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Here, we report on the development of a beam-scan detector that can quantitatively measure
proton-beam profiles. The core component of the beam-scan detector is composed of 46 0.9mm-thick LYSO (lutetium yttrium oxyorthosilicate) scintillators. The LYSO-scintillator array was
equipped with a 46-channel silicon photodiode and current-mode signal processing electronics. The
beam-scan detector was tested with 45-MeV proton beams provided by the MC50 proton cyclotron
at the Korea Institute of Radiological and Medical Science (KIRAMS). This system has been shown
to reliably detect and measure proton-beam profiles at currents ranging from 1 to 5 nA. We expect
the current beam detector operating in the charge-integration mode to allow us to perform qualify
measurements for therapeutic proton and heavy-ion beams.
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I. INTRODUCTION

During the last two decades, proton cyclotrons have
been widely used in various scientific disciplines, including material science, biology, and proton therapy [1–4],
as well as for the production of various isotopes for nuclear medicines [5]. In many cases, precise and quantitative proton-beam profiles are required for an accurate
evaluation of the radiation effects on the materials used
in the studies.
In this study, we adopted a radiation-detection technique based on a line-scan method and a chargeintegration mode [6] for the measurement of proton
beams. In addition, by utilizing the charge-integration
mode for the signal process, we should be able to measure the beam-profile images with fairly high color-depth.
Furthermore, the current line-scan-type detector can be
properly installed such that it will not interfere with the
beam line except during the short periods of the measurements.
The core component of the beam-scan detector is
a one-dimensional pixel-detector array composed of 46
LYSO (lutetium yttrium oxyorthosilicate) scintillators
and a 46-channel silicon photodiode. The typical protonbeam current to be measured by the current detector
ranges from 0.1 to 10 nA when the beam energy is set
to approximately 50 MeV. The detectable range of the
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beam current was chosen to accommodate typical therapeutic proton beams.
In this paper, the design and the construction of a
beam-scan detector equipped with a LYSO-scintillator
array and a silicon photodiode are described in Section II.
In Section II, we also briefly describe the signal processing electronics operating in the charge-integration mode
and the control device used for the scan operation, which
was developed in a previous study [6]. The experimental setup and the test results from the proton beams
provided by the MC50 proton cyclotron at the Korea Institute of Radiological and Medical Science (KIRAMS)
[7–9] are described in Sections III and IV, respectively.
Finally, the overall performance of the beam-scan detector and the conclusions are discussed in Section V.

II. DESCRIPTION OF THE BEAM-SCAN
DETECTOR
1. LYSO Scintillator Array

The beam-scan detector operates by using line-scan
detection of proton-induced scintillation light and integration of the photoelectric charge induced in the silicon
photodiode in successive time-clock windows. Figure 1
shows a schematic diagram of the core detector, which is
composed of a LYSO-scintillator array equipped with a
silicon photodiode. The dimension of each LYSO is 1 × 4
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Fig. 1. Schematic diagram of the core detector composed
of 46 LYSO scintillators and a silicon photodiode.

× 30 mm3 . The specific gravity of the LYSO is 7.4. The
30-mm depth of the LYSO allows for the full absorption
of a proton beam with a maximum energy of 200 MeV.
The thickness of the LYSO, 0.9 mm, was chosen to fit
a commercial 1-mm-pitch 46-channel silicon photodiode
(Hamamatsu S4111-46Q).
As illustrated in Fig. 1, a light-reflection film, whose
thickness was 100 µm and whose reflectivity was larger
than 80%, was inserted in the gaps between two adjacent LYSO scintillators to focus the scintillation light
produced in each LYSO scintillator to the assigned photodiode channel. The frame used to tightly hold the 46
LYSO scintillators was made of black opaque Plexiglas.
The surface of the LYSO-scintillator array that faced the
incident proton beam was covered by a thin layer (∼80
µm) of opaque black tape. The expected most-probable
energy loss in the thin layer for a 45-MeV proton beam
was approximately 100 keV, whose effect on the measurement was negligible.

2. Collimation of Proton Beams

Figure 2 illustrates the collimation of the proton beam
necessary for the proper beam-scan measurements. As
shown in Fig. 2, the signal-processing board was properly mounted in the detector module so as to be protected
from the incident proton beam passing through the collimator slit. The beam collimator was composed of two
10-mm-thick steel plates and thin-steel spacers to maintain a uniform slit width to allow the incident proton
beam to reach the LYSO array.
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Fig. 2. Assembly of the core detector and the signalprocessing board in the detector module.
The signalprocessing board was properly mounted in the detector module so as to minimize beam-induced damage.

The width of the collimator slit can be modified by
changing the thickness of the spacers. For the measurements conducted in this study, a slit width of 0.5 mm was
used. Then, the maximum incident angle of the protons
allowed by the Chevron-shape collimator slit is ∼6.5◦ .
Therefore, the variation in the detection sensitivity along
the scan direction is negligible because the expected
root-mean-squared angle, ΘRM S [10], caused by multiple
Coulomb scatterings in a 1-mm-thick aluminum-vacuum
window of the proton beam line and in a 100-cm thick
air was, at best, 0.87◦ .

3. Signal Processing Board and Scan-Control
Device

To experimentally examine the radiation-detection
technique, we utilized the signal processing board and
the scan-control device, which were developed in a previous study for fast-neutron measurements [6]. The signal processing board, designed for the charge-integration
operation, consisted of 46 current-sensitive preamplifiers,
12 quad analog-to-digital converters, two FPGAs (fieldprogrammable gate arrays), a memory buffer, and a
micro-control unit (MCU) for Ethernet-link data transfer.
The data transfer by the Ethernet link caused dead
times in the data acquisition. The firmware of the FPGAs was programmed so as to allow dead time to occur
right after the acquisition of two sets of 4-ms data. We
artificially fixed the length of each dead time to 12 ms,
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which was ample enough to accommodate the variation
in the actual dead time with the size of the transferred
data. Then, the data collected every 20 ms were converted to form a vertical line of the beam-profile image.
The width of the vertical lines was adjustable with the
scan speed of the scan-control device.
The control device for the scan operation consisted of
two servomotors, an alternating-current power supply,
and a controller to generate the two-dimensional movement of the beam-scan detector. The primary servomotor moved the detector along the horizontal direction to
produce the beam-scan image. The adjustable speed of
the scan operation ranged from 1 to 5.0 cm s−1 . For
the current test, we set the speed and the scan length to
5.0 cm s−1 and 300 mm, respectively, so as to cover a
beam area of 46 × 100 mm2 . The secondary servomotor
was used to adjust the distance of the detector from the
vacuum exit of the proton-beam line.

III. EXPERIMENTAL SETUP
The beam-scan detector was tested using the 45-MeV
proton beam provided by the MC50 proton cyclotron
at KIRAMS. The expected most-probable energy loss,
∆EAl , through the 1-mm-thick aluminum window installed at the vacuum exit of the proton-beam line is 2.9
MeV. For the proton-beam measurements, we installed
the beam-scan detector at distances ranging from 50.0 to
102.2 cm from the vacuum exit of the beam line. Considering the ∆Eair , the expected most-probable beam energies delivered to the beam-scan detector ranged from
40.4 to 40.9 MeV when the nominal beam energy was set
to 45.0 MeV.
The measurable range of the proton-beam intensity
can be chosen either by changing the scan speed or by
adjusting the amplifier gain. In this study, we tested the
detector with typical therapeutic beams whose intensities ranged from 1 to 5 nA.

Fig. 3. Beam-profile images for a 1-nA proton beam at z
= 50 cm. x and y are the horizontal and the vertical positions of the beam, respectively. The top histogram shows the
two-dimensional distribution of the induced charge, q. The
bottom histogram shows the projection of q on the xy plane.

IV. RESULTS
1. Proton-Beam Profiles

Figure 3 shows beam-profile images for a 1-nA proton beam at a z position of 50 cm (the distance of the
LYSO array from the vacuum exit). x and y are the horizontal (scan direction) and the vertical positions of the
beam, respectively. The top histogram shows the twodimensional distribution of the induced charge, q. The
bottom histogram shows the projection of q on the xy
plane. The pixel size of the images is 1 × 1 mm2 . As
shown in Fig. 3, the statistical fluctuation for each pixel
datum is on the order of a few %. The top and the bottom histograms of Fig. 4 show the x- and y-distributions

Fig. 4. x- and y-distributions of the beam profile images
in Fig. 3. σx and σy represent the horizontal and the vertical
spreads of the beam at the z position, respectively.

of q, respectively. σx and σy represent the horizontal and
the vertical spreads of the 1-nA beam at 50 cm, respectively.
We also measured 1-nA proton beams at several different z positions to examine the spatial spread of the
beams caused by multiple Coulomb scatterings in air.

σ (mm)
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Fig. 6. σx and σy as functions of z. They represent the
evolution of the beam emittance during its passage in air.

Fig. 5. Beam profiles measured at z = 50.0, 70.0, 74.6,
83.8, 97.6, and 102.2 cm.

Figure 5 shows the two-dimensional beam profiles measured at z = 50.0, 70.0, 74.6, 83.8, 97.6, and 102.2 cm.
The root-mean-squared angle for the multiple Coulomb
scattering, ΘRM S , is given by [10]
ΘRM S =

13.6 MeV
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r

·
µ ¶¸
L
L
1 + 0.038 ln
.
L0
L0

Fig. 7. Beam-profile images measured at four different
beam currents and at z = 100.0 cm. The top-left, the topright, the bottom-left, and the bottom-right histograms are
the proton-beam profiles at 1, 2, 4, and 5 nA, respectively.

(1)

Here, p is the momentum of the proton, and L and L0 are
the material thickness and the radiation length, respectively. The evolution of the beam emittance during the
passage in air can be explained by the spatial spreads of
the beams, σx (horizontal) and σy (vertical), as functions
of z, as shown in Fig. 6.
Figure 7 show beam-profile images measured at four
different beam currents and at z = 100.0 cm. As shown
in Fig. 7, the four histograms show approximately identical shaped distributions. However, the proportionality
of the q(x, y) to the beam intensity was not clearly confirmed because the nominal current values were severely
inaccurate when the MC50 cyclotron was operated with
currents lower than 10 nA.

2. Spatial Resolutions

Spatial resolutions of the beam-profile images were estimated by measuring a beam-transmission image for a
hole matrix (Fig. 8) whose holes were drilled in a 10mm-thick aluminum plate. The diameters of the holes
were 3.0, 2.0, 1.0, 1.5, and 2.5 mm when ordered along
the horizontal axis (x). For each diameter, four identical
holes were aligned along the vertical axis (y). The pitch
of the holes for both directions was 11 mm. The holematrix plate was placed approximately 2 cm in front of
the detector. Then, spatial resolutions, σs,x and σs,y ,
were obtained by applying Gaussian-fits to the x and
the y distributions of a hole image, respectively. The
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in the charge-integration mode. The test results for the
45-MeV proton beams provided by the MC50 cyclotron
at KIRAMS demonstrated that this novel detector was
a reliable beam-line instrument.
We also measured the proton-beam profiles at 6 different z’s to evaluate the beam quality of the MC50 cyclotron beam line. The evolution of the beam during its
passage in air was precisely traced by analyzing a series
of high-statistics beam-profile data.
Furthermore, the high-level radiation hardness of the
LYSO scintillators, the proper radiation protection for
the silicon photodiode, and the electronics guarantees a
high-quality detection performance. No degradation in
data quality was observed after completing a total of ∼80
scan measurements over three hours.
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Fig. 8. A beam-transmission image for a hole-matrix
drilled in a 10-mm-thick aluminum plate.

resolution-broadening effect due to the finite hole size
was properly subtracted to estimate the intrinsic spatial
resolutions for the images measured by using the current
detector device. The average σs,x and σs,y were 0.6 and
1.5 mm, respectively.
The vertical resolution, σs,y , is relatively poor because
of a small vacuum gap (∼0.5 mm) between the protection window (glass) and the photocathode array of the
silicon photodiode. The gap and the protection window
(the total thickness ∼1 mm) lying between the LYSO
scintillators and the photocathode arrays, therefore, inevitably causes spread of the scintillation lights produced
in a single LYSO scintillator over a few channels of the
silicon photodiode. However, the influence of σs,y on the
beam-profile images is actually negligible when the beam
diameter is larger than 15 mm.

V. CONCLUSIONS
We obtained quantitative proton-beam images with
high statistics by using a beam-scan detector operating
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