
Abstract. Background/Aim: The aim of the study was to
investigate the dosimetric characteristics of electron beams
with a tungsten functional paper (TFP) surface collimator.
Materials and Methods: The circular field of 6.0 cm diameter
was created with the TFP collimator put on the phantom.
Depth and lateral dose profiles for 4 and 6 MeV electron
beams were obtained. The characteristics of lateral dose
profile, treatment diameter as width over 90% of the dose, and
penumbra as width of the off-axis positions from 80% to 20%
dose levels were evaluated. Results: Compared to the lead
collimator, the TFP collimator generated higher surface doses,
the treatment diameters were increased from 42.8 to 48.6 mm
and from 40.0 to 41.4 mm, and the penumbras were reduced
from 15.0 to 9.6 mm and from 16.4 to 13.0 mm for 4 and 
6 MeV electron beams, respectively. Conclusion: The TFP
surface collimator can provide an excellent dose distribution
compared to the conventional lead collimator.

Conventional electron therapy requires a lead collimator
attached on the applicator (1-3). However, it can lead to a
larger penumbra with a lateral dose spread over a wider area.
Although the penumbra may be minimized by placing the
collimator on the surface of the body of a patient, this is
highly discouraged due to its toxicity and heavy weight of
lead (4). Tungsten resin was also introduced to overcome
these problems of the lead shield (5); however, it was not
widely accepted because of its high price. Meanwhile,
tungsten functional paper (TFP), newly developed in Japan,
has radiation shielding ability with paper properties, so it is

easy to cut, fold, and paste to other materials. Monzen et al.
have evaluated its shielding abilities with X and gamma rays
in the diagnostic region (6, 7). Inada et al. have showed the
usefulness of the TFP as a radiation shielding undergarment
for patients with permanent prostate brachytherapy (8). In
addition, several have been published on the use of TFP in
electron radiotherapy applications (9-11). Fujimoto et al.
have evaluated the shielding performance of the TFP with 4,
6, and 9 MeV electron beams and measured lateral dose
profiles when the TFP was employed as a square collimator
on the surface of a phantom, showing that the dose profile
had a peak near the field edge due to scattering from the
collimator (9).

Herein, their study was extended and dose distributions
for a circular irradiation field were measured. Dosimetric
comparisons were performed between the TFP collimator on
a phantom surface and the conventional lead collimator on
an applicator. The dosimetric parameters were evaluated as
follows: 1. treatment diameter defined as the width over 90%
of the dose, 2. penumbra based on the lateral dose fall-off
between the off-axis position at 80% dose level and that at
20% dose level, and 3. treatment volume given at over 90%
of the dose. This work is the first report that compares
detailed dose characteristics including the treatment volume
between the TFP and the lead collimator. 

Materials and Methods

Tungsten functional paper (TFP). TFP was manufactured by Toppan
Printing Co., Ltd. (Tokyo, Japan) as a sheet-shaped shielding
material having a thickness of 0.3 mm and containing 90% tungsten
powder by weight. The element ratios of the TFP (mol%) were H:
24.2%, C: 40.4%, O: 20.2%, and W: 15.2%. The properties of the
TFP is well explained in the literature (6, 7, 9). The TFP was piled
up to a total thickness of approximately 1 cm to use as surface
collimator.

Equipment. The linear accelerator Infinity (Elekta AB, Stockholm,
Sweden) was employed for electron beams. The three-dimensional
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scanning water phantom MP3-M (PTW, Freiburg, Germany), and
the micro diamond detector TM60019 (PTW, Freiburg, Germany)
were used for measuring the PDD. The Gafchromic film EBT3
(Ashland, KY, USA) was used with the water-equivalent solid
phantom Tough Water Phantom, WD3005 (Kyoto Kagaku, Kyoto,
Japan) for measuring dose distributions. Film analysis was
performed by the film scanner, ES-G11000 (Epson, Nagano, Japan),
and DD-Analysis system version 10.55 (R-TECH, Tokyo, Japan) at
least 24 h after irradiation with a resolution of 150 dpi at the red
channel. A calibration curve, film optical density versus dose, was
determined for a range from 0 to 300 cGy. The low melting-point
lead MCP96 (Elekta AB, Stockholm, Sweden) was used as a
reference material having a mass density of 9.85 g/cm3 and a
thickness of 1.6 cm. The element ratios of the low melting-point
lead (mol%) were Bi: 52.5%, Pb: 32.0%, and Sn: 15.5%. The
electron applicator size was 10×10 cm2. Throughout this
measurement, a dose of 200 MU was delivered to the phantoms.

Measurements of PDD and dose distribution. Figure 1a shows a
schematic measurement diagram of the PDD by moving a micro
diamond detector in a circular field having a diameter of 6 cm at a
source to surface distance (SSD) of 100 cm with energies of 4 and
6 MeV. The circular field was created by either TFP placed on the
surface of a water phantom with the support of thin wires or a lead
collimator placed on the applicator. The PDDs were compared
between the TFP and lead collimator for each electron energy. 

Figure 1b depicts another measurement diagram of the 2-
dimentional (2D) dose distribution in parallel to the electron beam
axis under the identical beam and collimator conditions as above.
The EBT3 film was inserted between the two phantom blocks on
the beam’s central axis, and the measured 2D dose distributions
were compared between the TFP and lead collimator. The lateral
dose profile was also obtained from the 2D dose distribution.

The depths of maximum dose (dmax), 95% dose (d95), 90% dose
(d90), 80% dose (d80), and 50% dose (d50) were compared between
the TFP and lead collimator. Further comparisons of treatment
diameters defined as the width over 90% of the dose and penumbra
based on the lateral dose fall-off of the off-axis position of 80%
dose level and that of 20% dose level at depth of 90% dose (d90)
between the TFP and lead collimator were performed. Lastly, a ratio
of the treatment volume given at least 90% dose (V90%) for the TFP
to the lead collimator was calculated. The V90% calculation was
based on the 90% isodose contour line coordinates on the film,
considering that the dose distribution was circularly symmetric in
each phantom depth.

Results
Figure 2 shows the PDDs with lead (solid line) and TFP
(broken line) collimators with electron energies of (a) 4 and
(b) 6 MeV by using the micro diamond detector. The TFP
collimator generated higher surface doses, whereas nearly
identical depth dose curves were obtained beyond the depth
of maximum dose for each energy. Table I compares the
values of dmax, d95, d90, d80, and d50 between the TFP and
the lead collimator under the same circular field of 6 cm
diameter for 4 and 6 MeV electrons. The dmax and d95 for
the TFP collimator were slightly smaller than that for the
lead collimator, while the d90, d80 and d50 were almost equal.

Figures 3 and 4 show the 2D dose distributions and lateral
dose profiles at d90 of the TFP and lead collimator for 4 and
6 MeV beams, respectively. In 2D dose distributions, the
isodose lines were ranged from 10% to 90%, in steps of 10%
of the maximum dose, filled with increasingly light color.
Table II shows the comparisons of treatment diameters and
penumbras between the TFP and lead collimator. Larger
treatment diameter was obtained by the TFP collimator
compared to the lead collimator for each electron energy.
The penumbras of the TFP collimator were lower 5.4 and 3.4
mm compared to the lead collimator for 4 and 6 MeV beams,
respectively. The ratios of V90% for the TFP collimator to
lead collimator were 2.01 and 2.39 for 4 and 6 MeV electron
beams, respectively. The V90% with the TFP collimator was
increased by a factor of two or more compared to that with
the lead collimator.

Discussion
In this study, the dose characteristics for the circular
irradiation field of the TFP collimator were examined. This
work indicated that the dose distributions of the TFP could
be beneficial in clinical electron radiotherapy.

The central-axis surface dose for the TFP collimator was
larger compared to the lead collimator as shown in Figure
2. The increased central-axis surface dose for the TFP
collimator might be due to much smaller distance between
the collimator and the phantom surface, thereby, possibly
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Table I. Depths of maximum (dmax), 95% (d95), 90% (d90), 80% (d80),
and 50% (d50) doses for TFP and lead collimators with micro diamond
detector. 

                                                           4 MeV                          6MeV

                                                   Lead           TFP            Lead           TFP

dmax (mm)                                   9.0             8.0             14.0           13.0
d95 (mm)                                    10.9           10.6            17.5           16.8
d90 (mm)                                    11.8           11.8            19.1           18.8
d80 (mm)                                    13.2           13.2            21.2           20.9
d50 (mm)                                    16.2           16.2            25.6           25.4

Table II. Treatment diameters and penumbras for TFP and lead
collimators.

                                                           4 MeV                          6MeV

                                                   Lead           TFP            Lead           TFP

Treatment diameter (mm)         42.8           48.6            40.0           41.4
Penumbra (mm)                         15.0            9.6             16.4           13.0



allowing more low-energy backscattered electrons from the
TFP collimator edge to reach the phantom surface. Larger
treatment volume could be provided by the TFP collimator
compared to the lead collimator as shown in Figures 3 and
4. The much smaller distance between the TFP collimator
and surface of the phantom might cause the sharp

penumbra, compared to the lead collimator, and the larger
treatment diameter for the TFP collimator was caused by
the scattered electrons from the edge of the TFP collimator
(9, 10). For those reasons, the V90% ratio of the TFP
collimator to the lead collimator was large for 4 and 6 MeV
electron beams. 
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Figure 1. Schematic measurement diagrams. (a) A schematic measurement diagram of the percent depth dose (PDD) by a micro-diamond detector
for a circular field of 6 cm diameter at a source to surface distance (SSD) of 100 cm with energies of 4 and 6 MeV. The circular field was created
by either a tungsten functional paper (TFP) placed on the surface of a water phantom with the support of thin wires, and a lead collimator placed
on the applicator. The thicknesses of the TFP and the lead were 1 and 1.6 cm, respectively. (b) A schematic measurement diagram of the 
2-dimensional (2D) dose distribution of parallel to the electron beam axis under the identical beam and collimator conditions as above. An EBT3
film was inserted between the two phantom blocks, and the 2D dose distributions were measured. 

Figure 2. The PDDs with lead and TFP collimators with electron energies of (a) 4 and (b) 6 MeV. The TFP collimator generated higher surface
doses, whereas nearly identical depth dose curves were obtained beyond the depth of maximum dose for each energy.



Generally, electron radiotherapy requires a bolus to
increase the surface dose, however, the bolus may lead to
less surface dose due to an air gap between the patient and
the bolus (12, 13). We have confirmed that TFP collimator
results in shaper penumbra as well as sufficiently higher
surface dose without using a bolus, and therefore, the air gap
problem can be avoided.

Among the limitations of this study is the fact that the
electron energies of only 4 and 6 MeV were employed
with a TFP collimator having a thickness of 1 cm, which
may not be enough for higher energy electrons. On the

other hand, the PDD curve may be more affected if the
thickness of the TFP is enhanced. In addition, a field
diameter of only 6 cm was employed and further
investigations need to be performed by varying the field
size, the TFP thickness and the electron energies. Future
studies should also include Monte Carlo calculations to
clarify detailed energy deposition physics on the surface
dose resulting from the TFP collimator. In addition, studies
should examine whether the TFP surface collimator can be
adapted to the round contours of a patient’s body without
the air gap. 
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Figure 4. The lateral dose profiles at depth of 90% dose obtained from 2D dose distributions with lead and TFP collimators with electron energies
of (a) 4 and (b) 6 MeV. The treatment diameters with TFP collimator were larger than those of lead collimator. In addition, the penumbras with
TFP collimator were sharper than those of lead collimator.

Figure 3. The 2D dose distributions measured by the EBT3 film under four different conditions: (a) 4MeV with TFP, (b) 4 MeV with lead, (c) 6
MeV with TFP, and (d) 6 MeV with lead. The isodose line levels ranged from 10% to 90% in steps of 10% of the maximum dose, filled with
increasingly light color.



Conclusion

The TFP surface collimator can provide an excellent dose
distribution of high surface dose and sharp penumbra compared
to the conventional lead collimator in electron radiotherapy.
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