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Abstract

The light emission and transient optical loss (TOL) of KU-1 (Russia) and K-3 (Japan) fibers during pulsed reactor
irradiation (pulse duration 80 ps, dose rate <7 x 10'® n/cm? s) have been measured in the visible region. The intensity of
fast component of light emission obeys sub-linear dose rate dependence. The intensity of light emission and the TOL
depend on the intensity of probing light. Lower intensity of the light emission is observed for higher intensity of probing
light. The light emission quenching occurs for wavelengths shorter or longer than the wavelength of probing light.
Probing with light enhances the TOL and shortens the decay time of TOL. A ‘two-photon-flows’ model has been
introduced to analyze correlation between the effect of light emission quenching and the TOL enhanced by probing
light. The effect of light emission quenching provides means to control the optical properties of fibers in radiation

environments.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

The important issues for potential use of optical fi-
bers in the diagnostic systems of fusion reactors [1] are
(a) the acceptable level of radiation sensitivity and (b)
the linear optical response. The radiation sensitivity of
optical fibers shows up as interference by radiation-in-
duced light emission (RLE), transient optical loss (TOL)
and residual optical loss. At present, much attention is
paid to the radiation sensitivity of silica fibers doped
with OH groups or F [2,3]. As for optical response, two
types of non-linear behaviors of optical fibers have been
observed in the visible region. First, during pulsed
reactor irradiation, a sub-linear dose rate dependence of
the intensity of RLE was observed [4]. Second, it was
found that radiation-induced optical properties depend
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on the light intensity in the fibers, during steady-state
gamma or pulsed reactor irradiation [5-7].

The non-linear optical response of silica fibers during
irradiation was first observed in experiments at a TRI-
GA pulsed fission reactor (pulse 40 ms, dose per pulse
8x 10" n/cm?) [6]. Optical signals were integrated over
time and measured with and without light probing. The
radiation-induced light amplification in the wavelength
range from 300 to 600 nm was reported. It was found
that the sum of intensities of the RLE and the probing
light measured separately was less than the intensity of
simultaneous RLE and probing light.

During steady-state gamma irradiation (*Co-sourse,
dose rate 7 Gy/s), the RLE bands at 450 and 650 nm
were observed for silica fibers of various grades [7]. At
low doses (<100 Gy), the radiation-induced light
amplification in the visible region was observed [7]. With
increasing dose, the residual optical loss increased and
diminished the effect, however, in the blue spectral
range, where the RLE was the strongest, and the resid-
ual optical loss was relatively weak, the light amplifica-
tion was observed up to a dose of about 10 MGy.
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Usually, the RLE and optical loss are assumed to be
independent of the light intensity in fibers (linear
approximation). Accordingly, the efficiency of RLE and
the TOL are calculated from two measurements: the
light emission intensity only (no probing light) and the
intensity of simultaneous light emission and probing
light transmitted through a fiber [4]. The radiation-in-
duced light amplification is a typical effect showing the
dependence of optical properties on the light-intensity.
By using the linear approximation, processing of the
data on radiation-induced light amplification gives
negative TOL.

The purpose of the present paper is to stress the
importance of non-linear optical responses of optical
fibers for diagnostics of fusion plasma. Known results
on radiation-induced optical non-linearity of optical
fibers under pulsed reactor irradiation are reviewed, and
new data on the non-linear behavior during pulsed
reactor irradiation are reported.

2. Experimental

Two types of silica fiber waveguides of KU-1 grade
(Fiber Optic Research Center, Russia, OH content 1000
ppm, core diameter 100 um, cladding thickness 10 pm)
and K-3 grade (Fujikura Ltd., Japan, OH content 10
ppm, F doped, core diameter 200 pum, cladding thickness
25 pm) were used in experiments. Twenty meters of each
fiber were exposed to reactor pulses. The initial optical
absorption coefficients of these fibers in the range of
400-800 nm were presented elsewhere [8].

The techniques of optical measurements during
pulsed irradiation of BARS-6 fission reactor (IPPE,
pulse duration 80 ps, dose per pulse <5.5x 10" n/cm?
(9 Gy), dose rate <7x 10'® n/cm?s (1.1x 105 Gy/s)) have
been presented elsewhere [4,5]. The optical signals and
the neutron flux were measured simultaneously.

To probe the fibers we used two continuous lasers:
He—Ne-laser (wavelength 632 nm, power 1 mW) and
AIG:Nd3*-laser (second harmonic wavelength 532 nm,
power 8 mW). The laser wavelength of 632 nm corre-
sponds to the range where the absorption band ascribed
to the non-bridging oxygen hole center [9] is observed
for fibers of low OH concentration (K-3).

3. Light emission

The time dependencies of RLE of KU-1 fibers under
pulsed reactor irradiation were measured in [4]. The ef-
fect of optical loss was eliminated, by using the linear
approximation. The time dependence of light emission
has two components: fast and slow [4].

[(t) = Itast + Liow = aDé([) +b /.I(D(t/) . CT) dr. (1)

The slow component (/) was attributed to radio-
luminescence. To calculate the slow component, a relax-
ation behavior with characteristic time 7 of 1501 50 ps
[4] for the visible range was considered. It was plausible
that the fast component (/p,i) was due to the Cherenkov
radiation [4], as the RLE during pulsed electron irradi-
ation [10]. Finding the intensity of Cherenkov radiation
to be proportional to the dose rate D(¢) was anticipated.
However, the fast component obeys sub-linear dose rate
dependence with the exponent ¢ of ~0.7. The exponent
does not depend on the wavelength in the visible range.

To find the cause of the non-linear dose rate depen-
dence, other experiments were done, aimed at deter-
mining whether the intensity of light emission or TOL
depended on the intensity of probing light [5]. First, the
intensity of probing light at a wavelength the same as
that of RLE was changed several times, and the intensity
of the light coupling out of the fiber during reactor
pulses was measured [5]. When the probing light was
switched off, only the RLE was observed. Under irra-
diation, the TOL affected the shape of the optical signals
both during probing of the fiber and without the prob-
ing. In the range of the neutron pulse’s maximum, the
light emission without probing light showed an intensity
higher than the intensity of simultaneous light emission
and probing light. That is, on increasing the intensity of
the light coupling the fibers, the intensity of the light
coupling out of the fiber does not increase, but de-
creases. Therefore, the contributions from the RLE and
probing light cannot be considered independent, and the
linear approximation mentioned is not valid. For in-
stance, a complex value of absorption coefficient, i.e.
with real and imaginary parts, is obtained by using the
linear approximation, which is unreasonable.

In the next experiment, the wavelength of the light
coupling out of the fiber differed from the wavelength of
the probing light. The probing light was eliminated by a
monochromator, and the light coupling out of the fiber
was due only to RLE. Switching on the probing light
resulted in a decrease of the RLE in the visible range. It
is shown in Fig. 1 that after switching on the probing
light (wavelength 632 nm) the intensity of light emission
of K-3 fiber at the wavelength from 450 to 650 nm
decreases. At the highest intensity of the probing light
(~100 mW/cm?) the light emission intensity is 1.5 times
lower. The light emission quenching occurs for wave-
lengths shorter or longer than the wavelength of the
probing light. This effect was observed for both the OH-
doped and F-doped fibers. Fig. 2 shows the dependence
of RLE intensity measured for KU-1 fiber at the
wavelength of 450 nm on the intensity of probing light
(532 nm).

The non-linear behavior observed during pulsed
reactor irradiation is evidence that the efficiency of RLE
and/or the TOL depend on light intensity in the fibers.
In the next section we will analyze the effects stemming
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Fig. 1. Decrease of RLE intensity of K-3 fiber probed with He—
Ne laser (632 nm). The intensity of RLE at probing normalized
to the intensity of RLE without probing is plotted vs the
wavelength of RLE. The intensities of RLE at maximums of the
neutron pulses are compared.
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Fig. 2. Dependence of RLE intensity of KU-1 fiber at the
wavelength of 450 nm on the intensity of probing with IAG
laser (532 nm). The intensities of RLE at maximums of the
neutron pulses are taken.

from the linear dependence of TOL on the light intensity
in a fiber.

4. A ‘two-photon-flows’ model

Let us consider an optical fiber (Fig. 3) where the
propagating light (intensity 7), the RLE (power of light
emission Q) and the optical losses «(/) linearly depen-
dent on the light intensity in the fiber interact with each
other

a(l) = a(l + &), (2)

dx
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Fig. 3. Phase diagram calculated from Eq. (7) by varying the C
parameter.

where k is an efficiency of photon-induced absorption.

The propagating light can be thought as two photon
flows moving in opposite directions, with intensities 7,
and L. In a small piece of the fiber (length dx), the
photon flows gain intensities owing to the light emission
and weaken because of the optical losses

dn,
& = Q- (L 4kl + 1), (3)
dr
=0+ ab(l+k(h +1)). )

Using the following substitution in Egs. (3) and (4)
g:11+127 .f:11_127 (5)
one can derive the equation

dg _ f(l+ke) (6)
df g(l+kg) =20/

The general solution of Eq. (6) is the expression given
below

ko C

ﬁ:gZ—“—an(ﬂ), )

where C is an integration constant depending on the
boundary conditions and fiber length L.

The phase diagram calculated from Eq. (7) for vari-
ous C is given in Fig. 3, lower section. The area of the
phase diagram is limited by two lines, OC and OD,



O.A. Plaksin et al. | Journal of Nuclear Materials 329-333 (2004) 14901494 1493

corresponding to the condition g > |f|. The saddle point
S has coordinates ((2k)”'(\/1+ 8Qk/o—1);0). The
arrows near the phase trajectories show directions of the
photon flow with intensity equal to 7.

The phase diagram consists of several regions corre-
sponding to different situations in the fiber. With no
probing light, 7;(0) = I,(L) = 0, all solutions fall in the
region OASB. At relatively low intensity of probing
light, the solutions are in the same region. The other
regions correspond to cases of probing with the intensity
of light exceeding a certain threshold. With no probing
light, no solution is possible for these regions. The
probing with one beam of light, 7;(0) # 0 or (L) # 0,
corresponds to the region ACES or FSBD respectively,
whereas the region ESF corresponds to probing with
two beams.

In the frame of the model, the non-linear dependence
of the intensity of RLE on the dose rate [4] can be
understood, assuming the power of light emission Q in
the bulk of fibers is proportional to the dose rate. In the
particular case of a long fiber, L>> («+20k)"", the
intensity of light emission in the middle part of the fiber
can be expressed symbolically as

¢(L)2) ~ (2k)"'<\/1 + 80k a — 1). (8)

With increasing Q, the linear dependence of light emis-
sion changes to the square-root dependence. In experi-
ments, the sub-linear dose rate dependence with an
exponent of about 0.7 was measured [4].

The quenching of RLE during the optical probing of
fibers can be explained in the frame of the model. At
probing with one beam of light, for example /;(0) # 0,
the intensity of the light coupling out of the fiber is equal
to I)(L) = g(L) = f(L), which correspond to a point at
the line OC of the phase diagram. Calculations show,
that the point always shifts to the region of high g(L) on
increasing the intensity of the probing light 7;(0).
However, the contribution from RLE decreases.

It should be noted that the RLE and TOL are ob-
served in wide spectral ranges, whereas the probing light
is a narrow laser line. That is, non-linear responses may
depend on both the wavelength of TOL and the wave-
length of the probing light, which could be a subject of a
more sophisticated model.

5. Transient optical loss

The TOL was measured in the study [8]. The radia-
tion intensities of the lasers used for probing were set
much higher than the intensity of light emission. In
general, slightly different kinetics of the TOL of the fi-
bers of different OH concentration was observed. KU-1
fiber showed the TOL lower (up to 6.5x10™* cm™!) than
that of K-3 fiber (up to 2x1073 cm™'). After the fast
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Fig. 4. Time dependencies of transient optical loss of K-3 fiber
at the wavelength of 632 nm. The intensity of probing light is
equal to 100 mW/cm? (1) and 6 mW/cm? (2).

increase of TOL during neutron pulses, further slow
recovery of transparency is observed, taking tens of
seconds. The time dependencies of the TOL at different
wavelengths are qualitatively similar for the same fiber,
especially for the K-3 fiber. The TOL was high in the
regions where the optical absorption before reactor
pulses was high.

The TOL measurements revealed a transient process
at times from several milliseconds to several seconds
(Fig. 4). The transient process shows up as a temporal
increase of TOL. The relationship between the TOL and
the evolution of radiation-induced charge carriers,
including charge carrier trapping, trap diffusion and
electric polarization, was discussed in [8]. After the
transient process, the TOL shows the final decay of the
trapped charge carriers. We suppose that laser irradia-
tion may affect the TOL through stimulating the charge
carrier diffusion on traps.

It was confirmed in experiments with lasers that the
TOL depended on the intensity of probing light, namely,
the TOL observed after the reactor pulses. On increasing
the laser intensity, the transient process becomes more
pronounced, and the TOL decays faster (Fig. 4). At
present, it is difficult to confirm the effect of probing
light on the TOL during reactor pulses. If the laser
intensity is set much higher than the intensity of light
emission the TOL does not depend on the laser intensity
probably because of the same saturation behavior as
that shown in Fig. 2.

6. Conclusion

The KU-1 and K-3 fibers showed non-linear optical
response during intense pulsed reactor irradiation. The
intensity of radiation-induced light emission and the
transient optical loss depend on intensity of probing
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light. Lower intensity of the light emission is observed
for higher intensity of probing light. The light emission
quenching occurs for wavelengths shorter or longer than
the wavelength of the probing light. The fast growth of
TOL during a reactor pulse is followed by a slow (tens of
seconds) recovery of transparency of the fibers. Probing
with light enhances the TOL and shortens the decay time
of TOL.

The non-linear optical responses measured in this
study are very fast as compared to typical plasma pulses
[1]. However, they might be important for transient re-
gimes such as ignition of plasma, plasma disruptions,
etc. Moreover, non-linear optical responses may occur
during steady-state irradiation of fibers [7]. The effect of
light emission quenching provides means to control the
optical properties of fibers in radiation environments
and can be used to improve the signal-to-noise ratio.
Non-linear optical responses of optical fibers must be
considered as an important issue for the plasma diag-
nostics of fusion reactors.
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