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Abstract PolarLight is a space-borne X-ray polarimeter that measures the X-ray polarization via electron
tracking in an ionization chamber. It is a collimated instrument and thus suffers from the background on the
whole detector plane. The majority of background events are induced by high energy charged particles and
show ionization morphologies distinct from those produced by X-rays of interest. Comparing on-source and
off-source observations, we find that the two datasets display different distributions on image properties. The
boundaries between the source and background distributions are obtained and can be used for background
discrimination. Such a means can remove over 70% of the background events measured with PolarLight.
This approaches the theoretical upper limit of the background fraction that is removable and justifies its
effectiveness. For observations with the Crab nebula, the background contamination decreases from 25%
to 8% after discrimination, indicative of a polarimetric sensitivity of around 0.2 Crab for PolarLight. This
work also provides insights into future X-ray polarimetric telescopes.
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1 INTRODUCTION

PolarLight is a miniature space program dedicated to
astrophysical X-ray polarimetry in the energy range of
2–8 keV (Feng et al. 2019; Feng & Bellazzini 2020). It
features the gas pixel detector (GPD), which is a gas-
filled ionization chamber allowing us to track the trajectory
of photoelectrons ejected by incident X-rays (Costa et al.
2001). The polarization of the X-ray source can thus be
measured via the distribution of photoelectron emission
angles (Bellazzini et al. 2013).

Since the launch in October, 2018, PolarLight has been
serving in the space for more than two years (Li et al.
2021). The science targets of PolarLight include the Crab
nebula (Feng et al. 2020), Sco X-1, and some transient X-
ray binaries that are comparably bright. In the meanwhile,

background observations are conducted when the source is
occulted by the Earth. A particle tracking simulation of the
in-orbit radiation environment with a mass model of the
whole satellite suggests that the measured background in
the energy band of 2–8 keV is mainly induced by charged
particles, with a contribution of ∼76% from high energy
electrons/positrons, ∼17% from high energy protons, and
∼7% from cosmic X-rays leaking through surrounding
materials (Huang et al. 2021).

The background level is an important factor determin-
ing the sensitivity of polarization measurement (Weisskopf
et al. 2010). Background removal is particularly important
for PolarLight because it is a collimated instrument, where
the background all over the detector plane needs be taken
into account. As an ionization chamber, PolarLight has the
capability of distinguishing particle types and removing
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Fig. 1 Typical event images in the energy bin of 5.0–
5.5 keV likely produced by a source photon and a
background charged particle, respectively. The dashed box
is the readout window for each event.

part of the background events based on the track images.
Huang et al. (2021) reveal that the majority of background
events yield long, straight tracks that are distinct from
those produced by X-rays in the energy range of our
interest. However, they could also produce secondary
electrons in the PolarLight energy band, leading to energy
deposits and track images indistinguishable from those
due to source photons. It is found that roughly 28% of
the measured background appear like X-ray events, while
72% of them are typical of high energy charged particles.
This implies that an effective discrimination algorithm can
remove up to ∼72% of the background events in the energy
range of 2–8 keV. In this paper, we propose and justify
that a simple and robust means can effectively fulfill the
purpose.

2 DISCRIMINATION METHOD

When there are energy deposits in the detector, multiple
pixels could be triggered as long as the charge collected
on the pixel exceeds a pre-defined, constant level in
the electronics. Then, a rectangular readout window is
determined by adding 8 and 10 pixels along X and Y ,
respectively, on each side of the triggered pixels. The
readout window may extend to the very end pixels, and
consequently, events near the edge may have a smaller
number of margin pixels. Therefore, an event refers to
an image of charges in the readout window following an
electronic trigger.

The raw image consists of both signals and electronic
noise. Before imaging analysis, we employ a noise cut
and set the pixel values to zero if they are below the
noise threshold. Thanks to charge magnification with a
gain from a few hundred to a few thousand in the detector,
the electronic noise can be easily cut off. However, the
gain varies with time, and the choice of the noise threshold
may affect the wing size of the signal image. To minimize
such effects, we adjust the noise threshold according to the

detector gain, so that the image after noise cut remains the
same at various gains. The threshold is calculated for each
observation and is uniform across the detector plane.

Two event images that are likely resulted from an X-
ray and a high energy charged particle, respectively, are
displayed in Figure 1 for comparison. The dashed box
indicates the readout window. The two events are selected
to have similar energies. The X-ray-like event shows a
curved shape, while the comic-ray-like event is typically
straight. Also, cosmic-ray-like events tend to spread on
a larger number of pixels, due to a relatively low rate of
energy loss. Such differences allow us to distinguish them.

In this work, we use all of the observations of the Crab
nebula with a total exposure of about 1.4 Ms, and all the
background observations with a total exposure of about
390 ks. The energy calibration is performed following
Li et al. (2021) by comparing the model and measured
spectra. We select events in the energy range of 2–8 keV
and in the central ±7 mm region on the detector plane
(to exclude those near the edge with an incomplete track
image). For the Crab data, observations within an off-axis
angle of 0.2◦ are selected. For each event, we extract its
energy (E) and two characteristics from the image, the
diagonal size (L) of the readout window and the cluster
size (S) that represents the number of pixels above the
noise threshold. The 2D distribution of events on the L−E
plane is plotted in Figure 2 for observations of the Crab
nebula, which include both source and background events,
and observations of the pure background. Similarly, the
distributions on the S − E plane are plotted in Figure 3.

For both distributions, it is obvious that the on-source
distributions contain two components, one clustering
toward the low L and low S ends on top of an extended
component similar to the off-source (background) distribu-
tion. This is consistent with the fact that background events
tend to have large L and S compared with source events.
Then, we subtract the off-source distribution from the on-
source distribution, such that the pure source distribution
is seen (see Fig. 4).

In order to determine the boundary that separates
the source and background distributions, we extract the
1D distribution along L or S in each energy bin (see
Fig. 5). The on-source distribution and the off-source
distribution are consistent with each other at high L or S,
suggesting that the background is the dominant component
in these parameter spaces. While in low L or S, there
are significant excesses in the on-source distributions,
indicative of source dominance. Therefore, for either L
or S in each energy bin, we start from the peak location
of the on-source distribution and search toward high L
or S values, taking into account Poisson fluctuations, and
find the first point where the on-source distribution is
consistent with the off-source distribution within 3σ. We
adopt these points as the “boundaries” between the source-
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Fig. 2 Histogram of events as a function of energy (E) and the readout window diagonal size (L), for observations of the
Crab nebula (left) and background (right). The color indicates the logarithmic count rate in units of counts s−1 in each
(∆E, ∆L) pixel.
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Fig. 3 Histogram of events as a function of energy (E) and the cluster size (S), for observations of the Crab nebula (left)
and background (right). The color indicates the logarithmic count rate in units of counts s−1 in each (∆E, ∆S) pixel.
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Fig. 4 Pure source distribution on the L − E (left) and S − E (right) planes. The color indicates the logarithmic count
rate in units of counts s−1 in each (∆E, ∆L) or (∆E, ∆S) pixel. The red stars are the calculated boundaries between the
source-dominant and background-dominant regions in each energy bin, and the red curves are the discrimination curves.

dominant and background-dominant regimes on the L−E
or S − E plane, shown as crosses in Figure 4. We then
use empirical functions to fit the boundaries and obtain the
discrimination curves. The function can be in any form.
In this case, a quadratic polynomial is used, shown in
Figure 4. We note that the two examples shown in Figure 1
are respectively on the two sides of the discrimination
curves.

The discrimination curves determined using the above
algorithm are a function of the data quality, and may
depend on the signal to noise ratio. We investigate this
problem with a portion of the data and find that it is
insensitive to the exposure time but the boundaries vary
with the source-to-background flux ratio. This is mainly
because the source and background distributions overlap
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Fig. 5 One-dimensional distribution of readout window diagonal size (L) and cluster size (S) in each energy bin from
2 to 8 keV. The solid blue curve indicates the on-source distribution and the dashed red curve indicates the off-source
distribution. The dotted black line marks the L or S value (see text for details) above which the on- and off-source
distributions are consistent with each other.

on the L − E and S − E planes. Thus, the above curves
should be calculated for different sources.

In addition, laboratory tests suggest that ∼99% of the
X-ray events show a single charge island, i.e., all pixels
above the noise threshold are in a group of connected

pixels. On the other hand, charged particles may leave
behind multiple charge islands. This can be taken as
another criterion to distinguish source and background
events. We adopt the depth-first search algorithm to
identify independent charge islands in the image.
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Fig. 6 Left: fraction of remaining background events after
discrimination as a function of energy. Right: fraction of
source events as a function of energy before (dotted) and
after (solid) background discrimination in the data for the
Crab nebula.

3 CONCLUSION AND DISCUSSION

To conclude, background events in the PolarLight data in
the energy range of 2–8 keV can be discriminated using the
discrimination curves on the L−E and S −E planes (see
Fig. 4), plus a criterion that the number of charge islands
is greater than one.

Applying the above discrimination rules to the off-
source observations, we find that ∼74% of data are
classified to be background events and ∼26% are source-
like events. These fractions are subject to the choice of the
discrimination function. As mentioned above, simulations
reveal that ∼28% of the background particles result in an
energy deposit via a secondary electron in the energy band
of our interest (Huang et al. 2021). These events follow the
identical physical processes as a source photon does, and
are thus indistinguishable. Thus, the discrimination rules
are sufficiently effective and can remove the majority of
background events that are removable. Compared with the
algorithm used in Feng et al. (2020), we note that the new
method no longer utilizes the track eccentricity to screen
data, because screening with eccentricity may affect the
measurement of polarization and should best be avoided.

The remaining background after discrimination as
a function of energy, as well as the source photon
fraction for on-source observations of the Crab nebula,
are shown in Figure 6. For the on-source observations of
the Crab nebula, ∼82% of the events remain after the
discrimination. The background fraction is estimated to
be ∼25% in the raw data, and reduced to ∼8% after
discrimination. We note that these fractions are accurate
to roughly 2% due to systematic uncertainties in the
background determination. This helps improve the signal
to noise ratio and the instrument sensitivity. With such
a background fraction and an observing time of 1 Ms,
PolarLight can reach a minimum detectable polarization
of 10% for a 0.2 Crab source, or 5% for a 0.5 Crab source.

The means proposed in this paper does not rely on
complicated calculation or analysis. All the quantities (the
energy, readout window size, cluster size, and number

of charge islands) can be readily extracted from the
event images, immune from uncertainties or ambiguities
in parameter tuning. The same method can be applied to
observations of other targets. We note that, as the source
and background distributions overlap on the L − E and
S − E planes, the discrimination curves depend on the
source-to-background flux ratio. The brighter the source
is, the higher the discrimination curves are on the L − E
and S − E planes. The criterion on the number of charge
islands is independent of the source flux.

In the future, the same technology used in PolarLight
can be utilized in larger X-ray telescopes, such as
the Imaging X-ray Polarimetry Explorer (Weisskopf
et al. 2016) and the enhanced X-ray Timing and
Polarimetry (Zhang et al. 2019). These are imaging in-
struments and suffer less from background contamination
thanks to the small focal spot. The means proposed in this
paper is still useful to minimize the background level and
helps improve their sensitivities.
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