists.
Micro-pattern gas polarimeters can detect the X-ray
polarization by imaging a 2-D photoelectron track projected on to a plane perpendicular to the incident X-ray
direction. They are mainly divide into two types according to the X-ray imaging capability. XIPE and IXPE will
carry X-ray imaging polarimeters with a 2-D readout system [4, 5]. PRAXyS will have a nonimaging but higher
sensitive polarimeter with 1-D strip electrodes using the
a e-mail: kitaguti@hiroshima-u.ac.jp

time projection chamber (TPC) technique [6, 7]. In addition, the electric drift field direction is diﬀerent: the imaging polarimeter has parallel electric field to the incident
X-ray direction, whereas the nonimaging one has perpendicular field and therefore is unable to determine an interaction point along the electron drift direction. Instead,
the latter polarimeter has more thicker absorption volume
along the incident X-ray direction.
This paper deals with development of an engineering model of the micro-pattern TPC polarimeter combined
with the Scalable Readout System (SRS) [8] produced
by the RD51 Collaboration [9]. The polarimeter with
SRS has been developed for ground tests to improve polarimetry sensitivity by quickly and flexibly changing detector parameters such as gas pressure and electric field
strengths. Preliminary results of polarimeter performance
evaluation is also described. However, more detailed results will be described elsewhere.

2 Overview of X-ray polarimeter
The detailed design and detection concept of the micropattern TPC polarimeter for cosmic X-rays onboard
PRAXyS is described in [6]. A schematic view of the
polarimeter with SRS is illustrated in Figure 1. The polarimeter chamber is sealed with dimethyl ether gas at low
pressure of 190 Torr and consists of a thick (8 cm along the
incident X-ray direction) drift/absorption region between
the drift electrode and the gas electron multiplier (GEM)
cathode and an induction region between the GEM anode
and 128-ch readout strips with a pitch of 121 µm. These
devices installed in the chamber for the engineering model
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3 Preliminary results of polarimeter
performance
In order to characterize the polarimeter, it was irradiated
with unpolarized X-rays in a laboratory and polarized Xrays on the BL32B2 beamline at the SPring-8 synchrotron
facility. Unpolarized X-rays at energies of 4.5 and 6.4 keV
separately generated by an X-ray generator were used to
calibrate polarimeter parameters (gas pressure, high voltages, image processing parameters, and so on) so that the
modulation curve, which is a distribution of photoelectron
emission angles, becomes flat. The parameters derived
from the unpolarized data were then used for polarized
data. Polarized and collimated X-rays were generated at
four energies (4.5, 5.5, 6.4, and 7.5 keV) at five detector positions or drift lengths from the GEM cathode (4.6,
7.6, 10.6, 13.6 and 16.6 mm). The polarized beam test at
SPring-8 was performed in December 7–15, 2014.
Figure 3 shows 6.4 keV spectra at various detector positions. The energy resolution (FWHM) of all the spectra is 22%, which is larger than that of a prototype of the
flight polarimeter, 16% [12]. The broader energy resolution is due to a non-uniform gain of the GEM foil [13]
and could be improved by replacing it with a foil of improved quality. The spectral peak is shifted to the lower
channel with the increase of the drift distance because of
electron attachment of impurity gas caused by outgassing
[14]. An electron attachment coeﬃcient at the drift field
of 374 V cm−1 is ∼ 0.05 cm−1 , derived by exponential
fitting to the spectral peak as a function of the drift distance. The spectral peak shift due to electron attachment
(not seen in the flight equivalent polarimeter [12]), can be
reduced by long-term bake-out, which was performed, for
the polarimeter chamber, with the temperature of 80◦ C for
a week before the beam test.
Figure 4 shows photoelectron tracks with various energies at diﬀerent X-ray irradiation positions. Some of
them are curved due to large-angle Coulomb scattering
with DME gas. The pixel region having a large amount
of charge is the Bragg peak which represents the end point
of the track. The track length increases with the increase
of the incident X-ray energy. In addition, the track is more
blurred with the increase of the electron drift length due to
electron diﬀusion. The diﬀusion size for 1 cm drift length
at the electric field of 374 V cm−1 is 140 µm or 1.2 pixel,
which is numerically calculated with Magboltz [15].
In order to reconstruct the photoelectron emission angle, the major principal axis with the origin at the barycenter from the charge distribution of the track image is regarded as the reconstructed angle. The Bragg peak, which
represents the track end point and is unnecessary to reconstruct the initial angle of photoelectron emission, is clearly
seen in long and curved tracks with a high eccentricity
(e.g. the top left panels of Figure 4). Therefore, for such
high eccentricity tracks, the half of the charge distribution
which is separated by the minor principal axis and contains the Bragg peak is cut oﬀ. Then, the major principal
axis, which is regarded as the revised photoelectron emission angle, is calculated again with the remaining charge
distribution. The Bragg peak cut improves the modulation

Figure 1. Schematic view of the polarimeter combined with
SRS. The detector is self-triggered by using the GEM cathode
signal in input to the trigger connector of SRS/FEC. The polarimeter chamber is placed on the X-Z stage to adjust the X-ray
beam position.

Table 1. Diﬀerence of polarimeter parameters.

Sampling number
Sampling rate (MHz)
Drift field (V/cm)
Induction gap (mm)

Polarimeter
This work Flight model
27
30
40
20
374
196
1
0.25

are almost the same as those of the flight prototype. The
main diﬀerence between them is a signal readout system:
the flight prototype uses the APV25 ASIC [10] controlled
by a NASA-programmed FPGA, whereas the polarimeter
utilizes SRS with APV25. The other diﬀerences on detector settings are listed in Table 1. Because the ADC sampling rate of SRS is fixed at 40 MHz and twice as fast as
that of the flight polarimeter, the electron drift velocity is
set to be 4.84 µm ns−1 by adjusting the drift field strength
so that the TPC image pixel size is 121 µm for both polarimeters.
An online data analysis software dedicated to X-ray
polarimetry was developed based on the ROOT analysis framework [11]. The event-by-event analysis software consists of three threads: an event receiver, an analyzer/recorder, and a monitor. A quick-look monitor
to display plots of a track image, spectrum, modulation
curve, and so on as shown in Figure 2 allows us to check
preliminary results of the polarization measurement as
soon as data from SRS are taken. The data analyzer mainly
performs track image processing which execute pedestal
subtraction, common mode noise subtraction, electronics response deconvolution, and photoelectron angle reconstruction in sequence. Before X-ray beam irradiation,
data of the pedestal and the impulsive electronics response
are acquired with periodic internal triggers generated by
FPGA on the SRS front-end card (FEC) and periodic test
pulses from the on-chip calibration circuit on APV25, respectively.
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Figure 2. Online monitor to display polarization measurement data. Individual plots represent (a) full (27×128 pixels) track image with
the θ angle definition, (b) and (c) stacked image projected to the Y-and X-axis of the track image, respectively, (d) trimmed (27 × 27
pixels) track image centering on the charge centroid with the blue arrow representing a estimated angle of photoelectron emission
direction, (e) time variation of count rates, (f) ADC channel spectrum, (g) distribution of the number of hit pixels, and (h) modulation
curve in the coordinate system that 0 deg points the top of the track image. The data were taken by irradiation of polarized X-rays with
the energy of 6.4 keV at SPring-8/BL32B2.
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bination with the SRS/AVP25 signal readout module for
ground tests. The polarimeter was characterized with polarized X-rays at SPring-8/BL32B2. Preliminary results
show that the developed polarimeter has a comparable
modulation factor to the flight equivalent one.
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Figure 3. Measured spectra with 6.4 keV X-ray irradiation at
diﬀerent detector positions. The ADC channel of each event is
total amount of charge in the trimmed track image with the size
of 27 × 27 pixels.
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