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Abstract: The geometric effect is an intrinsic response of gaseous X-ray polarimetry, which exhibits
some sharp peaks with a fixed period angle on modulation curves, especially in observations of
unpolarized sources, resulting in spurious modulation and a deviation of polarization detection. We
construct a simulation framework to study the origin of the geometric effect and evaluate the impact
on the performance of the polarimetry. The modulation curves from the simulation are consistent
with measurements while focusing on the geometric effect. The studies show that the geometric
effect is from the photoelectrons generated close to multiplier stages, a more significant geometric
effect with a deeper depth of the photoelectric impact point. The effect was characterized by a
diffusion coefficient related to photoelectric drift height to quantify the geometric effect. From the
simulation results, choosing smaller detector units could suppress the effect, and the size of the
detector unit is 1.25 times larger than the diffusion coefficient related to an observable geometric
effect. In addition, the relative contribution to the effect is approximately 65% for the GEM hole
pitch and 35% for the readout pitch. This study provides a reference for detection unit optimization
and the threshold setting of fired pixels in observations.
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1 Introduction

Gaseous detectors are widely used in X-ray polarimetry [1–4]. Two main types among them at present;
one is the Gas Pixel Detector (GPD) [5], and the other is the Time Projection Chamber (TPC) [6].
2-D projection images of photoelectric tracks can be obtained for both of them. The difference is
that 2-D coordinates are pixel positions for the GPD polarimetry, while one of the coordinates is the
arrival time of signal for the TPC polarimetry. The GPD polarimetry has better position resolution and
can image X-ray sources directly, while the TPC polarimetry could have a greater detector efficiency.
Whatever types in X-ray observation, the geometric effect is observed on the modulation curves for the
events with fewer fired pixels. The geometric effect means the modulation curves exhibit sharp peaks
with a fixed angle period, which corresponds to the spatial distribution pattern of detector units, such
as the GPD polarimetry; a 60◦ periodicity shows on the modulation curve, which reflects the spatial
distribution with hexagonal pattern for detector units. [7] The geometric effect distorts the distribution
of modulation curves, especially in unpolarized sources observation; the periodic peaks are distinct,
resulting in a spurious modulation and deviation of polarization detection. Although [7] found the
geometry effect in the GPD polarimetry, the origin and limitation of the effect need to be further
studied, and the influence on the polarization performance could not be quantified and effectively
evaluated. Therefore, we constructed a simulation framework and chose the GPD polarimetry as an
object in this study to pursue these unclear points. The glossary defined in this paper is shown in Tab 1.

Table 1. The glossary defined in this paper.

Detector unit
A unit that consists of a single GEM hole and a readout pixel,

both featuring the same pitch.
Size of the detector unit the pitch of the detector unit.

Contribution ratio
The proportion of the pitch of the GEM hole and

pitch of the readout pixel, relative to the size of the detector unit or
the reduced detector unit.

Reduced detector unit
Equivalent detection unit, encompassing a single GEM hole

and a readout pixel with different pitch.
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Figure 1. The modulation curves obtained from simulation and experiments in response to unpolarized X-rays
at 4.5 keV, the number of events is 100,000 for them. The left panel is the modulation curve without event
selection, and the middle and right panel is 20 % and 10 % events with fewer fired pixels, respectively.

2 Validation of simulation framework

The geometric effect is related to the size and spatial distribution of detector units within gaseous X-ray
polarimetry, which indicates the effect confirmed after the structure of detector units is determined.
Although the effect could be regarded as background and calibrated, it will increase too much time in
the calibration procedure. In general, the calibration period is several months for each polarimeter. [8]
To reduce the calibration time and suppress the geometric effect simultaneously, studies of the origin
and limitations of the effect are necessary. We refer to [9] and construct a simulation framework to
focus on the studies of the effect. Although [9, 10] verified the feasibility of the framework applied
in the X-ray polarimetry, the geometric effect is not mentioned. Therefore, we compare the effect
between simulation and measurements in the first.

The parameters of the detectors are in [11], the only difference is that the hole pitch and hole
diameter of the Gas Electron Multiplier (GEM) are 100 μm and 50 μm, respectively. The figure
shows modulation curves obtained from simulation and measurements. The incident energy is 4.5 keV
with unpolarized X-rays; the emission direction of photoelectrons is reconstructed by the standard
algorithm [12]. The periodic peaks are observed in figure 1; the peak values reflect the magnitude of
the influence of geometric effects. Two different patterns of peaks with 60◦ period are observed in the
figure, one is (−60◦, 0◦, 60◦), the other is (−90◦ (or 90◦), −30◦, 30◦). These two patterns correspond
to the first (60◦ spatial distribution) and second (30◦ spatial distribution) circular detector units
surrounding the photoelectric impact point, as presentation in the left panel of figure 3. The detector
units with the same spatial angles overlap on the modulation curve, resulting in more visible peaks for
the first pattern. The modulation curves from the simulation are consistent with measurements with
different event selection rates, indicating that the geometric effect could be studied with the simulation
framework. The peak values in the simulation are a little larger than measurements if focused on this
region. The reason is that the detector units are the same in the simulation, whereas non-uniformity
exists among them during production in reality [13], resulting in a relatively smooth peak trend. In
figure 1, the 20◦ period pattern is not apparent, suggesting that the geometric effect could be eliminated
if the threshold for activated pixels is set to 37, which corresponds to the number of pixels comprising
the first three circular detector units; however, the geometric effect also exists in the left panel of

– 2 –



2
0
2
5
 
J
I
N
S
T
 
2
0
 
P
0
2
0
0
7

80− 60− 40− 20− 0 20 40 60 80
]oAngle[

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

E
nt

ri
es

Exp.

Sim.

80− 60− 40− 20− 0 20 40 60 80
]oAngle[

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

E
nt

ri
es

Exp.

Sim.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Selection

0.01−

0

0.01

0.02

0.03

0.04

D
O

M

Exp.

Sim.

Figure 2. The left is the events with the number of fired pixels above 37; the middle is the curves after removing
10% events with fewer fired pixels; the right is the DOM with different event selection rates; the 𝑋-axis means
different cutting event rates with fewer fired pixels.

figure 2. The middle panel of figure 2 shows the modulation curves after removing 10% of events with
fewer fired pixels. The periodic peaks are not distinct, which means the geometric effect could be
suppressed after removing those events with fewer fired pixels. With the threshold increase, the degree
of modulation (DOM) changes a little, as shown in the right panel of figure 2, which indicates that the
polarization performance could not be affected while eradicating the geometric effect.
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Figure 3. The left panel presents a diagram of the circular region, with the blue and green circles encompassing
the first and second annuli surrounding the detector unit. Right panel shows the data after removal of 10 %
events with fewer fired pixels (blue) and the subtraction of the simulated distribution with geometric effects
(red), the DOM is 1.87± 0.46% and 2.47± 0.64%, the polarization angle is −79.6◦ ± 7.43◦ and −87.0◦ ± 7.09◦.

Based on the discussion above, the geometric effect could be suppressed by removing the events
with fewer fired pixels; however, this method results in a reduced event rate. An alternative approach
to suppress the effect involved subtracting the distribution from the simulations.The red curves in
figure 3 represent the data after this subtraction from the simulated modulation curves in the left plot
of figure 1, while the blue curves denote the data obtained after the removal of 10% of the events
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Figure 4. The relationship between the number of fired pixels and the depth of the photoelectric impact point
(left) or track length (right), the track length is defined as the length of the photoelectric trajectories projected
onto the 𝑋-𝑌 plane. The incident energy is 2 keV, and the size of the detector unit is 50 μm (pitch of GEM holes
and readout pixels is 50 μm).

with fewer fired pixels. The fitting curves exhibit consistent DOM and polarization angles within
the statistical uncertainties for both cases, suggesting that the geometric effects could be removed
from the actual data, potentially shortening the calibration time without affecting accuracy. For the
polarized X-rays, the height of the geometrical peaks may vary, with the peak heights reaching their
maximum and minimum values at an angle difference of 0◦ and 30◦ with respect to the polarization
vector and the geometrical angle of the detector unit.

In this simulation, 100,000 events are considered, with a statistical uncertainty of 0.0044. Notably,
the required number of photons is more than an order of magnitude higher in the measurements to
achieve a reliable minimum detectable polarization at this level. The photoelectric electrons are
reconstructed using the first step of algorithm in the following study [12], causing the geometric
effect has more impact on the GPD extension into lower X-ray energies and the algorithm is more
accurate in this energy band [7].

3 Origin of the geometric effect

Based on the discussion in section 2, events with relatively fewer fired pixels lead to the geometric
effect. These events are mainly from two situations: one is short photoelectric tracks, and the other
is photoelectrons generated close to multiplier stages. For the latter one, eq. 3.1 gives diffusion
coefficients at different drift heights of photoelectrons,

𝐷𝑡 = 𝐷𝑇 ×
√
𝑑 (3.1)

where 𝐷𝑇 is the gaseous diffusion coefficients, 𝑑 is the drift height of photoelectrons, and the diffusion
coefficients 𝐷𝑡 decrease with drift heights 𝑑 decrease, resulting in events with relatively fewer fired
pixels. Figure 4 gives the relationship between fired pixels and the depth of photoelectric impact points
or track length. The number of fired pixels increases with a higher drift height of photoelectrons, and
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the overall trend is linearity, whereas the right panel shows that the slope value is small. This tendency
indicates that the depth of the photoelectric impact point dominates the geometric effect, while the
photoelectric track length has little impact. That is to say, the effect changes a little with a variation of
incident X-ray energy, and the same threshold of fired pixels could be applied in polarization detection.
The geometric effect from the photoelectrons generated with different impact depths is compared to
check this point. Figure 5 left is the distribution of the photoelectric drift height at 2 keV X-rays, and
we divided it into five bands. Figure 5 right gives the modulation curves corresponding to each band
shown on the left. The periodic peaks are distinct in the first band and fade out with an increase in
drift height, which illustrates that the geometric effect originates from the photoelectrons generated
close to multiplier stages as the structure of detection units is determined.

0 2 4 6 8 10 12
Drift height[mm]

0

0.0002

0.0004

0.0006

0.0008

0.001

0.0012

0.0014

0.0016

0.0018

E
nt

ri
es

80− 60− 40− 20− 0 20 40 60 80
]oAngle[

0.6

0.8

1

1.2

1.4

1.6

1.8

2

E
nt

ri
es

Band 1
Band 2
Band 3
Band 4

Figure 5. The left is the distribution of the drift height where photoelectrons generation and the 𝑋-axis is the dis-
tance away from the GEM; the region is divided into 5 bands, number 1∼5 from left to right. The right is the modu-
lation curve corresponding to the events in different bands shown on the left, the fitting curves are from the eq. 4.1.

4 Optimization of detector units

Although photoelectric drift height dominates in the geometric effect from section 3, the condition of
the observable geometric effect is uncertain, and the influence could not be evaluated for different
detector units. Therefore, these two points are focused and studied in this section.

In gaseous X-ray polarimetry, the resolution of photoelectric images depends on the size of
detector units that consist of multipliers and readout pixels. In general, the hole pitch of multipliers
and pixel pitch of readout electrodes are the same [6, 13]; thus, the size of detector units could be
characterized by one parameter. Considering that the photoelectric track length has little impact on the
geometric effect, we ignore the track length and take into a single point for each event. Two advantages
are associated with this simplification. First, it excludes the influence of operating conditions and
provides a general evaluation of the geometric effect for the GPD based polarimeters, where the
diffusion coefficient and track length are contingent upon the gas type, operating pressure, and
temperature. Second, extending the interval of interest to encompass the geometric effect, particularly
in regions with lower diffusion coefficients, could potentially amplify this effect to some extent.
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Figure 6. The left is the modulation curves with two different drift height at 9 mm and 5 mm, the pitch of GEM
holes and readout pixel is 100 μm and 50 μm with a 𝐷𝑇 of 66.5 μm, the mean value of DOM is 0.90 ± 0.20%
(pink) and 0.97 ± 0.44% (green) by eq. 4.2, while DOM is 4.98 ± 0.21% (red) and 0.74 ± 0.44% (blue) by
eq. 4.1 as drift heights at 9 mm and 5 mm. The right is the sampling distribution of diffusion coefficients in the
simulation; the value is the total diffusion coefficients, including drift and transfer region.

Based on the modulation curves in figure 5, the geometric effect is observed only in the first band.
In this plot, the fitting function differs slightly from the known formula, which is given by the eq. 4.1,

𝐴 + 𝐵 cos2(3(𝜙 − 𝜙0)) (4.1)

where 𝐴 and 𝐵 represent the constant and polarized terms, respectively, and the coefficient value of 3
indicates the number of peaks within the range of 0 to 𝜋 (a period of 60◦) for the GPD. The reason
why we introduced the fitting function to model the curves is discussed in the right plot of figure 6.
As depicted in the left panel of figure 6, the DOM is comparable between the pink and green fitting
curves; however, the peaks are more distinct as the drift height is 5 mm with a smaller fitting value of
DOM while comparing to the drift height at 9 mm fitted by eq. 4.2.

𝐴 + 𝐵 cos2(𝜙 − 𝜙0) (4.2)

This situation brings to mistake on the condition where the geometric effect is observed. To qualify
the geometric effect, the eq. 4.1 is induced. With the eq. 4.1, the DOM significantly differs in figure 6
and can signify the presence of the geometric effect in the modulation curves.

As discussed above, the geometric effect is from photoelectrons generated with a lower drift height.
We use the parameters of drift height to characterize and quantify the geometric effects. From eq. 3.1,
the drift height could be converted by diffusion coefficients, and the relationship between diffusion
coefficients and the size of detector units is studied. If the diffusion coefficients and distribution of
the impact point are known, and the relationship between them and fired pixels are obtained, e.g.,
the left panel in figure 4 and figure 5. The effective event rate and threshold of fired pixels could be
estimated. Diffusion coefficients are uniformly distributed with samples ranging from 0 to 30 μm
in both the drift region and transfer regions in polarimetry. Although the absorption points in drift

– 6 –



2
0
2
5
 
J
I
N
S
T
 
2
0
 
P
0
2
0
0
7

15 20 25 30 35 40 45 50 55
Detector unit[um]

15

20

25

30

35

40

[u
m

]
t

D

80− 60− 40− 20− 0 20 40 60 80
]oAngle[

0.8

0.9

1

1.1

1.2

1.3

E
nt

ri
es

Figure 7. The relationship between detector units and diffusion coefficients where the geometric effect could be
suppressed, the experimental error is ±2 μm caused by a judgment deviation where the geometric effect could
be observed. Right is the modulation curve as the size of the detector unit is 40 μm, and the diffusion coefficient
is 33 μm, the DOM is 0.45 ± 0.44%.

region dominate the diffusion coefficients in reality, choosing this scanning way could quickly find
a range of diffusion coefficients where the geometric effect could be observed and decrease sample
generation in the simulation. The distribution of diffusion coefficients is given in the right panel
of figure 6. The 𝑋-axis 𝐷𝑡 equals

√︁
(𝐷dr)2 + (𝐷in)2, where 𝐷dr and 𝐷in is diffusion coefficients

within the drift and induction region, respectively. The relationship between the size of detector units
and diffusion coefficients is given in figure 7, the diffusion coefficients are linear with the size of
detector units with a linearity coefficient of around 1.25, which means the geometric effect related to
a diffusion coefficient of 40 μm could be suppressed as the size of the detector unit is 50 μm. The
relationship shown in figure 7 is a key to evaluating and quantifying the influence of the geometric
effect. Figure 7 left shows the experimental error bars of each diffusion coefficient caused by a
judgment deviation where the geometric effect is observed. The modulation curves are compared for
all boundary values to check whether the range of diffusion coefficient is reasonable. Right panel of
figure 7 presents the modulation curve associated with a detector unit size of 40 μm and a diffusion
coefficient of 33 μm, and the periodic peaks are not observed.

The discussion above is the same pitch of multiplier holes and readout electrodes within detector
units; the units with different pitches are also studied. The diffusion coefficient keeps a fixed value
of 56 μm (70 μm for the size of detector unit evaluated from figure 7) here to find their respective
contribution to the geometric effect. We scanned different constitutions of pitch values of GEM holes
and readout pixels, and the relationship is given in the left panel of figure 8. In this figure, one of the
pitch values is 70 μm as the diffusion coefficient is 56 μm, and the ratio is just 1.25, showing a consistent
ratio in figure 7. Even though the contribution ratio to the geometric effect is not known prior, the points
exhibit a liner trend in the figure 8, thus, eq. 4.3 is induced here to describe the relationship between
the detector unit (the reduced detector unit) and the pitch of the GEM holes (or the readout pixel).

𝑃D = 𝑟GEM × 𝑃GEM + 𝑟readout × 𝑃readout (4.3)
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Figure 8. The relationship between the pitch of GEM holes and readout pixels as the diffusion coefficient is
56 μm; the experimental error bar is ±2 μm for them. The right is the modulation curve as the pitch of GEM
holes and readout pixel is 100 μm and 50 μm; the diffusion coefficient is 60 μm, the DOM is 0.52 ± 0.44%.

where 𝑃D is the size of the detector unit or the reduced detector unit, 𝑃GEM, 𝑃readout is the pitch
of GEM and readout, the 𝑟GEM and 𝑟readout is the contribution ratio for pitch of GEM and readout,
respectively. Based on the definition of the contribution ratio, the sum of the coefficients 𝑟GEM and
𝑟readout equals 1. For the detector unit, we have 𝑃D = (𝑟GEM + 𝑟readout) × 𝑃readout = 𝑃GEM = 𝑃readout,
given 𝑟GEM + 𝑟readout = 1. This implies that the size of the detector unit is independent of the
contribution ratio. Regarding the reduced detector unit, the contribution ratio could be obtained by
fitting with eq. 4.3, the value of the 𝑟GEM and 𝑟readout is around 0.65 and 0.35 for the pitch of GEM
holes and readout pixels, respectively. Here is an example to check the experimental equation of the
reduced detector unit. The pitch of GEM holes and readout pixel is respectively 100 μm and 50 μm,
the value of the reduced detector unit is 82.5 μm calculated by the equation, and the value of diffusion
coefficient of 66 μm is then obtained. As shown in the right panel of figure 8, the periodic peaks are
not observed as the diffusion coefficient is 60 μm, that is to say, the geometric effect is suppressed and
less significant for the value of diffusion coefficient of 66 μm even if consider the evaluation deviation
of the equation. This result verifies the feasibility of the experimental equation.

5 Conclusion

We focused on the geometric effect in gaseous X-ray polarimetry and chose the GPD polarimetry
as a reference in this study. Under the condition of different selection event rates, the geometric
effect from the simulation is consistent with measurements in response to unpolarized X-rays at
4.5 keV. With the help of the simulation framework, the geometric effect can be summarized in
the following list of characteristics:

• The effect exists in the events with fewer fired pixels; removing these events has little impact on
polarization detection.

• As the structure of detector units is confirmed, the depth of photoelectric impact points dominates
in the effect, whereas the energy of incident X-ray has little influence.
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• The value of the diffusion coefficient where the effect could be suppressed decreases linearly
with a decrease in the size of detector units. The size of detector units is around 1.25 times
larger than the diffusion coefficients.

• The modulation factor increases with a decrease in the diffusion coefficient or the size of the
detector unit. A higher relative modulation factor can be achieved if the diffusion coefficient at
which the effect is suppressed is lower.

• The contribution ratio to the effect is around 65:35 for GEM holes and readout pixels. The size
of the reduced detector units could be calculated by the experimental ratio.

Based on these points, the same threshold of fired pixels could be chosen in the observation, and
the influence on the geometric effect could be evaluated for detector units with different sizes. This
study quantifies the geometric effects by the diffusion coefficient where photoelectron generation and
provides a reference for the detection units and the threshold choosing of fired pixels in observations.
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