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y*i EMOTE OPERATION for maintenance, re-
}• Lpair, and dismantling tasks is a well-es-
tablished practice in the nuclear industry, be-
cause radiation doses impede hands-on work
in some instances. However, even under less
extreme conditions, remote work minimizes
waste production, contamination risks, and oc-
cupational doses. Furthermore, in comparison
with purely manual control of telemanipula-
tors, a sensor-based and computer-aided ap-
proach enhances safety, reliability, and perfor-
mance by helping the operator in difficult tasks
where remote perception is difficult.

Objectives The Advanced Instrumentation
and Teleoperation project aims at evaluating
the potential of a telerobotlc approach in a nu-
clear environment and, in particular, the use
of advanced remote-perception systems. It fo-
cuses on two main difficulties: the tolerance of
sensors to high radiation doses and the intelli-
gent data processing needed to compensate for
the limitations of the simpler but more robust
radiation-hardened transducers.

Programme The project implies to set up
a database for all sensitive components to be
used on a nuclear manipulator and to conduct
extensive tests under irradiation, with par-
ticular attention to optical-fibre components.
It also develops position- and force-sensing
strategies for computer-aided telerobotics, us-
ing specific radiation-hardened transducers.
The study of some of these sensors is extended
outside the scope of teleoperation to more gen-
eral applications of advanced instrumentation
in nuclear environments.

radiation of radiation-hardened components
previously assessed under gamma irradiation.
For instance, we irradiated glass samples for
radiation-hardened optical lenses in the BRl re-
actor up to a total fluence of 7 x 1016n-cm~2

(fast flux), but observed no neutron-specific
degradation so far. By contrast, the neutron
irradiation of a radiation-tolerant multiplexer
circuit, built around space-graded, chips (up
to a fluence of 5 x 1013n-cm~2 in fast flux),
showed a degradation behaviour quite differ-
ent from the one appearing under gamma irra-
diation: the digital circuits appeared here more
sensitive than the analog ones. A comprehen-
sive neutron irradiation on displacement sen-
sors and strain gauges is still ongoing.

Regarding ultrasonic sensors, we further im-
proved the measurement technique and in-
cluded a spectral response analysis of the
transducers. The results (at 7MGy of gamma
irradiation) show not only that the amplitude
response of the transducers degrades, but also
that their resonance frequency shifts. A peak-
tracking detection would therefore greatly en-
hance the applicability of these sensors under
high-dose background. An extensive irradia-
tion campaign on piezoelectric accelerometers
was started. Preliminary results at 3 MGy show
that the frequency response in the 30-3000 Hz
range remains remarkably stable.

In collaboration with SdM, we increased the ir-
radiation of special bipolar transistor chips up
to 750 kGy. The tests confirmed this bipolar
technology to be quite promising for high total
doses, but showed also the crucial importance
of bias conditions on the radiation tolerance.
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Radiation tolerance for remote sensing
Components of remote-sensing systems, which
are mainly designed for sensor-based control
of remote manipulators, have been further as-
sessed and tested in representative gamma and
neutron environments at high dose rates. Sev-
eral irradiation campaigns were conducted in
the BRl reactor and in the BR2 and BR3 gamma
irradiation facilities (RITA, BRIGITTE, and GEUSE).

To compare the behaviour of various compo-
nents under gamma and neutron irradiation,
we devoted more attention to the neutron ir-

Optical fibres and optical-fibre sensors
In view of the unique advantages that fibre-
optics communication and sensing systems
can bring to the monitoring of nuclear instal-
lations, we devoted further attention to the ra-
diation tolerance of various photonic devices,
in close collaboration with VUB and FPMS. Be-
sides current fibres, these devices cover spe-
cific fibre sensors for temperature, strain, dose
measurements, fibrescopes, and crucial com-
ponents of an optical signal-processing sys-
tem, such as liquid-crystal variable retarders
for modulating the polarization of light.
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When exposed to nuclear radiation, optical fi-
bres can suffer a strong increase in transmis-
sion loss. This radiation-induced loss results
from the creation of so-called colour centres,
which are point defects in the fibres' vitreous
silica, generating absorption bands in the ultra-
violet and visible-light spectrum. Besides ab-
sorbed radiation dose, dose rate, tempera-
ture, and wavelength, the fabrication process
of the fibre itself largely determines its radia-
tion response. Earlier work focused on the
transparency of optical fibres for applications
in the visible wavelength range, such as fi-
brescopy. Now, in collaboration with the Kur-
chatov Institute (Russia), we realized a pro-
totype fibrescope which can be used up to
total doses of lMGy. We extended our in-
vestigations to particularly pure silica core or
low-germanium-content core single-mode op-
tical fibres for telecommunication. One par-
ticular problem was to interpret neutron ir-
radiation effects on polymer-coated optical fi-
bres. For apparently equal neutron and gamma
doses, the neutrons induced higher attenua-
tion than gamma rays. In collaboration with
FhG, we showed that this increased attenua-
tion was due to an additional dose contribution
of neutron-induced recoil protons originating
from the polymer coating.

Optical-fibre sensors are also being upgraded
to the nuclear constraints. Our attention fo-
cused on three types of commercially available
optical-fibre temperature sensors, which we ex-
posed to gamma radiation. The most gamma-
radiation-resistant sensors appear to be the
semiconductor absorption sensors, which re-
mained operational up to the end of the test
(400 kGy). A Fabry-Perot sensor on the other
hand degraded almost linearly as a function
of dose, whereas fluorescence sensors stopped
operating abruptly right at the start (250 Gy).
Both failure modes could be related to a bad
choice of the connecting fibre. Putting another
fibre on the fluorescence sensor, for instance,
allowed us to increase its tolerance at least up
to 50 kGy, which represents an improvement
by a factor of 2 000. The optimization of the
sensor design for operation in more benign en-
vironments may thus work poorly under ra-
diation. For instance, a larger numerical aper-
ture of the connecting fibre to minimize optical
power injection loss yields a less tolerant fibre.

In collaboration with the Russian FORC, we
are studying the feasibility of optical-fibre do-
simetry, using phosphorus-doped fibres. We
test different dopant concentrations to obtain
a linear radiation-induced attenuation and a
negligible recovery.

Liquid crystals are also of major importance
in today's photonic technology, but very lit-
tle is known about their radiation tolerance.
Liquid-crystal variable retarders made of pla-
nar nematic liquid-crystal cells were irradiated
up to 1.5 MGy. The characteristic retardance-
voltage curves shift to lower values as a func-
tion of dose, mainly because of the degrada-
tion of the boundary cohesion of liquid-crystal
molecules with the polyimide alignment layer
of the liquid-crystal cell.

Computer-aided teleoperation Although
the tasks to be performed remotely are usu-
ally similar to hands-on tasks in normal fac-
tory workshops, the use of a telemanipulator
arm brings particular difficulties to the oper-
ator: the slave arm is but a poor copy of the
human one, and the remote sensors, particu-
larly radiation-hardened ones, are but a poor
substitute for the human senses. We contin-
ued our research on sensor-based control, to
develop an efficient aid to the human opera-
tors of a remote machine.

In nuclear applications, full three-dimensional
models of the environment are rarely available.
Usually, however, an accurate geometric infor-
mation is only needed very locally, close to the
object to handle. Our work therefore focused
on task-directed geometric modelling of small
parts of the environment, made possible by
active sensing, that is, by moving the sensors
around to build the needed information.

In 1997, we proposed a smoothly constrained
Kalman filter, new extension of the well-known
Kalman filter to systems with constraints. Ob-
jects are described as a collection of simple
primitives such as planes and cylinders, with
constraints defining their relative positions.
This state description shortens design times,
as a limited set of primitives suffices to de-
scribe a wide range of objects and their inter-
action with the sensors.
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Recently, we focused on data interpretation
and developed a multiple-hypothesis tree, to
solve the possible ambiguities on the origin of
the measurements (that is, which part of which
object was observed by a given sensor). The
technique keeps track of different hypotheses
and eliminates them progressively with suc-
cessive measurements. Our research concen-
trated on the best methods to prune the hy-
pothesis tree and to rank the plausible inter-
pretations of the measurements.

We also tackled the active-sensing algorithm it-
self, that is, the task-directed planning of the
sensing actions to improve the reliability of the
estimate and to obtain the precision required
by the task. Since the classical theory of opti-
mal experimental design shows definite short-
comings in the context of this work, we are now
finalizing a new method, called energy-optimal
experiment design.
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