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In this paper, we report on the beam-detection technique in a charge-integration mode. The
novel radiation-detection method has been applied to detectors for quantitative measurements of
proton and fast-neutron beams. First, we developed a beam detector equipped with a scintillationfiber array and a 46-channel silicon photodiode to measure proton-beam induced fast neutrons.
Second, the scintillator fibers in the detector were replaced by LYSO crystals to measure proton
beams provided by a 50-MeV proton cyclotron. The detectors operating in the current detection
technique were tested with fast-neutron and proton beams provided by the MC50 proton cyclotron
at the Korea Institute of Radiological and Medical Science (KIRAMS). We conclude from the beam
tests that the current detectors operating in the charge-integration mode are capable of qualified
and reliable measurements both for proton and fast-neutron beams.
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I. INTRODUCTION
Nowadays, proton and neutron beams are widely used
in various scientific researches such as material science,
biology, and radiotherapy [1–3], as well as for production
of various isotopes for nuclear medicines [4].
In many cases, precise and quantitative measurements
for particle beams are essential for accurate and relevant
evaluation of radiation effects to be delivered on the materials used in various researches and in radiotherapy.
Here, we report R&D results of the beam detectors developed with a novel radiation-detection technique based
on the charge-integration mode.
In the current charge-integration-mode detection, the
images of the beam profiles were obtained by performing
scan movement of a line-shape-array detector with a uniform velocity. The photoelectric charges induced in each
channel of the photo-sensor were integrated over successive time intervals and were converted to a charge datum
needed to form a corresponding line of the beam-profile
image.
The primary advantage in the charge-integrationmode detection is a high statistical accuracy for the
beam-profile image. Variation of detector pulses and the
effect on the beam image can be statistically eliminated
by the integration of charges of the pulses. Furthermore,
the scan-type detectors can be properly installed in
particle-beam lines without disturbing the beam transportation except for the short period of measurement.
These scan-type detections are fairly conductive, espe∗ E-mail:
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cially, for low-energy charged particles whose specific energy loss and multiple Coulomb scattering in matter are
inevitably severe.
In this paper, configurations of the beam detectors
developed for measurements of proton and fast-neutron
beams are described in Section II. The test results for the
proton and fast-neutron beams provided by the MC50
proton cyclotron at the Korea Institute of Radiological
and Medical Science (KIRAMS) [5] are reported in Sections III. Finally, conclusions on the performance of the
beam detectors operating in the current radiation technique are discussed in section IV.
II. DESCRIPTION OF THE DETECTORS
1. LYSO-array Detector for Proton-beam Detections

Figure 1 illustrates the operational scheme of the detector for the proton-beam measurement [6]. The core
detector sensor mounted on a signal-processing board
operating in the charge-integration mode [7] was composed of a 46-LYSO-scintillator array [8] and a 46channel silicon photodiode (model S4111-46Q, Hamamatsu [9]). The dimension of each LYSO and the specific
gravity is 0.9 × 4 × 30 mm3 and 7.4, respectively. The
width of the LYSO, 0.9 mm, was chosen to match the 1mm pitch of the commercial silicon photodiode. A lightreflection film whose reflectivity was larger than 80% was
inserted in each gap between two adjacent LYSOs to
minimize loss of the scintillation lights produced in the
LYSOs.
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Fig. 1. (Color online) Schematic diagram to illustrate the
operational scheme of the proton-beam detector. The assembly of the core detector sensor and the signal-processing
board in the detector module is also shown in the figure.
The beam-collimator slit allowed the incidence of the proton
beam to the LYSO array to create a vertical line of the beam
image at the scan position.

As Fig. 1 shows, the beam collimator was composed
of two pieces of 10-mm thick steel plates and two steel
spacers. The spacers were required to maintain an uniform slit width and to allow the incidence of the proton
beam to the LYSO array to create a vertical line of the
beam image at the scan position. The optimal thickness
of the spacers to achieve both relevant resolution and
statistics of images for the 41-MeV proton beam was determined to be 0.5 mm. The maximum incident angle of
the protons allowed by the chevron-shape collimator slit
was ∼6.5◦ . Therefore, the variation in detection sensitivity along the scan movement is expected to be negligible
when the root-mean-squared angle caused by multiple
Coulomb scatterings in matter is less than 1.0◦ .
2. Scintillation-fiber-array Detector for Fastneutron-beam Detections

The core detector sensor [10] to measure fast-neutron
beams is composed of an array of scintillation fibers
(model BCF-60, BICRON [11]) and a 46-channel silicon photodiode. Figure 2 shows the assembly of the
core detector sensor and the signal-processing board to
measure the fast-neutron beam. The polystyrene-based
square scintillation fibers are single-clad with acrylic to
enhance efficiency of total reflection for the scintillation
light. The cross section of each scintillation fiber was 1
× 1 mm3 . The 80-mm-long scintillation fibers were bent
by 90◦ to deliver their scintillation light to the silicon
photodiode previously mounted on the signal-processing
board. The further details on the collimation of the fast-
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Fig. 2. (Color online) Assembly of the core detector sensor
and the signal-processing board to measure a fast-neutron
beam. The chevron-shape collimator allows the incidence of
the fast-neutron beam to the scintillation-fiber array to create
a vertical line of the beam image at the scan position.

neutron beams, the radiation protection for the electronics, and the operation of the detector are reported in Ref.
10.
3. Signal Processes

The signal-processing board designed for the chargeintegration operations is composed of 46 currentsensitive preamplifiers, 12 quad analog-to-digital converters, two FPGAs (field-programmable gate array),
a memory buffer, and a micro-control unit (MCU) for
Ethernet-link data transfer [7].
The firmware of the FPGAs was programmed so as to
create the data every 1 ms. However, it also allows dead
time to occur right after the acquisition of two sets of 4ms data and to transfer them to the DAQ computer. We
artificially fixed the length of each dead time to 12 ms
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 image. The width of the vertical lines
was adjustable with the scan speed of the scan-control
device.
III. RESULTS
1. Proton Beams

The proton-beam detector was tested by using 45MeV proton beams provided by the MC50 proton cyclotron at the Korea Institute of Radiological and Medical Science (KIRAMS). Considering the energy loss
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Fig. 3. (Color online) Beam images for a 1-nA proton
beam at z = 50 cm from the beam-vacuum exit. The top
histogram shows a two-dimensional distribution of charge,
q, induced in the detector. The bottom histogram shows a
projection image of the q on the xy plane.

caused in a 1-mm thick aluminum beam window and
in air, the mean value of the proton energies delivered
to the detector was expected to be 40.7 MeV when the
nominal beam energy was set to 45.0 MeV.
The control device for the scan operations was composed of two servomotors, an alternating-current power
supply, and a controller to generate the two-dimensional
movement of the beam detector. We set the speed of the
primary servomotor and the scan length in the direction
x, orthogonal to the principal axis of the 46-mm-long
LYSO line detector (y), to 5.0 cm s−1 and 100 mm, respectively. The secondary servomotor was used to adjust
the position of the detector in the beam direction (z).
Figure 3 shows beam images for a 1-nA proton beam
at z = 50 cm from the beam-vacuum exit. The top histogram shows a two-dimensional distribution of charge,
q, induced in the detector. The bottom histogram is a
projection image of the q on the xy plane. The statistical fluctuation shown in each pixel data with a size of 1
× 1 mm2 is on the order of 1% at the beam center.
The evolution of the proton beams in matter can be investigated by measuring the spatial spreads of the beam
profiles. The detector was tested with a 1-nA beam to
measure the evolution caused by multiple Coulomb scatterings in the air. Figure 4 shows two-dimensional beam
profiles measured at z positions ranging from 50.0 to
102.2 cm.
2. Fast-Neutron Beams

The neutron detector equipped with the signalprocessing electronics and the scan device was also tested
with fast neutrons provided by the MC50 cyclotron at
KIRAMS. The fast neutrons were produced by impinging 45-MeV proton beams on a 10.5-mm-thick Be target

Fig. 4. (Color online) Beam images of a 1-nA proton beam
measured at z = 50.0, 70.0, 74.6, 83.8, 97.6, and 102.2 cm.

installed in the MC50 proton-beam line. The beam area
of the fast neutrons provided by a Tungsten gantry was
82 × 82 mm2 . The fluxes and the energy distributions
of the neutron beams produced with various target conditions were measured by a Bonner sphere detector and
were reported in Ref. 12.
The scan device was operated to cover a beam area
of 30.0 × 32.4 cm2 : The primary servomotor performed
scan movements of the scintillation-fiber line detector
in x to produced images of 30-cm length and 4.6-cm
width. The speed of the scan movements was set to 0.75
cm s−1 . The secondary servomotor allowed the detector
successive shifts of its scan position in y. A total of
seven successive scans was required to cover the whole
scan area.
In order to demonstrate the detector performance,
the scan measurements were carried out for fast-neutron
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Fig. 5. (Color online) A neutron-beam profile measured
at 20 µA of the proton-beam current.

beams produced by the 45-MeV primary proton beams
with currents ranging from 9.5 to 20 µA. Figure 5 [10]
shows a beam-profile image of the fast neutrons produced by a 20-µA proton beam. As shown in Fig. 5, the
current neutron-beam detector also clearly visualized the
quantitative image for the beam halo as well as for the
beam area.
The datum to be measured by the beam detector operating in the charge-integration mode is approximately
proportional to the absorbed-dose rate induced in the detector. By performing a Monte-Carlo simulation based
on GEANT4 [13], the mean absorbed-dose rate induced
in the beam area was estimated to be 4.5 Gy/h for the
data shown in Fig. 5.
IV. CONCLUSIONS
We developed the detectors operating in the chargeintegration mode for the measurement of proton and
fast-neutron beams. The novel beam-detection method
has been applied to both LYSO-based detector for the
proton beams and scintillation-fiber-array detector for
the fast-neutron beams.
The performance of the beam detectors were demonstrated by the tests with the proton and the fast-neutron
beams provided by the MC50 cyclotron at KIRAMS.
The beam images for both particle beams were measured
with fairly quantitative accuracies and relevant spatial
resolutions.
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