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In the present study, by using double self-activated CsI detectors, the development of a neutron dosemeter system whose response
indicates better agreement with the International Commission on Radiological Protection-74 rem-response was carried out
to simply evaluate the neutron dose with high accuracy. The present double neutron dosemeter system, using a slow-neutron
dosemeter (thermal to 10 keV) and a fast-neutron dosemeter (above 10 keV), consists of CsI scintillators wrapped with two types
of neutron energy filtering materials: polyethylene and B4C silicon rubber. After optimization of each filter thickness, to confirm
the validity of our method, the neutron ambient dose equivalents under several operating conditions of medical linear accelerators
(Linacs) were evaluated using a Monte Carlo simulation and an experiment with the present dosemeter. From these results, the
present dosimetry system has enabled a more accurate neutron dose evaluation than our conventional dosemeter, and the present
dosemeter was suitable for the neutron dosimetry for 10 MV Linac environments.

INTRODUCTION
Nowadays, high-precision X-ray therapy such as
intensity-modulated radiotherapy and volumetric-
modulated arc therapy, which delivers a high
dose to the tumor while minimizing the dose to
adjacent normal tissue, has been realized through the
technological innovation(1). However, in high-energy
photon beams (greater than about 8 MeV), there is a
disadvantage in that undesirable photoneutrons are
generated from high-Z materials in the medical linear
accelerator (Linac) head, and such neutrons have a
high biological effectiveness, which causes the risk
of secondary cancer(2). In addition, the amount of
the neutron generation is different depending on the
treatment plans and Linac machines. Therefore, it is
preferable to evaluate the photoneutron dose for each
patient who received radiotherapy.

In our previous studies, we have proposed a
novel neutron detection method that uses the self-
activation of an iodine-containing scintillator such as
a CsI scintillator(3). Applying this method, Kakino
et al.(4) and Nohtomi et al.(5) estimated the neutron
fluence energy spectrum by unfolding based on
the three-group approximation and evaluated the
neutron ambient dose equivalent. Although a precise
neutron dose evaluation is possible by the three-group
approximation method, it is not suitable for daily

neutron monitoring around medical Linacs because
complicated and time-consuming procedures, such
as four-time number of measurements for different
conditions, are required. To evaluate simply the
neutron ambient dose equivalent around medical
Linacs, Ueki et al.(6) developed a neutron dosemeter
by applying the neutron rem-counter technique(7)

to the self-activation method. By using the neutron
dosemeter, one can directly read the neutron ambient
dose equivalent through a single measurement.
However, there was about a 50% disagreement in
the neutron dose between the value evaluated by the
dosemeter and the value evaluated by the three-group
approximation method(8) under the same conditions.
As the reason for such a large disagreement,
the response of the dosemeter indicated a large
disagreement with the International Commission on
Radiological Protection (ICRP)-74 rem-response(9).
Hence, the dosemeter using a single CsI scintillator
has a limitation in matching the responses to the
ICRP-74 rem-response.

In the present study, by using double self-activated
CsI detectors, a development of a neutron dosemeter
system whose response indicates better agreement
with the ICRP-74 rem-response was carried out to
simply evaluate the neutron ambient dose equivalents
with a high accuracy. First, the neutron energy filters
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used to cover each CsI scintillator were optimized for
approaching the response of the present dosemeter
to the ICRP-74 rem-response. The responses of the
present dosemeter were checked using a Monte Carlo
simulation, and we determined an optimum structure
design. Next, to confirm the validity of the present
method, the neutron ambient dose equivalents were
evaluated by the present dosemeter under various
Linac conditions through a Monte Carlo simulation
and an experiment.

MATERIALS AND METHODS

Principle of H∗(10) evaluation method using double
self-activated CsI detectors

In the present neutron dose estimation method, the
neutron ambient dose equivalent (H∗(10)) (μSv h−1)
is evaluated by adding a slow-neutron dose (Hs) from
thermal to 10 keV and a fast-neutron dose (Hf ) of
above 10 keV. Each dose component is measured by a
slow-neutron dosemeter and a fast-neutron doseme-
ter, respectively. Then, H∗(10) is expressed as Equa-
tion (1),

H∗(10) = Hs + Hf = aAs + bAf , (1)

where As and Af are the saturated activities (Bq) of
128I generated inside the CsI scintillators for slow- and
fast-dosemeters, respectively. The conversion factors
a and b are obtained by the following:

a =
∫ 10keV

thermal h∗
10(E)φ(E)dE

∫ 10keV
thermal Rs(E)φ(E)dE

= Hs

As
, (2)

b =
∫

10keV h∗
10(E)φ(E)dE∫

10keV Rf(E)φ(E)dE
= Hf

Af
, (3)

where φ(E) is the neutron fluence rate (n cm−2 s−1),
h∗

10(E) is the ICRP-74 rem-response (μSv cm2) and
Rf(E) and Rs(E) are the response of the slow- and
fast-neutron dosemeters (cm2), respectively. To real-
ize this evaluation method, it is necessary to bring
the dosemeter response close to the ICRP-74 rem-
response.

Optimization of design of the neutron dosemeter using
double self-activated CsI detectors

We adopted the commercially available gamma
radiation detection module C12137 made by Hama-
matsu Photonics(10) as the CsI scintillator applied to
the self-activation method. The module contains a
13 mm × 13 mm × 20 mm CsI(Tl) scintillator crystal
and a photosensor Multi-Pixel Photon Counter
(MPPC). By connecting it to the USB port of the

personal computer, the pulse height distribution can
be easily read out. When this module is applied to
the self-activation method, after the termination of
neutron irradiation to the module, the beta rays from
128I are measured, which are generated inside the CsI
scintillator itself through the capture reaction 127I(n,
γ )128I.

The cross-section of 127I(n, γ )128I decreases
monotonously with the increase in neutron energy
by the 1/v law. Therefore, to approach the ICRP-
74 rem-response, it was necessary to modify the
response curve by using neutron energy filters. For
the neutron energy filters, polyethylene (P.E.) for the
neutron moderator and B4C 50 wt% silicon rubber
(B4C) for the thermal neutron absorber were adopted.
P.E. was selected as the neutron energy filter for
the slow-neutron dosemeter to bring the dosemeter
response close to the ICRP-74 rem-response in the
slow-neutron region with a flat response. For the
neutron energy filters of the fast-neutron dosemeter,
P.E. and B4C were used as the outer and inner layers,
respectively, to bring the dosemeter response close to
the ICRP-74 rem-response in the fast-neutron region,
which is characterized by a rapidly increasing curve
up to 1 MeV. In addition, the cylindrical cavity space
was arranged at the center of each neutron filter for
setting the C12137.

The response of the dosemeter with a CsI scintil-
lator equipped with various filters was calculated by
a [T-Yield] tally of the Particle and Heavy Ion Trans-
port code System (PHITS) version 3.06 as a Monte
Carlo simulation(11). Next, the optimum thicknesses
of each neutron filter were determined through trial
and error on the basis of the residual sum of square
(RSS) between the ICRP-74 rem-response and the
response of the dosemeter. The RSS is a measure of
the discrepancy between the data and an estimation
model, and a smaller RSS indicates a tight model fit
to the data. In this case, the RSS was calculated by
using following Equation (4):

RSS =
∑

i

{h∗(Ei)ICRP − R(Ei)cal.}2, (4)

where h∗(Ei
)

ICRP indicates the ICRP-74 rem-response
with the meaning of the estimation model and
R

(
Ei

)
cal. indicates the response calculated by PHITS

with the meaning of the data. For the slow-neutron
dosemeter, the RSS was calculated by changing the
thickness of the P.E. from 1.75 to 2.0 cm. For the
fast-neutron dosemeter, the response of the fast-
neutron dosemeter was calculated by changing the
P.E. thickness to between ±2 and 7 cm, which was
adopted for the thickness of the outer P.E. of our
conventional dosemeter by Ueki et al.(6), and a B4C
thickness from 1 to 10 mm. Then, the response
was closer to the ICRP-74 rem-response when the
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Figure 1: The RSS for the slow-neutron dosemeter.

total thickness was 7.5 cm, and the RSS was finally
calculated by changing each thickness of the P.E. and
the B4C while keeping the total thickness at 7.5 cm.

As a result, the RSS reached a minimum value
for the slow-neutron dosemeter when the thickness of
the P.E. was 1.9 cm (Figure 1). For the fast-neutron
dosemeter, the RSS reached the minimum value when
the thicknesses of P.E. and B4C were 7.0 and 0.5 cm,
respectively (Figure 2). Figure 3 shows the structures
of slow- and fast-neutron dosemeter. The overall size
of the slow-neutron dosemeter is 9.8 cm in diameter
and 12.9 cm in length, and the overall size of fast-
neutron dosemeter is 21.0 cm in diameter and 18.5 cm
in length. A cavity space is arranged at the center
of both filter structures for the insertion of C12137,
whose size is 6.0 cm in diameter and 11.0 cm in length.

The responses of slow- and fast-neutron doseme-
ters are shown in Figure 4. The rather good agree-
ment between the responses and the ICRP-74
rem-responses in a wide energy range from thermal

to 3 MeV neutrons for each energy region was
confirmed, except the epithermal region. Such
agreement is suitable for neutron measurements
around 10 MV medical Linacs, which is the most
common acceleration voltage in Japan(12), because
there are almost no neutrons of over 1 MeV(13).
Figure 5 shows the total response curve obtained by

adding the response of the present slow- and fast-
neutron dosemeter in Figure 4. The response curve of
our conventional neutron dosemeter is also displayed
for comparison, which was designed by Ueki et al.(6)

using a single detector with the neutron rem-counter
technique concept. Compared with the response of
the slow-neutron dosemeter in the epithermal region
of Figure 4, the total response curve was farther
from the ICRP-74 rem-response. This is because the
response of the fast-neutron dosemeter is added to
the response of the slow-neutron dosemeter in this
region. However, in this figure, a clear improvement
of the present dosemeter response can be seen,
particularly in the thermal neutron region, based
on the comparison with that of our conventional
neutron dosemeter. In addition, the response in the
fast-neutron region, where the ICRP-74 rem-response
shows a high value, is closely matched up to 3 MeV.
Thus, it may be suitable for an evaluation of the
ambient dose equivalent of neutrons whose energy
ranges from thermal to fast-neutron region around
Linacs.

The angular dependences of the present neutron
dosemeter responses were calculated by irradiating
the neutron beam from 0, 45 and 90◦ (Figure 6) in
the PHITS simulation. The results of the angular
dependences are shown in Tables 1 and 2. The angular
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Figure 2: The RSS for the fast-neutron dosemeter.

Figure 3: Schematics of the designed slow- and fast-neutron dosemeter.

dependences of each dosemeter are expressed as the
ratios normalized by the response irradiated from 90◦
for each neutron energy. As a result, the deviation
of the 0◦ response from a 90◦ response was within
approximately ±15%, whereas the deviation of the

45◦ response from a 90◦ response was rather large.
Therefore, when deriving a conversion factor, it is nec-
essary to carefully consider the angular dependence of
the response. In the following section, the deviation of
the conversion factor is explained in detail.
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Figure 4: A comparison between the ICRP-74 ideal rem-response and calculated responses of the optimized slow- and
fast-neutron dosemeter.

Table 1. Angular dependence of the response of the slow-
neutron dosemeter

Neutron energy (MeV) Direction θ (degree)

0 90 45

1.0 × 10−9 0.985 1 1.72
1.0 × 10−8 1.06 1 1.46
1.0 × 10−7 1.01 1 1.43
1.0 × 10−6 1.02 1 1.66
1.0 × 10−5 0.964 1 1.73
1.0 × 10−4 0.965 1 1.49
1.0 × 10−3 1.04 1 1.76
1.0 × 10−2 0.889 1 1.07

Derivation of conversion factors

Typical information of appropriate neutron fluence
rate spectra is required in the low-energy neutron
field (thermal to 10 keV) and the high-energy
neutron field (above 10 keV) for deriving conversion
factors a and b by using Equations (2) and (3).
Accordingly, we referred to the spectrum and the
neutron ambient dose equivalents Hs at the thermal
neutron calibration field(14) and the spectrum and

Table 2. Angular dependence of the response of the fast-
neutron dosemeter

Neutron energy (MeV) Direction θ (degree)

0 90 45

1.0 × 10−3 1.11 1 1.06
1.0 × 10−2 0.962 1 1.08
1.0 × 10−1 1.12 1 1.25
1.0 × 100 0.89 1 1.25
3.0 × 100 1.06 1 1.39
5.0 × 100 1.15 1 1.43
7.0 × 100 0.974 1 1.29
1.0 × 101 1.04 1 1.46

the neutron ambient dose equivalents Hf at the fast-
neutron calibration field(15) in the Japan Atomic
Energy Research Institute. In the PHITS simulation,
to obtain the denominator components As and Af
in Equations (2) and (3), neutron beams having
the spectra at the thermal and the fast-neutron
calibration fields were irradiated from 0, 45 and 90◦ to
slow- and fast-neutron dosemeters, respectively. And
each saturated activity of iodine in CsI scintillator
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Figure 5: Comparison between the total response adding the response of the present slow- and fast- neutron dosemeter and
the response of our conventional neutron dosemeter designed by Ueki et al.(6).

Figure 6: Neutron irradiation from 0, 45 and 90◦ direction
in PHITS simulation.

was calculated. Conversion factors were derived by
dividing Hs and Hf by As and Af , respectively, as
shown in Equations (2) and (3). Furthermore, these
conversion factors calculated by PHITS simulation
from each angle were averaged, and the conversion
factors a and b were finally derived as follows:

a = 0.303 ± 0.00974
(
μSv Bq−1 h−1

)
, (5)

b = 62.5 ± 2.11
(
μSv Bq−1 h−1

)
. (6)

In the present neutron dosemeter, the neutron
ambient dose equivalents are calculated using
Equations (1), (5) and (6).

CONFIRMATION OF THE VALIDITY OF THE
PRESENT METHOD

The neutron ambient dose equivalents were evalu-
ated by the present neutron dosemeter at Linacs at
various acceleration voltages. Simulation tests were
conducted at Linacs with an accelerator voltage of
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Table 3. Comparison of the neutron ambient dose equivalents evaluated by Domingo et al.(16) (H∗(10)ref.) and the three-group
approximation method(4) (H∗(10)thr.) and the present method (H∗(10)sim.)

Linac field (Linac conditions) H∗(10)ref.
(mSv Gyx

−1)
H∗(10)thr.

(mSv Gyx
−1)

H∗(10)sim.
(mSv Gyx

−1)
εthr. εsim.

Ramón y Cajal (Elekta, 15 MV) 0.403 0.448 0.360 0.111 −0.106
Puerta de Hierro (Varian, 15 MV) 0.769 0.877 0.647 0.140 −0.159
Sevilla (Siemens, 15 MV) 0.532 0.586 0.442 0.102 −0.170
Valencia (Siemens, 18 MV) 0.595 0.621 0.494 0.0437 −0.169
Heidelberg (Siemens, 23 MV) 1.846 2.14 1.59 0.159 −0.137

εthr. is relative error between H∗(10)ref. and H∗(10)thr. εsim. is relative error between H∗(10)ref. and H∗(10)sim.

above 15 MV. An experiment was conducted at a
10 MV Linac.

Simulation tests at Linacs with accelerator voltage of
above 15 MV

The neutron ambient dose equivalents H∗(10)ref. mea-
sured under five medical Linac conditions reported
by Domingo et al.(16) were compared with the neutron
ambient dose equivalents H∗(10)sim. evaluated by the
present neutron dosemeter with PHITS under the
same conditions. The neutron beams with the energy
spectra reported by Domingo et al.(16) were irradiated
toward slow- and fast-neutron dosemeters in the 90◦
direction (Figure 6), and each estimated saturated
activity was substituted into Equation (1) to evaluate
H∗(10)sim.

As a result, H∗(10)ref. and H∗(10)sim. are sum-
marized in Table 3 with the neutron ambient dose
equivalents H∗(10)thr. obtained by the three-group
approximation method(4) simulated under the same
conditions as in the present study. The values
of εthr. and εsim. in Table 3 express the relative
errors of H∗(10)thr. and H∗(10)sim. to H∗(10)ref.,
respectively. It is believed that the present dosemeter
will underestimate the neutron dose because all values
of εsim. are negative. This underestimation is, as
mentioned above, due to its disagreement between
the ICRP-74 rem-response and the response of the
present dosemeter in the neutron energy region
at above 3 MeV. The acceleration voltage at five
medical Linacs reported by Domingo et al.(16) was
above 15 MV, and there is a non-negligible dose
contribution from neutrons at above 3 MeV under
such conditions. Consequently, it is assumed that the
neutron dose evaluated by the present dosemeter was
underestimated. By contrast, overall, the values of
εsim. were lower than ±17%, and the values of εthr.
were lower than ±16%. These results indicate that the
present dosemeter was able to evaluate the neutron
dose with a precision similar to that of the three-group
approximation method in spite of the decreasing the
number of measurements.

Figure 7: The present slow-neutron dosemeter and fast-
neutron dosemeter.

Experiment at a medical Linac

We manufactured a finally designed double neutron
dosemeter system (Figure 7) and conducted a perfor-
mance test at a 10 MV medical Linac (Varian True-
Beam) at Kyushu University Hospital. To compare
with the value evaluated in our previous studies(4,6),
the test was conducted under the same conditions as
in our previous studies, i.e. a field size of 40 cm × 9 cm
and a photon dose rate of 3 Gy min−1 at the isocenter.
Each neutron dosemeter was arranged so that the CsI
scintillator in the dosemeter was set at 30 cm from the
isocenter (Figure 8). After termination of the 30 min
irradiation, the pulse height spectra were recorded for
each C12137 every 1 min. We obtained a slow-neutron
dose Hs and a fast-neutron dose Hf by multiplying
the conversion factors a and b and each saturated
activity estimated using the fitting process(17) with the
decay curve of the counting rates. Finally, the neutron
ambient dose equivalent H∗(10) was evaluated by
Equation (1).

The evaluated values of Hs and Hf were 5.87 ±
0.189 and 63.9 ± 2.16 (mSv Gy−1), respectively. The
final evaluation value of H∗(10) was 6.97 ± 2.17
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Table 4. Comparison of H∗(10) at the 10 MV medical Linac evaluated by the three-group approximation method and our
conventional dosemeter and the present method

H∗(10)thr.
(mSv Gyx

−1)
H∗(10)con.

(mSv Gyx
−1)

H∗(10)exp.

(mSv Gyx
−1)

εcon. εexp.

Varian TrueBeam 54.3 81.1 ± 7.13 69.7 ± 2.17 0.493 0.284

H∗(10)thr. and H∗(10)con. are evaluated by the three-group approximation method and our conventional dosemeter,
respectively. H∗(10)exp. is evaluated by the present neutron dosemeter.

Figure 8: Schematic layout of the performance test at the
10 MV medical Linac.

(μSv/Gy), which is expressed as H∗(10)exp. below. The
present neutron ambient dose equivalent H∗(10)exp. is
summarized in Table 4 with H∗(10)thr. and H∗(10)con.,
which are the neutron ambient dose equivalents eval-
uated by the three-group approximation method(4)

and our conventional dosemeter(6), respectively.
Here, H∗(10)thr. is a more precise value because
H∗(10)thr. was evaluated by multiplying the neutron
fluence-to-ambient dose equivalent conversion factor
and the neutron spectrum unfolding using the
three-group approximation method. Therefore, the
relative errors εcon. and εexp. were calculated by
comparing H∗(10)con. and H∗(10)exp. with H∗(10)thr.,
which is the reference value. The value of εexp.
decreased to ∼30% compared with the value of
εcon., which was ∼50%. As mentioned above in
Section Confirmation of the Validity of the Present
Method, the response of the present dosemeter was
not improved in the epithermal region compared
with our conventional dosemeter, whereas it was
improved in the fast-neutron region. This decrease of
εexp. was the successful result from the improvement
of the response of the present dosemeter in the fast-
neutron region. From these results, we found that
the present double neutron dosemeter system, which
evaluates slow- and fast-neutrons separately, was
useful for a more accurate H∗(10) evaluation than our
conventional dosemeter using a single CsI scintillator.

In addition, H∗(10)exp. in the experiment conducted
around the 10 MV medical Linac was overestimated,
whereas all values of H∗(10)sim. estimated through a
PHITS simulation conducted at five medical Linacs,
the acceleration voltages of which were above 15 MV,
were underestimated. Hence, the present neutron
dosemeter was suitable for the neutron dosimetry
around a Linac with an acceleration voltage of
no higher than 10 MV. However, the higher the
acceleration voltage is, the larger the number of
neutrons produced. Therefore, for the fast-neutron
dosemeter, it will be desirable to reach the level of the
ICPR-74 rem-response at a higher energy region in
the future.

CONCLUSION

The development of a neutron dosemeter using dou-
ble self-activated CsI detectors was carried out to
simply evaluate neutron ambient dose equivalents
with a high accuracy. After the design of the neutron
dosemeter was optimized, the response of the neu-
tron dosemeter was shown to be in good agreement
with the ICRP-74 rem-responses in a wide energy
range from a thermal to 3 MeV neutrons, except for
the epithermal region. The validity of the present
method was confirmed by evaluating the neutron
ambient dose equivalents under various Linac condi-
tions using a PHITS simulation and based on exper-
iment results. In the PHITS simulation conducted at
Linacs with an acceleration voltage of above 15 MV,
the present dosemeter was able to achieve a value of
H∗(10) with a precision similar to that of the three-
group approximation method, although the value was
underestimated. In an experiment conducted around
a 10 MV Linac, the present dosemeter was able to
evaluate H∗(10) more accurately than our conven-
tional dosemeter. In conclusion, it is expected that
the present double neutron dosemeter system can
evaluate H∗(10) simply with a high accuracy around
a 10 MV Linacs.
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