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Featured Application: An optical readout GEM-based detector based on a matrix of organic pho-
todiodes with an active area of 60 X 80 mm?, called the LaGEMPix, was assembled and character-
ized, using low energy X-rays as a preliminary step toward the development of a 200 X 200 mm?

detector for use in Quality Assurance in hadron therapy.

Abstract: Quality Assurance (QA) in hadron therapy is crucial to ensure safe and accurate dose
delivery to patients. This can be achieved with fast, reliable and high-resolution detectors. In this
paper, we present a novel solution that combines a triple Gas Electron Multiplier (GEM) and a highly
pixelated readout based on a matrix of organic photodiodes fabricated on top of an oxide-based
thin-film transistor backplane. The first LaGEMPix prototype with an active area of 60 x 80 mm?
was developed and characterized using low energy X-rays. The detector comprises a drift gap of
3.5 mm, a triple-GEM stack for electron amplification, and a readout featuring 480 x 640 pixels at
a 126 um pitch. Here, we describe the measurements and results in terms of spatial resolution for
various experimental configurations. A comparison with GAFCHROMIC® films and the GEMPix
detector used in the charge readout mode was performed to better understand the contribution to
the spatial resolution from both the electron diffusion and the isotropic emission of photons. The
measurements were compared to Monte Carlo simulations, using the FLUKA code. The simulation
predictions are in good agreement with the GEMPix results. Future plans with respect to applications
in hadron therapy are discussed.

Keywords: hadron therapy; particle detectors; dosimetry; quality assurance; GEM; optical readout

1. Introduction

Hadron therapy is an advanced radiation therapy modality for treating cancer, which
currently uses protons and carbon ions. As of January 2021, 103 particle therapy facilities
are in operation worldwide and more than 30 centers are under construction [1]. Hadrons
have the unique feature of increasing energy deposition with penetration depth, with a
maximum at the end of their range followed by a sharp decrease (Bragg peak). Thus, hadron
therapy offers considerable improvements to conventional radiation therapy treatments by
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allowing better conformity of the dose to the tumor [2], but also requires very accurate dose
planning. A precise verification of the dose delivered to the patient is, therefore, mandatory
and has to be guaranteed by appropriate quality assurance (QA) procedures with high
spatial resolution.

A proper set of detectors for measuring the beam parameters, in particular, the beam
position and the delivered dose, is fundamental to achieve an efficient QA protocol [3].
Nowadays, there is still room for improvement toward a robust and complete solution
providing accurate and real-time measurements with high spatial resolution and a uniform
response to the beam energy.

The LaGEMPix detector, which is the subject of this paper, is a promising tool for
more efficient QA procedures with high spatial resolution. It consists of a triple-GEM
(Gas Electron Multiplier) [4] coupled to a highly pixelated readout based on a matrix
of organic photodiodes (OPDs). The potential of a triple-GEM detector combined with
high pixel granularity for QA in hadron therapy was initially demonstrated with the
GEMPix [5,6]. The GEMPix has shown very promising results but its application is limited
by the relatively small active area of 28 x 28 mm?. In hadron therapy, typical sensitive
areas of 200 x 200 mm? are required to cover the maximum clinical field size [7,8]. The
new readout, based on the detection of the scintillation photons generated in the GEM
holes, allows for the development of a compact detector to perform imaging at larger areas,
further scalable with an expected high spatial resolution.

In this paper, we report on the development of the first LaGEMPix prototype with an
active area of 60 x 80 mm?, which is six times larger than that of the GEMPix. The detector
and the experimental set-up are described in Section 2. The results obtained using an X-ray
irradiator are reported in Section 3 and discussed in Section 4. Finally, Section 5 draws the
conclusions and outlines the next steps of the project.

2. Materials and Methods
2.1. Detector Design

The current prototype of the LaGEMPix combines a triple-GEM detector with an area
of 100 x 100 mm?, and an optical readout by means of a thin-film imager composed of
a thin-film transistor (TFT) backplane, an OPD frontplane, and a transparent thin-film
encapsulation [9], the latter serving as protection against ambient conditions. The imager
consists of a matrix of 480 x 640 pixels at a resolution of 200 ppi. A schematic diagram of
the LaGEMPix is depicted in Figure 1.

GEM1 GEM2 GEM3 /Mylar window
1 !
v
v
ITO glass Image sensor Al plate

Figure 1. Schematic drawing of the LaGEMPix (to scale). Electrons produced in the drift gap between the Mylar window
and the top GEM (GEM1) are multiplied in the triple-GEM stack and collected on the transparent indium tin oxide (ITO)
glass anode. Scintillation photons of certain wavelengths pass through the ITO glass and are detected by the image sensor.

The triple-GEM detector includes a 3.5 mm drift gap between the top GEM electrode
(GEM1) and the cathode, which is a 15 um thick Mylar window. The drift gap is large
enough to minimize inefficiencies in charged particle detection [10] but not large enough
to affect the time performance. The transfer gaps between GEM1 and the second GEM
foil (GEM2) and between GEM2 and the last GEM foil (GEM3) have a thickness of 1 and
2 mm, respectively. This asymmetrical configuration does not compromise the temporal
performance of the detector thanks to a first transfer gap of 1 mm, while reducing the
probability of discharge by increasing the second transfer gap by 1 mm [10]. Each GEM
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foil consists of a 50 pm Kapton layer electroplated with a 5 um thick copper layer on both
sides and pierced with holes of 70 um diameter and 140 pm pitch. An ITO transparent
electrode, coated on a 1.1 mm-thick fused quartz substrate with a resistivity of 100 (2/sq,
is used both as an anode and as an optical window [11,12]. The last gas region between
GEMS3 and the anode, known as the induction gap, is 1.9 mm thick.

The triple-GEM detector is operated in a continuous flow of Ar/CF, (90/10) gas
mixture supplied at a rate of 51/h. We chose Ar/CF, because it has the highest light yield
among the typically used gas mixtures (He/CF4, Ne/CF4, Ar/CO,, Ar-TEA (trimethy-
lamine), Xe-TEA). The reported light yield varies between 0.1 and 0.5 photons per secondary
electron [11,13,14]. The addition of CF, gas acting as quencher allows a stable detector
operation. Furthermore, it features other attractive properties, such as high electron drift
velocity, low electron diffusion and fast scintillation time (of the order of a few ns) [15].
Additionally, Ar/CF, has a strong visible emission band of around 630 nm, which is well
suited for standard optical readout systems [16,17].

GEM-based detectors coupled to CCD/CMOS cameras were previously studied for
particle therapy [11,18,19]. However, the degradation of the camera due to radiation
requires placing it outside the beam, leading to a more complex system with, for example,
mirrors or lenses. In contrast to CCD/CMOS-based detectors, in the LaGEMPiXx, the highly
pixelated readout is adjacent to the GEM anode. This allows for a more compact, relatively
easy-to-build and low material budget set-up. A first LaGEMPix prototype (Figure 2) was
successfully assembled as a preliminary step toward the development of a 200 x 200 mm?
detector.

Figure 2. The first LaGEMPix prototype: (1) flex gate driver integrated circuit; (2) flex Read-out
Integrated Circuits (ROICs); (3) the triple-GEM 100 x 100 mm? stack coupled to the optical readout
with the thin Mylar window on top; (4) 3D-printed braces to hold together the triple-GEM detector
and the image sensor; and (5) cables to connect the detector to the readout system.

The sensor array of the LaGEMPix has a resolution of 200 pixels per inch (ppi). It
comprises 480 x 640 pixels resulting in a total sensor area of 60 x 80 mm?. Each individual
pixel has a photodiode with a size of 103 x 103 um? (actual active area of 10522 um?)
at a pixel pitch of 126 um. The OPD frontplane is directly fabricated on top of the TFT
backplane, and the organic light-absorbing layer of the OPD is deposited by slot-die coating.
The TFT backplane has a self-aligned dual-gate architecture and is based on indium gallium
zinc oxide (IGZO) [20]. The sensor shows a dark current density of 1077 mA/cm? at —2 V
and a linear response in a wide range of light intensities [21].
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The OPDs have a maximum external quantum efficiency (EQE) of ca. 60% at 550 nm,
as shown in Figure 3. The EQE is approximately constant down to 450 nm and decreases
toward longer wavelengths, reaching about 25% at 640 nm. Ar/CF4 shows a broad emission
band between 500 and 800 nm with a peak at around 630 nm, which is well suited for
this application [11]. In this work, we used an OPD based on a bulk heterojunction (BH])
structure. It consists of a 280 nm thick blend of poly[N-9'-heptadecanyl-2,7-carbazole-
alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothiadiazole)], PCDTBT, a p-type (donor) polymer,
and [6,6]-phenyl-C61-butyric acid methyl ester, PCBM, (acceptor) fullerene [22]. The EQE
of the OPD is dictated by the absorption of the heterojunction components, potentially
modified by interference effects derived from the electrodes and encapsulation. The spectral
response (SR) curve has a similar response to the EQE with a maximum of ca. 65% at 0.3
A/W as shown by the red curve in Figure 3. Due to the decrease in the LaGEMPix readout
efficiency at larger wavelengths, the LaGEMPix readout only partially matches the visible
band of the emission spectrum of Ar/CF,4. Nevertheless, a sufficient signal was obtained
during the measurements.
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Figure 3. External Quantum Efficiency (EQE) (black curve and left axis) and Spectral Response (SR)
(red curve and right axis) of the OPD layer deposited on the readout matrix. The broad emission
band of Ar/CF, with a peak at around 630 nm is represented by the orange region.

2.2. Optimization of Electric Fields

As a first step, we tested the triple-GEM detector with a 3 TBq Cs-137 source to
optimize the electric fields before coupling it to the optical matrix. The optimal selection
of the electric fields is important to maximize the total charge gain (defined as the ratio of
the detected charges in the anode plane per incident primary charge), and consequently
achieve a high signal-to-noise ratio [23]. The ratio of the number of emitted scintillation
photons to the number of secondary electrons produced during the avalanche is called the
light yield. As mentioned above, the Ar/CF, (90/10) gas mixture offers a high secondary
scintillation light yield of up to 0.5 photons per secondary electron. Hence, it is expected
that the number of photons that reaches the photodiode layer is proportional to the induced
current in the anode [24]. Based on this consideration, the electric field selection performed
by maximizing the anode current is also optimal to maximize the number of detected
photons.

The measurements were performed at the Calibration Laboratory of CERN Radiation
Protection group [25]. The detector was placed on a support table at 0.82 cm from the
source. A 6157 Keithley electrometer [26] was connected to the ITO anode to measure
the induced current. The transfer, drift and induction fields were optimized to maximize
the absolute value of the current at the anode. On the other hand, based on the well-
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known exponential dependence of the effective gain on the GEM voltages, the electric
fields between the top and bottom copper layers in each GEM foil were kept constant for a
total voltage of 960 V [27]. The fields were optimized one after the other by keeping all but
the field under investigation constant.

2.3. Spatial Resolution

A QA procedure in hadron therapy requires not only an accurate dose calculation, but
also a high spatial resolution. A high spatial resolution of the 2D dose distribution is impor-
tant because most of the treatment plans in Pencil Beam Scanning (PBS) are characterized
by very high “in-field” dose gradients. Distal falloff values defined as the distance between
the distal position of the 80% and 20% dose levels, zgy 5, at intensity-modulated proton
therapy can reach 4 mm, which corresponds to a gradient of 15%/mm [28,29]. Therefore, it
is critical to validate that the required dose is delivered exactly where needed to spare the
healthy tissue.

The resolution of the LaGEMPix can be compared with that of commercially available
2D detectors, using the appropriate definitions applied by manufacturers and medical
physicists. For example, the company PTW (PTW-Freiburg, Lorracher Strasse 7, 79115
Freiburg, Germany, Web: https://www.ptwdosimetry.com/, accessed on 21 February
2021) uses the distance between the ionization chambers to define the spatial resolution of
their two-dimensional arrays [30]. On the other hand, the spatial resolution of IBA (IBA
Dosimetry, Bahnhofstrale 5, 90592 Schwarzenbruck, Germany, Web: https://www.iba-
dosimetry.com/, accessed on 21 February 2021) detectors is stated as the pixel size for the
myQA® SRS* and Lynx, or as the pixel pitch for the Giraffe [31]. The spatial resolution of
dosimetry equipment used at hadron therapy facilities is often given as the value provided
by the manufacturer [32-34].

The pixel size or pixel pitch limit the system’s spatial resolution. Moreover, they are
not the only factors that contribute to its true or effective measured value. ISO 12233:2017
raises awareness to the various connotations of the term “spatial resolution”, stating
that “the term resolution is often incorrectly interpreted as the number of addressable
photoelements” [35]. The spatial resolution can be defined, on the other hand, as the
ability to differentiate objects that are found within a certain distance from each other. ISO
1233:2017 states that the visual resolution is the maximum value of the spatial frequency at
which the individual black and white lines of a test pattern can no longer be distinguished
by the human eye. This observation is also called vanishing resolution and corresponds to
a modulation transfer function (MTF) of roughly 10-20% [36].

To estimate the effective spatial resolution of the LaGEMPix, we used three methods.
The first method is based on the evaluation of the Edge Spread Function (ESF), which
describes the response of the system to a sharp edge (discontinuity). The second method
determines the Line Spread Function (LSF) of the system in one dimension. The goal is
to evaluate the capability of the LaGEMPix to resolve the adjacent points. For that, two
copper masks with holes separated by different distances were imaged. Finally, a lead test
pattern mask was used to evaluate the MTF of the system.

A typical method consists of estimating the spatial resolution using the ESF [37].
According to the ESF method, a high-resolution system will exhibit a well-defined edge
with minimum blurring. We applied this approach by measuring the projection of the
straight edge of a 2.5 cm thick lead block, as explained in more detail in Section 3.2.1. Ideally,
the intensity distribution should be a step-like function, where the maximum intensity
corresponds to the illuminated area and zero intensity to the non-irradiated region blocked
by the lead.

The typical value quoted for the edge response is the full width at half maximum
(FWHM) [38-40]. A region of interest (ROI) perpendicular to the edge is selected. The
FWHM can be obtained analytically by fitting the ESF by a logistic (Fermi) function [41]
given by the following:

b

M
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where a is the offset, b is the contrast, c is the steepness and d is the centroid of the edge. The
FWHM can be calculated from the fit parameters, using the relation FWHM = 3.53/c [42].

The other two methods (LSF and MTF) were also applied for the characterization of
imaging sensors. In this case, we used dedicated radiation-opaque plates with several
absorbent structures to assess the capacity of the system under study to resolve adjacent
holes or lines. In particular, the MTF measurement was acquired from a lead mask with a
bar pattern [43] with groups of slits with variable separation (in line pairs (LP) per mm)
using the following equation:

Imax (f) — Imin (f)
ImHX(f) + Lnin (f)

where Ly (f) and I, (f) are the maximum and minimum pixel value for a pattern with
spatial frequency f respectively. C(0) is the normalization factor at zero frequency, which
has to be approximated in practice by using pixel intensities of a large bar and of adjacent
background. For the LSE, we used two types of copper plates of various thicknesses
and hole patterns, as explained in Sections 3.2.2 and 3.3.2. The results are discussed in
Sections 3.2.1-3.2.3 for the ESF, LSF and MTF methods, respectively.

MTF(f) = SeiClf) = @

2.4. Experimental Set-Up to Determine the Spatial Resolution

The spatial resolution of the LaGEMPix was evaluated with 40 kV X-rays from an
X-ray generator, type X80-320kV from Hopewell Designs, Inc. A system equipped with 10
Narrow Spectra Filters (N-series) was used in order to provide X-rays conforming to the
ISO 4037 standard [44]. In particular, the Hopewell N-6 filter, corresponding to the N-40
1SO 4037, was selected.

The X-ray generator has a collimation system that consists of a wheel mounted outside
the shielding enclosure to provide beam apertures with diameters of 1 cm to 7 cm. It is
also equipped with an irradiation bench provided with a movable platform, which allows
automated positioning and exposure control. The LaGEMPix was placed perpendicular
to the X-ray beam in a vertical custom-made structure, providing a well-aligned set-up
on top of the platform (see Section 3.2), and covered by a black tissue to shield it from
ambient light. The assembly was positioned on the irradiation bench and Y (horizontal
and perpendicular to the beam) and Z (vertical and perpendicular to the beam) positions
were chosen in such a way that the center of the imager was aligned with the center of the
beam. In order to obtain a nearly parallel X-ray beam, the irradiations were performed at a
distance of 230 cm, using a 1 cm aperture.

The readout was set to the highest sensitivity level of 0.5 pC so that the least significant
bit (LSB) of the 16-bit readout corresponded to a charge of approximately 50 electrons. The
frame rate, which is the frequency at which consecutive images are recorded, was 1 frame
per second (fps).

To ensure that undesirable effects, such as readout inhomogeneities or noise, did
not affect the results, a threshold per pixel was applied and dead pixels were removed.
A background image was obtained by averaging each pixel value over 200 background
frames. Next, each image was processed offline, and the background was subtracted. The
final image was obtained by averaging each pixel over 200 background-corrected images.
A ROI was defined for further analysis as presented in the Results section (Section 3).

2.5. FLUKA Simulations

A simulation of the LaGEMPix was carried out using the FLUKA Monte Carlo code
version 4-0.1 [45-47] with the default settings PRECISIO. The goal of the simulation was to
study the energy deposition in the active area of the detector, and to evaluate its spatial
resolution using the ESF and LSF methods. Transport and production energy cuts for
electrons, positrons and photons were set to 1 keV in all regions. To overcome most
of the limitations arising from low energy primary photons and enhance the transport
precision for the energy deposition in the very thin layers of both gaseous and heavy
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materials present in the LaGEMPix geometry, the single-scattering algorithm was activated
everywhere for all charged particles by adding the MULSOPT card.

The simulation comprises a realistic implementation of the detector geometry, which
includes the triple-GEM stack, the image sensor and peripheral electronics, as shown
in Section 3.5. Due to the lack of information on the X-ray tube head, we implemented
a user-defined source routine, using the reference radiation fields for the ISO N-40 for
the simulation of the spectral distribution of the X-ray beam. Other contributions due to
scattered photons in the target or in any surrounding material that are inherently present
in the beam were not simulated, due to the lack of information.

It should be noted that the simulation did not intend to reproduce the experimental
results, but rather help in evaluating the contributions to the spatial resolution associated
with the detector and the experimental conditions. Therefore, neither the electron diffusion
in the gas volume nor the electron recombination with positive ions, impurity absorption,
electron amplification in the GEM holes and scintillation light emission were taken into
consideration. Nonetheless, as explained in Section 2.1, the number of photons detected
by the LaGEMPix matrix of OPDs is proportional to the number of secondary electrons
produced in the GEMs, which is in turn proportional to the energy deposited in the gas
during the primary ionization process. Therefore, we can assume that the energy deposited
by the X-ray photons in the gas volume of the detector is a rough approximation of the
image produced by the scintillation photons detected by the image sensor. To account for
the contribution of primary ionizations in the different gas regions and the effective gain
per GEM foil to the image, we used the image obtained as the average deposited energy in
the drift and transfer gas layers weighted by the corresponding effective gains. Interactions
in the induction gap will not generate secondary scintillation photons and therefore, will
not contribute to the final image. A FLUKA USRBIN scoring was superimposed in the
entire detector volume. The statistical uncertainties were estimated by calculating the
standard deviation of the results from independent runs.

3. Results
3.1. Optimization of the Electric Fields of the LaGEMPix

The transfer, drift and induction fields were optimized to maximize the absolute value
of the anode current. Initially, only the value of the drift field was modified, keeping the
other fields fixed. The current was measured to be almost stable for drift field strengths in
the range 0.5-1.25 kV/cm (Figure 4). The measurements were repeated, in turn varying
one of the electric fields while keeping the others constant. A drift field of 1 kV/cm was
selected. The optimization procedure showed a dependence of the anode current on the
applied voltages. The optimal values are as follows: a transfer field between GEM1 and
GEM?2 of 2.0 kV/cm and a transfer field between GEM2 and GEM3 of 1.75 kV/cm. It was
established that the absolute value of the current increases as a function of the induction
field. In order to achieve an efficient and safe operation of the detector, the initial value of
the induction field was not changed, keeping it at 5 kV/cm.

We repeated the drift field intensity scan with the final configuration. Figure 4 shows
a comparison of the anode current before and after the optimization of the fields. For a
drift field of 1 kV/cm, the maximum value of the current is 273 nA (absolute value), 180 nA
higher than the absolute value measured with the initial settings of the fields.

The observed behavior of the drift and transfer field scans is in agreement with the
results published by Marafini et al. [48]. The difference in the values of the two transfer
fields can be explained by the asymmetry of the transfer gaps (1 mm and 2 mm). By
applying the optimized configuration to the drift and transfer fields, we measured a 180 nA
higher signal compared to the approach with non-optimized fields, representing an increase
of the detectable signal by around 150%.
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Figure 4. Current at the anode as a function of the drift field strength. Initial configuration (red):
transfer field 1 = 3.0 kV/cm; transfer field 2 = 3.0 kV/cm; induction field = 5.0 kV/cm. Final configu-
ration (blue): transfer field 1 = 2.0 kV/cm; transfer field 2 = 1.75 kV/cm; induction field = 5.0 kV/cm.
A drift field of 1 kV/cm was selected as it yielded the maximum signal. The uncertainties are smaller
than the data points.

3.2. Spatial Resolution with the LaGEMPix
3.2.1. Edge Spread Function (ESF)

To evaluate the spatial resolution using the edge response method, we placed a lead
block of 10 x 20 x 2.5 cm? size in front of the detector covering a portion of its active area,
as shown in Figure 5a. This detector prototype was developed as a proof of concept; the
readout matrix has some defects, resulting from a yield issue in the fan-out area toward the
active area of the detector. In particular, some lines in the backplane are disconnected and
can therefore not be read out. These appear as horizontal and vertical non-functional black
lines in the readout image in Figure 5b.

0 20 40 60
X (mm)

(a) (b)

Figure 5. (a) The LaGEMPix with a 2.5 cm thick lead block placed in front of the detector: (1) gas outlet; (2) the 100 x
100 mm? triple-GEM stack coupled to the optical readout with the thin Mylar window on top; (3) 3D-printed braces to
hold together the triple-GEM detector and the image sensor; (4) lead block; (5) cables to connect the detector to the readout
system; (6) FPGA module; (7) custom-made support. (b) Heat map of the imager after irradiation with 40 kV X-rays.
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A ROl indicated by a green rectangle was defined around an area of the readout with
a minimum number of defects. Figure 6 shows the edge response obtained by averaging
all pixel values in the same column from the averaged background-subtracted image. This
figure also shows a fit with a logistic function according to Equation (1). The FWHM
obtained by this method is 9.70 £ 0.09 mm.

=
o
o
o

—— Fit
¢ Data

LSB value

800

600

400 1

200

0 1 2 3 4 5 6
Distance (cm)

Figure 6. Edge response profile for 40 kV X-rays using a 2.5 cm thick lead block. The red line
represents a logistic function fit to the data.

3.2.2. Line Spread Function (LSF)

For the LSF response, we used a 3 mm thick copper plate placed at 7 mm from the
Mylar window (see Figure 7a). Various holes of 5 mm diameter spaced by 3 to 20 mm, edge
to edge were drilled in the plate. The average image profile on a single hole is Gaussian.
The spatial resolution was, therefore, estimated by fitting the distribution by a Gaussian
function. The obtained FWHM for a 5 mm diameter hole is 6.73 & 0.08 mm.

300

250

N
o
o

._.
(9]
o

LSB value

100
50
0
X (mm)
(b)

Figure 7. (a) The 3 mm-thick copper plate used for the evaluation of the spatial resolution using the LSF method. The
numbers written on the plate represent the space between the holes in millimeters. (b) Heat map of the copper mask for
40 kV X-rays. A ROI (green rectangle) was set on the holes separated by 3 mm. The spatial resolution was estimated by
fitting the profile in the ROI by a Gaussian function.
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An additional measurement was made by selecting a ROI (green region in Figure 7b)
at the center of the 5 mm holes spaced by 3 mm. Figure 8 shows the response of two
holes spaced by 3 mm (edge to edge), featuring two peaks with a dip in the intensity. The
response was again obtained by averaging all pixel values in the same column from the
averaged background-subtracted image. The so-called FWHM criterion states that the
minimum distance that any detector is able to resolve is equal to the FWHM value of the
Gaussian distribution. The relevant values in this case are the center-to-center distance
between the holes, 8 mm, and the FWHM, 7.10 & 0.30 mm. Following this criterion, the
two holes can be resolved.
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Figure 8. The line-average response profile of the 5 mm diameter holes spaced by 3 mm (edge to
edge). The FWHM obtained by the Gaussian distribution is 7.10 4= 0.30 mm for the left hole and
6.80 & 0.20 mm for the right hole. The distance (center-to-center fit) = 7.98 £ 0.23 mm was obtained
by fitting the profile by a double Gaussian function.

3.2.3. Modulation Transfer Function (MTF)

The MTF characterizes how faithfully the spatial frequency content of the object is
transferred to the image [49]. According to ISO 1233:2017, the results of the MTF analysis
is reported using a graph plot. Nevertheless, the summary resolution metrics may also be
used; the limiting spatial resolution is defined as the frequency at which the MTF drops
below a certain percent value. Several values can be used; however, the 10% level is the
most common one [50-52].

A line pair mask type 53 [53] was placed in front of the Mylar window to evaluate the
MTF of the LaGEMPix as shown in Figure 9. This X-ray test pattern is made of 0.05 mm
thick lead and the resolution range is from 0.5 up to 10 LP/mm. For this particular mask,
0.5 LP/mm means that one black and one white line within 4 mm are projected on the
image sensor.

This test was carried out using 30 kV X-rays (instead of 40 kV) with the N-5 filter, in
order to increase the contrast of the output image. The image in Figure 9 shows that it is not
possible to measure the MTF of the LaGEMPix with this mask. We can conclude that the
current version of the LaGEMPix is not able to distinguish 0.5 LP/mm, which corresponds
to two slits separated by 2 mm.
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Figure 9. (a) Line pair mask type 53 made of 0.05 mm thick lead used as an imaging target. (b) Heat
map of the MTF mask after irradiation with 30 kV X-rays.

3.3. Spatial Resolution with the GEMPix

In order to evaluate the contribution of the isotropic emission of the scintillation light
to the spatial resolution in the LaGEMPix, we carried out comparative measurements with
the GEMPix, a 2.8 x 2.8 cm? triple-GEM detector that uses a Timepix quad ASIC to readout
charges directly [6,54]. The experimental conditions were identical: 40 kV X-rays (N-6
series filter), minimum aperture 1 cm, 230 cm source-detector distance and same electric
fields in the GEM structure.

3.3.1. Edge Spread Function

For the edge response, the 2.5 cm thick lead block was placed in the same position
as for the measurement with the LaGEMPix (see Figure 5). A ROI (green region) was set
perpendicularly to the edge. Figure 10 shows the edge response profile calculated from the
average of 200 equalized images as explained earlier. The spatial resolution was estimated
by fitting the edge profile by the logistic function of Equation (1). The FWHM obtained
with the GEMPix is 5.20 £ 0.10 mm.

— fit

35000
¢ Data

LSB value
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Figure 10. Edge response profile with the GEMPix for 40 kV X-rays obtained using a 2.5 cm-thick
lead block. The red line represents a logistic function fit to the data. The signal fluctuations at around
1.4 cm are caused by the physical gap between the Timepix chips, which may lead to distortions of
the electric field close to the edge. Other features, such as those around 1.7 and 1.9 cm, are due to
imperfections in the detector that the equalization procedure cannot compensate for. These artefacts
are most likely the result of radiation effects, as the detector was already used in several experiments

with ionizing radiation.
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3.3.2. Line Spread Function

The study of the spatial resolution using the LSF method and the GEMPix was carried
out using two copper plates of different thicknesses and hole patterns. Holes with a
diameter smaller than 5 mm were imaged using a 1 mm thick plate placed in front of the
GEMPix. Results with this mask and the LaGEMPix are not reported in this paper, as they
do not provide additional information. This mask had 23 holes of several sizes and spacing.
The results for three 1.3 mm holes spaced by 1 mm (edge to edge) are depicted in Figure 11.
Following the FWHM criterion introduced in Section 3.2.2, we can conclude that two holes
of 1.3 mm diameter at a distance of 1 mm (edge to edge) can be resolved. Measurements
with the 3 mm thick copper plate and 5 mm diameter holes showed a spatial resolution of
5.23 £ 0.05 mm (FWHM). The results from the LSF method are summarized in Table 1.

)
% 301 — Triple Gaussian fit
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¢ Data
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Figure 11. The line-average response profile of 1.3 mm diameter holes spaced by 1 mm (edge to
edge). The FWHM of the Gaussian distribution of the three holes (Table 1) were obtained by fitting
the profile by a triple Gaussian function.

Table 1. Calculated FWHM of the 1D profiles for three regions of interest of the images obtained by
the GEMPix and the 1 mm-thick copper plate.

FWHM (mm)
@ Hole Hole 1 Hole 2 Hole 3
6 mm 6.60 = 0.10 - -
3 mm 3.08 + 0.06 3.04 4+ 0.09 3.46 £+ 0.09
1.3 mm 2.07 +0.05 1.49 £+ 0.03 1.85 £ 0.03

3.3.3. Modulation Transfer Function

As for the LaGEMPix, we carried out a set of measurements using the lead mask model
53 (see Figures 9 and 12). Contrary to the LaGEMPix, the GEMPix yielded an MTF below 10%
at 1.4 LP/mm which corresponds to 0.71 mm, achieving the targeted submillimeter spatial
resolution. The normalized MTF obtained by using Equation (2) is shown in Figure 13.
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Figure 12. Heat map for 30 kV X-rays using a line pair mask type 53 as an imaging target in front of
the GEMPix. For the normalization factor CO in Equation (2), two regions were selected: the green
rectangle on top of the first bar for the maximum pixel intensities and a black rectangle on the bottom
part of the mask for the minimum.
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Figure 13. Measured MTF with mask type 53 by using Equation (2) for the GEMPix detector.

3.4. Spatial Resolution with GAFCHROMIC® Films

Effects not related to the detector itself can be studied with an “ideal” system of known
spatial resolution, such as high resolution GAFCHROMIC® films. Film dosimetry is fre-
quently classified as the gold standard for 2D dosimetry [33]. We selected GAFCHROMIC®
XR-SP2 films that are appropriate for X-ray energies from 20 kV to 200 kV, and dose range
from 0.5 mSv to 100 mSv. The film calibration was performed at the Institute of Radiation
Physics (IRA) in Lausanne, Switzerland [55].

The experimental conditions were identical to those of the LaGEMPix measurements.
For the edge response method (Section 3.2.1), we placed the lead block of 10 x 20 x 2.5 cm®
size covering a portion of the film. For the LSF response, the 3 mm thick copper plate with
5 mm diameter holes was also placed in front of the film (see Section 3.2.2 for details). The
films were digitalized with an EPSON V800 scanner. The FWHM obtained by the edge
response method is 0.86 & 0.07 mm and the FWHM of a single 5 mm diameter hole is
5.09 £ 0.03 mm. The results and the comparison between the films and the GEM-based
detectors are summarized and discussed in Section 4.
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3.5. Spatial Resolution with the FLUKA Simulation

We performed three sets of simulations to compare the experimental values for both
the ESF and LSF methods. The study includes the simulation of the 2.5 cm thick lead
block described in Section 3.2.1, the 3 mm thick copper plate with 5 mm diameter holes
(Section 3.2.2), and the 1 mm thick copper plate (Section 3.3.2). The latter had 23 holes
of several sizes and spacing, simulated in such a way that the central hole was aligned
to the center of the active area of the image sensor. The 3 mm thick plate was simulated
at 7 mm from the Mylar window. The lead block and the 1 mm thick copper plate were
simulated at 4 cm and 3.3 cm from the Mylar window, respectively. Figure 14 shows two of
the simulated set-ups. In all cases, the source-detector distance was fixed at 230 cm with
the minimum collimator aperture of 1 cm.

(@ (b)

Figure 14. The simulated LaGEMPix with the 2.5 cm thick lead block in front, at 4 cm distance from
the Mylar window (a) and a 1 mm-thick copper plate placed at 3.3 cm from the Mylar window (b).
The figures were produced using FLAIR [56] version 3.1-8, the FLUKA graphical user-interface.

3.5.1. Edge Spread Function

Figure 15 shows the ESF for 40 kV X-rays. The ESF was determined by projecting the
edge profile in the direction perpendicular to the edge. The spatial resolution was then
estimated by fitting the measured ESF by the logistic function of Equation (1). The data points
were shifted to center the distribution at the center of the image sensor; the bin size is 0.25 um
(twice the pixel size). When limiting the fit to the full active area of the sensor (6 cm along the
x-axis), the estimated value of the FWHM is 4.53 & 0.01 mm (statistical errors only).
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Figure 15. Simulated ESF for the edge projection fitted by a logistic function. The results were
obtained for a detector-source distance of 230 cm, a beam aperture of 1 cm and 40 kV X-rays. The
error bars are smaller than the data points.
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3.5.2. Line Spread Function

The results from the LSF method and the 1 mm thick copper plate are summarized in
Table 2. The number of primaries was chosen such that the statistical uncertainties were
smaller than 5%. The spatial resolution was estimated by fitting the LSF by a Gaussian
function and measuring the FWHM of the central 6 mm diameter holes, the 6 mm hole at
the top of the plate, the three 3 mm holes separated by 4 mm pitch and the 1.3 mm holes
separated by 2.5 mm pitch (see Figure 16).

Table 2. Calculated FWHM of the 1D profiles for the different regions of interest depicted in Figure 16.

FWHM (mm)
@ Hole Hole 1 Hole 2 Hole 3
6 mm 5.70 +0.20 5.45 4+ 0.11 5.26 +0.12
6 mm 5.82 +0.13 - -
3 mm 296 4+ 0.17 2.99 4+ 0.24 2.82 +0.16
1.3 mm 1.32 +£0.12 1.61 £0.16 148 +£0.17

100 mm

100 mm

Figure 16. Image of the simulated energy deposition density in the drift gap. The solid yellow lines
represent the selected regions for data analysis.

The profiles obtained for the three 1.3 mm holes separated by 1 mm (distance calcu-
lated from edge to edge) are shown in Figure 17. The three holes are perfectly resolvable
following the FWHM criterion; the calculated hole diameter is smaller than or of the order
of the hole. This implies that the spatial resolution is better than the hole size. Similar
results were obtained with 3 mm thick copper plate and 5 mm diameter holes, which
showed a spatial resolution of 4.87 £ 0.03 mm (FWHM).
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Figure 17. One-dimensional projection of the 1.3 mm holes with 2.5 mm pitch. The LSF of the selected
area gives a distribution with an average hole diameter of 1.47 mm.

4. Discussion on the Spatial Resolution

The spatial resolution of the LaGEMPix was evaluated, using different methods and
experimental configurations. The results are summarized in Table 3. The measurements
with the lead block (ESF) yielded a spatial resolution of 9.70 £ 0.09 mm for 40 kV X-rays.
On the other hand, the LSF method showed that the detector can resolve two 5 mm holes
separated by 3 mm. This suggests that the ESF method reported here underestimates the
spatial resolution of the LaGEMPix, whose intrinsic spatial resolution is better than 9.70
+ 0.09 mm. It also means that the results obtained from the different methods cannot be
directly compared. Additionally, the MTF measurements only allow to conclude that slits
at 2 mm distance cannot be distinguished. These results show that the spatial resolution of
the current LaGEMPix does not fulfil the criterion of sub-millimeter resolution for hadron
therapy and that the exact value depends on the method applied to evaluate the spatial
resolution.

Table 3. Summary of the spatial resolution obtained for different experimental configurations and
by different detectors. Results from the FLUKA Monte Carlo simulation are also included for

comparison.
Spatial Resolution (mm)
Detector Edge Response 5 mm Cu Hole Minimum Ress)lvable
Hole Spacing

LaGEMPix 9.70 £ 0.09 6.73 £ 0.08 3 mm (edge to edge)
GEMPix 5.20 4+ 0.10 5.23 4+ 0.05 1mm ! (edge to edge)
GAFCHROMIC® 0.86 £ 0.07 5.09 £ 0.03 1mm ! (edge to edge)

FLUKA simulation of 453 +0.01 4.87 £0.03 1mm ! (edge to ed

LaGEMPix . . . . mm - (edge to edge)

I minimum distance between holes in the Cu plate.

In order to disentangle the effects on the spatial resolution from different sources, such
as the experimental setup, electron diffusion in the gas, and isotropic emission of photons
in the detector, measurements were performed with the GEMPix and GAFCHROMIC®
XR-SP2 films. Table 3 summarizes the values of spatial resolution obtained for the various
detectors and experimental configurations. As expected, the GAFCHROMIC® films show
the best spatial resolution. The edge response worsens from 0.86 mm with the film to
5.20 mm with the GEMPix, while slight differences are observed with the LSF method.
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In both cases, holes separated by a distance of 1 mm can still be resolved. The GEMPix
yielded an MTF below 10% at 1.4 LP/mm. The ESF of the LaGEMPix and the FWHM of a
5 mm hole are higher than with the GEMPix. A further decrease in the spatial resolution is
observed with the LaGEMPix, associated to the isotropic emission of scintillation photons.
The results show that with the current design of the LaGEMPix, holes at a distance of 1 mm
can no longer be resolved; the MTF method also shows that slits spaced by 2 mm cannot
be resolved.

Finally, the results of a FLUKA Monte Carlo simulation of the LaGEMPix were com-
pared with the experimental results. Unsurprisingly, the resolution obtained from the
simulation is much better than the experimental one. This can be explained by the fact that
the simulation does not take into account some phenomena associated with the detector
working principle, such as the isotropic emission of the scintillation photons. On the
other hand, the simulation predictions agree with the GEMPix results. This implies that
(1) the simulation is able to reproduce the experimental results where only electrons are
involved in the final image, (2) the isotropic emission of the scintillation light introduces an
additional blurring in the image, and (3) other effects not included in the simulation, such
as electron diffusion and recombination, seem to have a little effect on the spatial resolution.
It can also be concluded that even for an ideal triple-GEM detector, where only primary
energy depositions are taken into consideration, a sub-millimeter spatial resolution is not
reachable. Similar results were obtained for 30 kV X-rays. The edge response method
underestimates the resolution of the detector as compared to the other methods. This effect
can be caused by the electron mean free path in the gas that introduces an additional blur
to the image.

5. Conclusions

In this paper, we present for the first time the characterization of a GEM-based detector
with optical readout based on a matrix of OPDs fabricated on top of a TFT backplane using
low energy X-rays. The results presented in this paper show that the current LaGEMPix
prototype achieves a spatial resolution of a few millimeters. The value obtained from
the ESF using a 2.5 cm lead block underestimates the intrinsic spatial resolution when
comparing it to the ability of the detector to resolve features such as two holes spaced
by 3 mm. Similar conclusions can be extracted from the GEMPix measurements and the
FLUKA simulation.

Several avenues of investigation are being explored to improve the spatial resolution
and reach the desired target for QA in hadron therapy. Considering the better spatial
resolution obtained with the GEMPix, the major limitation to the spatial resolution stems
from the isotropic emission of the photons, and its effect on the spatial resolution depends
on the distance between the places of production and detection of the photons. Therefore,
a new detector prototype is under design in which the distance between GEM3 and the
readout is reduced from 3 to 1.5 mm. To further improve on spatial resolution, an optical
collimator film could be placed between the ITO on quartz and the thin-film imager, such
that emitted photons under larger off-normal angles to the imaging plane are prevented to
reach the optical imager frontplane.

Another general improvement is to employ a different type of OPD to increase the
signal strength by providing a better match between the emission spectrum in the gas and
the acceptance spectrum of the OPD. The ITO transparent anode with the fused quartz
substrate will be replaced by the ITO coated fused silica glass following results of recent
measurements [57]. Measurements with clinical hadron beams are also planned in the
future.

An alternative solution currently being assessed is to eliminate the OPD frontplane,
leaving a TFT-only electronic readout. With this approach, secondary electrons produced in
the avalanche would be directly measured by the readout, yielding an even more compact
and possibly more efficient device with a higher signal-to-noise ratio. In this case, a
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sub-millimeter resolution can be expected based on the MTF results obtained with the
GEMPix.
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