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The ionisation chamber for computed tomography (CT) is an instrument that is most commonly used to measure the computed
tomography dose index. However, it has been reported that the 10 cm effective detection length of the ionisation chamber is insuf-
ficient due to the extent of the dose distribution outside the chamber. The purpose of this study was to estimate the basic charac-
teristics of a plastic scintillating fibre (PSF) detector with a long detection length of 50 cm in CT radiation fields. The authors
investigated position dependence using diagnostic X-ray equipment and dependencies for energy, dose rate and slice thickness
using an X-ray CT system. The PSF detector outputs piled up at a count rate of 10 000 counts ms21 in dose rate dependence
study. With calibration, this detector may be useful as a CT dosemeter with a long detection length except for the measurement
at high dose rate.

INTRODUCTION

The number of X-ray computed tomography (CT)
systems in Japan reached 101.3 per 1 million people
in 2011(1). Due to the increased performance of X-ray
CT examinations, patients and operators are exposed
to increasing radiation doses. Recently, this has become
a matter of concern. Thus, the accurate determination
of doses of patients and operators as well as the man-
agement of X-ray CT systems is viewed as important.
The computed tomography dose index (CTDI)(2–6) is
the major radiation dosage index. CTDI100 is common-
ly measured using an ionisation chamber of 10 cm in
length and a standardised phantom of 16 or 32 cm in
diameter. CTDI100 is defined as follows:

CTDI100 ¼
1

nT

ð50 mm

"50 mm
KðzÞdz;

where K(z) is the air kerma in the phantom as a function
of position on the z axis. In the case of CTDI100, the in-
tegration limits are +50 mm, which corresponds to the
100 mm length of the ionisation chamber. n is the
number of tomographic sections imaged in a single axial
scan. T is the nominal width of the tomographic section
along the z axis. CTDIw is intended as an average value,
calculated from the CTDI100 centre and peripheral mea-
surements. Therefore, CTDIw is defined as follows:

CTDIw ¼
1
3

CTDI100; center þ
2
3

CTDI100;peripheral:

CTDIvol is a useful dose metric because it takes into
account the important parameter of pitch. Pitch is
defined as the ratio of the table travel per rotation.
And its value is displayed on the console of CT scan-
ners. CTDIvol is defined as follows:

CTDIvol ¼
1

Pitch
CTDIw:

A dose profile, with a bell curve distribution, is
formed in the CTDI phantom with a single X-ray CT
scan (Figure 1). A rectangular profile, which is
limited to slice thickness, is obtained without scatter-
ing. X-ray absorption and scattering yields a bell
curve-shaped dose profile, as shown in Figure 1. It is
reported that the ionisation chambers in general use
for the measurement of CTDI cannot cover the
extended dose distribution especially in multidetector
row CT. Thus, the measurements using an ionisation
chamber may lead to the underestimation of radiation
doses(7, 8). To solve this issue, the authors proposed
the use of a plastic scintillating fibre (PSF), which has
the ability to process various detection lengths. As an
example of other applications of the PSF, this has
been developed for the dosimetry of high-energy
beam in radiotherapy(9). In this paper, in order to
verify the usefulness of the PSF detector in CT radi-
ation fields, the authors evaluated the basic character-
istics of the PSF detector in comparison with the
ionisation chamber.
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MATERIALS AND METHODS

In this experiment, a self-produced PSF detector with
a long detection length of 50 cm was used. The authors
also used CTDI-standard PMMA head and body
phantoms of 15 cm in length and 16 or 32 cm in diam-
eter. An examination of position dependence was
performed using diagnostic X-ray equipment UD
150L-30 (SHIMADZU Co. Ltd., Kyoto, Japan),
whereas examinations of dependencies for energy, dose
rate and slice thickness were performed using X-ray
CT system (Alexion TSX-033A, TOSHIBA Co. Ltd.,
Tokyo, Japan).

The PSF detector

The authors used a PSF SCSF-81 (Kuraray Co. Ltd.,
Tokyo, Japan) as an X-ray detector. PSF is a light

fibre made of scintillating plastic, the atomic number
of which is effectively the same as that in human
tissue. This makes it convenient to measure the
absorbed dose. PSF has a double-layered structure.
The core of the PSF is polystyrene resin, whereas the
cladding is polymethyl methacrylate (PMMA) resin.
The density of the SCSF-81 is 1.05 g cm23, which is
almost equivalent to water, the diameter is very
narrow (1 cm), the decay time is very short (2.4 ns)
and the attenuation length (the length at which the
light intensity is 1 e21 from the point of light emis-
sion) is rather long (3.5 m)(10).

The construction of the PSF detector used in this
study is shown in Figure 2. The PSF emits lights at a
point in response to X-ray irradiation, which is trans-
mitted to a multi-pixel photon counter (MPPC). The
MPPC is a photodetector that converts lights to elec-
trical signals. It replaces the conventional photomulti-
plier tube (PMT). The output pulses counted by the
MPPC are recorded and stored in a computer via an
USB connection.

The MPPC module, C10507-11-050C (Hamamatsu
photonics K.K., Hamamatsu, Japan), was used as an
X-ray photon counting detector(11). The MPPC,
S10262-11-050C (Hamamatsu photonics K.K.) has an
effective photosensitive area of 1 mm2, a pixel number
of 400 and a pixel size of 50 mm. The MPPC has peak
quantum efficiency at a wavelength of 440 nm. In this
study, the pulse-counting mode was selected in which
the number of output pulses was digitally counted only
when the pulses exceeded a pre-determined threshold.
In the MPPC, output pulses are produced not only by
photons but also by thermal excitation noise (dark
count) since the MPPC is a solid-state device. The dark
count of the MPPC is output as the level of a 1 p.e.
pulse, which makes it difficult to distinguish the
thermal excitation noise from a real 1 p.e. event(12).
Therefore, setting the optimum threshold is important.
Data acquisition was carried out by a computer using
the provided sample software.

Figure 1. The dose distribution in a single CT scan. Shaded
portion in this figure is produced due to X-ray absorption

and scattering in the phantom.

Figure 2. The construction of the PSF detector.
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Threshold setting in MPPC

In dosimetry it is necessary to select the optimum
threshold (the photon equivalent, p.e.), according to
the number of incident photons in the MPPC. A 1 p.e.
pulse is equivalent to the pulse obtained when one
photon is detected. The threshold can be set within
the range of 0.5–7.5 p.e. in this MPPC sample ap-
plication. When the threshold is set to 0.5 p.e., the
number of detected photons can be determined by
measuring the number of pulses exceeding the thresh-
old. Therefore, an experiment was performed to de-
termine the optimum threshold for the amount of
incident photons using diagnostic X-ray equipment,
and the linearity between the tube current and detect-
or output was examined. In addition, setting the
threshold of 0.5 p.e. may lead to high dark count, and
so the authors removed the dark count from the
counting results. The conditions of the X-ray expo-
sure were fixed at 80 kV, 0.1 s, 1̀ & 1 cm in irradiation
field, X-ray tube focus-to-detector distance of 100 cm
and irradiation position of 5 cm (distance from the
connection between the PSF and the MPPC). On the
other hand, tube currents and thresholds were 100,
160, 200, 250 and 300 mA, and 0.5–5.5 p.e. (in incre-
ments of 1.0 p.e.), respectively.

Position dependence

The geometry of measurement is shown in Figure 3.
A 2-mm-thick lead plate with a slit of 1`& 2 cm was
set between the X-ray tube and the PSF detector in
order to make a narrow beam and ensure the appro-
priate irradiation of the fibre. The irradiation position
was moved in 5-cm increments from a position of
10 cm from the connection between the PSF and the
MPPC to 45 cm, and the output was measured at
each position to examine the uniformity of sensitivity
in response to the differences of measurement pos-
ition. Exposure conditions were 80 or 120 kV,
200 mA and 0.1 s. The lead plate was placed at 70 cm
from the X-ray tube. The fibre was irradiated in

parallel to the floor, to avoid the scattered X-rays
from the floor.

Energy dependence

The authors examined the energy dependence of the
detector sensitivity by applying the following tube
voltage settings: 80, 100, 120 and 135 kV. First, the
PSF was fixed in the central hole at the midpoint of
the 16-cm phantom using a self-made acrylic bar with
an inner hole. Then, the midpoint of the PSF was
aligned with the midpoint of the phantom and the ro-
tation centre of the CT gantry. The midpoint of the
fibre (25 cm) was then irradiated. The scanning con-
ditions were 80–135 kV, 50 mA, 0.75 s/rot and slice
thickness of 2 mm for energy dependence experiment.
The tube voltage for the experiments of dose rate de-
pendence and slice thickness dependence was 120 kV.

Dose rate dependence

The arrangement of the PSF detector and the
phantom is shown in Figure 4. The exposure dose was
measured in air and in the central holes of the 16- and
32-cm CTDI phantoms using an ionisation chamber,
with the phantoms fixed on the couch. The outputs
were measured by the PSF detector in the same way
and compared with the results obtained by the ionisa-
tion chamber. The authors investigated the linearity
between the dose rate and count rate by changing the
tube current: 10, 30, 50, 100, 150, 200, 250 and 300 mA.

Slice thickness dependence

The authors compared the PSF detector and ionisa-
tion chamber outputs by changing the slice thickness
(1, 2, 3 and 4 mm) in order to verify whether a slope
of the response of the PSF detector is the same as that
of ionisation chamber. The arrangement of the PSF
detector and the phantom was the same as that shown
in the dose rate dependence experiment.

Figure 3. The geometry for measuring position dependence.

Figure 4. The arrangement of the PSF detector and the
phantom for measuring dose rate dependence and slice

thickness dependence.
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RESULTS

Threshold setting in MPPC

As shown in Figure 5, the degree of linearity between
the tube current and detector output was adequate at
each threshold, and, in this study, the authors adopted
a threshold of 0.5 p.e. at which the coefficient of deter-
mination was the highest (R2 ¼ 0.993).

Position dependence

As shown in Figure 6, output from the PSF detector
decreased exponentially as the distance from the con-
nection increased because the lights transmitted in the
fibre decayed following an exponential function. The
differences between the maximum output at 10 cm
from the connection and the minimum output at
45 cm were !18.5 and 22.9 % at 120 and 80 kV, re-
spectively. The attenuation curve in the figure was
approximated using one exponential function. The ef-
fective attenuation length based on the fitted curve
was 3.04 and 2.57 m at 120 and 80 kV, respectively,
and these values were shorter than the nominal length
of 3.5 m. This finding might be due to small imperfec-
tions, such as scratches, which would prevent light
propagation(13).

Energy dependence

In Figure 7, the X-ray effective energies of the hori-
zontal axis were calculated in reference to the values
of a previously published study(14). The ratios of the
PSF detector outputs to air kerma, which were con-
verted from the exposure dose (detector sensitivity),
were plotted on the left vertical axis. The right vertical

axis shows the mass energy absorption coefficient(15)

ratios of polystyrene (the material in the PSF) to air.
These values were normalised by the values at a voltage
of 135 kV. The sensitivity of the detector increased as
X-ray effective energy increased and changed !20 %
from 80 to 135 kV. At each energy, the ratio of the de-
tector output to air kerma was in agreement with that
of the mass energy absorption coefficient between poly-
styrene and air, within an error of 3 %.

Dose rate dependence

Figure 8 shows the relationship between the tube
current and dose rate or count rate. Figure 9 shows

Figure 5. The relationship between the tube current and the
PSF detector output by changing the threshold.

Figure 6. Position dependence at two different tube voltages
of 120 and 80 kV.

Figure 7. Comparison of energy dependence of measured
values and theoretical values.
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the relationship between the dose rate and count rate.
As the figure demonstrates, excellent linearity between
the tube current and dose rate was observed when
using the ionisation chamber. On the other hand, the
linearity of the PSF detector was good in the 32-cm
phantom, although it decreased at a count rate of 10 000
counts ms21 and dose rate of 5 mGy s21 in air and in
the 16-cm phantom.

Slice thickness dependence

In Figure 10, the slice thickness was plotted on the
horizontal axis, and air kerma and the detector output

were plotted on the vertical axis. The relationship
between the slice thickness and the PSF detector
output was non-linear in air, as shown in Figure 10b.
The doses obtained by the PSF detector exceeded
those obtained by the ionisation chamber when the de-
tector output was calibrated by the value at a slice
thickness of 1 mm in air using the ionisation chamber.

DISCUSSION

In this study, the authors assessed the basic character-
istics of CTDI measurements using a PSF detector,
which has a longer detection length than a generally
used ionisation chamber.

Position dependence

The output from the PSF detector varied about +20 %
with changes in the irradiation position. This was due
to light attenuation in the fibre. Therefore, correcting
the sensitivity along the axis of the fibre is necessary
to minimise errors; however, the variation of the
output is not an important matter if the midpoint of
the fibre is irradiated at each measurement. Koyama
et al. suggested that uniform sensitivity could be
obtained, even if the irradiation positions were
changed, by installing two PMTs (both ends of the
fibre) and then processing the signals(7).

Energy dependence

The sensitivity of the detector depended on X-ray
energy and increased as X-ray energy increased.
Figure 7 indicated that the ratios of the PSF detector

Figure 8. (a) The relationship between the tube current and dose rate. (b) The relationship between the tube current and
count rate.

Figure 9. The relationship between the dose rate and count
rate.

CT DOSIMETRY USING A PSF DETECTOR

Page 5 of 7

 at K
yushu U

niversity on July 18, 2016
http://rpd.oxfordjournals.org/

D
ow

nloaded from
 

http://rpd.oxfordjournals.org/


outputs to air kerma were almost consistent with the
theoretical values of the mass energy absorption coef-
ficient ratios of polystyrene and air. One of the
reasons why these ratios were not completely consist-
ent is that the X-ray energy spectrum of CT is con-
tinuous spectrum whereas the average X-ray effective
energies were treated discretely in the calculation. As
the tube voltage was normalised at 135 kV, the detect-
or sensitivity varied approximately 20 % from 80 to
135 kV (effective energy: from 42.4 to 54.5 keV). As
shown in Figure 7, if the relationship between the
effective energy and detector sensitivity on each type
of equipment is known, the correction for energy de-
pendence is possible.

Dose rate dependence

A good linearity was observed between the tube
current and dose rate using the ionisation chamber.
For the PSF detector, however, the outputs piled up at
a high count rate, which resulted in count loss. One of
the reasons for the pile-up was that the photon detec-
tion efficiency of the detector was high. This is mainly
due to matching of the emission peak in the wave-
length (437 nm) of the PSF SCSF-81 and the peak
quantum efficiency in the wavelength (440 nm) of the
MPPC used in this study. Decreasing the detection
efficiency of the detector is necessary to avoid the
pile-up. To accomplish this, it would be necessary to
decrease the amount of luminescence from the PSF
by changing to another PSF with a different wave-
length or to extend the dynamic range of the MPPC
to facilitate the rapid measurement of the emitted
light. Moreover, the threshold setting in the MPPC
module had strong influence on the pile-up. As

mentioned earlier, the dark count was contained in
the output pulses. It would be possible to reduce the
dark count by raising the threshold. This would lower
the quantity of the pulses that was output from the
MPPC. However, if the threshold is raised too high, it
is possible that the original photons would not be
counted. Thus, the determination of the exact thresh-
old is important. Besides, shortening the length of the
PSF and reducing the diameter may be effective
methods to correct for the pile-up. The optimum length
of the PSF needs to be determined in the future work.

Slice thickness dependence

In the slice thickness experiments, the values mea-
sured by the ionisation chamber and the PSF detect-
or showed almost the same tendency to increase.
There was non-linearity in the measurement in air
using the PSF detector due to measurement errors.
Two factors that may have been involved in the error
were an increase in the temperature of the detector
and a change in detector sensitivity during the ex-
periment. Further investigation may elucidate the
cause of the error.

One limitation associated with this study is that the
authors assessed the doses with the pulse-counting
mode, as mentioned earlier, and, in this mode, energy
information cannot be obtained. Attix(16) stated that
‘It should be apparent that for dosimetry of gamma-
rays or electrons, either the PM-tube output should be
measured as an electric current or the pulse-heights
must be analyzed and calibrated in terms of dose.’
The authors were aware of this issue; however, they
considered that it would be possible to perform dos-
imetry with a pulse-counting mode PSF detector. The

Figure 10. (a) The relationship between the slice thickness and air kerma. (b) The relationship between the slice thickness
and the PSF detector output.
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presence of energy dependence does not matter in
dosimetry under the condition of fixed energy.
Therefore, the doses are derived from the PSF detect-
or output by calibrating the device with a reference
dosemeter for each condition and type of equipment.

CONCLUSION

In this study, the basic characteristics of the PSF
detector were evaluated. Except for the situations in
which a high dose rate was encountered, the PSF
detector may be able to evaluate radiation doses
within an uncertainty of 20 % using a reference dose-
meter. This detector may be useful for CT, low-dose-
rate dosimetry with calibration under the condition of
fixed energy.
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