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Abstract

For charged particle irradiations, the response of an imaging plate (IP) changes around the Bragg peak. Therefore, an
appropriate compensation is necessary for the evaluation of dose distribution formed by charged particles such as

protons. In this paper, the response of IPs to clinical proton beams is investigated. An experimentally-obtained depth-
dose distribution (an ordinary Bragg curve) by a silicon semiconductor detector (SSD) is employed to evaluate the
compensation factors as a function of proton penetrating depth, i.e. residual range. A typical dose distribution in a
water phantom formed by an L-shaped bolus is measured by IPs and corrected by using the information of those

compensation factors; the residual proton range is successfully calculated by the pencil beam algorithm at an arbitrary
point. The results show a good agreement with the measurements by the SSD within the rms error of 3.0%. r 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

In the proton therapy, it is necessary to verify
the dose prediction by planning treatment prior
to the actual irradiation to patients. This is
usually quite a time-consuming task with a small

single detector. Therefore, a multi-dimensional
dosimeter is much desirable for such routine
measurement [1].

An imaging plate (IP) system has been widely
used in many fields as a two-dimensional detector
for radiations owing to a large sensitive area and a
high spatial resolution [2–6]. This device has
already been applied to proton dose distribution
measurements [7,8]. As a result, it has been found
that the linearity between the intensity of photo-
stimulated luminescence (PSL) and ‘‘proton dose
to water’’ is maintained up to the range limit of the
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scanner used, 0:148 Gy [8]. On the other hand, it
has also been revealed that the PSL signals become
smaller than the expected ones near the Bragg
peak. Hence, it is essential to compensate the
lowered IP response for the correct evaluation of
proton dose distribution.

In this paper, a dose distribution of clinical
proton beams formed by a bolus was measured
by both IPs and a silicon semiconductor detector
(SSD). For IPs, the compensation factors were
evaluated by the comparison with SSD response
as a function of residual proton range. The
residual proton range was calculated on the basis
of a pencil beam algorithm (PBA) [9,10] at each
point.

2. Apparatus and experimental setup

Proton irradiation was carried out using
the horizontal beam line of Proton Medical
Research Center (PMRC), University of Tsukuba.
In this beam line, approximately mono-energetic
250 MeV protons are delivered from the High
Energy Accelerator Research Organization (KEK)
500 MeV booster synchrotron with the aid
of a carbon energy-degrader and a momentum
analyzing system. Since the beam energy is
degraded heavily in the carbon degrader, the
energy straggling becomes large and the momen-
tum spread of the transported beam is as large as
71:3% Dp=p [11]. The delivered proton beams
have sharply-bunched time structure; each pulse
consists of about 2� 4� 109 protons with a
duration time of 50 ns in fwhm. The pulse
frequency was about 1 Hz in the present experi-
mental condition.

Firstly, the incident protons were scattered by a
3 mm-thick lead plate (First Scatterer) to obtain a
laterally uniform spatial distribution. Between the
First Scatterer and a patient bed, a binary range
shifter (Fine Degrader) made of ABS resin
120 mm-thick and a parallel plate ionization
chamber (PPIC) were inserted. The PPIC was
only used as a reference monitor in order to
calibrate the slight beam-intensity fluctuation
during irradiation for IPs. Finally, the energy of
clinical proton beams passing through these

devices is about 186 MeV: the proton range is
about 225 mm:

A PSL sheet of the IP tested in the present
work (BAS-III 2025, Fuji Film Co., Ltd.) is made
of BaFBr : Eu2þ: The sensitive layer is very thin,
100–150 mm: During irradiation, each plate was
kept inside a black thin vinyl bag and put into a
lucite case which was waterproof and movable
towards the z-direction as shown in Fig. 1. The
scanner used was BAS2000-II (Fuji Film Co.,
Ltd.) with fixed scanning parameters of ‘‘Lati-
tude’’¼ 4; ‘‘Sensitivity’’¼ 400 and ‘‘Resolution’’¼
200 mm: In the present experiment, protons of 3
pulses (about 0:01 Gy) were irradiated in IPs. It is
known that the latent image of radiation stored in
an IP fades as time goes by: so-called ‘‘fading’’.
The fading is essentially important for dosimetry
with IPs [8]. In this work, all IPs were read out 2
days after each irradiation, when the fading had
reached to be quite slow, in order to avoid an error
due to that effect. Even in a high stopping power
region around the Bragg peak, evident radiation
damage did not occur in IPs; the absorbed dose
deposited to IPs was too small to bring such an
unfavorable effect in the present experimental
condition [12,13].

On the other hand, the SSD (sensitive
volume¼ 2:2� 2:3� 0:06 mm3) was set in the
same water phantom, which had been used in
PMRC to verify treatment planning because a
semiconductor detector has a better depth- and
lateral-resolution than that of a thin or thimble
ionization chamber. In addition to this, the
sensitivity to protons is far higher than that of
such ionization chambers. Though ICRU report

Fig. 1. Arrangement for the measurement of dose distributions

by IPs (plan view).
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59 indicates that the diode response is about 1.08
of the ionization chamber response at the Bragg
peak [14], that in PMRC is slightly higher than
unity but almost negligible. This is presumably the
reason why the momentum spread of the trans-
ported beam is large, as mentioned above.

3. The depth-dose distribution

A depth-dose distribution, an ordinary Bragg
curve, by a clinical proton beam was measured in
water by the SSD and IPs as shown in Fig. 2. In
this figure, IP signals are normalized by the PPIC
outputs and each curve is adjusted so that their
plateaus come to the same level. As indicated in
Fig. 2, there is a notable disagreement between the
two curves around the peak position of the Bragg
curve. It should be kept in mind that such a
disagreement must be compensated to obtain
actual dose distributions by IPs. In Fig. 2, the
ratios of both curves (IP=SSD) are also plotted.
The error bars represent the rms of the IP response
ratios to the SSD in 5 times of measurements.
Then, the compensation factors (SSD=IP), cf, are

fitted by a simple function of z as follows:

cf ðzÞ ¼
1:0000 ½zp200 ðmmÞ�

�1:8466þ 0:014233z ½200 ðmmÞoz�

(

ð1Þ

where z is depth in water (mm). The compensation
of IP signals is achieved by the product of IP
signals and cf ðzÞ:

4. The dose distribution for an external

inhomogeneity

4.1. Measurement of dose distribution

We prepared a bolus with an L-shaped hor-
izontal cross section made of Mix-DP which is a
tissue-equivalent material for X-ray (see Fig. 1)
and the water-equivalent thickness value is 1.05.
The thinner part, xo0; of the bolus measures
10 mm and the thicker part, xX0; 50 mm: The
Bragg peak position of clinical proton beams
passing through the thinner part or the thicker
part is z ¼ 200 mm or about z ¼ 160 mm: In the
y-direction, the structure is uniform and the height
is 100 mm: There is an abrupt change of thickness
at x ¼ 0; which may cause a large heterogeneity at
this region. The experimental arrangement is
sketched in Fig. 1 (plan view). The origin of the
y-coordinate was defined at the middle of
the bolus. The SSD was set at y ¼ 0 in this
experiment. The lateral ðxÞ-dose distributions for
an external inhomogeneity were measured using
the SSD and IPs in water at different depths
ranging from z ¼ 160 to 205 mm at intervals of
5 mm:

4.2. Pencil beam algorithm

Protons passing through the region, around x ¼
0 in Fig. 1, where the thickness of the bolus
changes abruptly have actually various energies
due to multiple scattering effects. Therefore, we
have to calculate the proton residual range in
order to obtain the compensation factor for IPs at
a point of interest. We applied the ‘‘Pencil Beam
Algorithm (PBA)’’ [9] to its calculation. The pencil

Fig. 2. Comparison of the depth-dose distributions by the SSD

and IPs. IP response ratios to the SSD are also plotted.
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beam dose distribution is separated into a central-
axis term and an off-axis term. The central-axis
term of the pencil beam dose distribution is related
to the measured depth-dose distribution of the
broad beam in water [9,10]. We use this distribu-
tion to characterize the dose against the residual
range of protons. Moreover, since it necessarily
includes range-straggling effects, the PBA also
takes statistical fluctuations into account. The
off-axis term of the pencil beam dose distribution
is described by a Gaussian distribution whose
standard deviation is calculated by integrating the
multiple-Coulomb-scattering [15,16] in slabs. Ac-
cording to this method, the dose Fðx; y; z; ðx0; y0ÞÞ
by a single pencil beam whose central-axis is
ðx0; y0Þ is given by

Fðx; y; z; ðx0; y0ÞÞ ¼ fðx0; y0ÞDDðzþ tðx0; y0ÞÞ

�
1

2psðzþ tðx0; y0ÞÞ
2
exp �

ðx0 � xÞ
2 þ ðy0 � yÞ

2

2sðzþ tðx0; y0ÞÞ
2

� �
ð2Þ

where fðx0; y0Þ is the intensity profile of the
broad beam, DDðzþ 0Þ the depth-dose distribu-
tion of the broad beam, tðx0; y0Þ the water-
equivalent thickness of the bolus at ðx0; y0Þ and
sðzþ tðx0; y0ÞÞ a spread of proton due to multiple
scattering effect at zþ tðx0; y0Þ:

In this calculation, the incident angular
component of a proton beam at the entrance of
an L-shaped bolus, 0:009 rad; was determined
by measuring the beam profile. Parallel pencil
beams were generated with a lateral pitch
of 1:0 mm at the longitudinal position of
z ¼ �200 mm which is the entrance surface
of the bolus. The lateral pitch was selected so that
a finer pitch did not produce any difference in the
calculation results. We can obtain the dose
distribution in water by generating many pencil
beams and by summing the dose distributions
over ðx0; y0Þ: The calculated result by the PBA
previously indicated a good agreement with the
measured dose distribution with the rms error of
2.3% [9]. A part of the error arose from the
fluctuation of dose measurements by the SSD. As
a result, the PBA is available for the calculation of
the proton residual range simply and precisely at
an arbitrary point. Finally, the compensation

factor, CFðx; y; zÞ; is given by

CFðx; y; zÞ

¼
Pn
i¼1 cf ðzþ tðxi; yiÞÞFðx; y; z; ðxi; yiÞÞPn

i¼1 Fðx; y; z; ðxi; yiÞÞ
ð3Þ

where i is the ith pencil beam, n the total number
of pencil beams and ðxi; yiÞ the position of a
generated pencil beam.

4.3. Comparison of experimental results

First, we normalized the relative dose so that the
maximum dose (Bragg Peak) of the depth-dose
distribution by the SSD at ðx; zÞ ¼ ð�40; 200Þ
comes to be 100%. Next, the dose distributions
by the IPs were normalized at a specific point,
ðx; zÞ ¼ ð�40; 160Þ; where IP response ratios to the
SSD is unity. Fig. 3 shows the experimental results
by the SSD, the raw IP data and the compensated
IP data at z ¼ 160 mm: The lateral-dose distribu-
tion of the raw IP data indicates a remarkable
deviation from the SSD measurement at xX0; i.e.
the region where the IP response changes while,

Fig. 3. The experimental results by the SSD, the raw IP data

and the compensated IP data at z ¼ 160 mm:
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the compensated IP data agrees well with the SSD
result.

Figs. 4(A)–(C) depict iso-dose distributions on
the y ¼ 0 plane at every 10% by the SSD (A), that
by the raw IPs (B) and that by the compensated
IPs (C), respectively. They are obtained by
interpolating the experimental lateral-dose distri-
butions from z ¼ 160 to 205 mm every 5 mm: The
white region shows the distribution of more than
90% of the dose by the SSD at ðx; zÞ ¼ ð�40; 200Þ
and the black region that of less than 10% dose.
The comparison between Figs. 4(B) and (C)
indicates that IP response changes obviously
near the Bragg peak point at xo0: The
dose distribution by the raw IP disagrees con-
siderably with the expected one, Fig. 4(A). On the
other hand, the compensated dose distribution by
IPs, Fig. 4(C), indicated a good agreement with the
result by the SSD, Fig. 4(A), within the rms error
of 3.0%.

5. Conclusion

A depth-dose distribution was measured by
both the SSD and IPs. The compensation factors
for the IP response were evaluated by the
comparison with the SSD response as a function
of residual proton range. The compensated dose
distributions by IPs indicated a good agreement
with the results by the SSD within the rms error of
3.0% in the dose distribution for an external
inhomogeneity. This means that the newly-pro-
posed method is useful to compensate the un-
favorable IP response to clinical proton beams
near the Bragg peak. The effect of stopping power
dependence of IPs has been successfully included
in the PBA calculation; this would provide an
evidence that such an effect is very important to
understand the IP response. As this compensating
method depends much on the precision of the PBA
calculation, it is necessary to improve this algo-
rithm further.

3——————————————————————————

Fig. 4. The iso-dose distribution on the y ¼ 0 plane at every

10% by the SSD (A), that by the raw IPs (B) and that by the

compensated IPs (C).

R. Kohno et al. / Nuclear Instruments and Methods in Physics Research A 481 (2002) 669–674 673



References

[1] C. Brusaco, A. Cattai, R. Cirio, G. Dellacasa, M. Donetti,

P. Isoardi, F. Marchetto, C. Peroni, V. Rolando, M.

Ruspa, A. Solano, C. Zambernardi, Nucl. Instr. and Meth.

A 389 (1997) 499.

[2] Y. Amemiya, T. Matsushita, A. Nakagawa, Y. Satow, J.

Miyahara, J. Chikawa, Nucl. Instr. and Meth. A 266

(1988) 645.

[3] C. Mori, A. Matsumura, Nucl. Instr. and Meth. A 312

(1992) 39.

[4] C. Mori, A. Matsumura, T. Suzuki, H. Miyahara, T.

Aoyama, K. Nishizawa, Nucl. Instr. and Meth. A 339

(1994) 278.

[5] M. Doyama, J. Takano, M. Inoue, T. Yoshiie, Y. Hayashi,

M. Kiritani, T. Oikawa, Nucl. Instr. and Meth. A 394

(1997) 146.

[6] M. Yamamoto, T. Kumasaka, T. Uruga, N. Kamiya,

H. Iwasaki, T. Ueki, Nucl. Instr. and Meth. A 416 (1998)

314.

[7] Y. Hayakawa, Y. Amemiya, J. Tada, K. Hosono, T.

Arimoto, Nucl. Instr. and Meth. A 378 (1996) 627.

[8] A. Nohtomi, T. Terunuma, R. Kohno, Y. Takada, Y.

Hayakawa, A. Maruhashi, T. Sakae, Nucl. Instr. and

Meth. A 424 (1999) 569.

[9] R. Kohno, Y. Takada, T. Sakae, A. Nohtomi, T.

Terunuma, K. Yasuoka, Jpn. J. Appl. Phys. 40 (2001) 441.

[10] L. Hong, M. Goiten, M. Bucciolini, R. Comiskey, B.

Gottscalk, S. Rosenthal, C. Serago, M. Urie, Phys. Med.

Biol. 41 (1996) 1305.

[11] D. Kurihara, S. Suwa, A. Tachikawa, Y. Takada, K.

Takikawa, Jpn. J. Appl. Phys. 22 (1983) 1599.

[12] H. Kobayashi, H. Shibata, H. Eguchi, M. Sato, M. Etoh,

M. Takebe, K. Abe, Nucl. Instr. and Meth. B 135 (1998)

229.

[13] A. Nohtomi, T. Sakae, T. Terunuma, R. Kohno, Y.

Takada, Y. Hayakawa, A. Maruhashi, K. Yasuoka, Nucl.

Instr. and Meth. A 441 (2000) 489.

[14] ICRU Report 59: Clinical Proton Dosimetry Part I: Beam

Production, Beam Delivery and Measurement of Absorbed

Dose, Int. Comm. Radiat. Units Meas., Bethesda, 1998.

[15] B. Gottscalk, A.M. Koehler, R.J. Schneider, J.M. Sister-

son, M.S. Wagner, Nucl. Instr. and Meth. B 74 (1993) 467.

[16] V.L. Highland, Nucl. Instr. and Meth. 129 (1975) 497.

R. Kohno et al. / Nuclear Instruments and Methods in Physics Research A 481 (2002) 669–674674


