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Abstract

A set-up is proposed for an optical system for Ultra-High Dose Rate (UHDR) dosimetry, where
conventional diagnostic systems fail due to the high intensity proton beams. A scintillation method
was used as a minimally invasive monitoring alternative. To maximize the light yield in the optimum
wavelength range of the quantum efficiency of the camera and lens, low-pressure nitrogen gas was
utilized. An electron-multiplying CCD camera was implemented for its sensitive nature allowing it
to produce images with a low light yield. Lack of shielding and reflections in the set-up lowered
the quality of the images, resulting in the production and testing of an improved design. Multiple
parameters were varied to test if the set-up works for various conditions. For the first design, the
exposure times were 1 and 10 s, the gains were 1 s and 50, the beam currents were 46 nA and 86 nA,
the pressures were 5 - 10~* mbar and 1.1 - 10~ mbar. The beam currents could not be increased
further due to issues with the beam, resulting in larger than anticipated exposure times having to be
used. The gain, a parameter that multiplies the received signal, shows great promise in improving
the signal to noise ratio for light emission. And the pressure was kept low to keep scattering to
a minimum. For the second experiment, the shielding had improved, resulting in less background
radiation. Additionally, the set-up was tested with beam currents of 6 nA and 60 nA. The pressure and
gain were increased to 110 mbar and 100, respectively. As a consequence of imaging beams with a
factor of 10 difference in the beam current, the exposure time was increased to 100 s for the beam of
6 nA. This confirmed the linear scaling of the beam current and the exposure time on the light yield.
Further tests should be done to research the boundaries of the proportionality of all four parameters.
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1 Introduction

In approximately half of the treatments for tumours, radiotherapy is used in one step of the process
[1]. It is able to irradiate tumours at depths, or around organs, where surgery would struggle to reach.
Consequently, it offers a valuable treatment possibility for patients with otherwise inoperable cancers
with fewer side effects than chemotherapy.

Radiotherapy can be split into photon therapy and charged-particle therapy [2], where charged-
particle therapy is ideal for an accurate treatment due to the differing dose distributions of the two
techniques, as can be seen in Figure 1. The dose distribution of the photon beam is mainly focused
on the region a short distance behind the skin, whereas the dose distribution of the proton beam is
concentrated at the end of the beam in the Bragg peak. The Bragg peak, as seen in Figure 1, is
a sharp rise and fall of the delivered dose at the end of the beams path. The Bragg peaks depth
can be manipulated by changing the energy, where the higher the initial beam energy, the deeper
the Bragg peak will deliver its dose. Due to the Bragg peak’s characteristics, the dose is able to be
better concentrated in the tumour with only a fraction of the distributed energy before the tumour
and virtually zero radiation reaching deeper tissues. Resulting in a decrease in the probability of
developing side effects due to a more accurate dose distribution. This is especially advantageous
when the tumour is close to sensitive organs.

Charged-particle therapy consists of two main techniques: Passive Scattering Therapy (PST) and
Pencil Beam Scanning (PBS). For PST, scattering material is placed in the path of the beam to spread
the beam, thereupon collimators and compensators tailor the beam shape to the tumour. A set of range
modulator wheels or ridge filters are used to spread out the Bragg peak [3]. Whilst PST irradiates the
entire tumour all at once, PBS irradiates a narrow spot. For PBS, the beam is very thin and its
transverse position is altered by scanning magnets. By varying the energy of the beam to alter the
depth of the Bragg peak and sweeping the beam spot over the tumour at each depth, the whole tumour
is irradiated. Due to improved selectivity of the dose distribution and the more recent feasibility of
conformal dose distributions, PBS has started to replace PST in clinical use [4].

Ultra-high dose rate (UHDR) radiotherapy is radiotherapy technique that utilizes a dose rate of
30 Gy/s or higher, dwarfing normal dose rates of less than 0.3 Gy/s [5][6]. Considering that the
full dose remains constant in all techniques, the irradiation times can decrease by three or more
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Figure 1: A comparison of dose-depth profiles for photon and proton therapies [2].
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orders of magnitude, greatly diminishing the issue of a moving patient. In addition to the accelerated
process, UHDR radiotherapies with a dose rate higher than 40 Gy/s have been found to generate
the FLASH effect [5]. The FLASH effect (FE) was first discovered by Dewey and Boag (1959) [7],
however it was not until Favaudon et al. (2014)[6] reported on their findings that FLASH-RT started
to be investigated more actively. Favaudon reported on the reduction of early and late complications
affecting healthy tissues after the elimination of a lung tumour compared to conventional radiotherapy,
although the eradication of the tumour was just as efficient as with conventional irradiation. However,
the workings of the FE are not yet fully understood, making it a hot topic in current research [5].

There is current research into the FE and thus methods are being developed towards enabling
reliable UHDR irradiation at a clinical standard. In addition to the FE, there are benefits of using
UHDR. Mainly, patient mobility is an issue during conventional radiation. Due to the decreased
irradiation time, the treatments takes less than 100 ms. Consequently, younger patients, elderly or
patients with a condition (i.e. Parkinson’s disease) will be less prone to movement based errors.
And perhaps more significant, the treatment is able to happen in between heart beats and breaths,
drastically reducing motion uncertainties.

For UHDR to be implemented clinically, it is crucial to reliably and accurately monitor beam
position and dosimetry. However, due to the high intensity of the beam, the usual ways of monitoring
a beam, via ionisation chamber or wire chamber, will not work. Both techniques experience saturation
caused by UHDR [8][9][10]. Therefore, large correction factors or computation should be adopted.
These corrections bring errors with them and, most importantly, consume time. Ergo, this paper
aims to design a set-up to image a UHDR proton with minimal disturbance to the beam, whilst not
needing time-consuming computations. For this purpose, a low-pressure scintillation gas is adopted.
As demonstrated by Forck et al. [11], the beam causes scintillation of gas molecules, which releases
an photon that is monitored by a CCD camera. The usage of gas ensures minimal energy and flux
loses to the beam.

In addition to the scintillation gas, care was given to the optical system attached to the camera.
The degree to which light is detected depends on the material of the lens, the quantum efficiency of
the CCD camera, and the type and pressure of the scintillation gas. Thus, this paper proposes a tested
set-up design for imaging a high-intensity proton beam, with an extensive review of its optical system.
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2 Background Literature

2.1 Scintillation

When an electron of a molecule gets excited, promptly de-excites, and releases a photon, it is called lu-
minescence [12]. This luminescence is split up into multiple categories depending on what excites the
initial electron. For instance, luminescence produced with an electron beam as the mode of excitation
is called cathodoluminescence and if it originates from an electric field it is called electrolumines-
cence. This paper will focus on radioluminescence, or scintillation, which originates from ionising
radiation such as the proton beam used in this paper. Additionally, each molecule has an unique
emission spectra, emitting differing wavelengths and relative intensities [11]. Thus, when imaging
the emission, the scintillation gas used should be considered along with the quantum efficiency of the
lens and the camera.

2.2 Optics
2.2.1 Field of View

The field of view can be described as either an angle or a length; for convenience, these will be called
angle of view (AOV) and length field of view (LFOV), respectively.

AOV is the angle at which a camera is able to create an image. With a smaller angle, the image
will become narrower and with a bigger angle, it becomes wider. Equation 1 gives the AOV given
by an angle a. It can be seen that the AOV depends only on S0, Which is the size of the sensor
horizontally, vertically, or diagonally, and the focal point, f. The chosen direction of sgeys0r gives an
AQV value in the same direction. Consequently, this is the AOV as can be imaged by the sensor, as
opposed to the angle of coverage, which is the angle the lens is able to view.

Ssensor
o = 2arct 1
arctan( 2f ) (1
LFOV is the length of the object that is imaged by the camera, as shown in Figure 2. As can be
expected, this depends on the AOV and the distance the camera is from the object. This dependence
is shown in equation 2. Consequently, the LFOV can be changed as needed by moving the camera to
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Figure 2: A schematic image that explains the field of view using the sensor size, Sgen50r, the focal
point, f, the focusing distance, d, and the angle, o.
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or away from an object.

I = 2dtan(%) 2)

Here, [ is the LFOV, d is the distance from the camera to the object, and a is the AOV.

2.2.2 Depth of Field

The depth of field is the range of distances around the focusing distance where the resolution of the
image is considered sufficient and any objects imaged outside the depth of field will be considered
blurry. With perfect lenses and infinitesimally sized pixels, only at the focusing distance will the
image be perfectly sharp, with other distances resulting in an amount of blur depending on the distance
from the focusing distance. This would result in a depth of field of 0 m, which results in only 2
dimensional objects being sharp in the image and having no margin of freedom when focusing. To
get a depth of field larger than zero, the circle of confusion is of use. The circle of confusion, also
called the blur spot, is the circle that is obtained by making a cross section of the cone of light at
an arbitrary point after the lens, as can be seen in Figure 3. The chosen circle size is the amount of
blur that is allowed in the image, and the depth of field is the entire range between the two circles of
confusion, in front and behind the focusing distance. The circle of confusion can be taken as the size
of a single camera pixel, so blurring between pixels does not occur. Mathematically, the depth of field
can be described by formulae (3) and (4).

H-d
DoF¢ariimir = m 3)
H-d
DoFyeariimic = m 4
Depth of Field Depth of focus
|‘ 7| Lens

Far point Near point Focal point

Focussing point

'
H .
i :Diameter
Rt
: : iofcircle of

Front depth : confusion
DoF _— .
. nearlimit . of field
| -
Distance d Image distance : Back depth
¢ of field
" DoFea Himit
le

Figure 3: A visual representation of the circle of confusion and how the depth of field is dependent
on it [13].
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Here, d is the focusing distance, and H is the hyperfocal distance, which is the distance to a point of
fixation at which the DoFy4imir goes to infinite[14]. The hyperfocal distance can be calculated with
equation (5).
f? f-D
H= - = — 5

frye=rt7¢ )
Where N is the f-number or the f-stop, C is the circle of confusion, and D is the diameter of the
aperture.

2.3 Camera Settings
2.3.1 Exposure Time

The exposure time is the time the camera exposes the camera chip to light. During this time, the
cumulative signal, received by the camera chip, makes up the image. This results in the exposure time
being proportional with the signal, i.e. an image with an exposure time of 1 second receives double
the light compared to an image with an exposure time of half a second.

2.3.2 Gain

When the camera chip detects a photon, a photoelectron is released [15]. These photoelectrons are
stored during the time the image is taken and after the amount is measured and turned into a digital
signal. This process is called the ’gray level’ or analog-to-digital unit. The gray level contains the
values read out by the computer and shows up as the pixels’ intensity. The gray level goes up to
2" — 1, where n is the number of bits. Therefore, a 16-bit camera will have a maximum gray level
of 2'® — 1 = 65535. Each gray level does not necessarily correspond to one photoelectron; instead,
the amount of photoelectrons that correspond to one gray level is decided by the gain. Assuming
the gain is linear, if a camera has a gain of 10 e /gray, it will read out 1 gray level per 10 stored
photoelectrons.

Electron-multiplying camera’s, like the camera used in this paper, are able to multiply photoelec-
tron with the *multiplier gain’. This multiplication divides the gain value, so electron-multiplying
cameras can even have a gain of 0.03 e~ /gray [15]. In the future, when talking about a gain of x, the
multiplier gain is meant.
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3 Experimental Set-up

The setup, found in Figure 4, consisted of a pressure-controlled gas block, a meter-long tube, a zoom
lens, and a EMCCD camera. The gas block was filled with a low-pressure nitrogen gas, and it had
an airtight foil at both ends to allow the beam to pass through. In the middle of the block, there
was a hole at a 90 degree angle of the beam aimed at the camera, which was blocked by a window
so the light can go through but the gas stayed inside. Inside of the gas block was a cylinder that was
darkened with a black foil, so light from outside the block or from the other half of the block could not
enter. The gas block Between the gas block and the camera was a tube that shielded the camera from
other sources of light. The distance between the camera and the gas block was a measure against
beam-induced background radiation utilizing the inverse-square law. The camera was an electron-
multiplying CCD camera, which means that it is extremely sensitive to light, as discussed in Chapter
2.3.2. It needed to be sensitive to light, because not a lot of light was expected. The camera was
controlled with yumanager, an open source software. The software adopts PIcam to control the camera,
the driver made by the manufacturers of the used camera. In umanager, the exposure time and gain
were changed. Nitrogen was used during the experiment since it emits wavelengths that correspond to
an acceptable quantum efficiency of the camera. However, the main wavelength emitted by nitrogen
has a poor transmittance percentage when using this specific lens.

3.1 Tools and Technologies

As mentioned in Chapter 3, a zoom lens, a camera, and ymanager were used to image the beam.
The focal point of the lens could be changed from 12.5 mm to 75 mm, depending on the required

Pressure
gauge

EMCCD

Vacuum

N2 inlet Pump foil

Figure 4: An image of the set-up; it shows the pressure gauge, the EMCCD camera, the N, inlet,
where the pump is attached; the beam runs horizontal through the middle of the image.
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4 — Nitrogen

Spectral intensity [AL]

300 400 500 600 700 800

Figure 5: The emission spectrum for nitrogen; It displays the spectral intensity versus the wavelength
of the emitted photon.
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(a) The quantum efficiency curve of the eXcelon3 camera (b) The spectral transmittance of the
used in the experiment lens used in the experiment

Figure 6: Image 6a shows the quantum efficiency of the ProEM®-HS:512BX3 camera used in the
experiment. Image 6b shows the transmittance of the Schneider Optics Variogon 1.8/12.5-75mm lens
used in the experiment

magnification. A focal point of 75 mm was used to make the beam as large as possible in the image.
The focal point, together with the f-number, are values that change the size of the depth of field. To
obtain the desired depth of field, the f-number could also be changed. Its values range from 1.8 to 16.
However, due to expecting a small amount of light, the aperture was desired to be large for a better
light yield. Consequently, a f-number of 1.8 was chosen, despite resulting in a smaller depth of field
as it was decided the strength of the signal was more important than some depth defocusing of the
produced light.

The camera used was the ProEM-HS 512 eXcelon3, which has a sensor of 512X512 square pixels
with a width of 16 um. It is able to apply a gain of up to 1000 when imaging. However, a gain of 50
was the highest gain used during the first experiment, in order not to accumulate dead pixels.

3.2 Image Processing

3.2.1 Median Filter

Since the camera is quite sensitive, there will be noise in the background. And as a consequence of
the beam, neutrons can appear which will go through the camera casing and hit the chip; in images
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these will appear at random places as high-intensity pixels. To denoise and remove the high-intensity
pixels, a mean filter or a median filter can be used. Both filters examine a n by n grid around every
pixel (e.g. 3x3, 5x5, etc.) and replace the value with the mean or median intensity of all surrounding
pixels in the grid, respectively. A nine by nine grid is chosen, and not a bigger grid, as the bigger the
grid is, the more resolution is lost. The mean filter has the issue of being very sensitive to overshoots.
As it is a 16-bit system, the values can range from 0 to 65,535. The background radiation causes
unfavourable overshoots, especially for mean filters, however dead pixels can appear conjointly with
them. These dead pixels are pixels in the camera chip that have seized working. If there is a dead
pixel, which is shown as the maximum value, all pixels around it will get a greatly exaggerated value
above what it is. This exaggeration will not happen with a median filter, unless multiple high-intensity
pixels neighbour each other. Consequently, a median filter will be used for image processing.

3.2.2 Clipping

If neutrons or gamma rays hit the camera, the hit pixels will receive a lot of signal at once. In
addition, this background radiation will not necessarily be fully absorbed by the camera, meaning
that one neutron is able to hit more than a singular pixel. Consequently, a single neutron hitting the
camera chip raises the maximum intensity of the image to values significantly higher than the values
of the pixels that are desired to be observed. This might result in images in which only the pixel
hit by background radiation is distinguishable from the read noise of the camera. To correct for the
background radiation, the image can be clipped. Clipping changes what range of intensity values are
assigned to the colour palette of the displayed image. Consequently, All pixels with values outside of
this range are set to the value of its nearest extreme. Thus, all values with originally larger, or lower,
pixel intensities will be the same shade as the nearest extreme. For the first experiment, all images
will be clipped between 600 AU and 750 AU.

o
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30
nnnnn
400
nnnnn
s00
o 100 200 300 00 500
o

(a) Unclipped image without a (b) Clipped image without a me- (c) Clipped image with a 9 by 9
median filter dian filter median filter applied

Figure 7: All three images show the same image; Figure 7a shows the image unclipped and without
having a median filter applied to it, Figure 7b shows the image being clipped between the values 600
AU and 750 AU with out a median filter being applied, and Figure 7c shows the image being clipped
between the values 600 AU and 750 AU with a nine by nine median filter applied to it.
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3.3 Improved Design

After the first experiment, several shortcomings were found with the earlier described set-up. The
shortcomings, as can be seen in Chapter 4, are mainly the result of a lack of shielding and the afore-
mentioned cylinder. Consequently, shielding was placed around the camera and the cylinder was
swapped out with a new design that, instead of being perpendicular, was parallel to the tube. Due to
having better shielding, the gain was increased to a maximum of 100, as there was less background
radiation to cause dead pixels. Consequently, the maximum clipped value had to be increased to
3000 AU, otherwise the image would show no distinction of pixel intensities in the beamline. In
Chapter 5, the reasoning behind the change of the cylinder will be discussed. The altered design can
be seen in Figure 8.

Figure 8: An image of the improved set-up design; compared to the old set-up, the improved design
contains shielding in the form of lead blocks and as an extra measure a blackening cloth was put
around the tube.
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(a) The cylinder of the old set-up that is parallel (b) The cylinder of the improved set-up that is per-
with the beam pendicular to the beam

Figure 9: Comparison between the two cylinders; Figure 9a shows the old cylinder that is parallel
with the beam, as a result there is distance between the cylinder and glass that was placed in the exit
of the gas block, note that during the experiment the inside of the cylinder was darkened. Figure 9b
shows the new cylinder that is perpendicular to the beam, resulting in less space between the glass
and less reflecting light.
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4 Results

4.1 Exposure Time

Figures 10a and 10b show the effect of the exposure time; An exposure time of ten seconds should
roughly give ten times more signal than an exposure time of one second, which is difficult to recognize
due to the read noise and the image being clipped. The greatest increase can be seen in the back ground
radiation; however, the torus becomes clearer with an increased exposure time. The 2D bright torus
is visible as a result of light reflection within the pressurized block. The image taken with one second
of exposure time shows only noise and a faint outline of a torus and the image with ten seconds of
exposure time shows a clear torus in the middle along with a horizontal line at the height of the beam.
Due to the better appearance of the beam, ten seconds was regarded as the more suitable exposure
time to obtain observable data, in spite of the increased background noise. Thus, all remaining images
were taken with an exposure time of ten seconds.

4.2 Gain Multiplier

For comparison, images were produced with gains of one and 50, an exposure time of 10 s, an beam
current of 86 nA, and for a pressure of 5- 10~* mbar. Figures 11a and 11b show the increase in signal,
both intended signals and noise, as the gain increases. The image with a gain of one presents little
of both the beam and the background radiation but does show the torus, albeit of low intensity. The
image made with a gain of 50 shows increased intensity. It shows a horizontal line at the location of
the beam running through the middle of the torus. Additionally, it contains a cluster of high intensity
pixels on the right side in the torus.
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(a) Image taken with an exposure time of 1 s (b) Image taken with an exposure time of 10 s

Figure 10: Images taken of the beam with a beam current of 46 nA, with a pressure of 1.1-10~! mbar,
and with a multiplier gain of 50. Both images are clipped between the values 600 AU and 750 AU.
The left image, (a), was taken with an exposure time of 1 s compared to the image on the right, (b),
taken with an exposure time of 10 s.
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(a) Image taken with a gain of 1 (b) Image taken with a gain of 50

Figure 11: Images taken of the beam with a beam current of 46 nA, with a pressure of 1.1-10~! mbar,
and with an exposure time of 10 s. Both images are clipped between the values 600 AU and 750 AU .
The left image, (a), was taken with a gain of 1 compared to the image on the right, (b), taken with a
gain of 50.

4.3 Beam Current

The two beam currents used were 46 nA and 86 nA. The images taken with 46 nA contain fewer
high-intensity pixels than when taken with a 86 nA beam current, as can be seen in Figures 12a and

(a) Image taken with a beam current of 46 nA (b) Image taken with a beam current of 86 nA

Figure 12: Images taken of the beam with a with a pressure of 1.1- 10~ mbar, a gain of 50, and with
an exposure time of 10 s. Both images are clipped between the values 600 AU and 750 AU. The left
image, (a), was taken with a beam current of 46 nA and the image on the right, (b), was taken with a
beam current of 86 nA.



16 Chapter 4 RESULTS

[
720

100
700

200
680

300
660
400 640
620

500

0 100 200 300 400 500

600

(a) Image taken with a pressure of 5- 10™* mbar (b) Image taken with a pressure of 1.1-10~! mbar

Figure 13: Images taken of the beam with a beam current of 46 nA, a gain of 50, and with an exposure
time of 10 s. Both images are clipped between the values 600 AU and 750 AU. The left image, (a),
was taken with a pressure of 5- 10~* and the image on the right, (b), was taken with a pressure of
1.1-10~" mbar.

12b. In both images, the beam shows up, although with high intensity in Figure 12b. Additionally, in
both images the right side in the torus is more signal than on the left side.

4.4 Pressure

The difference in pressure between Figure 13a is more than 500 times less than 13b. However, there
is a smaller difference in the amount of signal received by the camera in both images. The torus is
clearly visible in both images, although it is less visible in Figure 13a. Despite the small difference
between the two images, only Figure 13b shows a brighter line in the middle of the torus where the
beam is.

4.5 Improved Set-up

The two improvements made to the set-up were: more shielding around the camera and the alternative
cylinder in the gas block, as can be seen in Figures 8 and 9b. This Resulted in less background noise
and a missing torus, as seen in Figures 14a and 14b. The images were made with a higher gain and
pressure compared to the images made with the older set-up. Consequently, the images have received
more signal and had to be clipped with a higher maximum value of 3000. The images were both
made with a gain of 100 and a pressure of 100 mbar and differed in both the exposure time and
beam current. Figure 14a was taken with an exposure time of 100 s and a beam current of 6 nA and
Figure 14b was taken with an exposure time of 10 s and a beam current of 60 nA. As mentioned in
Chapter 4.1, an exposure time of 10 s was the standard during the experiments. However, to confirm
the expectations about the dependence of the light yield on the beam current and exposure time, the
parameters of Figure 14a were decided upon. Comparing Figures 14a and 14b, little difference can



Chapter 4 RESULTS 17

3000

[ 0
2500 2500

100 100
200 2000 200 2000

300 300
1500 1500

400 400
1000 1000

500 500

0 100 200 300 400 500 0 100 200 300 400 500

(a) Image taken with a beam current of 6 nA and (b) Image taken with a beam current of 60 nA and
an exposure time of 100 s an exposure time of 10 s

3000

Figure 14: Images taken of the beam with a gain of 100 and with a pressure of 110 mbar. Both
images are clipped between the values 600 AU and 3000 AU. The left image, (a), was taken with a
beam current of 6 nA and an exposure time of 100 s and the image on the right, (b), was taken with a
beam current of 60 nA and an exposure time of 10 s.

be observed between the two, as will be discussed in Chapter 5.6.
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5 Discussion

5.1 Exposure Time

The images were taken with an exposure time of one second or ten seconds, with more useful data
resulting from the latter. This is currently in direct opposition to the purpose of the set-up: Imaging
a UHDR beam with parameters where the FLASH effect is able to occur, meaning the irradiation
time transpires in less than 100 ms. To optimise the desired exposure time, factors such as gain, beam
current, and pressure should be increased. However, an increase in gain and pressure past the values
used in this experiment might not be ideal. As the gain increases, so does the intensity of the neutrons
and gamma rays. Further tests should be performed to test the limit of the gain until the image quality
drops too far. Increasing the pressure too much would alter the beam by scattering it, conflicting with
the desire to produce a minimally invasive set-up.

5.2 Gain

Comparisons of gains of 1 and 50 show an increase in intensity of every pixel, except for the readout
noise. The images with an increased gain display a greater ability to observe the beam, but also
the background radiation. This displays the demand for more shielding that was implemented in the
improved design. Figure 11a featured a cluster of light on the right side in the torus. This is expected
to be light that backscattered from the foil at the end of the cylinder.

5.3 Beam Current

Figures 12a and 12b show an increase of roughly a factor of 2 when the beam current increased the
same amount, suggesting a linearity between the beam current and the light emittance. Therefore,
increasing the beam current would be an ideal approach to increase the amount of light emitted. The
cyclotron used for this experiment is capable of delivering a beam current higher than 1000 nA, which
did not occur due to restrictions with the beam. If the beam current and light yield remain linear,
even at higher currents, this could allow for a shorter exposure time to be used. For example, with the
improved set-up, an exposure time of 10 s and a beam current of 60 nA were utilized. If the current
would increase to a FLASH intensity of around 1500 nA, then the exposure time could decrease to
10- % = 0.4 5. With an increase of gain, it could be decreased even further, resulting in the desired
exposure time for FLASH-RT.

5.4 Pressure

As mentioned in Chapter 4.4, the pressure utilized in Figure 13a is more than 500 times lower than
the pressure used in 13b. However, this did not decrease the signal nearly as much as 500 times. This
suggests that the proportionality of the pressure breaks down at higher pressures. However, more
data are required to confirm the boundaries of its proportionality. More measurements with different
intermediate pressures and different beam currents and beam energies should be examined.

5.5 Background Radiation and Noise

Due to the beam, a large amount of background radiation is released and hits the camera chip. This
becomes more noticeable with increasing exposure time, gain, and beam current, as seen in Figures
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10-12. Figures 10b and 12a show that some of the background radiation hits the beam at large angles,
resulting in streaks of high-intensity pixels. The background radiation problem has partially been
resolved using the improved set-up, which will be discussed in Chapter 5.6.

5.6 Improved Set-up

The images taken with the old set-up had two main issues: a lot of background noise and an undesired
torus shape appearing form light reflections inside the gas block. The former was mitigated with lead
shielding placed around the camera, as seen in Figure 8. A substantial part of the background radiation
was stopped, as seen in Figure 14. The latter was fixed by swapping out the cylinder. The original
cylinder had a few centimetres between it and the glass between the block and the camera. The light
was most likely able to reflect from the glass back to the cylinder, resulting in a bright torus shape
in the image as the outside of the cylinder was not darkened. A new cylinder was substituted for the
old one, where the new design was perpendicular to the beam and touching the glass. Consequently,
the torus has ceased appearing in the picture. Interesting to note, there are three places of different
pixel intensity below 1500. An inner circle shows around the beam, which is the back side of the
improved cylinder. The darker torus around the circle is most likely due to the blackened attachment
that attaches the tube to the block, shown in Figure 9. And finally, the lighter blue part, seen in the
bottom and top left corners, is expected to be the black tube between the block and the camera.

Both Figures 14a and 14b look nearly identical, which shows the proportionality of the beam
current and the exposure time. Since Figure 14a was taken with a tenth of the beam current and was
taken with an exposure time that is ten times greater compared to Figure 14b. This confirms beam
current and exposure scale linearly at these values. To examine the proportionality of the gain or the
pressure, more data is required.

5.7 Further Research Possibilities

To begin with, the proportionality of the pressure, the beam current, and the gain should be researched,
to see if there is a lower and upper limit where it remains proportional. With the information, the
upper limits should be used to produce an image with an exposure time less than 100 ms, since long
exposure times are not as useful for UHDR radiotherapy where the FLASH effect is desired. Due to
time and beam restrictions, these could not be done. Additionally, another lens with a higher focal
point should be used to get a larger zoom. This would result in a larger image of the beam, which
would make the relative size of the noise smaller, meaning smaller filters could be used. Furthermore,
it would mean that the camera can be put further back from the beamline as an additional measure
against background radiation.
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6 Conclusion

6.1 Summary of Main Contributions

Although the images received with the first set-up have a lower quality compared to the images pro-
duced with the improved set-up, it showed that the set-up works, shows promise, and it does show the
dependencies of the signal on exposure time, gain, beam current, and air pressure. The main faults
were reduced with an improved set-up. Consequently, the quality of the images improved greatly.
These images show the proportionality of the beam current and the exposure time. The proportional-
ity of gain and pressure should be researched in the future, as should the limits of the proportionality
of the beam current. Future improvements in the set-up include a lens with a higher focal point and a
longer tube if needed.

6.2 Future Work

This work was a summary of the aid that I provided to my daily supervisor Thomas Fogg and he will
continue the research as part of his PhD. He will continue to gather data to test the boundaries of the
proportionality. He aims to use the light output as a diagnostic tool for UHDR radiotherapy.
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