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In order to expand the available energy range of neutron dosimetry by the paired ionization chambers,

an alternative method has been newly proposed. The method employs another TE–TE chamber with a

gamma-ray attenuator instead of conventional C–CO2 chamber. A rough comparison of uncertainty

estimates between conventional method and newly proposed one is carried out. The result indicates

that the accuracy of the present method is far less-sensitive to the change of neutron energy and is

evidently superior to that of the conventional method.

& 2009 Elsevier B.V. All rights reserved.
The determination of neutron absorbed dose to tissue is a very
important subject, which is deeply related to various research
fields such as medicine and biology. In most practical cases, a
neutron fluence is always accompanied by a fluence of gamma-
rays. In addition, the qualities of neutron beams are rather
variable depending on each situation. For such mixed fields, the
use of paired ionization chambers has been generally accepted as
probably the most accurate method for measuring absorbed dose
of neutrons and gamma-rays separately [1,2]. In the conventional
method, tissue equivalent ionization chambers are commonly
used as ‘‘Type-T instrument’’ with tissue equivalent gases (TE–TE
chamber), while graphite(C) wall ionization chambers are often
used as ‘‘Type-U instrument’’ with carbon dioxide (C–CO2

chamber). The low sensitivity of C–CO2 chambers to neutrons is
achieved by eliminating all hydrogenous materials from the
cavity, its wall and surrounding structures. In the mixed field, the
quotients of the responses of the chambers by their sensitivities to
the gamma-rays used for calibration, RT and RU, are given by a set
of simultaneous equations of

RT ¼ kTDNþhTDG ð1Þ

RU ¼ kUDNþhUDG ð2Þ

where DN and DG are the absorbed doses in tissue of neutrons and
gamma-rays in the mixed field, kT and kU are the ratios of
sensitivities of each chamber to neutrons to its sensitivities to the
ll rights reserved.

i).
60Co gamma-rays used for calibration, and hT and hU are the ratios
of sensitivities of each chamber to gamma-rays to its sensitivities
to the 60Co gamma-rays used for calibration, respectively; those
ratios kT, kU, hT and hU are often called relative sensitivities.

The gamma-ray relative sensitivities, hT and hU, are generally
known with adequate precision and usually close to unity; for the
gamma-rays from 0.2 to 10 MeV, hT factors of a TE chamber range
from 0.97 to 1.00 and hU factors of a graphite chamber range from
0.98 to 1.00 [3]. The neutron sensitivity kT can be also calculated
and is approximately unity. The actual problem that arises is the
determination of the neutron sensitivity kU of C–CO2 chamber,
since this sensitivity cannot be calculated so reliably. In addition,
the sensitivity kU of C–CO2 chamber indicates notable dependence
on neutron energy as reported by Waterman et al. [4] (see Fig. 1);
these data were experimentally evaluated from their own
measurements. From the above facts, it is noticeable that the
resultant accuracy of neutron doses evaluated by the paired
ionization chambers is significantly affected by the energy range
of neutrons existing in the radiation field, unless the precise
energy spectrum of neutrons is known; it should be kept in mind
that neutron energy measurement is generally a rather difficult
and time-consuming task. Hoshi et al. [5] used paired ionization
chambers for dosimetric evaluation of 252Cf beam; the neutron
energy spectrum is well known and the maximum energy is about
10 MeV. They adopted the neutron sensitivity of kU=0.08, which
was determined by NIRS people [6]. The same value was
successfully utilized for dosimetry of fission neutrons generated
by a research nuclear reactor [7]. In this radiation field, the
maximum neutron energy was around 10 MeV and the neutron
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Fig. 1. Neutron sensitivities for C–CO2 chamber (kU) and for TE–TE chamber (kT)

relative to the sensitivity to 60Co gamma-rays [4].

Fig. 2. An example of overall uncertainties of neutron dose estimated by Eq. (7) for

the conventional method and by Eq. (8) for the newly proposed one by using the

data of Fig. 1.

1 Original form of this equation, Eq. (2.7–7) of Ref. [1], may be incorrect and

the corresponding graph, Fig. 2.6 in the same literature, is presumably defective

also [9].
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sensitivity kU was assumed to be constant within the accuracy of
20% through the energy range [8]. However, if the upper end of a
broad neutron energy spectrum exceeds about 10 MeV, such
crude approximation may be no longer valid.

This article describes an alternative method that overcomes
the energy limitation explained above. The basic concept is to use
another TE–TE chamber (referred as ‘‘Type-T’ instrument’’)
instead of the C–CO2 chamber in order to solve the simultaneous
equations by a somewhat preferable way. The chamber itself is
identical to that used as Type-T instrument but its gamma-ray
sensitivity is reduced from hT to ghT by the use of a proper
gamma-ray attenuator. Here, ‘‘g’’ denotes the reduction factor of
gamma-rays by the attenuator. The reduction of neutrons may be
negligible for such rather thin gamma-ray attenuator; so the value
of kT is almost unchanged. Thus we get the next equation as a
substitute for Eq. (2).

R0T ¼ kTDNþghTDG: ð3Þ

By solving Eqs. (1) and (3) simultaneously, DN and DG are
obtained in the same manner of the conventional method as
follows:

DN ¼
R0T�gRT

kTð1�gÞ
ð4Þ

DG ¼
RT�R0T

hTð1�gÞ
: ð5Þ

It should be strongly emphasized that hT and g are almost
independent to neutron energy and kT of TE–TE chamber is far
less-sensitive to the variation of neutron energy in comparison with
kU of C–CO2 chamber as clearly shown in Fig. 1. Hence, this newly
proposed method must be applicable to broad neutron energy
spectrum whose upper end is higher than 10 MeV with keeping
proper accuracy. The gamma-ray reduction factor (g) can be
calculated in good precision with the aid of energy information
measured by an appropriate gamma-ray spectrometer arranged at
the point of interest. The new method utilizes the difference of
gamma-ray sensitivity between two ionization chambers. Therefore,
that may be applicable to the mixed field whose gamma-ray ratio is
higher than a certain extent, while the conventional method mainly
treats the neutron-rich mixed field only.

The accuracy of evaluated DN is discussed with relation to the
uncertainty of kU for the conventional paired ionization chambers
in ICRU 26 [1]. That is expressed as1

DDN

DN
¼

DkU=kU

ð1=kUÞ�1
: ð6Þ

The above equation is based on a simple approximation whose
attentions are paid only to the contributions of magnitude of kU

itself and its uncertainty (DkU) on the overall uncertainties of
evaluated DN; other factors are completely ignored. Here, the
exact expressions of DDN

2 have been derived by the error
propagation formula [10] both for the conventional method,
Eq. (7), and for the newly proposed one, Eq. (8).

DD2
N ¼

hUDN

hUkT�hTkU

� �2

Dk2
Tþ

hTDN

hUkT�hTkU

� �2

Dk2
U

þ
RU�kUDN

hUkT�hTkU

� �2

Dh2
Tþ

RT�kTDN

hUkT�hTkU

� �2

Dh2
U ð7Þ

DD2
N ¼

DN

kT

� �2

Dk2
Tþ

1

k2
Tð1�gÞ

2
RT�

R0T�gRT

1�g

� �2

Dg2: ð8Þ

If you put hT=hU=kT=1 and DhT=DhU=DkT=0, you will notice that
Eq. (7) becomes identical to Eq. (6). For a rough comparison of
actual accuracies between the conventional method and the
newly proposed one, overall uncertainties of neutron absorbed
dose (DDN/DN) are calculated by Eqs. (7) and (8) on the basis
of the relative neutron sensitivities for TE–TE chamber (kT) and
C–CO2 chamber (kU) presented in Fig. 1; these numerical values
are available in Ref. [4]. Suppose a mixed field situation whose DN/
DG ratio is unity and 60Co calibration constants of ionization
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chambers are chosen to be 33.1 [nC/Gy] for TE–TE chamber and
115.6 [nC/Gy] for C–CO2 chamber, respectively, according to the
description of Ref. [5]. Then their relative sensitivities for gamma-
rays and the gamma-ray reduction factor (g) are tentatively
assumed as follows with corresponding uncertainties,

hT ¼ 1; DhT=hT ¼ 0:05

hU ¼ 1; DhU=hU ¼ 0:05
for gamma-rays

(
ð9Þ

g¼ 0:95; Dg=g¼ 0:05 for attenuation of gamma-rays: ð10Þ

For example, if the average energy of gamma-rays is around a
few MeV, the 5% reduction of sensitivity (g=0.95) may be
achieved by surrounding the outer wall of TE–TE chamber by
the spherical cover made of magnesium alloy with the thickness
of about 5 mm. The precise value of g can be calculated by Monte
Carlo methods for different geometries. And the uncertainties of
relative sensitivities for neutrons are simply assumed to be
constant as

DkT=kT ¼ 0:1

DkU=kU ¼ 0:3
for neutrons:

(
ð11Þ

Finally, the calculated results of DDN/DN are plotted as the
function of neutron energy in Fig. 2. In this calculation,
uncertainties of ionization current measurements are not
considered. As we expected, the uncertainty of neutron dose
obtained by the newly proposed method is far less-sensitive to
the change of neutron energy up to 50 MeV, while that obtained
by the conventional one shows notable degradation in accuracy
with the increase of neutron energy.
In conclusion, we proposed an unconventional use of TE–TE
chambers for the purpose of expanding the energy range that is
available to the neutron dosimetry by paired ionization chambers.
The method is expected to provide a useful tool for the simple and
rapid examinations of neutron generation around high-energy
medical accelerators [11]. It is planning to carry out some
experiments to verify the principle described above in the near
future. And this concept may be applicable also to other type of
paired detectors such as Fricke solutions [12] and plastic
scintillators [13].
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