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Abstract. A Proton Beam Imaging System (ProBImS) is under development at the Institute of Nuclear Physics,
Polish Academy of Sciences (IFJ PAN). The ProBImS will be used to optimize beam delivery at IF] PAN proton
therapy facilities, delivering two-dimensional distributions of beam profiles. The system consists of a scintillator,
optical tract and a sensitive CCD camera which digitally records the light emitted from the proton-irradiated
scintillator. The optical system, imaging data transfer and control software have already been developed. Here,
we report preliminary results of an evaluation of the DuPont Hi-speed thick back screen EJ 000128 scintilla-
tor to determine its applicability in our imaging system. In order to optimize the light conversion with respect
to the dose locally deposited by the proton beam in the scintillation detector, we have studied the response
of the DuPont scintillator in terms of linearity of dose response, uniformity of light emission and decay rate of
background light after deposition of a high dose in the scintillator. We found a linear dependence of scintillator
light output vs. beam intensity by showing the intensity of the recorded images to be proportional to the dose
deposited in the scintillator volume.
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Introduction

In this study we present the results of measure-
ments performed with the ProBImS [1], an IF]
PAN-developed, proton beam spatial beam fluence
imaging system consisting of a scintillator, a charge-
-coupled device (CCD) camera and in-house devel-
oped and implemented data acquisition and man-
agement software. In order to consistently deliver
a precisely determined radiotherapy dose to the
target volume, Quality Assurance (QA) procedures
need to be applied to the passively scattered proton
beam applied in ocular tumor treatment at IF] PAN
[2]. These procedures include verification of the
physical parameters of the proton beam. For clinical
application of proton beam techniques (in passive
or scanning modes), determination of depth-dose
distributions and of cross-sectional beam profiles
are essential [3, 4]. The new system will speed up
verification and recording of pristine and spread-
-out proton beam parameters (i.e. dose distribution,
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Materials and methods
The ProBImS — Proton Beam Imaging System

The ProBImS has been designed to deliver on-
-line two-dimensional images of the lateral profiles
of the proton beam [5]. The ProBImS consists of a
scintillator (converting the protons in the beam to
visible light pulses), a high resolution CCD camera
positioned perpendicularly to the beam axis, a glass
mirror reflecting the light from the scintillator to
CCD camera and light-tight cover. The CCD matrix
has 3362 x 2537 pixels. A single pixel on the CCD
matrix (5.4 X 5.4 um?) corresponds to 26 X 26 um?
on the scintillator. The dynamic range of the CCD
signal of a single pixel is 2' = 65532 ADU (analog
to digital units), which is the unit of the number, as
readout by the CCD electronics. To avoid radiation
damage to the CCD camera matrix, the camera is po-
sitioned perpendicularly to the beam axis, with light
from the scintillator being reflected by a 45-degree
glass mirror. The entire system is mounted inside an
anodized aluminum box (black matte) to eliminate
unnecessary light reflections. The general layout of
the system is presented in Fig. 1.

Optical photons are focused on the CCD matrix
by an optical system. Correct screen imaging has
been achieved by a large-aperture lens with a focal
length of 3 m. The system employs complex record-
ing and data transfer techniques compared to the
presently used beam profile scanner with a semicon-
ductor diode. To achieve high temporal resolution
the data acquisition system is based on the standard
USB protocol [1].

The most critical part of ProBImS is the scintil-
lator, as this detector should fulfill several require-
ments. The main requirements are: for its spectral
sensitivity spectrum to match that of the CCD
camera, to be of thickness not exceeding 2 mm (so
as not too markedly affect the range of the proton
beam), and to feature small self-absorption and
high scintillation efficiency (to gather an image of
sufficient intensity over a reasonably short expo-
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Fig. 1. Layout of the ProBImS.
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Fig. 2. Geometry of measurement using the AIC-144 cy-
clotron-produced proton beam. The ProBImS is positioned
so as to protect the CCD camera from radiation damage
from the proton beam. The beam axis is represented by
the dotted line. In this figure the beam enters from the
right-hand side.

sure time), and to show linear response to ionizing
particle energy (in order to be able to measure
the proton energy fluence) [1].

The setup for measuring the scintillator response

Since many physical parameters of the proton beam
need to be controlled, scintillators for the imaging
system must undergo measurements under various
load conditions. The DuPont Hi-speed thick back
screen E] 000128 scintillator was tested using
the setup illustrated schematically in Fig. 2.

The proton beam-forming sequence consists of
a single scattering foil, a range shifter and a range
modulator. Additionally, a six-segment ionization
chamber is used to monitor the beam direction [6].
Monitor chambers are used for dosimetry measure-
ments. The final beam-forming elements are the
snout and the end collimator. A six-segment ion
chamber is used to measure the current induced
by protons travelling through the segments of this
chamber. While monitor ion chamber dosimetry is
required in medical procedures, in this study the
monitor chambers were only used to cross-check
the ionization chamber measurements.

Scintillator response analysis

Lateral profiles of the proton beam can be recorded
with high spatial resolution using the high-resolution
CCD camera of the ProBImS. This allows the proton
beam to be imaged after its formation by forming
magnets, a collimator and finally by the scintillator.
Unfortunately, when evaluating the proton fluence
from the scintillator light emission image, proton
scattering does not allow light intensity recorded
by the entire CCD detector to be simply summed
up. For further analysis, only the central part of the
irradiated area was used. Selection of this area is
necessary due to the beam intensity gradient follow-
ing the beam’s passage through the final collimator.
This allows one to consider only the most represen-
tative uniformly irradiated part of the lateral beam
profile recorded. An example of a record of the CCD
camera image is presented in Fig. 3.
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Fig. 3. Region of interest (ROI - 600 x 600 pixels) on a
proton beam image recorded with ProBImS. The white
dot indicates the center of gravity of the beam. The scale
shows pixel intensity, in ADU.
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To select the most representative region of the im-
age (unchanged by particle scattering), the center of
gravity is calculated first, according to the formula:

1 N 1 N
(1) [xC7yC]:|:I_zxn'In’I_Zyn.In:|

SUM n=1 SUM n=1
where: xc, yc are center of mass (image intensity)
coordinates, Isyy are the summed intensities of all
pixels, x,, y, are the coordinates of #-th pixel, I, is the
n-th pixel intensity and N is the total number of pixels.

The region of interest (ROI) is an area of the

image limited by a 600 x 600 pixel square, desig-
nated as:

-300<x< 300
@) ROI={[x,y]:{xC reder }

Ye—-300<y<y.+300

Intensity may be highly nonuniform even in
the ROI, therefore to calculate the most probable
intensity value and noise level (measurement un-
certainty), a histogram of intensity values from ROI
is calculated and plotted. A Gaussian function is
fitted to the pixel intensity histogram (presented in
Fig. 4), enabling one to calculate the most probable
intensity value and its standard deviation, used in
further analysis as an estimator of noise.

There are two separate sources of noise in visible
light measurements. The first one follows from the
statistical variation in the energy deposition process,
related to the dose distribution. The second source
is noise due to the measurement itself, namely light
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Fig. 4. Intensity histogram of the ROI of Fig. 3.
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Fig. 5. DuPont response as a function of time after proton
beam switch-off.

scattering inside the scintillator volume, readout
electronic noise and so on. In order to determine
which part of the system requires further optimiza-
tion, one should identify the major sources of noise.

Intensity values presented in the next section of
this paper are actually the most probable intensity
values of the Gaussian fit function, as described
above. The standard deviation (+1c) is represented
as error bars allowing comparison of light intensity
and ionizing chamber readout with an established
level of confidence.

Results and discussion
Background decay rate

An important aspect of scintillator performance
is its background decay rate. Measurement of the
increase of background level in time after exposure
of the scintillator to the proton beam is important
in proton beam investigations. Scintillator activation
is not observed after exposure to photon irradiation
(X- or gamma-rays). To examine this property, the
DuPont EJ 000128 scintillator was irradiated for
5 min by the cyclotron-produced proton beam of
20 nA current, as evaluated after its passage through
the beam-forming and monitoring system. The cor-
responding value of absorbed dose at the isocenter
of the patient irradiation facility was about 10 Gy.
The first background measurement was then taken
immediately after beam switch-off, with an expo-
sure time of the CCD sensor of 10 s. The following
nine measurements were taken sequentially at 13 s
intervals, as required to complete the CCD readout
by the analog-to-digital (ADC) converter with its
exposure time set to 10 s. The DuPont scintillator
showed a nearly constant optical emission level of
below 500 ADU, which is very close to the noise
level of CCD matrix.

In Figure 6 we present background decay mea-
surements of the DuPont scintillator. The enhanced
background light intensity over some 100 s after
exposure to the proton beam most likely results from
proton activation of short half-life radioactive iso-
topes in the scintillator. Consecutive measurements
after proton beam switch-off show the background
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Fig. 6. DuPont scintillator background response as a func-
tion of time after proton beam switch-off.

activity of the DuPont scintillator to decay mono-
tonically until the intensity level of an unexposed
CCD sensor is reached. An overall decay half-time
of 29.8 s was found by fitting an exponential func-
tion to the measured activity vs. time data for this
scintillator.

It is therefore necessary to take into account
enhancement of the background level of the scintil-
lator material which may occur after extended expo-
sure to a proton beam, due to proton activation of
the scintillator material.

Scintillator intensity and dose dependence

One of the potential applications of the ProBImS is
measurements of the dose distribution around the
beam axis. To verify the feasibility of applying
the scintillator to evaluate such dose distributions,
the dose response of the DuPont scintillator was
measured using a PTW Markus Type 23343 plain
parallel ion chamber [7] placed at the isocenter
of the treatment facility, perpendicularly to the
proton beam axis, inside a PMMA phantom. The dose
measurement reference setup consisted of a Markus
chamber and a UNIDOS PTW T10001 electrometer
[8]. Simultaneously, current measurements were
taken from the monitor chambers. This allowed us to
calibrate the monitor chamber response against dose,
as measured by the PTW Markus chamber.
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The response of the DuPont scintillator after
proton irradiation within the dose range between
1 Gy and 15 Gy is presented in Fig. 7a. This series
of measurements was performed in the spread-out
Bragg peak region to deliver a uniform dose across
the entire thickness of the scintillator. Bragg peak
spreading was achieved using a range modulator to
achieve full range (approx. 28.8 mm) beam modula-
tion. Measurements were performed over the spread-
-out Bragg peak entrance only.

The response of the DuPont scintillator after
doses of y-rays from a Co-60 radiotherapy source
is shown in Fig. 7b (note the different ranges of
CCD camera response in Fig. 7a and Fig. 7b). Dose
rate measurements were performed using the PTW
Markus ion chamber and PTW UNIDOS electrom-
eter set. For this purpose, a 10 cm X 10 cm collima-
tor was used, at a SDD (source to detector distance)
of ca. 50 cm. In order to account for dose build-up,
a 5.3 mm thick poly (methyl methacrylate) (PMMA)
plate was used to cover the scintillator.

As shown in Fig. 7, the response of the DuPont
scintillator is linear with dose, after proton and
gamma irradiation. Due to the lower signal-to-
-noise ratio in the case of gamma irradiation, higher
measurement uncertainties are observed in Fig. 7b.
The dose rates during gamma exposition were about
0.7 Gy/min and about 0.2 Gy/s during proton ir-
radiation. On a per unit dose basis, the response of
the DuPont scintillator after the proton beam is two
times lower than that after gamma rays. The CCD
signal after a proton dose of 10 Gy is about 30 000
ADU, while the same gamma-rays dose gives about
60 000 ADU. Moreover, the optical diaphragm di-
ameter in the case of proton beam exposures was
wider (1.8) than that in gamma-ray exposures (5.6),
showing that the scintillator efficiency after gamma
ray-exposures is even higher.

Two-dimensional spatial distribution of the proton
beam

The spatial stability of the beam can be controlled
on-line using our ProBImS. In Figure 8a, we show
an example of a 2D distribution of proton beam
fluence collected by this system using the DuPont
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Fig. 7. Correlation between light intensity recorded with CCD camera and dose deposited in the DuPont scintillator:
a) proton dose response, diaphragm setup 1.8; b) gamma-ray response, diaphragm setup 5.6.
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Fig. 8. Two-dimensional fluence distributions of the AIC-144 cyclotron-produced proton beam: a) image recorded with
ProBImS using DuPont scintillator, b) profiles extracted from the image.

scintillator. A considerable advantage is seen of
using the ProBImS for this purpose over the pres-
ently used one-dimensional X scanner and semicon-
ductor diode setup which determines cross-section
profiles only. Every 2D image recorded with our
system can be decomposed into lateral profiles over
any intersection plane of the beam (Fig. 8b). The
set of parameters extracted from these profiles can
be used to evaluate the quality of the proton beam.
The results generally agree with similar beam profile
measurements performed using the semiconductor
diode and scanner setup, as shown in Fig. 8b.

Conclusions

To control the dose received by the patient over the
whole treatment cycle, and for regulatory reasons,
proton beam preparation procedures currently ap-
plied at IF] PAN require dose monitoring with a ref-
erence ion chamber and electrometer setup, before
each dose fraction is delivered to the patient’s tumor
volume. Continuous development of improved meth-
ods and techniques is necessary to perform proton
beam imaging and dose measurements reliably and
more rapidly. We believe that when fully developed,
ProBImS will be used to verify the shape of the
individual collimator, to assess the uniformity of ir-
radiation of the tumor volume and to verify the dose
delivered to this volume. The ability of the ProBImS
to perform these elements of beam QA is a single
measurement will greatly reduce the time required
to prepare the proton beam for patient irradiation.
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