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 We study the radiological characteristics of VIP gel dosimeters under carbon beam irradiation.
 Linear energy transfer dependence was evaluated and discussed with simulation code PHITS.
 Contribution from secondly ion can explain results with different incident beam energy.
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We study the radiological characteristics of VIP polymer gel dosimeters under carbon beam irradiation
with energy of 135 and 290 AMeV. To evaluate dose response of VIP polymer gels, the transverse
(or spin–spin) relaxation rate R2 of the dosimeters measured by magnetic resonance imaging (MRI) as a
function of linear energy transfer (LET), rather than penetration depth, as is usually done in previous
reports. LET is evaluated by use of the particle transport simulation code PHITS. Our results reveal that
the dose response decreases with increasing dose-averaged LET and that the dose response–LET relation
also varies with incident carbon beam energy. The latter can be explained by taking into account the
contribution from fragmentation products.
& 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
Carbon-ion beams have a higher biological effectiveness and
superior dose distribution than X-rays and gamma-rays, and have
been established to have a therapeutic effect on solid cancers, and
particularly radio-resistant cancers (Linz, 2012). In recent years, more
sophisticated techniques have been developed, such as threedimensional scanning irradiation, in which the aim is to avoid
unnecessary damage to healthy tissue and to concentrate the dose
on only tumor target (Minohara et al., 2010). Hence, it is increasingly
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important to develop dosimeters capable of simple and accurate
measurement of three-dimensional dose distribution.
Polymer gel dosimeters (Baldock et al., 2010) consist of gelﬁxed radiation-sensitive compounds that, upon irradiation, undergo
polymerization as a function of absorbed dose. The three-dimensional
(3D) dose distribution can be probed by magnetic resonance imaging
(MRI) of the reaction products (Kennan et al., 1992; Maryanski et al.,
1992). Gel dosimeters have been used for the veriﬁcation of planned
3D dose distribution for the case of X-ray and gamma-ray radiotherapy (MacDougall et al., 2002; Vandecasteele and De Deene, 2013).
On the other hand, for heavy-ion beams, the sensitivity of
virtually all kinds of gel dosimeters (except for recently developed
nanocomposite Fricke gel (Maeyama et al., 2014a)) changes with
radiation quality, which is determined by the charge and velocity
of ions and cannot be evaluated directly from the obtained signal
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strength (Baker et al., 2009; Kantemiris and et al., 2009; Ramm
et al., 2004, 2000).
In this study, we evaluated the radiological characteristics of
N-Vinylpyrrolidone based polymer gels (VIP gel) under carbon-ion
beam irradiation. VIP gel, one of representative polymer gel
dosimeters, was originally introduced by a Greek group in 1999
(Pappas et al., 1999). Its characterization and improvement have
been reported in numerous investigations, especially for low LET
radiation (Karaiskos et al., 2005; Kipouros et al., 2001; Kozicki
et al., 2007; Pantelis et al., 2008; Papagiannis et al., 2001; Papoutsaki
et al., 2013a, 2013b; Pappas et al., 2003, 2006, 2008, 2005, 2001).
With its wide range of linear dose response up to ca. 40 Gy (Kipouros
et al., 2001; Kozicki et al., 2007) and small dose rate dependence
(Kipouros et al., 2001), VIP polymer gel is expected to be advantageous also for the case of high LET radiation. The distribution of the
transverse relaxation rate R2 in irradiated samples was measured by
MRI. While the radiation sensitivity is usually plotted against
penetration depth in most of existing study, we derive sensitivity
calibration curves, more appropriately, as a function of linear energy
transfer (LET). LET is a representative index of radiation quality and
deﬁned as the amount of energy transferred, per unit track length to
the medium. Since LET is difﬁcult to measure directly, we calculated
it using the particle and heavy ion transport code system PHITS
(Sato et al., 2013). Our results reveal that the response decreases
with increasing dose-averaged LET and that the dose response–LET
relation also varies with incident carbon beam energy. The latter can
be explained by taking into account the contribution from fragmentation products.
2. Experimentation method
2.1. Irradiation
The irradiation experiments were conducted at two facilities: the
Radioactive Isotope Beam Factory (RIBF) at the Institute of Physical and
Chemical Research (RIKEN) and the Heavy Ion Medical Accelerator in
Chiba (HIMAC) at the National Institute of Radiological Sciences (NIRS).
The experiment at RIBF was conducted using a carbon beam
with 135 AMeV that was guided to E5B experimental vault. This
carbon ion beam was spread laterally using a pair of wobbler
magnets and a scatterer and had a uniform irradiation ﬁeld with a
diameter of approximately 8 cm and a controlled dose rate at the
incident surface of about 10 Gy/min. A series of irradiation was
conducted by using an automatic sample changer which automatically places each sample at the beam position (Ryuto et al.,
2008). Irradiation experiments in the HIMAC-biology-beam port
were conducted with a carbon beam (290 AMeV, 10 cm in diameter) spread laterally using a pair of wobbler magnets and a
scatterer that had a dose rate at the incident surface of 10 Gy/min,
similarly to the experiments at RIBF.
2.2. Gel dosimeter preparation
VIP gel dosimeters were prepared as reported in the literature
(Kantemiris et al., 2009; Karaiskos et al., 2005; Kipouros et al.,
2001; Pappas et al., 1999; Petrokokkinos et al., 2009). The VIP
dosimeter was composed of 4% (w/v) N,N0 -methylenebisacrylamide, 8% (w/v) N-vinyl-2-pyrrolidone, 7.5% (w/v) gelatin and a
small amount of oxygen absorber (0.0008% (w/v) copper(II)
sulfate, 0.007% (w/v) ascorbic acid). The prepared gel solution
was sealed into PET containers and left to solidify for a day.

Best, Netherlands). The MR relaxation time (R2 ¼1/T2) was determined using a turbo mixed sequence (Denkleef and Cuppen, 1987).
The analysis conditions were TR ¼3000 ms; TE ¼800 and 20 ms;
TI ¼200 ms; ETL¼ 86; pixel spacing ¼0.78 mm.
2.4. Measurement using ionization chamber
The dose at the same position as the sample was measured in
advance by using a Markus ionization chamber. Based on the dose
thus evaluated, the accumulated dose at the incident surface during
sample irradiation can be determined by using a secondary electron
monitor or another ionization chamber installed permanently on
the upstream side of the beam line. The depth–dose distribution
was measured as described in Kanai et al. (2004). The range shifters
are made of aluminum at RIKEN (Ryuto et al., 2008) and PMMA at
NIRS (Minohara et al., 2010). The smallest interval is determined by
the thickness of the thinnest range shifters (24 mm aluminum at
RIKEN, 500 mm PMMA at HIMAC). Also, the depth–dose distributions in the VIP gel were evaluated using them as range shifters
with a minimal step size of 1 mm. Various combinations of
rectangular acryl containers with thicknesses of 2, 5, 10 and
20 mm (up to two containers with each thickness) were used to
vary the total thickness of the VIP gel.
2.5. PHITS calculation
PHITS is a three-dimensional general-purpose Monte Carlo code,
and can deal with the transport of nearly all particles, including
neutrons, protons, heavy ions, photons and electrons over wide
energy ranges using various nuclear reaction models and data
libraries (Sato et al., 2013). In our PHITS simulations, SPAR model
was chosen for the calculations of LET (Armstrong and Chandler,
1973). In addition, the energy straggling and angular dispersion
were included, and the event generator mode was used. To reduce
the computation time, collimators, scatterers and wobblers were
not explicitly considered, and the computation was conducted for
the vicinity of the irradiated sample surface. The incident energy
was taken as 127.4 AMeV (RIBF) and 287.4 AMeV (HIMAC) from the
residual range of the carbon beam evaluated through ionization
chamber measurements. These values are lower than the nominal
extraction energy (135 and 290 AMeV) due to the energy loss
during beam transportation to the incident surface, and consistent
with those reported in the literature (Matsufuji et al., 2003; Ryuto et
al., 2008) within the day-to-day variation. The elemental composition of VIP gel reported by Kantemiris et al. (2009) was used.
Let us denote the dose deposited by particles whose LET is
between L and Lþ dL as D(L)dL; the absorbed dose is given by
R1
0 DðLÞdL. Using the functionality of the PHITS code, we tallied the
LET-resolved dose or LET distribution D(L) in terms of dose, doseaveraged LET (Lave), and dose-averaged response (Rave) at different
penetration depths. Lave and Rave are deﬁned as
R
L DðLÞdL
Lave ¼ R
;
ð1Þ
DðLÞdL
R
Rave ¼

RðLÞDðLÞdL
R
;
DðLÞdL

ð2Þ

respectively.

3. Results and discussion

2.3. MRI analysis

3.1. Dose and R2 distribution

MRI analysis of the gel dosimeters was conducted using a 1.5 T
MRI scanner (Intera Achieva Nova Dual, Philips Medical Systems,

The depth–dose distribution and depth–R2 distribution obtained
at RIBF are shown in Fig. 1. Fig. 1(a) shows the depth–dose
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distribution obtained with the ionization chamber using different
kinds of range shifters. The lines indicate the dose distributions
calculated with PHITS. A comparison of the experimental and
simulation results reveals close agreement, particularly with respect
to the range (within 1 mm).
The R2 distributions in VIP gel obtained through MRI measurements are shown in Fig. 1(b). The height of the Bragg peaks is
reduced, compared with Fig. 1(a), since the gel response decreases
with LET, which increases with depth, as discussed below. Nevertheless, the peak positions for different irradiation doses agree
with each other within one pixel. Furthermore, they are consistent
with the range obtained with the ionization chamber [Fig. 1(a)]
within one pixel. Hence, the VIP gel can evaluate the range within
1–2 mm, though its LET-dependent response hinders direct
evaluation of dose distribution.
3.2. LET dependence of dose response for VIP gels
Let us analyze the LET dependence of the dose response of VIP
gels more quantitatively. The dependence of the R2 value on the
dose at the incident surface is plotted for several different depths in
Fig. 2. The response was found to be linear at each depth. The dose
responses for entrance surface dose were evaluated from the slope
in the range of 0–20 Gy and shown in Fig. 3 with the physical dose
distribution calculated by PHITS. The physical dose was scored with
the same resolution in the depth direction as in the MRI analysis
(0.78 mm). The peak enhancement of the R2 distribution, deﬁned as
the ratio of peak height to the value at the incident surface, was 1.7,
whereas that of the physical dose distribution was 6. Thus, the
radiation detection sensitivity decreases to less than one-third at the
peak position, due to the increase in LET.
One can see from Fig. 3 that the dose response for the 12C6 þ
290 AMeV beam (HIMAC) was higher than for the 12C6 þ 135 AMeV
beam (RIBF) both at the incident surface and at the Bragg peaks.
The dependence of the dose response on the dose-averaged LET

Fig. 2. R2 in VIP gels vs. entrance surface dose at ﬁve different depths from the
entrance surface.

Fig. 3. Comparison between the dose response (symbols) and calculated dose
distribution (solid lines) in the VIP gel with 135 and 290-AMeV 12C6 þ (Maeyama
et al., 2014b).

Fig. 4. Dose response of VIP gel for irradiation of 135 AMeV (squares) and
290 AMeV (circles) as a function of dose-averaged LET. The solid lines show
dose-averaged response calculated from Eq. (2), and the dotted line shows the
ﬁtting curve from Eq. (3) as a function of mono-LET.

Fig. 1. Depth–dose distribution with 135-AMeV 12C6 þ . (a) Distributions obtained
with an ionization chamber using Al and VIP as range shifters. Symbols: measurements. Lines: PHITS calculation. (b) R2 distribution of VIP gels measured by MRI
(Maeyama et al., 2014b).

[Eq. (1)] is shown in Fig. 4. The dose response for the 290 AMeV
beam is approximately 10% higher than for the 135 AMeV beam at
the same dose-averaged LET.
The results in the previous paragraph indicate that the dose
response of the gel is not uniquely determined by the dose-averaged
LET but also by the details of the contribution from secondary ions
generated in nuclear fragmentation reactions between the incident
and target nuclei. The LET spectra of different particles for the 135
and 290 AMeV beams, calculated using the PHITS code, are plotted in
Fig. 5 for the case of Lave ¼ 47 [eV/nm]. 12C forms a sharp peak at the
same position irrespective of incident energy; more secondary ions
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D(L) as in Fig. 5 to the experimental values plotted in Fig. 4 with
circles for the two incident energies. The obtained ﬁtting function
Eq. (3) is plotted as a dashed line in Fig. 4.
Thus calculated dose-averaged response at 135 and 290 AMeV
is shown as lines in Fig. 4, which are in close agreement with the
experimental results. The observation that a single response
function Eq. (3) can reproduce the Rave–Lave relation for both
incident energies strongly supports our speculation that the
dependence on the incident energy found in Figs. 3 and 4 is due
to the contribution from fragmentation products. Using Jensen's
inequality (Jensen, 1906), one can show that the broader the LET
distribution, the larger the dose-averaged response Rave, if R(L) is
convex within the relevant range of LET. Rave is slightly different
from R even at the incident surface due to contribution from a
small fraction (0.05% at 135 AMeV in terms of dose) of high-LET
( 1000 eV/nm) target fragments such as N and O.

Fig. 5. LET distribution as a stacked histogram at the same dose-averaged LET
(47 eV/nm) for 135 AMeV (a) and 290 AMeV (b). Open and solid bars correspond
to secondary (left axis) and primary ions (right axis), respectively. Bin width Δ
(log LET) ¼0.054.

4. Conclusion
We investigated the LET-dependence of the sensitivity of VIP
polymer gel dosimeters under carbon beam irradiation, using the
measurements by an ionization chamber as a reference to the
physical dose and the PHITS code as a complementary means to
calculate the distribution of the dose and dose-averaged LET.
Calibration curves (radiation sensitivity vs. dose-averaged LET)
depend on the incident energy, due to larger contribution from
fragmentation products for higher incident energy, which increases
sensitivity in total.
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