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Abstract

The radioluminescence spectral intensity of KU-1 and KS-4V fused quartz under neutron and gamma pulse irra-
diation was measured in the visible range (380-700 nm) in the pulse nuclear reactor BARS. Three groups of quartz
samples were tested during the experiments, the first group — nonirradiated, the second and the third — preirradiated in
the conventional nuclear reactor IR-8 up to neutron fluences of 6 x 10" n/cm? (total absorbed dose 2.8 GGy (Si))
and 6 x 10'® n/cm? (total dose 0.3 GGy). The measurements were performed at temperatures of 18°C and 100°C.
The intensity was quantified in terms of the photon emission, and the comparison was done with an estimated
bremsstrahlung intensity for ITER plasma parameters. It is shown that KU-1 fused quartz is suitable for use as
windows in the visible spectral range for ITER diagnostics. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

General problems for optical plasma diagnostics in
future thermonuclear reactors are a transparency de-
gradation and a radioluminescence of optical materials
under neutron and gamma irradiations. The transpar-
ency degradation of windows and lenses leads to losses
of the measured light intensity, and the luminescence
increases the background emission. To understand the
influence of these factors on optical qualities of different
glasses their investigation must be done in conditions as
near as possible to those of fusion reactors.

As it is known from previous publications [1] fused
quartz has a higher radiation resistance for the induced
absorption and a much lower luminescence intensity
compared to other silica glasses and sapphire. It is very
important to know about both of these characteristics
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for the correct choice of the location of windows and
lenses in diagnostic channels inside the shield. Up to
now the induced absorption was observed under differ-
ent kinds of irradiation (see for instance Ref. [2]), but a
radioluminescence of the quartz samples was registered
only under gamma and electron irradiation [3] or in the
more complicated fiberoptic systems. Measurements in
the nuclear reactor were done only in arbitrary units [4].
Recently the KU-1 luminescence was measured under
electron (2 MeV accelerator) [5], gamma (**Co-source)
and neutron (DT-neutron generator) [6,7] irradiations.
The luminescence of small size KU-1 samples in
constant neutron and gamma fluxes will only be ob-
served if they are located in one of the nuclear reactor
central channels in a very intense neutron flux. Another
possibility consists in taking advantage of the pulse
nuclear reactor: (1) very high power in a short pulse
during which the sample transparency does not change
appreciably and (2) it is not necessary to put the sample
in a reactor channel, but to locate it outside the reactor
core near to the lateral wall. The absolute measure-
ments of the radioluminescence spectral intensity in the
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wavelength region of 380-700 nm presented here have
been done in the pulse nuclear reactor BARS. Initial
measurements were done in the spectral region of 450-
700 nm and after system modifications in the region of
380-500 nm.

2. Experiment description

The general experiment layout is shown in Fig. 1.
The tested samples of KU-1 quartz (impurities, in ppm,
are Al —0.4, Ca —1.0, Fe —1.6, Ti —0.01, K —1.7 and
OH —820) are mounted in a fixed position at a distance
of about 10 cm from the reactor core surface. The ra-
dioluminescence is passed out from the reactor hall by
the relay optics including three flat mirrors and is fo-
cused by a lens on the entrance slit of the spectrometer.
All photodetectors and the data acquisition system are
located in a neutron shielded room.

The radioluminescence spectrum is analyzed by the
grating spectrometer. The 10-channel spectrometer has a
300 grooves/mm grating, a f/10 relative aperture and a
27.5 nm/channel dispersion. The luminescence is trans-
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Fig. 1. General layout of the experiment: 1 — pulse nuclear
reactor BARS; 2 — fused quartz sample; 3 — Al-coated mirrors,
4 — lens; 5 — spectrometer; 6 — box with ten photomultipliers;
7 - CAMAC ADC, 8 — personal computer; 9 — neutron shield
from special concrete; 10 — lead shield; 11 — outlet in the shield
(15 x 15 cm?); 12 — dark screen with a small hole; 13 — probing
light source for the sample transparency check during the
neutron pulse; 14 — standard light source shield from the neu-
tron and gamma radiation.

mitted by a 10-channel light guide collector to the inputs
of photomultipliers (photocathode of S-20 type). To
protect this equipment against secondary gamma-radi-
ation a lead shield was used. The used spectral range
(450-700 nm) was limited by the transmission of the
plastic fibers for short wavelengths and by the photo-
multiplier sensitivity for long wavelengths.

The operation of the equipment is synchronized with
the reactor pulse. The signals from the photomultiplier
block enter the ADC (the sampling step of 1.6 ps) in the
CAMAC crate. The neutron and gamma fluxes were
monitored in the sample position during each pulse.

For absolute calibration of the measuring system the
standard band lamp was used with the tungsten tape and
with the known photon emission efficiency spectral dis-
tribution per unit solid angle Sy.nq(4). A standard lamp
was placed instead of the sample. The geometry of the
optical line and the registration efficiency were com-
pletely retained. Projection sizes of both the sample and
the tungsten tape on the spectrometer entrance slit were
less than the slit sizes. The radioluminescence of the total
sample volume and the radiation of the total standard
tape surface were measured. The comparison of the re-
sults allows to define the absolute radioluminescence
intensity per unite sample volume. The radiolumines-
cence photon emission efficiency Sgry(4) was found as

_ IRL Sstand (/1) atape

Ser(2) = [Photons/cm® nm sr],

Istand Vsample
where Ix; and Ig,,q are the measured intensities of the
radioluminescence and the standard lamp resp., dpe i3
the lamp tape surface area, and Vmpe is the sample
volume.

Three groups of quartz samples were tested during
the experiment: the first group — nonirradiated; the other
two were preliminary irradiated in the nuclear water-
pool reactor IR-8 at the temperature 55°C. The second
group was irradiated up to a neutron fluence of 6 x 10"
n/cm? (E > 0.1 MeV) and gamma-dose 2.5 GGy (Si)
(total absorbed dose: 2.8 GGy) and the third group — up
to 6 x 10" n/cm? (E > 0.1 MeV) and gamma-dose 0.27
GGy (Si) (total absorbed dose: 0.3 GGy). The compar-
ison of irradiated samples from the second and the third
groups [8] has shown that all tested samples from the
second group had a little bit higher transparency than
the similar samples from the third group that may be
explained as some kind of annealing at high gamma
doses during irradiation. Typical optical density spectral
distributions of unirradiated and irradiated KU-1 sam-
ples are shown in Fig. 2.

Experimental conditions: The neutron flux in the
sample position reaches the maximum value of about
10" cm™ s7! during the pulse and together with gamma
emission results in an absorbed dose rate up to 3.6 x 10°
Gy/s (Si). Neutron fluence per pulse 6.5 x 10> n/cm?,
gamma dose per pulse 5.3 x 10'? quanta/cm?, neutron
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Fig. 2. Optical density of irradiated and nonirradiated quartz
samples.

pulse duration (FWHM) ~60 ps, maximum neutron flux
~10" n/cm? s, average neutron flux during the total
pulse time (150 ps) 4.3 x 10'® n/cm? s, average gamma
flux 3.5 x 10'° quanta/cm? s, average total absorbed
dose rate during the total pulse time 155 kGy/s (Si),
collecting solid angle 2.9 x 10~ sr, the sample diameter
1.6 cm and the sample thickness also 1.6 cm. Measure-
ments were performed at sample temperature of 18°C
and 100°C.

3. Results

Measurements of the radioluminescence spectral in-
tensity were carried out in a visible range simultaneously
for 10 spectral ranges. As an example, Fig. 3(a) presents
the signals obtained from the neutron monitor and from
two radioluminescence channels (A=530 nm and
/=667 nm) for the preliminary irradiated sample from
the third group and a sample temperature of 100°C. One
can see that this signal correlates well with the neutron
pulse and there is no phosphorescence at the sensitivity
level of the measurement system. The secondary y-flux
influence on the photomultiplier is small and only
background pulses after the neutron pulse are induced.
The signal pulse character has allowed one to construct
the radioluminescence intensity dependence on the ab-
sorbed dose rate (Fig. 4). The linear dependence be-
tween these parameters is clear. Therefore, signal
averaging over time is possible to increase the mea-
surement accuracy. For the measurement results, signals
were averaged over the whole neutron pulse time of 150
us. The luminescence intensity per unit sample volume,
per unit spectral interval, and per unit solid angle, for an
average absorbed dose rate of 155 kGy/s is given in
Fig. 5. As one can see from the figure the preirradiated
samples in comparison with nonirradiated samples have
almost the same intensity from 450 to 600 nm and a little
higher luminescence intensity (about 2-3 times) only at
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Fig. 3. Experimental signals: (a) radioluminescence intensity at
A~ 530 nm and A =~ 667 nm (for AZ=27.5 nm) and the neu-
tron pulse; (b) neutron pulse and crown glass radiolumines-
cence intensity together with the long probing pulse of the
transparent light from an external source.
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Fig. 4. The dependence of luminescence intensity on dose rate
during one neutron pulse.
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Fig. 5. Radioluminescence intensity spectral distribution for
samples preirradiated in the stationary nuclear reactor.

wavelengths above 600 nm where the small difference for
different irradiation doses corresponds to the difference
in the induced optical density.

Previous measurements of the quartz KU-1 trans-
parency dependence on the absorbed dose after [1] and
during (in situ [9]) neutron and gamma irradiation have
shown that in the spectral region of A > 400 nm the
transparency almost does not change upto the neutron
fluence of 6 x 10" n/cm? and gamma dose of 2.8 GGy
(with exception of a decrease by 10-15% at 4 ~ 620
nm). The above indicated data on neutron fluence and
gamma dose per one reactor pulse (=1 Gy) are too
small to influence the prompt transparency decrease.
Nevertheless an additional check for the possible influ-
ence of the prompt absorption during the neutron pulse
on the sample was carried out. For the test a sample
crown glass was chosen also, which is much more sen-
sitive to irradiation. The luminescence intensity and the
intensity of the transparent light from the separate
source (13 in Fig. 1) were measured simultaneously
before, during and directly after the neutron pulse. The
oscillograms in Fig. 3(b) shows that just after the lu-
minescence pulse the transparent light intensity does not
change; this means that the optical density of the sample
does not change.

Measurements of the luminescence spectral intensity
at different temperatures gave practically the same re-
sults for 18°C and 100°C (Fig. 6).

4. KS 4V Quartz glass

Earlier a material comparison of different fiberoptics
has shown that the best material for the core is the fused
quartz KS-4V [10] which has an extremely low OH
content (<0.2 ppm). Recent fiberoptic luminescence
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Fig. 6. Radioluminescence intensity spectral distribution for the
samples at temperatures of 18°C and 100°C during irradiation.

measurements were made using the D-T neutron irra-
diation at TFTR [11] and an irradiation in the stationary
reactor IR-8 [12]. In both cases some combined effects of
induced absorption and radioluminescence were ob-
served and in both cases the luminescence intensity was
rather high. Therefore it is interesting to compare the
luminescence intensity of irradiated core material KS-4V
with known data for the KU-1 quartz. Radiolumines-
cence spectral distributions for both glasses are given in
Fig. 7. They are very similar. The difference in the short
wavelength region is not important for the fusion reactor
because neutron flux and gamma dose rate in the window
regions will be much lower than in the present experi-
ment, and a luminescence of both materials will not
prevent from the measurement. These data support the
supposition about the connection of the increased fiber-
optic luminescence intensity with its complex structure.
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Fig. 7. Spectral distribution of the luminescence intensity of
two quartz glasses under neutron and gamma irradiation in the
pulse nuclear reactor.
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5. Radioluminescence in the short wavelength region

The measuring system was modified to measure the
radioluminescence intensity in a region of shorter
wavelengths (1=380-500 nm). (1) One flat mirror was
added to the relay optic, (2) the lens before the spec-
trometer entrance slit was replaced by a spherical mir-
ror, (3) the plastic fiber was replaced by a quartz fibre
and (4) the tested KU-1 sample was replaced by another
one with a size of 7 cm in diameter and 1 cm in thickness
(volume increase more than one order of magnitude).
All other parts of the system were the same as before. A
rather small signal-to-background ratio in the near UV
region did not allow enough accuracy. An attempt to
extend the measuring range below 400 nm was not very
successful, however additional results indicate no signi-
ficant increase of the radioluminescence intensity in this
region (Fig. 8).

6. Discussion

It is necessary to note that the luminescence mea-
surements were done in the wavelength region in which
the optical density of the KU-1 sample does nearly
not depend on the irradiation dose. The strongest
absorption bands are located at =215 and 260 nm.
Beside these bands there are two low intensity bands at
A=310 and 620 nm. In the 620 nm region, the KU-1
transparency of 1 cm in thickness is decreased by
=15% for an absorbed dose of =2.8 GGy. A depen-
dence of the radioluminescence intensity on the preir-
radiation is observed only in this spectral region
(Figs. 2 and 5).

The registered level of the radioluminescence inten-
sity is not higher than 10" W s/cm® nm sr Gy (3.5 x 107
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Fig. 8. Distribution of the quartz KU-1 radioluminescence in-
tensity in the spectral region of 380-550 nm.

photons/cm® nm sr Gy) inside the measured spectral
range. This corresponds to the relative efficiency of the
absorbed energy conversion into luminescent radiation
energy in the indicated spectral region of about 10~ near
to the value given in Ref. [1].

Results of the KU-1 quartz radioluminescence study
as a function of the dose rate have shown that the lu-
minescence intensity for the observed spectral range is
proportional to the dose rate up to 3.6 x 10° Gy/s
(Fig. 4). Thus it is possible to make a linear extrapola-
tion of the measured intensity dependence on the dose
rate for KU-1 quartz toward lower values. The neutron
flux and the gamma dose rate calculated at the end of the
optical periscopic (“‘dogleg”) diagnostic channel in the
shielding block in ITER [13] will be lower by more than
two orders of magnitude less than the neutron flux and
the gamma dose rate in this experiment. To define the
luminescence influence on the optical measurements the
intensity of the bremsstrahlung from the plasma in the
ITER ignition regime was estimated using the equation
for the bremsstrahlung from Ref. [14] and the parame-
ters of a plasma in the ignition regime from Ref. [13].
The bremsstrahlung intensity in this case will be not less
than 2 x 10 W/cm? nm sr (4.5 x 102 photons/cm? nm
sr) in a visible range of the spectrum. The same lumi-
nescence intensity appears under BARS conditions for
the quartz sample but at a neutron flux which is of 2-6
order of magnitude higher. Therefore under ITER
conditions, the influence of the radioluminescence will
be negligibly small for the quartz KU-1 window with
several centimeters thickness.

Another important aspect of the radioluminescence
of KU-1 quartz is the fact that there is almost no dif-
ference between preirradiated and nonirradiated sam-
ples. This means that even in a final phase of ITER
operation the problem of the quartz optics luminescence
can be neglected in the visible range.

7. Conclusions

1. Absolute values of the radioluminescence spectral in-
tensity /zy for KU-1 and KS-4V fused quartz sam-
ples due to gamma and neutron fluxes were
obtained in the visible spectral range in respect
of the gamma dose rate and the neutron flux close
to the same conditions expected in ITER. The level
of the luminescence intensity is less than 107!
W s/cm® nm sr Gy (3.5 x 107 photons/cm® nm sr
Gy) within the limits of the used spectral range of
A=380-700 nm.

2. A dependence of Ix; on the dose rate is linear within
the limits of the investigated spectral range up to 360
kGyls.

3. In the visible spectral region the radioluminescence
intensity Irp of samples preirradiated up to a fluence
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of 6 x 10" n/cm? and 2.5 GGy gamma dose, does
not differ from Ir; of nonirradiated samples with
the exception of the 600-700 nm region. A prompt
transparency decrease of the quartz specimen during
the neutron pulse is absent within the experimental
error and does not influence the radioluminescence
intensity measurements.

4. No difference was observed in the radioluminescence
intensity for quartz samples irradiated at tempera-
tures of 18°C and 100°C.

5. Estimates for quartz windows have shown that Iy is
much lower than the bremsstrahlung intensity from
thermonuclear reactor plasmas.

6. The radioluminescence does not prevent the use of
optical windows made from KU-1 fused quartz for
the visible spectral range in thermonuclear reactor di-
agnostic systems.
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