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Abstract

Currently film is being replaced by electronic detectors for portal imaging in
radiation therapy. This development offers obvious advantages such as on-line
quality assurance and digital images that can easily be accessed, processed and
communicated. In spite of the improvements, the image quality has not been
significantly enhanced, partly since the quantum efficiency compared to film is
essentially the same, and the new electronic devices also suffer from sensitivity
to the harsh radiation environment. In this thesis we propose a third generation
electronic portal imaging device with increased quantum efficiency and poten-
tially higher image quality. Due to the parallel readout capability it is much
faster than current devices, providing at least 200 frames per second (fps), and
would even allow for a quality assurance and adaptive actions after each accel-
erator pulse. The new detector is also sensitive over a broader range of energies
(10 keV - 50 MeV) and can be used to obtain diagnostic images immediately
prior to the treatment without repositioning the patient. The imaging could
be in the form of portal imaging or computed tomography. The new detector
is based on a sandwich design containing several layers of Gas Electron Mul-
tipliers (GEMs) in combination with, or integrated with, perforated converter
plates. The charge created by the ionizing radiation is drifted to the bottom of
the assembly where a tailored readout system collects and digitizes the charge.
The new readout system is further designed in such a way that no sensitive
electronics is placed in the radiation beam and the detector is expected to be
radiation resistant since it consists mainly of kapton, copper and gas.

A single GEM detector was responding linearly when tested with a 50 MV
photon beam at a fluence rate of ∼1010 photons mm−2s−1 during 3-5 µs long
pulses, but also with x-ray energies of 10-50 keV at a fluence rate of up to ∼108

photons mm−2s−1. The electron transmission of a 100 µm thick Cu plate with
an optical transparency of ∼46% was found to be ∼15.4%, i.e. the effective
hole transmission for the electrons was about one third of the hole area. A
low effective GEM gain is enough to compensate for the losses in converters
of this dimension. A prototype for the dedicated electronic readout system was
designed with 50×100 pixels at a pitch of 1.27 mm×1.27 mm. X-ray images
were achieved with a single GEM layer and also in a double GEM setup with
a converter plate interleaved. To verify the readout speed a Newton pendulum
was imaged at a frame rate of 70 fps and alpha particles were imaged in 188 fps.
The experimental studies indicates that the existing prototype can be developed
as a competitive alternative for imaging in radiation therapy.
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Chapter 1

Introduction

1.1 Clinical background

In modern radiation therapy intensity modulated dose delivery is used to maxi-
mize the probability of achieving complication free tumor cure. Accurate align-
ment of the patient with respect to the therapeutic beam is of major impor-
tance. The classical way of photon beam portal verification is portal imaging of
the beam transmitted through the patient. This allows accurate verification of
the position of the collimated intensity modulated therapy beam in relation to
normal tissue and bony anatomy as visualized by transmission imaging. Portal
imaging therefore could allow readjustment of the relative positions of the edge
of the incoming beam and the patient, and may even enable adjustment of the
intensity modulation by adaptive radiation therapy. In radiation therapy there
is always a risk for internal tumor motion from one day to the next during
the course of the treatment. For all targets internal margins have to be included
during the treatment planning. To account for uncertainties in the patient setup
in relation to the therapeutic beam, a setup margin is added to the therapeutic
beam to account for uncertainties in beam patient alignment to safely cover the
tumor, despite setup uncertainties [8]. A consequence of this strategy is that
the dose might have to be reduced in order not to harm healthy tissues that are
located inside the target volume. However, using intensity modulated radiation
therapy, IMRT, for a given internal margin the tumor cure can successively be
improved [8], not least by adaptive approaches [9]. For decades the MV portal
imaging by film has been used on a weekly basis, and with the development of
modern electronic portal imaging devices, EPIDs, in recent years it has become
possible to control the treatment on a daily basis. Another development is to
include on board computed tomography, CT, with a therapeutic or diagnos-
tic x-ray source. When the tumor position is known more accurately prior to
the treatment, the safety margin can be reduced and the dose to the tumor
increased, resulting in an improved treatment outcome for the patient.
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1.2 Existing portal imaging systems

The radiation treatment is delivered with an electron accelerator operated at a
maximum accelerating potential ranging from 2-50 MV. Informative review ar-
ticles about electronic portal imaging devices has been published quite recently,
e.g. [10] and [11]. All commercial portal imaging systems use a single metal plate
for the x-ray conversion and while ∼4% of the incident photons interact in the
converter, less than 1% will contribute to the detector signal when irradiated
by a 2 MeV x-ray beam [11].

Portal film

The classical way to obtain portal images is to use MV portal films. The film
development is time consuming and it cannot be evaluated in real time, it only
allows for on-line corrections on a 5-10 minutes or longer time scale, e.g. using
adaptive therapy [9]. Further, the film requires a handling procedure and a non
negligible effort when placing each film, developing it and archiving it. It should
also be mentioned that the response of the film is non-linear with dose.

Liquid ionization chambers

The ionization chamber is an old and well known type of detector. Also in this
case an additional metal plate, used as a build up layer, is placed in front of the
detector. The idea of using a liquid substance as detecting medium rather than
gas, enhances the interaction cross section due to the increased density and
higher charge production. The liquid ionization chamber marketed by Varian
Medical Systems, the PortalVision LC250tm, uses a scanned readout method
and it requires approximately 3 seconds to achieve one image in standard mode
and 0.95 seconds in fast mode [12].

Scintillating screen & CCD based systems

A screen made of phosphorous or crystalline material is emitting visible light
when being hit by the electrons released by the therapy photons interacting in
the build up layer placed in front of the screen. The light is reflected by a mirror
and directed to a CCD or a video camera, as was used already in the 1960’s [13].
The cameras can not survive a long time in the beam, therefore the photons are
reflected in 45o in the mirror directed to the camera, which thus may be placed
outside the beam region. Unfortunately this makes the system rather bulky and
inconvenient in a treatment room. The photons are emitted in all angles from
the phosphor screen, but only those emitted in a small cone subtended by the
lens of the camera, contributes to the signal, and this is only 0.1-0.01% [11].
The demagnification is thus a substantial quantum sink.

As an example a stand alone portal imager, PORTprotm, based on a CCD
readout has been developed by the Israelian company ELIAV [14]. The total
height of the system is 190 cm and the weight 65 kg. It is not attached to the
gantry and can not provide images through out the rotation. TheraViewtm is
a video camera based system that is delivered by Cablon Medical [15]. The
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scintillator has an area of 40 cm × 40 cm and the detector pixels are 0.78 mm
squared. In the treatment sequence mode the readout speed is up to one image
per second according to specifications.

Active Matrix Flat Panel Imager (AMFPI)

The latest development of the scintillating screen based systems, and also the
most popular EPID today, is the active matrix flat panel imager. In addition
to the metal plate, the impinging x-ray can interact directly in the phosphor
layer and the photon detectors and a total of ∼2% of the incident radiation
(including interactions in the build up layer) contributes to the detector signal
in current AMFPI EPIDs [16]. With an increasing thickness of the screen the
spatial resolution gets worse however [11]. The emitted visible light from the
phosphor screen is absorbed by photodiodes made of amorphous silicon at the
readout plate. Each photodiode is connected to its own thin film transistor,
placed in an immediate vicinity of the amorphous silicon, which is routed to
common lines for one row of pixels. The collected charge at each pixel is read
out sequentially with one row at a time.

One example is the amorphous silicon detector XRD 1640 AN ES which is
manufactured by Perkin Elmer. The active area is about 41 cm × 41 cm with
a pixel pitch of 400 µm, and it provides live images at a speed of 15 fps. The
maximum energy sensitivity ranges up to 15 MeV [17]. The company delivers
flat panels to be integrated in the portal imaging systems sold by Elekta AB and
Siemens AG, named iViewGTtm [18] and BeamViewtm [19] respectively. Varian
Medical Systems has its own AMFPI detector named PortalVision aS500tm [22].
The active area of this device is 40 cm × 30 cm with a pixel pitch of 0.784 mm,
and the readout speed is 10 fps.

1.3 On board Computed Tomography

Diagnostic CT x-ray imaging typically employ an 80-140 kV spectrum [20]. The
average x-ray energy is approximately one third of the maximum value which
is approximately given by the kV setting of the high voltage generator of the
x-ray tube.

The three major companies on the market for radiation therapy equipment
have come up with separate solutions for how to combine EPID information
with information from diagnostic imaging with a CT in the treatment position.

In Elekta Synergytm [18] and Varian On-Board Imagertm [22], an x-ray tube has
been mounted on the gantry, placed orthogonally to the therapeutic beam and
its portal imager. Opposite and in line with the diagnostic x-ray tube, a low
energy sensitive flat panel detector has been mounted. The Varian flat panel
detector is mounted on robotically controlled arms which operate along three
axes, and can be retracted when not in use. The Elekta system is also attached to
an extractable arm. Hence there are two separate imaging systems (Diagnostic
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x-ray + CT, and Therapeutic beam + EPID) and two beam sources located
around the patient in both systems described. This feature brings the possibility
to reconstruct a cone beam CT volume of the patient at the treatment position
immediately prior to the treatment as well as using it to verify the patient
positioning.

These systems are able to track the tumor in real time, so called dynamic imag-
ing, i.e. to catch intra-fraction tumor motions. A discussion about this possibility
and a comparative study with a double setup of two kV detectors can be found
in [21]. Note that in the latter case three detectors (2 CT + 1 EPID) and two
extra x-ray sources are required in addition to the treatment accelerator.

Siemens ARTISTEtm [19] has two imaging panels, one for a kV beam placed at
the opening of the gantry head, and the other one for portal imaging located in
the beam stopper. An x-ray source is situated behind the EPID to provide the
beam for the low energy detector. The advantage with such a solution compared
to the Elekta and Varian systems, is that it provides both entrance and exit
treatment ports and a more compact design.

The new Tomotherapy system [23] has a completely enclosed cylindrical gantry,
like a CT scanner, and uses only MV-imaging to obtain fast therapeutic CT
images similar to earlier detector designs [24].

1.4 Brief summary of the state of the art for
portal imaging

Existing EPIDs have several advantages over portal film. However, a drawback
is the poor image quality due to the inherent very low quantum efficiency of
the detectors. The best systems available, the AMFPIs, are limited to extract
information from ∼2% of the incident photon beam only [16]. To increase the
detector efficiency one might think of using a thicker metal converter. However,
the absorption of the primary electrons generated in the metal plate will then
increase with the converter thickness giving minimal gain.

The work presented in this thesis address the possibilities to overcome the short-
coming of present EPID systems through a new multilayer detector technique.
It will offer a higher detection efficiency, a substantial increase in the imaging
frame rate, an improved radiation tolerance and the combination of a diagnostic
and therapeutic x-ray detection in a single device.
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Chapter 2

Design of the new imaging
system

2.1 Detector components

General detector function

The multilayer detector was suggested by A. Brahme and M. Danielsson [25] pa-
per [I-V], and the outline of the detector design is indicated in figure 2.1. It is a
gaseous detector, hence all detector parts are included in a sealed chamber. Vary-
ing gas mixtures can be used and the gas is supplied at atmospheric pressure. As
specified in the figure, photons are impinging at the top of the chamber through
an entrance window. Low energy photons interact either in the gas volume of
the drift region, or in the combined drift electrode/low-energy-converter. The
converter plates shown in the illustration have the task to convert high energy
photons to electrons. Further does the detector function require gas electron
multipliers (GEMs) to be installed between every converter, and a pixelized
readout plate.

Diagnostic energies

One can think of two strategies to detect x-rays with diagnostic energies. The
first one is to use the gas itself as the converter, while the second is to use
the drift electrode as a converter. If using the gas layer in the drift region as
conversion medium, a gas with a high atomic number should be used. The
photoelectric effect is the dominating photon interaction in this energy interval
and the cross section increases strongly with the atomic number and e.g. a gas
mixture based on Xe would be suitable to use. Another advantage of using a
high atomic number gas, is that the electron range is shorter which improves
the spatial resolution. It would still be a challenge to achieve a high detection
efficiency in a gas volume that is not too thick. The efficiency could be improved
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Drift electrode/

Low energy 

converter GEM 1

Converter 1

GEM 2

Converter 2

GEM + Converter
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Readout pixels

Low energy photons High energy photons

Entrance window
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Transfer 1 region

Transfer 2 region

Transfer 3 region

Transfer 4 region

Transfer 5 region

Figure 2.1: Schematic illustration of a possible detector geometry (not to scale).
High energy photons interact in the converter plates and create primary elec-
trons. Those electrons ionize the gas and the secondary electrons are drifted
through the chamber down to the readout plate by the applied electric field.
When passing a GEM the electrons are multiplied in order to compensate for
losses in the following converter plates. Low energy photons will mainly interact
at the top of the detector, either in the combined drift electrode/low-energy-
converter plate or in the gas volume of the drift region (a thicker volume is
needed). An idea is to increase the detector efficiency and reduce the detector
thickness by combining the GEM and converter in one device, as is illustrated
in the layer between the Transfer regions 4 and 5.
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if the top electrode could be turned into an efficient converter for low energy
x-rays, i.e. if it could be made of CsI for example [IV], in this case the depth of
the detector volume required for diagnostic x-rays could be kept at a minimum.

Therapeutic energies

The vast majority of the impinging high energy photons pass through the top
section of the detector without interacting, since the interaction probability here
is very low. In the first metal converter plate a fraction of the photons interact by
incoherent scattering and pair production, as will be the case in each consecutive
converter plate. The emitted primary electrons or positrons will ionize the gas
and note that the high energy electrons are not affected by the electric field in
the detector.

During the radiation treatment there are scattered electrons and photons from
the patient and the treatment couch that hit the detector. These will not con-
tribute to the image information, but may disturb the image quality. The effect
of those can be reduced by switching off the electric potential at the drift elec-
trode and the first GEM when running in EPID mode. Thereby the scattered
particles are attenuated not only in the chamber window, but also in the first
converter plate. The entrance window of the chamber might also help reducing
the number of scattered low energy electrons.

Collection of the secondary electrons

The signal in form of ionization will drift downwards through the electrical
field generated by the increasing electrical potential at each layer. Starting with
maximum negative potential applied at the drift electrode, to be reduced with
approximately 1 kV/cm in the transfer regions and ending with the collector
plate applied to ground potential. The transfer regions according to figure 2.1
operate in an ionization chamber mode, i.e. the electric field is strong enough
to prevent recombination of the electrons and ions by drifting them in opposite
directions along the field lines. The converter plates are perforated with holes
to allow for the electrons to pass through. The area of the holes in the con-
verter plate, relative to the area covered with material, is defined as the optical
transparency, Toptical. Quite a large fraction of the electrons will be lost at each
converter plate since they follow the electric field lines ending there. This loss is
compensated for by increasing the number of electrons incident on the converter
plate, by multiplying them in the amplification process in the previous GEM.
The very last GEM, located immediately above the induction region as indi-
cated in figure 2.1, can be operated at a higher gain, since here all the signals
are unified and will be equally amplified. Finally the electrons are extracted to
the pads of the readout plate at the bottom of the chamber.

2.1.1 The Gas Electron Multiplier

The Gas Electron Multiplier was invented by F. Sauli in 1996 [26]. The GEM
is a thin structure of two metal electrodes with an insulating foil inserted in
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between. The layer is perforated with holes, where the electron multiplication
can occur when applying a potential difference.

The GEM typically consists of a 50 µm thin kapton foil coated with a 5 µm
copper layer on both sides. It is chemically etched with double conical holes
with a hexagonal pattern of holes according to figure 2.2. The diameter of the
holes is 70 µm ± 5 µm in the copper and 50 µm ± 5 µm in the kapton, and the
holes have a pitch of 140 µm resulting in a hole density of ∼50 holes per mm2.
There are other dimensions of the holes available, but this is the standard GEM
geometry.

The GEM manufacturing technology has been developed at CERN in the printed
circuits workshop by A. Gandi and R. De Oliveira [27]. The kapton covered with
copper is coated with a photosensitive layer on both sides and exposed to UV
light through a mask reproducing the desired holes’ pattern. The metal is then
chemically removed in the holes, and the foil is immersed in a solvent for kapton.
Hence the manufacturing procedure creates conical holes from both sides.

Figure 2.2: Photo of the GEM taken in a microscope. The holes are in a hexag-
onal pattern with a pitch of 140 µm.

When applying an electric potential difference between the two electrodes, a
strong electric field is focused within the holes of the GEM, see figure 2.3. If
injecting an electron into a hole it will be accelerated by the strong electric field,
and create an avalanche of secondary electrons. The total number of electrons
produced can be controlled by the applied potential over the GEM electrodes,
since the GEM is working in the region of proportional multiplication.

The ions created in the process move upwards, either to the GEM-top electrode
or even further up in the structure. Some of the avalanche electrons will be
attracted to the GEM bottom electrode, and the rest of them emerging from the
hole and transferred down stream. Hence several GEMs can be put in cascade
to further increase the signal. This is one of the features making the GEM a
successful device in various detector applications over the world. Note that the
multiplication in the holes is defined as the real gain, and the increasing number
of electrons emerging from the GEM, as compared to impinging on it, is defined
as the effective gain.

The GEM can be obtained from the workshop at CERN, and the active size of
a standard GEM is either 5 cm × 5 cm, or 10 cm × 10 cm [28]. Production of
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Figure 2.3: Electric field lines and equipotentials in the GEM holes on applica-
tion of a voltage between the electrodes [30].

a size up to 2000 cm2 is possible though [29] and e.g. the COMPASS tracking
detectors are using large size (31 cm × 31 cm) GEMs [31]. In this work standard
GEMs (10 cm × 10 cm), acquired from CERN, were used.

During some of the measurements the GEM was placed immediately on top
of a Cu plate. In this way the anode position is in the center of the hole and
therefore more electrons are collected, i.e. the signal measured is the real gain.
This mode is named Compteur A Trou, CAT [32].

2.1.2 Gas mixture considerations

Many different variations of gas mixtures can be used with the GEM and one
common composition is Ar-CO2. Although not the best for obtaining the high-
est gain, it has the advantage to be non flammable, chemically stable, having
a fast electron drift velocity and it is also intrinsically non-aging even under
severe avalanche conditions [31]. However, the mean energy required to create
an ion-electron pair by an incident electron, is 26 eV, 24 eV and 22 eV, for Ar,
Kr and Xe respectively [33]. Therefore a somewhat larger number of secondary
electrons (i.e. a larger signal) will be obtained per primary electron released
from the converter plate in a Xe mixture.

Characteristic x-rays are emitted when the gas molecules de-excite or the ion-
ized molecules attract a new electron to fill the gap from the emitted electron.
Especially within the holes of the GEM, where the avalanche takes place, a lot
of photons are emitted. Those photons are of various energies, depending on
which shell the emitted electron origins from. Usually it is the K-shell electrons
that are knocked out during the ionization. Those photons are emitted in all
angles and if they are of sufficiently high energy they can create a photoelectron
in the detector material elsewhere. They will blur the image if not absorbed
by the converter plates in a short distance. Therefore a polyatomic gas, a so
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called quencher, is mixed with the noble gas. CO2 is a quenching molecule for
example, and these molecules absorb the radiated photons and then dissipate
the energy through dissociation or elastic collisions [33].

A high pressure system would produce more ion-electron pairs per track length
of the primary electrons, but would be less convenient to work with.

2.1.3 Metal conversion layer for high energy photons

In the introduction it was mentioned that existing EPIDs are quantum limited.
With the new detector, one can solve that problem by constructing a detector
with many thin converter layers. Hence the overall attenuation is higher and
a larger fraction of the generated electrons are extracted from each converter
plate. Furthermore does the spatial resolution depend on the converter thickness,
because the primary electrons are affected by multiple scattering and a wider
spread of the electrons is noted when emerging from a thicker metal plate [34].
Hence it is advantageous to reduce the thickness of the converter plates. The
thickness should be in the order of the range of the electrons created for a certain
material and a certain energy.

The hole diameter and hole density will affect the quantum efficiency in such
a way that more surface area available (many holes) will make it easier for
electrons to emerge within the holes of the converter and thereby increase the
quantum efficiency. Large holes and a high hole density will further increase the
electron transmission through the converter. However, less material to interact
with, will decrease the attenuation probability and therefore lower the quantum
efficiency. This needs to be optimized, and one can conclude that thin con-
verter plates are advantageous for both the electron transmission and reaching
a high total quantum efficiency with a multilayer structure where many layers
are feasible.

Note that the spatial resolution is limited by the hole pattern of the converters
if the pitch is larger than the pixel size in the electronic readout system. It can
never be higher than the pitch of the converter holes.

The choice of converter material can be regarded from several aspects; a high
atomic number material will provide a high attenuation, i.e. a high quantum
efficiency, on the other hand will the electrons created in the plate be subject to
a higher probability of multiple scattering in that case, which would worsen the
spatial resolution. A third aspect is that one should choose a material which is
easy to handle and process.

In summarizing, the following parameters of the converter plates are important
to optimize for the imaging application:

• Thickness

• Number of layers
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• Hole diameter

• Hole density

• Material properties

2.1.4 Electronic readout system

A pixelized readout system is needed to extract the electrons created in the
detector. The requirements on such an electronic readout system is quite de-
manding. About 200.000 pixels covering an area of 40 cm × 50 cm, with an
1 mm × 1 mm spatial resolution, should be read out in parallel at a speed of
200 fps if possible. The radiation environment at a treatment facility is harsh,
the photon fluence rate is large, in the order of 1010 photons mm−2s−1 during
the pulses. Hence it is likely that electronics placed in such a beam would be
damaged.

With those requirements in mind, the research group in collaboration with R.
Kihlberg [35] came up with the idea of a new electronic readout system solving
the problems pointed out above and a possibility to route out the signal from the
large number of pixels. All collector pads are placed on the edge of an ordinary
printed circuit board1, and the signal can then be routed through a trace from
each pad to the end of the FECs where the electronics is situated well outside
the beam.

A prototype of the electronic readout was manufactured by Gamma Medica-
IDEAS [36] and delivered with a complete control system including software.
The FEC is implemented as an array of a 4-layered printed circuit board, see
figure 1 in [V]. A trace goes along the FEC from each single pad to the Applica-
tion Specific Integrated Circuit, ASIC, attached at the side of the array. In this
way each pad can be read out in parallel. The FECs are stacked close to each
other, forming a 2D area of 50 × 100 pixels, see figure 2 in [V]. The prototype
has got a pixel size of 1.27 mm x 1.27 mm, which corresponds to 0.98 mm x
0.98 mm at the isocenter with a Source to Detector Distance (SDD) of 130 cm
(which corresponds to a typical clinical imaging distance [16]).

The system can be further described by the components shown in figure 2.4.
The double sample and hold (S/H) functions and the parallel traces to all pads
guarantees the fast speed of the imaging detector. During the integration time
the electrons are collected at the pads and extracted to the individual charge
integrating amplifiers located at the ASIC, figure 2.5. The integration amplifier
converts the charge to a proportional voltage, which is sampled in one of the
S/H channels. Data is shifted out from one unit while the other unit is active
sampling the signal. In this way the readout deadtime is reduced to the reset
time of the amplifier. The minimum reset time is 1 µs according to the supplier,
while 10 µs was used during the tests. The readout time for all channels is 4.3
ms, i.e. the time it takes to shift all data out from the S/H units, convert it to

1We denote this a Front End Card, FEC.
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digital format in the Analog to Digital Converter (ADC) and transfer it to the
computer. The temporal resolution is therefore less than 5 ms and a frame rate
exceeding 200 Hz is achievable. It is believed that the ASIC and the general
readout strategy could be modified to handle any frame rate that would be of
interest in radiation therapy imaging.

Further specification and information about the electronic readout system can
be found in [V] and in the patent that was issued in 2005 [37].

PC

PCI-DIO-32HS

DAQ card

         VATA-Controller

Multiplexer
ADC

14 bit

Motherboard

FEC

50x100 pixels
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Figure 2.4: Schematics of the electronic readout system.
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Figure 2.5: The structure of the ASIC.

2.2 Estimation of achievable detector efficiency

The PENELOPE Monte Carlo code [38] was used to estimate the achievable
quantum efficiency of the detector. In the estimation it was assumed that there
are no signal loss during the electron transport in the gas, and that the mul-
tiplication in the GEM will fully compensate the absorption losses of electrons
in the converter plates. The converter geometry was set to an infinitely wide
slab of either Cu or W without holes, and the thickness was varied from 10 µm
to 5 mm. For each layer thickness more than 107 photon events were gener-
ated. The incident photon energy was either monochromatic at 1.7 MeV or a
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Figure 2.6: The energy spectrum of the electrons emerging from a Cu plate of
various thickness. The electrons were created by 1.7 MeV photons interactions in
the plate. The spectra were calculated with the Monte Carlo code PENELOPE
[38]. A spectrum skewed as in figure 2.7 would be more realistic for a true 6 MV
beam.

18 MV photon spectrum. The attenuation of the mono energetic beam corre-
sponds approximately to the mean energy of a low energy treatment beam of
6 MV (calculated with the EGS4 Monte Carlo code, BEAM) [39], and the 18
MV spectrum corresponds to a Varian accelerator and was obtained from [40].
Incoherent scattering, the photoelectric effect and the pair production processes
were all included. The particles (all generations) were traced down to a final en-
ergy of 10 keV or less for all particles. At this energy level they were considered
to be locally absorbed in the metal.

The energy spectrum of the electrons emerging from the metal slab (at the
bottom side) is presented in figures 2.6 to 2.8. The spectra include both primary
electrons and electrons generated in secondary processes. The primary electrons
however constitute more than 98% in the mono energetic beam and 94-97% for
the 18 MV spectrum.

The quantum efficiency, QE, is here defined as the fraction of incident quanta
that will interact in a converter plate and generate primary electrons that will
escape from the plate and contribute to the signal. Knowing the cross section
for interaction of the photons in the converter plate and the probability for the
primary electrons to emerge from the converter plate, the QE can be estimated
as indicated in figures 2.9 and 2.10.

The compton process is the dominating photon interaction for the mono ener-
getic photons simulated, and therefore it is reasonable to assume that a max-
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various thickness. The electrons were created by an incident 18 MV spectrum
and secondary processes in the plate. The spectra were calculated with the
Monte Carlo code PENELOPE [38].
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Figure 2.9: The quantum efficiency for 1.7 MeV photons impinging on uniform
Cu plates of increasing thickness from 10 µm to 5 mm. The quantum efficiency
for an incident 18 MV spectrum on uniform Cu and W plates are also included.

imum QE is achieved when the thickness of the converter plate is below the
practical range of the compton electron, i.e. the thickness when electrons do not
have enough energy to emerge. With an incident photon energy of 1.7 MeV, the
maximum energy of the compton electron is 1.48 MeV (compton edge), and is
achieved when the photon is backscattered in 180o. The practical range (half
the CSDA range) is 560 µm for 1.48 MeV electrons in Cu [41, 42].

As mentioned previously, one should also consider the correlation of spatial
resolution with the thickness of the converter plates as illustrated in figures
2.11 and 2.12, where the angular distribution of the emitted electrons (primary
and all later generations) from a Cu and a W plate of several thicknesses can
be seen. It is clear that the electrons emerging from a thick converter plate
are more divergent compared to the electrons escaping from a thinner plate
[43]. Further is the angular distribution slightly shifted toward larger angles for
electrons emitted from a W plate of 0.5 mm thickness if compared to a Cu plate
of the same dimension for example. The reason is as mentioned before, that W
has a higher atomic number than Cu and therefore the electrons are subject to
a stronger multiple scattering.

If assuming perforated converter plates with a transparency Toptical =23%, as
defined in section 2.1, the estimated QE of any converter plate (i) in the mul-
tilayer structure (assuming unit electron amplification in each layer) may be
approximated by

15



0 1 2 3 4
0

0.005

0.01

0.015

0.02

0.025

Converter thickness [g/cm2]

Q
u

an
tu

m
 E

ff
ic

ie
n

cy W 
18 MV spectrum

Cu 
18 MV spectrum

Cu
1.7 MeV photons

Figure 2.10: The same quantum efficiency as presented in figure 2.9, however
here the thickness is specified in the unit g cm−2. By applying this unit one can
see the variation in the QE as a function of the atomic number alone for the
different materials included.

QE(i)x = QE(1)x·(1− Toptical)·[1− (1− e−µx)·(1− Toptical)](i−1) (2.1)

where QE(1)x is found for each plate thickness (x) in the data shown in figure
2.9, and µ is the linear attenuation coefficient. The quantum efficiency of a
detector with N converter layers then becomes

QE(N)x =
N∑

i=1

QE(i)x (2.2)

The simulation data provides information about the total probability for the
attenuation considering all energies in the spectrum, and using the separate
attenuation value for each converter thickness, the QE can be roughly estimated
for many layers. In the case of the mono energetic beam, tabulated values of
the linear attenuation coefficient were used [44]. The QE for up to 200 layers is
presented in figure 2.13. The results show that it is possible to reach a higher
QE using thin converter plates at the cost of a large number of layers.

The limit of the maximum QE for each thickness is defined by the fraction of
emitted primary electrons per attenuated incident photons. This ratio is higher
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Figure 2.11: The angular distribution of all electrons emitted from a Cu plate of
indicated thickness. The data is from the Monte Carlo simulation of the incident
18 MV spectrum.
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Figure 2.12: The angular distribution of all electrons emitted from a W plate of
indicated thickness. The data is from the Monte Carlo simulation of the incident
18 MV spectrum.
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Figure 2.13: The estimated quantum efficiency of the detector based on equation
2.2 for 1.7 MeV photons (dotted line) and an 18 MV spectrum incident on a
Cu plate (dashed line) and a W plate (solid line). The QE increases with the
number of converter plates until most of the photons are attenuated and the
maximum QE is reached for that specific converter thickness.

for Cu than for W, hence if assuming a very large number of converter plates,
a higher QE will be reached with the Cu plates.

From a practical point of view, it may be feasible to include 10-20 layers for a
portal imaging application. The estimation indicates that in case of Cu, con-
verter plates in the order of 0.5 mm will be the most advantageous to use for
1.7 MeV photons and 2 mm thick converter plates for the 18 MV spectrum, see
figure 2.14. For 20 layers a QE of 9.5% and 16% can be achieved for 1.7 MeV
photons and a 18 MV spectrum respectively. The 18 MV spectrum incident on
a 0.5 mm W converter plate provides a QE of about 15%, almost 10 times the
value of AMFPIs.

The results show that almost the same QE can be achieved for 1 mm Cu plates
as for 0.5 mm W plates, in the range of 10-20 layers. It is advantageous to use
thinner plates since it reduces the total detector thickness for example. However,
if comparing the angular distribution of the emitted electrons from a 0.5 mm W
plate to a 1 mm thick Cu plate, the electrons from the W plate are somewhat
more divergent than for the Cu plate as indicated in figure 2.15.

The thickness of the active detection volume must not exceed 2-4 cm, or the
parallax error will limit the spatial resolution towards the edges of the detector.
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Figure 2.14: This is an enlargement of figure 2.13 (with some thicknesses ex-
changed for others). It shows that for a 20 layer structure, the highest QE is
achieved for converter plates in the order of 0.5 mm for 1.7 MeV photons inci-
dent on Cu, and 2 mm for a Cu plate and 0.5 mm for a W plate when irradiating
with an 18 MV spectrum. For comparison, the range of the quantum efficiency
of existing AMFPI systems has been included (maximum ∼2%).

To reduce the thickness of the detector one could think of combining the GEM
and the converter plate to one device. Another way of mitigating the effect of
parallax would be to segment the detector in such a way that the normal to
each segment points back to the source using a cylindrical or spherical detector.

In these estimations of the QE for a multilayer structure, secondary photons
were not accounted for. Those photons may give rise to a signal when interacting
in converter plates further downstream in the detector. If the primary photon
was already registered this will lead to a double (or multiple) registration of
one primary photon. In the cases when the primary photon was not registered
before, these secondary processes will increase the QE. However, the secondary
processes will also decrease the spatial resolution depending on the scatter angle
of the photons. Again a thin detector is desirable.

The photons detected below a converter plate is dominated by the transmitted
incident photons as seen in figure 2.16, and therefore the detected photon energy
distribution is very similar to the incident spectrum. However, one can note that
for a 5 mm and a 2 mm Cu thickness, there is a peak at ∼500 keV. This is due
to the positron - electron annihilation within the metal, and these photons will
be emitted uniformly and appear as a scattered background in the detector.

Full Monte Carlo simulations including the whole detector design should be per-
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Figure 2.15: Comparison of the angular distribution of emitted electrons from a
W plate of 0.5 mm and from a Cu plate of 1 mm thickness. The data is from the
Monte Carlo simulation of the incident 18 MV spectrum. The electrons from
the W plate diverge slightly more than the electrons from the Cu plate.
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formed in order to optimize the QE and spatial resolution of the detector. A pos-
sible signal contribution from the electrons emitted from the inner surface of the
holes could in this case be accounted for, and it may for small holes give a posi-
tive contribution. The optimization parameters for the converter plates listed in
section 2.1.3 could be used as a starting point. The electric field strengths and
charge transport in the transfer fields must be considered, and also the GEM
multiplication. The full energy spectrum of the accelerator of interest should be
considered when optimizing the detector components and functions.
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Chapter 3

Experimental realization

Two prototypes of the new detector were built. The first one for general GEM
measurements, and the second for imaging. The basic functions of the detector
components were tested experimentally in the x-ray laboratory of the Parti-
cle and Astroparticle Physics group at KTH and at the Karolinska University
Hospital, Stockholm.

3.1 Materials

3.1.1 Diagnostic x-ray beam (∼50 kV)

High rate measurements were performed not only with high energy photons,
but also with low energy x-rays. Two x-ray tubes, Kevex (max 50 kV and 0.1-1
mA) and Philips PW 1830/40 (10-60 kV and 10-60 mA) were used. The pho-
ton fluence rate for the Philips x-ray tube was measured independently with
a semiconductor detector (XR-100T-CZT, Amptek) that was connected to a
multi channel analyzer (Pocket MCA8000, Amptek), and placed behind a colli-
mating slit at 3.5o and approximately 1 m from the x-ray tube. The horizontal
slit was 10 µm wide and the vertical slit size was varied between 10-300 µm,
depending on the photon beam intensity. The measured photon fluence rate is
presented in figure 3.1. Some values were compared to an energy spectrum for
a wolfram target with a 1 mm Be window and 0.5 mm Al filter, and the photon
fluence rate was found to be in the correct order of magnitude [45]. Since no
filter was used in the measurement, a higher fluence rate is expected compared
to the reference. The fluence rate of the Kevex x-ray tube was not calibrated
with an independent detector as for the Philips tube. However, having the same
target it was assumed that the photon fluence rate was scaling linearly with the
spectral data reference [45].

For comparison, the incident photon fluence rate was estimated from the ion-
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ization chamber currents measured with the detector at two occasions. The
Philips and the Kevex tubes were set to 30 kV. For the Philips tube, the esti-
mated fluence rate was 2.9·107 photons mm−2s−1 at the location of measurement
(SDD=38 cm), and the independently measured fluence rate 3.4·108 photons
mm−2s−1 at the same distance, while the referenced fluence rate was 8.9·107

photons mm−2s−1. In the case of the Kevex tube, the estimated fluence rate
was found to be 2.3·107 photons mm−2s−1, while it was 1·108 photons mm−2s−1

according to the reference. Hence the values are in the same order of magnitude
even if the estimated photon fluence rate was somewhat low.
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Figure 3.1: The photon fluence rate at the Philips x-ray tube measured with an
independent detector.

3.1.2 Therapeutic Racetrack microtron beam (∼50 MV)

The high energy measurements were made at the Racetrack microtron1, an
accelerator for radiation therapy used at the Karolinska University Hospital in
Stockholm. The accelerator provides uniform bremsstrahlung beams with up
to 50 MeV peak photon energy with a scanning narrow photon pencil beam.
No beam flattening filter is used in this device, therefore the mean energy is
higher than for any other conventional accelerator. Tests were performed at a
dose rate to water of Ḋ=2 Gy min−1 at isocenter, with an assumed photon
mean energy of 18 MeV [46]. The photon fluence rate is obtained using the
relation Ḋ = φ̇·hν·µen

ρ assuming charged particle equilibrium. With the mean

1The Racetrack treatment accelerator at the Karolinska University Hospital in Stockholm
is generally operated at 50 MV acceleration potential.
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energy hν=18 MeV and the mass energy absorption coefficient µen

ρ = 0.0141
cm2g−1 [44] the average photon fluence rate is φ̇ ≈8·106 photons mm−2s−1. The
Racetrack is pulsed with 3-5 µs long pulses at a frequency of 200 Hz. The pulse
corresponds to a peak photon fluence rate in the order of φ̇ ≈1·1010 photons
mm−2s−1. This beam was used in publications [III, IV].

3.1.3 Test chambers

An existing aluminium chamber (chamber 1) was adapted for the GEM mea-
surements and is shown in figure 3.2 A). A simple Cu plate was used as collector
plate and the drift electrode was made of a Cu mesh in most cases. The photo
in figure 3.2 B) however shows the high energy setup when a solid Cu plate was
used as a combined drift electrode and converter. Nylon screws were holding
the parts together, with a thick PMMA (Polymethyl Methacrylate) plate as a
base, see figure 3.2 B). Frames for the GEM foils and also the distances that
separate the layers were made of PMMA in this setup. This chamber was used
in publications [I-IV].

A B

Figure 3.2: A) Photo of test chamber 1. B) A single GEM installed with a 1.5
mm Cu plate mounted as drift electrode and a plain Cu plate as collector.

A stainless steel chamber (chamber 2) with a 12 mm thick top and bottom lid
was designed and built to hold the dedicated electronic readout developed for the
application, see figure 3.3 A). SHV feed through contacts and gas inlet/outlet
were added to the bottom lid. The entrance window is made of 0.3 mm Al foil
and is located at the top lid and has a size of 137 mm x 75 mm. New layer
distances and frames for the GEM and the drift electrode were constructed in
the more radiation resistant material Rexolite, see figure 3.3 B). A Cu mesh
was used as a drift electrode in this chamber as well. This chamber was used in
publications [IV, V].

3.1.4 High voltage supplies

A number of high voltage (HV) supplies were used during the first part of the
study, e.g. Tennelec TC950, Oltronix A2,5K-10HR and Fluke (72419) 415B High
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A B

Figure 3.3: A) Photo of test chamber 2. B) A single GEM setup installed in
the chamber with Cu mesh as drift electrode, and the 50 FECs are installed as
readout.

Voltage Power Supply. They were either individually powering the electrodes in
the chamber, or the voltage was supplied via resistor chains in the case when
being limited by the number of available HV feed through contacts in chamber 1.

Floating HV-supplies were constructed for the second part of the study, when
the 50 FEC pixelized readout was installed. The modules had a continuous
voltage range of up to 0.5, 1 and 2 kV for two modules respectively, i.e. there
are six HV modules in total. They were very convenient to use in the laboratory
environment where the potentials are to be varied repeatedly.

3.1.5 Experimental procedures

Standard GEMs obtained from the CERN workshop [27] were used during the
tests, see section 2.1.1. The GEM was stretched by hand and attached to the
frame with double sided tape. This is a very primitive way of framing the GEM
and visible wave pattern are seen on the foil, e.g. see figure 3.11.

All parts, except the GEM foils, had to undergo a thorough cleaning procedure
before being mounted in the chamber. Cleanroom gloves, dishwashing liquid,
de-ionized and distilled water, alcohol and an ultrasonic bath were tools in the
lengthy process. After being blown dry with nitrogen or Ar-CO2, the parts were
installed in the chamber at the clean bench Telstar AH-100.

Protective resistors (in MΩ range) were connected in series with the GEM elec-
trodes in most measurements. Large currents (µA) at the GEM electrodes cre-
ates a voltage potential over the resistors, i.e. resulting in a voltage drop over
the GEM during irradiation. The voltage was measured with Fluke 79 III mul-
timeters and corrected when relevant.

The normal procedure is to flush through the gas for up to one day if the chamber
has been opened previously, or heavily for a couple of hours if not operated for
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some time. The normal operating gas flow is set to approximately 0.5 ml per
second for the 5300 cm3 large chamber volume (chamber 2), and was controlled
with a bubbler. The gas mixtures used during the study were Ar-CO2(80-20)
and Kr-CO2(90-10) at atmospheric pressure.

3.2 Experimental results

Several of the experimental results are already published in the included publi-
cations [I-V]. A number of other experiments were also conducted and described
below.

3.2.1 Data acquisition system

As a first step 6 FECs were mounted in chamber 2 in a single GEM mode. The
drift region was 6 mm and the induction region 3 mm thick. The gas mixture
used here was Ar-CO2(80-20). Basic functions of the readout electronics were
tested, e.g. the range of the ASIC linearity was defined. A crude way of testing
the position resolution was made by imaging a 0.5 mm wide slit. The result was
presented in [V] and shows that the spatial resolution with a 6 mm thick drift
region will be limited by the photoelectron range, and a less thick gas layer in
the drift region should be implemented. However, a much thinner slit should be
used in such an experiment and further measurements must be made in order
to define the spatial resolution.

When satisfied with the basic tests, 50 FECs were installed with the single GEM
setup. The drift region was reduced to a thickness of 3 mm though. Further
verification measurements were made, but also imaging with the Philips x-ray
tube.

Verification of the charge integration time

Tests were made to verify the charge integration time for the whole system.
X-ray images were acquired of a copper disc (70 mm in diameter) rotating with
a synchronous motor at a speed of 25 rps. The integration time of the readout
system was set to 10 ms and 30 ms, which corresponds to 1/4 and 3/4 of a
rotation respectively. Two holes of different diameters (8 mm and 10 mm) were
drilled in the copper, and figure 3.4 shows how the disc was slightly tilted in
order to avoid the motor in the beam. The results are displayed in figure 3.5,
and they show that the integration times tested agree with the specification.
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Figure 3.4: Photo of the copper disc attached to the axis of a synchronous motor
used for verification of the integration time.

A. B.

Figure 3.5: Verification of the charge integration time. A) An image of the Cu
disc when the integration time was set to 10 ms. B) The integration time was
30 ms. The axis of the motor is seen at the bottom of the image.

Verification of the readout speed / Real time dynamic imaging

As described in [IV-V], alpha particles were imaged in real time with the 6 FEC
setup. The integration time was set to 1 ms and the activity of the 241Am source
(∼5.5 MeV) was in the order of 1 event per ms. Only one sample and hold unit
per ASIC was utilized at the test, i.e. the frames were read out sequentially, and
the imaging rate was 188 fps. The alpha particles tracks were displayed on a
computer screen by the readout software, and the screen output was recorded in
real time with a digital camera. However, the present software and the computer
capacity, were limiting the actual viewing rate.

To further demonstrate the speed capacity of the readout system, a Newton
pendulum was imaged with the 50 FEC setup. The five pendulum balls were
made of stainless steel and had a size of 25.4 mm in diameter. The images were
acquired with a 40 kV x-ray spectrum and a charge integration time of 10 ms,
which corresponds to a frame rate of 70 fps. The acquired single frames were
serially added to form a movie, and one of the frames is shown in figure 3.6.
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Figure 3.6: A series of consecutive images of the Newton pendulum when imaged
at a frame rate of 70 fps. One of the balls is seen swinging in from the left.

3.2.2 GEM measurements

The GEM was a rather new device at the time when this project started and
therefore general functions of the GEM were confirmed [I-VI]. Up to 3 GEMs
were installed in chamber 1 and current measurements were performed at di-
agnostic energies (10-60 keV) with both x-ray tubes. A single GEM setup, see
figure 3.2 B), was tested at treatment energies of a 50 MV spectrum. The cur-
rent was measured with a Keithly 602 Electrometer. Further were pulse mode
measurements made with the isotope 133

56 Ba decaying to 133
55 Cs, emitting γ-rays

of 81 keV and 356 keV, and characteristic x-rays of 31 keV. The signal was mon-
itored on an oscilloscope HP 54645D via a fast linear amplifier, Ortec 572, and
a charge sensitive pre-amplifier, Ortec 142PC, connected to the readout plate.

Useful information about the GEM characteristics was found when checking
the the status of each foil, for example is the leakage current of a fully working
GEM in the order of pA, and the capacitance approximately 5 nF (measured
with Bridgemeter TTi LCR400). Further was it noticed that the GEM could
be conditioned (named ’training effect’ in paper [I]) by operating it for some
time in low energy x-rays. After a few discharges, a higher maximum achievable
gain (i.e. the highest achieved gain before the first breakdown appear) could be
obtained. The reason is probably that small irregularities or dust particles are
burnt away by the discharges.

To display the level of multiplication versus the applied potential difference over
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the GEM electrodes, a typical gain curve is presented in figure 3 in [I]. The gain is
linear in a logarithmic scale. The gain curves of the CAT (GEM placed on top of
the readout plate) and the GEM exemplifies the difference between the real gain,
and the effective gain, as explained in section 2.1.1. This data was obtained for
the gas mixture Ar-CO2(80-20), and 30 kV and 10 mA applied on the x-ray tube,
which corresponds to a photon fluence rate higher than 106 photons mm−1s−1.
Even larger amplifications were achievable with a third GEM installed. In that
case an overall gain exceeding 105 was obtained when the potential drop over
the top GEM was ∆G1=400 V, the middle GEM ∆G2=452 V and the bottom
GEM (placed in CAT mode) ∆CAT=347 V, according to [I].

For this application, imaging in radiation therapy, the GEM has to stand very
high photon fluence rates and manage large currents while still performing a
linear and stable electron multiplication.

As displayed in figure 3.7, the GEM multiplication was operating linearly in a
logarithmic scale also in the treatment beam. A single GEM was installed with a
0.2 mm thick Cu plate mounted as a combined drift electrode/ converter plate.
The area irradiated was varied as indicated in the figure, and the accelerator was
operated at 50 MV. The photon fluence rate was 1010 photons mm−2s−1 during
the pulses. Included in the plot is the gain curve for the single GEM tested with
30 keV x-rays from above. Both test setups were operating in Ar-CO2(80-20).
The results show that the amplification is similar independently if operated in
a high energy treatment beam, or with low energy x-rays.
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Figure 3.7: Gain curve of a single GEM tested in the Racetrack. The gain
curve for 30 keV x-rays is included for comparison, and it can be seen that
the amplification is the same, whether for high energy or low energy photons.
As indicated, different areas were irradiated in the treatment beam and the gain
curves are similar.
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The maximum achievable gain for a single GEM was only ∼102 during the tests
at the Racetrack accelerator. This is rather low compared to the gains of 103-
104, that was obtained with the radiation from the x-ray tubes, see for example
[III].

As mentioned in paper [I-III], an ’area effect’ and a ’rate effect’ has been observed
during the studies. Those effects appears as a drop of the maximum achievable
gain with the irradiated area and also with an increasing photon fluence rate.
Especially when measuring single pulses from a radioactive source (i.e. in a
much lower fluence rate), the GEM could be operated at a higher potential, see
figure 5 in [I]. Since very high photon fluence rates are incident during short
pulses in the treatment beam, the rate effect might be the explanation to why
a lower maximum achievable gain is reached as compared to in the x-ray beam.
However, further studies must be made in order to investigate this effect.

As in all micropattern gaseous detectors, discharges might occur in the GEM.
The GEM is known for its reliability in the electron amplifying structure against
discharges, however after certain amount of discharges, the GEM will inevitably
fail. In a study with a triple GEM layer operating in a Ar-CO2-CF4(45-15-40),
it was found that the GEM foils could stand 718, 819 and 931 discharges re-
spectively [47]. However, to assure a long life time of the detector it is better
to find a range of safe operation. With heavily ionizing particles present, the
risk of inducing a discharge increases. At the high photon energies used in a
treatment beam, photo nuclear reactions are possible (even though at a low
probability) and the created neutrons might in turn create heavily ionizing par-
ticles. Therefore a study of discharges was made with alpha particles and x-rays.
The conclusion was that the GEM should be operated at a gain below 102 to
be in the safe region, not risking discharges. Tests performed at a treatment
accelerator confirmed the results, see above and [III]. During the same test se-
ries as presented in figure 3.7, a discharge was monitored on the oscilloscope
when applying 440 V over the GEM. The discharge was filmed with a digital
camera and it showed that the GEM re-establishes its original potential levels as
before the breakdown, though with a short delay due to the capacitors coupled
between the GEM and ground, and then it continuous to operate properly af-
ter the breakdown. This was observed even though no protective resistors were
restricting the current during the breakdown and further supports the fact that
the GEM is a reliable and robust device. Discharges may propagate down to the
readout board under certain circumstances, and if so happens, it could severely
destroy the electronics [II]. Fortunately, it was found that the threshold for a
propagation to occur, is at an electric field strength above 10 kV/cm, which is
far more than the 1 kV/cm needed in the induction region [III].

Large currents were measured at the GEM electrodes when irradiated with
low energy x-rays, up to 0.2 mA, see figure 7 in [I]. Even larger currents were
obtained in the Racetrack tests, and no protective resistors was used. In this case
individual HV supplies were connected to each GEM electrode, and they should
manage to keep the potential stable during operation inspite of fast changes in
the photon fluence rate. Maybe a capacitive coupling from the GEM to ground,
as described in [IV], could be used in order to keep the potential stable and
protect the GEM in case of a discharge, by delaying and even out the current.
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To understand how the electrons and ions move inside the detector in a mul-
tilayer structure, the currents were measured at all electrodes in a triple GEM
setup (one placed in CAT mode). The result is presented in [II]. Interesting was
that if increasing the potential over the CAT, an increasing current was seen at
the drift electrode, caused by an ion feedback (figure 4(b) in [II]). Such effects
must be considered when analyzing the signal of a final multilayer detector.

Stability tests were made with low energy x-rays. Figure 8 in [I] for example,
shows a signal variation of less than 0.4% when measured a second time five
minutes later. The stability test performed during one hour showed a variation
of less than 1%. The signal measured at different days for the same setup showed
good agreement too. However, long stability tests remains to be done in the
treatment accelerator.

A single GEM setup proved to have a linear response with the incident photon
fluence rate at both diagnostic photon energies (50 kV spectrum), figure 7 in
[IV], and at high treatment energies (50 MV spectrum), figure 10 in [IV]. The
photon fluence rates were very high during the linearity tests, maximum ∼108

photons mm−2s−1 for the x-ray tube, and ∼1010 photons mm−2s−1 during the
pulses at the treatment accelerator. Especially note that the detector signal
shows a very good correspondence with the accelerator current, measured during
the short pulse length at the Racetrack. The pulse measurement was obtained in
the same setting as described for figure 3.7. A linear response was also obtained
for a double GEM setup for low energy x-rays (30 kV spectrum), figure 8 in
[IV], and this indicates that no space charge is created between the GEM layers.
The linearity to the photon fluence rate is a crucial parameter for an imaging
detector, and it is therefore very positive results obtained here, considering the
intended application of this detector.

Examples of low energy images obtained in a single GEM mode

Initial low energy images were achieved with 10 to 60 kV x-ray spectra. For
simplicity high contrast objects were imaged at the beginning. Figures 3.8 A)
and B) show a wrench made of stainless steel and a piece of Pb. The x-ray tube
was operated at 40 kV and 15 mA, and the integration time was 1 s.

To exemplify a biological object with a less pronounced contrast, a 15 mm thick
lamb chop was imaged, see figure 3.9 A). The best detail contrast was obtained
with the x-ray tube set to 30 kV and 15 mA. A 0.5 mm Al filter was placed in
front of the x-ray window to filter out low energy photons that do not contribute
to the signal. The integration time was 1 s and the imaged object was placed
immediately in front of the detector, while the detector was at a distance of
123 cm from the source. The image shows that the adipose tissue (fat) at the
edges is distinguishable from the muscles, as is the bony structure. The central
hole in the bone origins from the spinal cord. A photo of the object is shown for
comparison in figure 3.9 B). The axes of the x-ray image are overlaid the photo,
and the object as visualized in the x-ray image show good agreement with the
photo.
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Figure 3.8: X-ray images of high contrast objects: A) shows a wrench and B)
the edge of a piece of Pb. The x-ray tube was set to 40 kV.

When calculating the mean value of about 50 pixels, from the muscles area
and the adipose area respectively, it was found that the measured contrast was
36% between the two types of tissues. The inherent contrast for this setting was
expected to be 32%. Hence the contrast in the obtained image is rather close to
the theoretical value.

The images presented in this thesis have not been subject to any advanced image
processing, but a simple normalization only as to be described. All pads on the
FEC are individually connected to the ASIC chip, and have thereby their own
offset value defined by the electronics. By acquiring a dark field image (with no
x-ray on), the corresponding matrix of individual pixel offset values, Offset, is
obtained. The raw data acquired when irradiating the detector with a uniform
x-ray beam, a so called ’flat field’ image, is referred to as Uniform, and the raw
data for a signal image, Signal, is the image acquired with an object in front of
the detector when irradiating with the same settings as for the uniform image.
The final image, Image, is obtained by normalizing the signal image to the flat
field image according to

Image =
Signal −Offset

Uniform−Offset
(3.1)

The normalization procedure creates areas corresponding to total photon ab-
sorption as white areas, and full radiation (no absorption) as black areas in the
images. In some cases saturated pixels have been interpolated.

3.2.3 Double GEM + metal converter plate setup

Electron transmission through a converter plate

The electron transmission through the converter plate is of major importance
for the detector function. In one test series a perforated stainless steel plate
was mounted in chamber 1 with the purpose to measure the transmission. The
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Figure 3.9: A) Image of a 15 mm thick lamb chop when irradiated with a 30 kV
x-ray spectrum during 1 s integration time. B) Photo of the imaged lamb chop.
The axes from the x-ray image has been transferred to the photo in order to make
a comparison easier. The outline of the various structures in the object as seen
in in the photo, such as fat, muscles and bone, are recognized at corresponding
pixel value in the x-ray image.
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0.15 mm thick plate was perforated in a quadratic pattern with holes (ø=0.3
mm) at a pitch of 1.27 mm, hence the optical transparency was ∼4% over an
active area of 40 mm × 40 mm. However, as is presented in [II], the obtained
electron transmission was very low, and therefore a new converter plate with a
significantly higher optical transparency was constructed.

The new converter was a 100 µm thick Cu plate etched2 with holes of 200 µm
at a pitch of 280 µm, and had an active area of 100 mm × 100 mm, see figure
3.10. The optical transparency was Toptical ≈46%. The converter was mounted
(see figure 3.11) between two GEM foils in chamber 2 according to the setup
illustrated in figure 3.12.

A B

Figure 3.10: A) Photo of the Cu converter plate used during the tests. The
∼50% transparency is clearly seen. B) Microscope photo of the same converter
(the hole diameter is 200 µm), Mårten Stjernström, KTH NanoFabLab.

Figure 3.11: Installation of the Cu converter plate between two GEMs in cham-
ber 2. A Cu mesh was used as drift electrode and the dedicated electronic
readout system (FECs) was installed at the bottom of the chamber.

The transmission test was performed with constant 40 kV and 20 mA applied
to the Philips tube. The potential drop over GEM1 (see figure 3.12) was varied
in order to increase the number of electrons incident on the converter plate, so
that the transmission could be measured at several electron fluence rates. The

2The chemically etching process was made by HP Etch AB in Stockholm.
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Figure 3.12: The test setup during the measurements of the electron transmission
through the solid converter plate. X-ray images were also acquired for this setup.

same effect could have been achieved by increasing the incoming photon fluence
rate (mA on the x-ray tube).

The electron transmission was calculated by dividing the current measured at
GEM2 (transmitted electrons) with the incident current at the converter plate.

The current at the two layers was measured in separate test series with a Keith-
ley 610C Solid state analogue Electrometer when increasing the voltage drop
over GEM1. The electric field strength was constantly 1.33 kV/cm in the transfer
1 region above the converter. During the current measurement at the converter
plate, the GEM2 electrodes were grounded so that all electric field lines ended at
the converter plate and assuring that all electrons were collected here. When the
fraction of electrons transmitted through the converter plate was measured at
GEM2 (top and bottom electrodes in shortcut), the electric field strength in the
transfer 2 region was set to two different values in order to see the transmission
dependance of the field strength above and under the converter. The ionization
chamber current generated by primary photons in the transfer 2 region was
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subtracted from the measured value.

The average electron transmission was found to be 13.6% when the electric field
strength was the same above as below the converter plate. For the increased
field strength below the converter, an average electron transmission of 15.4%
was achieved according to figure 3.13.

Hence, for this dimension of the converter plate the electron transmission is
approximately one third of the optical transparency. The transmission could
possibly be larger if increasing the field strength below the converter further.
Anyhow, the multiplication in the GEM can be set to a comparatively low
value to compensate for the absorption losses in a converter plate of the given
dimensions.
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Figure 3.13: Electron transmission through a Cu converter plate of thickness
100 µm and an optical transparency of Toptical ≈ 46%. A higher transmission
is achieved when the electrical field strength below the converter (Transfer 2
region) is higher than above it (Transfer 1 region).

Images acquired with the converter plate installed

In parallel with the electron transmission test, objects were imaged. For example
was a metallic screw and a nylon screw taped to a 5 mm thick slab of PMMA
(see photo in figure 3.14 B) and imaged with 40 kV spectrum and a 0.5 mm
Al filter. The image is shown in figure 3.14 A). The nylon screw is visible in
the image even though there is only a small contrast difference between the
screw and the PMMA plate. The metallic screw is clearly seen as expected, but
even the very thin insulating tape is vaguely visible. The dark lines are due
to a saturated signal in some pixels in the uniform image that is used for the
normalization.
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Figure 3.14: A) X-ray image of a metallic screw and a nylon screw attached to
a 5 mm PMMA slab with insulating tape. B) Photo of the imaged objects.
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Chapter 4

Discussion and conclusions

4.1 Potential clinical applications

Portal Imaging The new detector is envisaged to have a capability of acquir-
ing high-quality portal images at a high rate. This is enabled by the following
features, a high quantum efficiency to obtain the required SNR in a short time,
and a fast readout system. The readout allows to capture digital images of the
treatment port in real time (200 fps and higher) throughout the fraction, i.e.
the detector would be able to monitor each single pulse if the pulse rate is 200
Hz or lower. Radio opaque markers are increasingly used to locate the target
volume and could be traced in real time. With the outlined verification capa-
bility, the quality of patient treatments may be increased by real time adaptive
radiation beam alignment on the target with on-line corrections during each
treatment fraction. Alternatively an adaptive radiation treatment where the
recorded treatment deviations are considered for correction during the follow-
ing treatment sessions.

Computed Tomography The large detector area and high data acquisition
speed allow for a cone beam CT reconstruction within the treatment room. The
dual energy function of the detector actually allows both MVCT and kVCT
imaging. About 800 projections are needed for a CT reconstruction if assuming
400 × 500 pixels. With a readout speed of 200 fps all data for a 3D volume of
the patient could theoretically be generated in less than 5 seconds. The rotation
speed of the gantry may be a limiting factor. Usually the accelerators make
maximum one revolution per minute1. A slower scan will increase the signal
to noise ratio since more data will be acquired in every angle, but will also
increase the risk for motion blurring. Modern CT scanners makes as many as 3
revolutions per second.

1Standards for Accelerators (IEC) generally recommend the rotation of the gantry to be
up to 1 rpm [48].
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Use of CT technology further enables identification and the exact location of
the target in 3 dimensions immediately prior the treatment. Inter-fractional
(between the treatment sessions) tumor motion is common and with the patient
in a position ready for the treatment, the target displacements can be accounted
for. If the nearby critical organs are localized, and combined with information
concerning the exact target position, one can not only minimize the risk of
irradiating healthy tissue but also escalate the dose to the target volume.

Separate simulators or virtual simulators (CT with simulation software) outside
the treatment room might be superfluous if introducing this imaging device,
since simulation images could be achieved with the patient laying in the right
position on the real treatment couch.

Practical constraints in clinical applications To implement diagnostic
quality imaging with the detector, an x-ray tube can be added to the gantry
in the treatment room, see figures 4.1 and 4.2. The detector may be gantry-
mounted on a robotic arm which can be remotely controlled. Images can be
acquired at all gantry angles. The detector unit should be fully retractable.
The optimal solution would be to include the kV-tube inside the gantry head,
then the treatment beam and diagnostic beam may be perfectly aligned. Such a
solution is more complicated though since it must be fully integrated with the
accelerator.

To optimize the detector function for the diagnostic and the therapeutic op-
erations, two modes of internal settings may be defined. This may include a
switch of the high voltage potential to maximize the image quality. If it is fea-
sible to switch modes fast enough the kV beam could run continuously during
the treatment and radiographs would then be acquired between the pulses from
the accelerator beam, and in that way keep a real time intra-fractional tumor
tracking, i.e. dynamic imaging.

4.2 Summary of the experimental work

Numerous measurements have been performed with various GEM setups ver-
ified. For a single GEM setup a linear response with the photon fluence rate
at both diagnostic photon energies (10-50 kV spectrum) and at high treatment
energies (50 MV spectrum) was measured. The photon fluence rates were very
high, maximum ∼108 photons mm−2s−1 for the x-ray tube and ∼1010 photons
mm−2s−1 during the pulses at the treatment accelerator. A linear response was
also obtained in a double GEM setup for low energy x-rays and this indicates
that no space charge is created between the GEM layers. The linearity to the
photon fluence rate is an important parameter for an imaging detector in order
not to have to impose rate dependent correction factors and avoid saturation
effects.

The GEM multiplication was operating normally in the high energy and high
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Figure 4.1: During the treatment the EPID is placed opposite the gantry head
for a real time imaging mode.

Figure 4.2: An additional x-ray source could be attached to the gantry head as
shown in the figure. The detector must then be tilted correspondingly in order
to be aligned with the beam of the x-ray tube during the collection of the CT
data.
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fluence rate treatment beam where a maximum gain of 100 was achieved. This
is rather low compared to gains in the order of 104 that can be obtained in
a less harsh environment. However, the gain needs only to be high enough to
compensate for the absorption losses in the converter plates. According to the
electron transmission measurements, around a factor 10 would be sufficient in
our application.

The concept of the new electronic readout system has proven to be robust and
reliable and capable of acquiring images at diagnostic energies. The imaging
acquisition speed has been verified with e.g. tracks from alpha particles imaged
in real time with a speed of 188 fps.

4.3 Future developments

With the aim of constructing an optimal working portal imaging device, useful
in the clinical routine at radiation treatment departments over the world, there
are several features to be considered.

Monte Carlo simulations must be carried out to find the optimal configuration
of the detector in order to acquire the best information for the CT and portal
images. For example the total number of layers, the layer inter-distances, the
gas mixture, the converter geometry and material, the level of multiplication in
the GEMs, electrical field strengths in the drift, transfer and induction region
needs to be optimized. In parallel the expected performance must be verified
experimentally in a real treatment beam.

To achieve better kV CT images it would be useful to come up with an idea
of how to combine the drift electrode with an efficient converter for low energy
photons with a higher QE compared to the gas layer [IV].

By combining the converter plate and the GEM to one device, i.e. constructing
GEM foils with a thick bottom electrode for example, the total thickness of the
detector can be reduced. A thin detector volume will minimize the parallax error
and also reduce the high voltage potentials applied. The electron transmission
of such as device should be improved compared to the converter plate described
in this thesis.

In the strive to develop a useful portal imaging device to be implemented in a
clinical environment, it should be analyzed and tested whether a recirculating
sealed system could be used or not. This would simplify the installation and
daily running of the detector system in a clinical application.

A feature not discussed in this work would be to to use the device for portal
imaging dose estimations. This should be analyzed and tested.
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4.4 Concluding advantages and challenges with
the new detector

The main potential advantages of the system can be summarized as:

• Wide and adjustable energy range
⇒ three modes of projected or tomographic imaging:

1. kV diagnostic imaging

2. MV therapeutic imaging

3. diagnostic and therapeutic imaging with the same device

• Multilayer structure with several converter plates
⇒ High efficiency for portal imaging

• Highly radiation resistant since only radiation resistant materials are used
and all electronics are placed outside the radiation beam and can be re-
tracted
⇒ long operational life time

• Fast data acquisition, at least 200 fps with the prototype detector
⇒ct & fast real time adaptive imaging

• High quantum efficiency with the multilayer structure gives higher sensi-
tivity, less noise and makes the faster response possible
⇒ enhanced image quality

• Possible to manufacture large area detectors
⇒ large active area, 40 cm × 50 cm and beyond

The major challenges with the new detector:

• Gas supply needed
⇒ in case of a non sealed system gas refill and circulation
required

• Relatively large pixel size with present readout system
⇒ spatial resolution comparable to existing epid systems

• Increased thickness of multilayer detector compared to AMFPI’s
⇒ spatial resolution limited by parallax error at the edges
for thick detectors

• High voltage required
⇒ proper hv insulation required

• Mechanical design more complicated
⇒ appropriate mechanical engineering required
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Abbreviations

ADC - Analog to Digital Converter

AMFPI - Active Matrix Flat Panel Imager

ASIC - Application Specific Integrated Circuit

CAT - Compteur a Trou (hole counter)

CT - Computed Tomography

EPID - Electronic Portal Imaging Device

FEC - Front End Card

fps - frames per second

GEM - Gas Electron Multiplier

IMRT - Intensity Modulated Radiation Therapy

kV - Accelerating potential in kilovolt

keV - Energy in kilo electron Volt

MV - Accelerating potential in megavolt

MeV - Energy in Mega electron Volt

PMMA - Polymethyl Methacrylate

QE - Quantum Efficiency

rps - revolutions per second

SDD - Source to Detector Distance

SNR - Signal to Noise Ratio
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