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Abstract

By using an imaging plate (IP), we have developed a novel, simple method for depth-dose distribution measurement

of clinical proton beams. When protons are obliquely incident upon the IP, the energy is deposited closer to the surface

of the photo-stimulated luminescence (PSL) material than in the case of normal incidence. On the other hand, the

spatial distribution of deposited energy varies considerably with variations in proton energy and results in a dependence

of the IP response on linear-energy transfer (LET). Through a combination of these factors, for the oblique incidence,

IP response to protons may be relatively enhanced around the Bragg peak because the observed PSL intensity depends

on the position (depth) at which the energy is deposited. To examine this geometrical enhancement, a simple calculation

is performed. The effect is thought to reduce the dependence of IP response on LET so that the response of an IP may

approach that of a parallel-plate ionization chamber. Experimental results are given for protons of various angles of

incidence (y) on the IP. The proposed method may be useful for conducting quick checks of depth-dose distributions in

proton-therapy facilities.

r 2003 Elsevier B.V. All rights reserved.
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1. Introduction

An imaging plate (IP) is a radiation detector
which utilizes a photostimulable phosphor of
BaFBr:Eu2+. Latent images on the IP created by
the irradiation of ionizing radiation are scanned by

the stimulating laser beam and are read out by the
photomultiplier as photo-stimulated luminescence
(PSL). It has been widely used for the quantitative
measurement of two-dimensional intensity distri-
bution of various ionizing radiations. Dose-dis-
tribution measurements by IPs for clinical proton
irradiation in various situations have been re-
ported previously [1–3]. This has revealed that the
ratio of the PSL signal to proton dose is not
proportional for low energy protons, i.e. in the
high linear-energy transfer (LET) region. This
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discrepancy is observed as a reduction in IP
sensitivity around the Bragg peak of mono-energy
protons and as the notable inclination of a spread-
out Bragg peak (SOBP) as shown in Fig. 5 of
Ref. [2], with the PSL signal a maximum of about
10% below that of an air-filled ionization cham-
ber. It should be noted that the above experi-
mental results were obtained for protons incident
normally on the IPs.

A new, simple method of depth-dose distribu-
tion measurement for laterally uniform proton
irradiation is proposed, as shown in Fig. 1 (the
meaning of terms in it will be described in Chapter
3). The IP response to protons with oblique
incidence is studied. Depth-dose distributions are
measured for various angles of incident (y) of
protons on an IP. Results are compared with
measurement dose of a parallel-plate ionization

chamber (PPIC), because air-ionization chambers
are considered as the most common dose measur-
ing devices in clinical dosimetry.

2. Oblique incidence of protons into the IP

The light output of an IP to obliquely incident
protons is higher than for normally incident
protons because of differences in the proton
path-length in the PSL material (Fig. 2). However,
the PSL signal is not simply proportional to the
energy deposited by an incident particle, because
IP response depends on the distance (expressed
‘‘x’’ in Fig. 2) from the position that the energy
was deposited to the surface of the PSL material
(referred to as ‘‘depth dependence’’). As illustrated
in Fig. 3, the observed PSL signal is related to both
attenuation of the stimulating light (633 nm) and
penetration of the PSL signal (B400 nm) into the
PSL material. Thus, PSL signals from depositions
of the same energy are larger for positions closer to
the surface. In addition, for obliquely incident
particles, the spatial distribution of energy deposi-
tion in the PSL material varies considerably with
variations in incident proton energy. Through a
combination of these factors, IP response to
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Fig. 1. Structure of a holder made of PMMA to irradiate an IP

with laterally uniform proton beams in order to obtain the

depth-dose distribution. An IP is inserted to a gap between the

two wedges. The y is an incident angle of protons to IP. This

figure is not in scale.

Fig. 2. Normal and oblique incidence of protons to an IP.

Fig. 3. Depth dependence of observed PSL signals by

geometrical effect.
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protons may be relatively enhanced around the
Bragg peak. This mechanism will be confirmed by
simple measurements in Section 4.1.

Enhancement signal around the Bragg peak was
estimated using a simple model. In the model, the
IP is assumed to be a layer of PSL material
(BaFBr:Eu2+ with a thickness of 140 mm), which is
the same as the Bas-III IP that is used in the
experiments (Fig. 4). IP composition was obtained
from No. 2 of Table 2 in Ref. [4] as reproduced in
Table 1, because the precise composition of the
Bas-III IP has not been publicly released by Fuji
Film Co. Ltd. The energy loss per unit length
(dE=dx) of protons in the IP was calculated using
the values of Janni’s table [5]. An effective mean
free-path (EMFP) is used to examine the attenua-
tion of the stimulating light and PSL signal in the
phosphor layer. Consequently, relative PSL in-

tensity is proportional to a product of the
deposited energy and an attenuation term, ex-
p(�x/EMFP), where x is the distance from the
energy deposition position to the IP surface. As
the EMFP is unknown, appropriate values are
chosen for actual calculations. The product
between deposited energy and the attenuation
term is calculated, with changing incident proton
energy, along proton trajectories in steps of 1 mm
and numerically integrated to obtain the relative
signal enhancement of the energy at different
angles of incidence (y). Fig. 5 shows the result of
relative signal enhancement for EMFP=50 mm as
a function of proton energy. The estimated PSL
signals are normalized with respect to those of y ¼
90� and are re-normalized with respect to values at
incident energy=500 MeV. As can be seen in the
figure, PSL signal enhancement is observed for
lower energy protons until protons begin to stop in
the PSL material. This enhancement is expected to
effectively compensate for the LET dependence of
IP response, which causes a drop in signal strength
in the low energy (high LET) region. It should be
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Fig. 4. Structure of an IP BAS-III [4].

Fig. 5. Calculated relative enhancement of PSL signals for

various incident angles (y). In this calculation, the EMFP is

assumed to be 50mm. The results are normalized with respect to

the response for that of 90� and re-normalized by those of

incident energy=500MeV.

Table 1

IP composition assumed for the present calculation [4]

Element Atomic density

(� 1021 atoms/cm3)

H 4.30

C 2.20

F 6.37

Br 6.37

Ba 6.37
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kept in mind that, in the low energy region, such
enhancements may not occur for shallow angles of
incidence, such as y ¼ 2� and 4�, due to the shift in
the relative signal enhancement peak towards the
higher energy region; protons begin to stop in the
PSL material even at rather higher energy for such
shallow angles and the energy deposition to the IP
starts to decrease itself. This means that an
optimal angle of incidence (y) for the compensa-
tion of LET dependence exists.

3. Experimental

Experiments were carried out at the new Proton
Medical Research Center (PMRC) at University of
Tsukuba [6]. In this facility, 70–250 MeV protons
are produced by a synchrotron that was installed
for the medical application of proton beams.
Proton energy at the irradiation point (the so-
called ‘‘iso-center’’) is somewhat lower than the
selected initial energy due to energy losses caused
by beam shaping devices and beam monitors
inserted into the beam path. As illustrated by
Fig. 1, the depth-dose distribution of protons is
measured by polymethyl metaacrilate (PMMA)
holders (y ¼ 2�; 4�, 6�, 8�, 10� and 12�) which
have a stopping power of 1.16 relative to water.
All measurements were conducted using a single
does of irradiation (about 0.07 Gy). The depth in
water can then be obtained from the following
equation:

Dwater ¼ ðDPMMA cos yþ 10Þ1:16

where Dwater is the depth in water, DPMMA the
depth in PMMA obtained from analysis of the
measured profile on the IP and the 10-mm-thick
PMMA entrance cover, as shown in Fig. 1. IPs
used in the experiment were BAS-III 2025 (Fuji
Film Co. Ltd.) and the scanner was a BAS2000-II
(Fuji Film Co. Ltd.) with fixed scanning para-
meters of latitude=4, sensitivity=400 and resolu-
tion=200 mm. The same depth-dose distribution
was also measured by scanning a PPIC in a
water phantom for comparison with the IP
measurements.

4. Results and discussion

4.1. Protons incident on the front and rear of the IP

If the depth dependence described in Chapter 2
has an impact on the observed PSL signals, there
would be some difference between the response to
protons incident on the front and rear of the IP.
The phosphor layer (140 mm thick) is covered with
a protective layer (11 mm thick) and backed by an
undercoat, a support made of polyethylene ter-
ephthalate (PET, 300 mm thick), light shielding
layer and backing, as shown in Fig. 4. For oblique
incidence, the spatial distribution of energy de-
position in the IP by front-side incidence is
significantly different from that by rear-side
incidence, especially with low energy protons.
Through the depth dependence, PSL signal in-
tensity may be relatively enhanced around the
Bragg peak for the front-side incidence. Fig. 6
shows the depth-dose distribution of mono-ener-
getic protons using the 8� PMMA holder with the
same IP. The solid line represents protons incident
on the front surface, and the broken line represents
rear surface incidence. The curves have been
normalized relative to the Bragg-peak position.
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Fig. 6. Depth-dose distribution of mono-energy proton Bragg

curves for front-side incidence and rear-side one with the

same IP.
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Enhancement of PSL signal around the peak for
front surface incidence relative to incidence from
the rear is clearly visible. A slight shift in the peak
position is also found between the curves. This
may be due to energy losses in the rear-side
support materials accompanying with the oblique
incidence of protons. The remaining experiments
were conducted with protons incident on the front
of the apparatus.

4.2. Mono-energy Bragg curves measured for

different angles of incidence

Mono-energy Bragg curves were measured using
the PMMA holders of various incident angles (y).
Results are normalized at the peaks, and are
shown in Fig. 7 along with measurements from a
PPIC. In the figure, the peak-to-plateau ratio of
the Bragg curve is smaller for shallow angles of
incidence (2� and 4�) because enhancement of low
energy protons does not occur at such shallow
angles. For the angles of incidence of 2�, 4� and
6�, the position of distal fall-off is in notable
disagreement with the PPIC measurements due to
shifts caused by the oblique incidence; for such
shallow angles, the center of gravity of energy
deposition shifts to the deeper position. For 8�,
10� and 12�, the response is very similar to that of
PPIC, especially at the distal fall-off, although the

peak-to-plateau ratio is slightly lower than that of
PPIC.

4.3. Spread-out Bragg peaks measured with IP and

PPIC

To produce a uniform depth-dose distribution
(i.e. SOBP) around a tumor, ridge filters are
usually used for proton therapy [7]. A 60-mm
SOPB was measured with IP and PPIC for
200 MeV protons. As shown in Fig. 8, the
disagreement between IP (for 8� and 10�) and
PPIC is not as exaggerated as the observation of
mono-energy Bragg curves (Fig. 7) except for the
slight disagreement around the shoulder of distal
fall-off. This may be due to the peak-to-plateau
ratio being lower for the shifted Bragg curves that
are used to construct an SOBP as the result of
energy mixing by passing through ridge-filter
material. It seems that measurements using IP at
8� incidence gives a rather good approximation to
actual dose distributions, i.e. PPIC.

5. Summary

The LET dependence of IP response was found
to be reduced to some extent by oblique incidence
of protons. A 60-mm SOBP measured at an angle
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Fig. 7. Depth-dose distribution of mono-energy proton Bragg curves measured with IPs for various incident angles and with a PPIC.
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of incidence of 8� gave a rather good approxima-
tion to PPIC measurements. In practical situa-
tions, the proposed method may be useful for
quick checks of depth-dose distributions in
proton-therapy facilities, which is usually a very
time-consuming task involving scanning a single
detector over a water phantom.
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Fig. 8. Depth-dose distribution of an SOBP with an IP and a PPIC.
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