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Neutron monitoring becomes important from the view point of radiation protection due to the
development of nuclear fusion as worldwide energy source. Neutrons are generated by D-D and
D-T reactions in the nuclear fusion facilities with energies 2.45MeV and 14.1MeV, respectively.

An appropriate instrument is essential for monitoring the dose accurately of wide energy
range of neutrons. Conventionally Roentgen Equivalent Man (REM) counters have been used to
measure the neutron dose with energies from thermal to tens of MeV. However, it is recognized
that the REM-counters include error for measuring the dose, especially in the intermediate
energy range around 0.1keV to 100keV. Therefore an energy independent neutron dose monitor
with multiple moderators and absorber has been studied, in order to impréve~the dose response
compared to the existing instrument.

The dissertation contains three topics: (1) Design study of the spherical type neutron dose
monitor (2)Evaluation of neutron dose with irradiation experiments using standard sources and

(3)Estimation of resultant incident angle of two directional sources and the method of dose
evaluation. ‘ .

The monitor has been designed;‘ (i) To obtain improved dose response over a wide energies of
neutrons compared to existing instruments, especially in the range of intermediate energies of
neutrons, and (i) To get the uniform sensitivity to neutron that comes from any direction. It
was designed using three depths of thermo-luminescent dosimeters (TLDs) with composition of
6LiF:CaS04«Tm), in order to get the specific responses to low and intermediate energies of
neutrons and fast neutrons. As the size of the TLDs is small, multiple ones can be placed at
different depths. Twelve radial directional TLDs are arranged between the layers at two
consecutive depths and one in the centre to get isotropic sensitivity to neutrons.

The monitor consists of four layers of spherical shells in the order of from outer to inner;
poly-methyl methacrylate (PMMA), boron nitride (BN), polyethylene(PE) and core PE. After
moderation by the PMMA, the thermal and low energy of neutrons are detected by the first
depth TLDs. The intermediate energies of neutrons after moderation by PMMA, BN and PE are
detected by the third depth TLDs. Finally the fast neutrons are detected by the core TLDs.
Monte Carlo N-particle transport code, MCNP5 was used for the design of the monitor. Neutron
cross-section libraries of Japanese Evaluated Nuclear Data Library, JENDL-3.3 were applied for
the calculations. The calculation was performed to get the response of the TLDs with the
reaction of 6Li(n, a) T. Based on the specific response to three energy groups of neutrons, the
dose can be described by linear combination of TLDs responses. The linear co-factors were
derived by adjustment between the expected dose of D20-moderated 252Cf source with 52
energy bins ranging from 0.414eV to 15MeV and TLDs responses. The D20-moderated 252Cf
source was applied, because it is the standard source mentioned in ISO8529 and it has wide
energy spectrum. The optimum thickness of the moderator was obtained; 30mm PMMA, 40mm
BN, 10mm PE and 35mm core PE by varying the thickness of first two layers and comparing the
squaré sum of dose ratios for two different neutron incident directions and the ideal line of unity.
The ratio of calculated dose by using each energy bin of neutrons to expected dose varied from
0.7 to 1.5 in the energy range from 0.414eV to 5MeV. On the other hand the ratio of REM
counters was found from 0.4 to larger than 5. The exposure dose from neutrons higher than

5MeV can be neglected because expected neutron fluence would be remarkably decreased.



A prototype monitor was constructed, in order to demonstrate the performance of the monitor
by irradiation experiment. The calibration of the monitor was performed by D20-moderated 252Cf
source at the Facility of Radiation Standards, FRS, of Japan Atomic Energy Agency, JAEA. A
linear relationship was obtained between the TLD readout data and MCNP calculated value and
then using this relationship the dose equation was derived for evaluating the dose. Irradiation
experiments were also per-formed using 252Cf bare and 24!Am-Be sources, in order to compare the
evaluated doses among the different energy spectrum of neutrons. The dose evaluated by
different irradiation experiment was close to the irradiated dose within about 50% uncertainty.
The angular resolution of the monitor was estimated as a solid an‘gle of less than 60°. Although
at the FRS the dose was evaluated for known irradiation distance, in the practical field the
distance of the neutron source would be unknown. A relationship is needed between the fluence
and the dose for unknown distance. In case of parallel beam the neutron fluence does not vary
with distance for a certain limit, it can be used at unknown irradiation distance. The dose was
also evaluated using the co-factors for parallel beam of neutrons. The obtained result was as
good as the point source. It is concluded that the co-factors of parallel neutron beam can be
applied for evaluating the dose at any irradiation distance. The lower limit detection of the
monitor was estimated to be 0.2mSv which is smaller than the regulatory dose limit of
1.3mSv/3months at outside of the boundary of radiation controlled areas in Japan. The
usefulness of the monitor was shown with applying to the neutron spectrum calculated assuming
outside of the wallet a fusion reactor room.

In order to demonstrate the performance of the dose monitor for the neutrons ir-radiation
with different incident angles, simulation was done by MCNP5. At first the monitor was
irradiated using a single neutron source with incident angles from -90° to +90°at 30° interval, to
get the different angular responses. A parallel neutron beam of 50 cm radius with uniform
density was assumed to be injected. Also two different sources of D2O- moderated 252Cf and bare
252Cf were used to get the responses of detectors. The incident direction of single neutron source
can be estimated from distribution of the first depth 12 TLDs responses with less than 30 °
angular resolution.

The TLDs responses from two directional sources were obtained by summing the responses
of two single sources with different angles. The direction of neutron source was estimated by
comparing the first depth 12 TLDs response distribution of two sources with those of single
source in every incident angle. The neutron dose was evaluated by linear combination using
three depths of selected TLDs responses and linear co-factors. The ratio of calculated to expected
dose was within the ranges from 0.94 to 1.08 which is close to the unity.

As conclusion, the developed multi-layer spherical type neutron dose monitor was found to
be independent to the wide range of energy spectrum and to show almost isotropic¢ directional
sensitivity for any incident neutrons. The lower limit detection was estimated less than 0.2 mSv
and dose measurement uncertainty was about 50%. That is sufficient to use as a dose monitor for

radiation safety management not only in the fusion facility but also for other neutron producing
fields.
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