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Abstract

Oxyhydrate (OH) doped and fluorine (F) doped fused-silica core optical fibers were irradiated in a fission reactor
at 370–380 K with a fast neutron flux of about 5×1016n/m2s and a gamma-ray dose rate of about 500 Gy/s for about
24 days. Oxyhydrate and fluorine dopings improved radiation resistance of optical fibers especially in the visible
range. A fluorine doped and heat-treated optical fiber showed best radiation resistance and its radiation induced loss
in a visible range is about 20 dB/m after it was irradiated up to a fast neutron fluence of 1×1023 n/m2. Results are
implying that fused silica core optical fibers can be used nearer to a burning plasma for plasma diagnostics and
remote sensing. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Optical fibers have substantial potential for ap-
plications in radiation environments in nuclear
fusion reactors. Fused-silica(SiO2) core optical
fibers are promising candidates but they are in
general thought to be vulnerable to heavy irradia-
tion especially associated with neutrons. Degrada-
tion of optical transmission in the visible range
has been reported to be in the range of 100 dB/m

at a fast neutron fluence less than 1021n/m2 [1]. In
an Engineering Design Activity of International
Thermonuclear Experimental Reactor (ITER-
EDA) [2], optical fibers have been considered as a
backup system and they were planned to be used
only in places where a radiation dose rate is low,
such as out of a bioshield, where a fast neutron
flux is marginal.

However, it is unanimous that optical systems
using optical fibers will make diagnostic systems
more reliable, simpler and far less expensive. Fur-
thermore, as shown in the previous conference on
optical measurements of temperatures [3], optical
fibers can be used as compact monitoring (remote

* Corresponding author. Tel.: +81-29-2673181; fax: +81-
29-2674947.

E-mail address: shikama@imr.tohoku.ac.jp (T. Shikama).

0920-3796/00/$ - see front matter © 2000 Elsevier Science B.V. All rights reserved.

PII: S0920-3796(00)00463-4



T. Shikama et al. / Fusion Engineering and Design 51–52 (2000) 179–183180

sensing) tools for nuclear fusion reactor environ-
ments, being free from disturbances by electro-
magneticaly-inductive noises. Examples will be
monitors of temperatures, gamma-ray dose rates,
plasma powers, strains, electric and magnetic
fields, etc. [4].

Efforts to improve radiation resistance of fused
silica core optical fibers (hereafter described sim-
ply as optical fibers) has been made in these 10
years. Doping techniques were found effective
under gamma-ray irradiation [5]. However, previ-
ously-developed doped optical fibers showed weak
radiation resistance under neutron associated ra-
diation, and pure optical fibers especially with
smallest contamination of oxyhydrate (OH) and
chlorine (Cl) were recommended [2,6] for applica-
tion in neutron associated radiation
environments.

There are many structural and compositional
imperfections in fused silica optical fibers,
through chemically non-stoichiometry, micro-dis-
tortions, internal stresses caused by rapid cooling,
formation of dangling bonds, impurities contami-
nation, etc. Many of these imperfections will play
as precursors for optical imperfections and will be
activated by ionizing radiation to form optical
absorption centers. Imperfections will also in-
crease susceptibility to radiolysis with the result of
introduction of more and more precursors in the
course of high-dose-rates radiation. A fused silica
is known to be far more susceptible to radiolysis
than crystallized quartz. Then, decreasing imper-
fections as well as curing imperfections will im-
prove radiation resistance of optical fibers.

Recent experiments showed promising results
of improvement of radiation resistance of optical
fibers especially for doped with fluorine (F) [7].
The paper will describe behavior of developed
radiation-resistant optical fiber under a fission
reactor radiation. Especially, fluorine doping ef-
fects will be described in detail.

2. Experimental procedures

Doping techniques and fabrication-process con-
trols are thought to be effective measures to im-
prove their radiation resistance of optical fibers.
In the present studies, effects of oxyhydrate (OH)
and fluorine (F) dopings on purified fused silica
optical fibers were studied. Depending on results
of neutron irradiation tests on trially-developed
doped optical fibers [5,8,9], nine kinds of silica
core optical fibers shown in Table 1 were made
and they were radiation-tested in a Japan Materi-
als Testing Reactor (JMTR). Fluorine (F) and
oxyhydrate (OH) were selected as a doping agent,
as the former is thought to improve radiation
resistance in visible wavelength range [5] and the
latter in infrared ranges [9] from previous
experiments.

Two different manufacturing methods were
adopted for OH doped optical fibers, a plasma
assisted deposition (PAD) method and a direct
method. Doped OH concentrations are B2, 150
and 300 ppm for the PAD method and 300 and
800 ppm for the direct method. Fluorine doped
optical fibers were made by a Vertical Axial De-

Table 1
Parameters of fused silica core optical fibers manufactured in the present study

Fluorine contentOH content (ppm)Sample Fabrication method of core silica

S-0 B2 None Plasma-assisted deposition
None150OH-1 Plasma-assisted deposition

300OH-2
300OH-3 None Direct
800OH-4

VAD-ASmallB2F-1
B2F-2 Middle

F-3 B2 Large
F-4 B2 Middle VAD-B
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Fig. 1. Optical absorption spectra of S-0 fiber. Absorption
change in the course of irradiation as a function of irradiation
time, FPD, reactor full power day.

300–1850 nm. Detailed experimental setup could
be found elsewhere [7–9]

3. Results and discussion

Fig. 1 shows radiation induced optical absorp-
tion spectra of S-0 optical fiber, whose initial OH
concentration is less than 2 ppm. Large radiation
induced optical absorption peak or peaks grew
rapidly in the course of radiation in the wave-
length range shorter than 700 nm, which was a
permanent effect. In this case, absorption peaked
at below 400 nm was dominant and a well-known
absorption peak called Non-Bridging-Oxygen-
Hole-Center (NBOHC) peak was not clearly iden-
tified at about 600–650 nm. Radiation induced
absorption below 700 nm exceeded a dynamic
range of a present measuring system, about 50 dB
in an early stage of irradiation, namely during
startup period before the reactor reached its full
power of 50 MW. There, an estimated fast neu-
tron fluence and a gamma-ray dose were about
5×1019n/m2 and 5 MGy, respectively. In the
meantime, radiation induced optical absorption in
infrared range, 800–1200 nm was very small, a
few dB/m as shown in Fig. 1.

In case of Co60 gamma-rays radiation tests at
300 K, radiation induced absorption increased to
a level of 1 dB/m(103dB/km) at a total ionizing
dose of 1×105Gy and then a growing rate of
absorption showed clear saturation behavior. A
magnitude of radiation induced loss in a visible
range is about 10 dB/m at 1 MGy [5]. Thus,
neutron associated radiation (a fission reactor ra-
diation, which will be more relevant to a fusion
radiation environments than a pure gamma-ray
radiation) seems more effective to introduce opti-
cal absorption in a visible range. However, we
should be careful to compare results of a fission
reactor radiation and those of a pure gamma-ray
radiation. In general, estimation of ionizing radia-
tion dose rate in a fission reactor is not easy and
we rely heavily on calculated estimation. Also, a
gamma-ray radiation is usually carried out at
room temperature with relatively long optical
fibers, namely longer than a few tens of meters. In
the meantime, a short optical fiber of about 1 m

position (VAD) method with F concentration up
to higher than 5%. F-1, F-2, and F-3 have differ-
ent concentration-levels of fluorine. F-4 has the
same fluorine concentration as F-2, but it was
heat-treated after drawing.

Special care was taken to decrease concentra-
tion of contaminated chlorine as low as possible,
for all specimens. All specimens have a fluorine
doped cladding and a plastic jacket, with core and
cladding diameters of 0.2 and 0.25 mm,
respectively.

Developed optical fibers of about 1 m long,
with two 20 m long pig tails, were accommodated
in an instrumented irradiation rig and were in-
serted into a reactor core region of JMTR in
Oarai Research Establishment of Japan Atomic
Energy Research Institute. For optical signal
transmission between a reactor core and measur-
ing instruments, above-mentioned pig tails of 20
m long were used, whose exposure dose rates to
fast neutrons and gamma-rays are negligible com-
pared with those in a reactor core region. A fast
(E\1 MeV) neutron flux was about 5×1016n/
m2s and a gamma-ray dose rate was about 500
Gy/s. Irradiation was carried out for 24 days with
a reactor full power of 50 MW. A temperature of
specimens were monitored by a thermocouple and
it was controlled to be about 370–380 K during a
reactor irradiation. Optical transmission loss and
optical luminescence were measured in-situ under
reactor irradiation in the wavelength range of
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long will be irradiated at elevated temperatures in
a fission reactor. A magnitude and a spectrum of
radiation induced optical loss in a visible range
were found to depend strongly on irradiation
temperatures [10].

Fig. 2 shows radiation induced optical absorp-
tion spectra of S-4 optical fiber, whose initial OH
concentration was 800 ppm. The OH doping
clearly improved radiation resistance in the visible
range. A radiation induced absorption below 700
nm exceeded the dynamic range of the measuring
system of about 50 dB only after it was irradiated
for seven reactor full power days (FPDs), namely
total fast neutron fluence of about 3×1022 n/m2.
Fig. 2 also shows change of absorption spectrum
compared with S-0 optical fiber in Fig. 1. In the
OH doped optical fibers, radiation induced ab-

sorption peaked below 400 nm was strongly sup-
pressed and the NBOHC absorption peak could
be clearly observed in the beginning of
irradiation.

The OH doping caused so-called radiation
hardening in a infrared range of 800–1200 nm.
Namely, optical transmission was improved in the
initial stage of irradiation. However, radiation
induced permanent optical absorption, which
would increase linearly with increase of the radia-
tion dose, exceeded initial improvement at about
10 FPDs. A radiation induced optical absorption
in 800–1200 nm was about 10 dB/m at a fast
neutron fluence of 1×1023 n/m2.

When results on S-2 optical fiber made by a
PAD with 300 ppm OH with those on S-3 made
by a direct method with 300 ppm OH, no signifi-
cant difference could be identified, though there
are some differences in details. So, a manufactur-
ing process here may not play an important role.

Fig. 3 shows radiation induced optical absorp-
tion spectra of F-4 optical fiber. Improvement of
radiation resistance of F-4 fiber is remarkable,
compared with no-doped S-0 in Fig. 1 and OH-
doped S-4 in Fig. 2. Radiation induced optical
absorption was about 20 dB/m at a fast neutron
fluence of 1×1023 n/m2. A radiation hardening
effect could be observed at an initial stage of
irradiation in the wavelength range of 400–1400
nm. Optical transmissivity in 800–1200 nm was
rather improved up to a fast neutron fluence of
1×1023 n/m2. Above 1200 nm, measurements
were disturbed by increase of OH absorption and
data-scatters. The observed data-scatters above
1200 nm is considered due to micro-bending
losses. F-4 fiber has a relatively high fluorine
concentration and difference of optical reflection
index between its core and cladding is small, thus
it is expected to be susceptible to a micro-bending
loss. In the instrumented irradiation rig, tested
optical fibers were bent with a curvature of about
50 mm, which will cause internal stress in the
fibers.

Fig. 4 shows radiation induced optical absorp-
tion spectra of F-2 optical fibers, which has the
same fluorine concentration as F-4, but was not
heat treated after drawing procedures. It is clear
that F-4 has better radiation resistance than F-2,

Fig. 2. Optical absorption spectra of S-4 fiber.

Fig. 3. Optical absorption spectra of F-4 fiber.
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Fig. 4. Optical absorption spectra of F-2 fiber.

tion resistance. Results indicated that the doping
will be effective to neutron associated radiation
damage. Visible observation could be realized
with the F-doped heat treated optical fibers up to
a fast neutron fluence of 1×1023 n/m2. In the case
of plasma diagnostics and remote sensing in nu-
clear fusion devices, results indicated that optical
fibers could be used near to a burning plasma,
probably inside of a vacuum vessel.
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that can be interpreted that not only fluorine
doping but also heat treatment has improved
radiation resistance of F-4. OH and F are sup-
posed to cure structural defects related with oxy-
gen deficits. The present results will support that a
doping technique associated with an appropriate
heat-treatment is effective to cure structural im-
perfections and decrease concentration of precur-
sors which will be activated to optical absorption
centers by radiation. Also, the present technique
improved resistance to radiation damage caused
by energetic neutrons, when results are compared
with previous ones.

4. Conclusion

Presently developed fused silica core optical
fibers showed good radiation resistance in a
fission reactor radiation, up to a fast neutron
fluence of 1×1023 n/m2 Especially, fluorine doped
and heat-treated optical fibers showed best radia-

.


