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ABSTRACT

For on-line control, the two alternatives of automatic sample transfert and in situ remote analysis
are discussed. New concepts are emerging from the possibilities offered by optical fibers. Absorption in
the visible, UV and IR, fluorescence and Raman spectrometric techniques are examined. The state of the
art of optodes and devices in chemical process control are given, with some examples of applications in
nuclear plants.

INTRODUCTION

Since their recent emergence, optical fibers have attracted growing interest in the fields of
chemistry, biology and environmental sciences. The most recent reviews 1,2,3,3,5,6, books 2,3,5 and
special issues 7 show that, in the past decade, optical fibers have sparked a resurgence in techniques of
absorption, luminescence and Raman spectrometry. The acknowledged advantages of optical fibers (transfer
of an optical signal over long distances, electrical insulation, small transverse dimensions), and the
growing diversity of commercial achievements (silica, plastic, fluoride glasses, chalcogenide fibers)
have given rise to a wide variety of medical arid industrial applications.

The term "optode", usually applied to fiber optic chemical sensors (FOCS), and coined in 1975 by
Lubbers and Opitz 8 (and which we prefer to the term Optrode that is sometimes employed), shows that the
signal is conveyed by an optical rather than electrical (electrode) path. A recent proposal 9 classes
them in three groups :

- "Passive" or "extrinsic" optodes for which the fibers are merely light guides. The optical properties
result from the natural properties of the medium (absorption, luminescence).

- "Semi-active" or "active extrinsic" optodes, for which the optical value measured results from a
chemical reaction located between the ambient medium and a reagent placed at the end of the fiber,
without any modification of the intrinsic optical properties of the fiber.

- "Active" or "intrinsic" optodes, for which the interaction of light with the surrounding medium takes
place in the fiber itself. The chemical reactions thus directly change the properties of the
waveguide, either at the surface (optical cladding, for example), or in the core of the fibers (liquid
core fibers, for example). The insertion of chemical reagents on a silica fiber can thus be achieved
by coating or, more recently, by silanization and grafting of active molecules.

Process control in the chemical industry, especially in the field of gases 1° and the nuclear fields
11.12 was one of the first branches interested in the commercialization of "telecommunications" optical
fibers. The industrial applications are mainly concerned with absorption techniques 13,14,15 (passive
optodes) and refractometry (active optodes) 16, which are particularly advantageous for multipoint
measurements 17. However, in process control, fluorimetry and Raman spectrometry are promising techniques
on account of their sensitivity and selectivity. The work of the Lawrence Livermore National Laboratory
(LLNL) 18 considerably assisted the extension of the RFF (Remote fiber Fluorescence) technique.

This study, which focuses on spectrometric techniques, discusses two aspects of industrial remote
chemical process control, examines the state of the art of optodes in this field, concepts relating to
"in situ" control, with examples taken in the nuclear environment. The components and equipment
associated with this optical fiber technology will also be analyzed by taking account of industrial
objectives and economic desiderata.

1. INDUSTRIAL PROCESS CONTROL WITH OPTICAL FIBERS

Two methods are available for on-line control.

The first method uses the automatic transfer of the samples from samplings taken from the main stream
or a suitable side stream 19. A schematic configuration, including the optical fibers, is shown in Figure
1. The automatic multipoint sampling of the process (continuous or batch) is achieved by conventional
methods using a chemical preparation. The sample, dilute and chemically conditioned (reagent additions)
is remote-analyzed using optical fibers. If the process is located in an explosion-proof or radioactive
zone, the samoling is also placed in a "hot area", such as a glovebox or a hot cell.
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The measurement cell can either be built into the chemical preparation reactor in a specific
configuration, or consist of a specialized probe (optode) immersed in a "sample jug" placed on a
carousel. The analytical laboratory, which may be half a mile away» contains the analyzer(s). optical
multiplexing stations, automated systems for sampling, dilution, reagent additions, transfers to the
measurement point, waste removal, and management of results. In a nuclear environment, and for personnel
safety reasons, this laboratory is itself located in a "hot zone".

This configuration is obviously individualized in the various plants. It usually depends on the
existing installations, since the production units have generally been designed before the concepts of
remote spectrometric analysis were developed. In this case, the advantages associated with optical
fibers, although limited, are nevertheless considerable :

- The absence of sample transfers to the measurement cell of the spectrometry instruments which are
equipped with optical couplings 20.

- The possibility of a multipoint measurement for the same analyzer (optical lines distributed among
several laboratories and several stations).

- Ideal measurement cell configuration for on-line measurement (for example, pencil probes), as the
optical fiber lends itself to a variety of arrangements.

- The absence of electromagnetic interference in the measurement in hostile environments.

The main drawbacks are associated with the lack of familiarity in the use of optical fibers in a
sometimes unsuitable "plant" configuration, and with the youth of a technology that is still not fully
under control (optical multiplexing and instrumentation connections) and costly (lacking a "mass
public"). Added to these drawbacks are those associated with the sampling (complex, costly, requiring
considerable maintenance) without any real advantage of faster information (measurement) for the process.
In our opinion, the essential importance of optical fibers thus lies in a new definition of "in situ" on-
.line control which can exploit their many advantages, which can only really be enjoyed by the newly-built
plants.

The second method avoids or limits sample transfers. It allows "in situ" measurement either on the
main stream (continuous process) or in the process tanks (batch), or on a side stream specially designed
and with a slight holdup. Like that, the advantage of remote measurement in real time is preserved. This
architecture is shown in Figure 2. Circulation cells or small-diameter immersion probes are employed. The
small fiber cross-section can thus be exploited to minimize the sample volume. The disappearance of all
mobile systems (including that of the optical multiplexer) is also a considerable asset for the
representativity of the measurement. The interchangeability of the circulation cells and probes (of which
the service life may raise a problem) must be considered from an external action zone (optical
connector). The operating conditions remain to be determined according to the type of plant (nuclear or
other). This technique of remote measurement, in real time, without sample transfer, requires the
following developments :
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The creation of optimized measurement cells with low optical losses and high energy efficiency : this
includes the development of special high-optical performance fibers (see Section 2) with a wide
spectral range (especially for measurement in UV and IR).

The organization of new control methods for which, apart from absorption (UV, visible, near IR), three
other spectrometric techniques are promising : fluorescence, Raman spectrometry and IR spectrometry
with Fourier transform (FTIR).

The standardization of new concepts of on-line control for calibration, internal reference, and
measurement range, considering the dynamic range of the measuring instrument (in amplitude and
wavelength).

The realization of new associated components, from sources, detectors and multiplexers associated with
the fibers, to connectors, in order to obtain an advantageous optical communication budget and good
signal-to-noise ratio over the entire measurement range.

The fabrication of new measuring instruments for monitoring with optical fibers (low cost instruments)
or extended spectral measurement. In this case, "video" techniques with photo-diode array
spectrometers (intensified or not) and with time multiplexing, by source modulation (laser or LED with
fibers) or signal modulation (time resolution laser spectrometry) are among the best possibilities for
real-time "in situ" on-line control.

2. ON-LINE CONTROL TECHNIQUES AND OPTODES

2.1. Spectrometric techniques

Absorption, reflectance (for solid products and powders), fluorescence and Raman spectrometry are 1 • ••
usual methods considered for on-line control.

- Absorption (photometry) is the simplest of these techniques. It is based on a Beer-Lambert law. The
absorbance A (logarithm of the relative light intensity before and after the sample) is proportional
to the concentration C of the species to be measured with an optical path of length / :

A = f ./.C = Log (lo/I)

where ( is a proportionality factor called the extinction coefficient (molar if the concentration C is in
moles./-!).

- Reflectance (R) is related to the concentration according to the Kubelka-Munk theory :

F (R) = (1 - R)2/2R =(.C.S"
1

where S is a diffusion coefficient. This function F (R), which is difficult to evaluate, is usually compared
with an absorbance function. In monitoring, the diffusion of light by particles in suspension have been the
subject of two projects 21, using techniques derived from nephelometry (which is an observation at 90 degrees
from the diffused light).
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- Fluorescence is tending to enter general use because of its selectivity and sensitivity (up to 10-
12 mol. «'I). This fluorescence F is proportional to the concentration C of the fluorophosphor :

F = k.0F.Po.6./.C

where P is the power and K a proportionalityr of the incident light, 0̂  the fluorescence quantum yield, anc
factor. "Fluorimetry techniques are subject to interference by "quenching" in the presence of species
foreign to the fluorophosphor (Stern-Volmer function). Consequently, the best-known results on-line are
related to the lifetime of specific fluorescence of each species at the same time as the variation in the
optical spectrum is analyzed for wavelength. This has given rise to the technique of spectrofluorimetry
with pulsed laser and time resolutions 22.

- Raman spectrometry is observed when the wavelength of the diffused light is different from the
excitation light by a change in polarization and vibration energy of the particles. The intensity of
the Raman emission is directly proportional to the concentration of the species and specific to
chemical bonds. The natural Raman emission of the optical fiber has been proposed to serve as an
internal reference for the fluorescence measurements in process control 23.

2.2. Optodes

Apart from a number of attempts at monitoring using "semi-active" optodes 15)24, research projects in
process control have been limited to the use of passive optodes on line. Figure 3, for absorption,
reflectance and scattering shows the main optodes used today. Among the circulation cells, the simplest
(Figure 3 a) consists of an optical adaptation between the light-emitting fiber and the receiving fiber.
The optical path in solution may vary from 1 mm to 0.5 m for linear cells 19. An additional fiber forming
a loop serves to have the source and detection points on the same side according to the arrangement of
Freeman and al 14 shown in Figure 3 b. Two models of long optical path cells have been used. One is an
adaptation of the WHITE cell (Figure 3 c) for measuring hydrocarbons 1®. The second was made specially
with optical fibers (Figure 3 d) for maximum improvement of the optical path/dead volume ratio of the
cell 25. The best performance obtained with PCS fibers diameter 1 mm is about 3 ml for a 75 cm optical
path in solution and 300 ml for 30 m in gases.

Immersion probes use a mirror for absorption measurements, either with two fibers only (CEA-
Photonetics model in Figure 3 c) or with multifibers, like the model in Figure 3 f. The drawback of these
mirrors may be a decrease in their reflectance by corrosion or dirt, entailing their interchangeability
and the knowledge of their natural drift (e.g. with an internal wavelength reference) in process control.
For reflectance on solid products, arrangements of fibers in a ring around a central light-emitting fiber
(Figure 3 g), have been proposed for infrared measurements of agrifoodstuffs 27. The measurement of
particles in suspension illuminated by a laser beam is considerably facilited by an arrangement of
carefully-positioned optical fibers 21 (Figure 3h).
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Figure 3
Passive optodes in absorption, reflectance,
scattering for process control.
S = Source , D = Detector , F.O = Fiber Optic

Fluorescence and Raman spectrometry optodes basically have the same characteristics. The best-known are
shown in Figure 4. The value of the single-fiber arrangement 13 with drilled mirror (plane or concave)
adapted to the spectral fluorimeter (Figure 4 a) is offset-by the undesirable fluorescence of the fiber.
Although the fiber can serve as an energy reference, it may limit the measurement if very long fibers are
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used. Two-fiber (Figure 4 b) straight or inclined arrangements although less compact are used. Several
recent models have been proposed. The first (Figure 4 c) uses a ring fiber 28 in which the excitation (Ae)
must be dissociated from the fluorescence emission (Am) at the fiber/spectrometer junction. The
development of a drilled-mirror optode with multifiber rings (Figure 4 e) that can be placed linearly in
front of the monochromator slit serves to obtain a clearly-defined optical path 29. Finally, recent
Raman research 30 has demonstrated the value of capillary (previously recommended on single-fiber with a
focusing sapphire optic 13), to improve the emission efficiency (by a factor of 5 to 50).

All these optodes are still in the development stage. It is already possible to predict specific
products within a few years
"telecommunications" type.

for spectrometry, based on fibers which will no longer be of the

Xe Xm

I

Figure 4
Passive optodes in fluorescence and Raman spectrometry
for process control (a) mono-fiber © bi-fiber
(c) fibers in crown and crown with drilled mirror

3. CONCEPTS IN SPECTROMETRY WITH OPTICAL FIBERS

It is mainly in absorption spectrometry that the concepts of on-line remote control by optical fibers
have been defined 10,12,15. AS a starting hypothesis, they all use the "in situ" on-line measurement over
long periods, shown schematically in Figure 5, and they can be summarized as follows.

- The simultaneous measurement at (n + 1) wavelengths, where n is the number of independent species in
solution. The simplest case is the measurement at two wavelengths. One is specific to the product to
be analyzed, and the second serves as an internal spectral reference (Figure 5 a). The variation in
noise at the absorption peak Up) is assumed to be the same as for valley (Av) and indicative of the
species (M) to be analyzed.

- Simultaneous measurement on the sides of the absorption spectrum. This is justified if the
identification of the wavelengths is absolute and the observation window (dA) is constant. In
principle, these conditions exclude wavelength scanning spectrometers in favor of photodiode arrays.
These measurements on the sides allow the extension of the measurement to (n + x) wavelengths in
accordance with the complexity of the noise correction. At three wavelengths (n = 1 and x = 2),
according to Figure 5 b, the absorbance function thus becomes :

A = Log (IA p / IA v) + k Log (Up / IAS) = K [M]

In certain cases, this measurement on the sides serves to extend the dynamic range of the measurement
by a factor of 100 to 1 000, while avoiding equipment distortions (Figure 5 c).

- Simultaneous measurement at (N + n + 1) wavelengths where N is the number of interfering functions (or
species) on the n species investigated. For n = 1 and N = 3 (acidity H, ionic strength I, temperature
e), the spectrum of the species (M) must be analyzed at five wavelengths, or treated by algorithm.
Indeed, the spectral distortions (Figure 5 d) must be analyzed before allowing on-line control.
Significant examples have been described in nuclear environments, in the presence of interacting
species such as U (III) and U (IV) 15f or for monitoring uranium VI in media of variable of acidity,
total nitrates and ionic strength 31.

- Simultaneous measurement in iso-absorbance on the sides of optical spectra (shown in Figure 5 e). One
species (2) may be measured relative to another (1) considered as a standard and which serves as a
reference. Traces of (II) can thus be detected even if species (I) is highly absorbent at the
measurement wavelengths Asj and AS2- This concept is sometimes very useful, as demonstrated for the
Chemex process for the isotopic separation of uranium 32.

- Simultaneous detection of multiple interfèrent species of which the optical spectral have first been
identified. This detection (shown in Figure 5 f) is mainly useful for studies of chemical kinetics,
spectral distortions resulting from the formation of complexes in solution and from the influence of
the medium. It is indispensable in the near infrared (NIR, FTIR) zone where the spectra may be
complex. The spectral operating method usually requires reliance on algorithms and on the recent 32
chemiometric methods.
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Similar concepts can be considered in fluorescence and Raman spectrometry. In particular, an internal
reference (excitation amplitude 13 and/or spectral reference) is indispensable for on-line control. One
advantage of fluorescence derives from the fact that selectivity is dependent on various decisions : the
excitation wavelength, the value of the time shift of the measurement gate (related to the fluorescence
lifetime of the species present) and the fluorescence measurement wavelength. Quenching processes due to
the variation in the matrix (interfering at variable content) must nevertheless be controlled.

4. INSTRUMENTS. ASSOCIATED COMPONENTS AND LIMITS OF USE

4.1. Instruments

Typically, a process control instrument must be reliable over long periods in spite of the absence of
calibration or reconditioning. Subject to a plant environment, it must also impose minimum constraints
and maintenance. Few instruments satisfy these conditions today. In our opinion, current developments
represent a preliminary approach. Four types of analyzer can be found:

- "Monitoring" instruments, generally with discrete wavelengths, such as the Telephot ® (CEA) 15, the
modular units of the Oriel Corporation (Stamford) and Du Pont de Nemours or LT instruments (USA).
These generally perform on-line "in-situ" remote control functions with optical fibers. However, they
need light sources with long lifetimes (5 000 to 10 000 hours), with high energy and low spectral
drift. Detectors of the PIN type (photodiodes) are preferable due to their stability. A new three-
wavelength analyzer, featuring automatic range switching over a wide dynamic range (80 dB) and
synchronous detection should be marketed in France shortly under the name Telephot ASP 34.

- Commercial analyzers mainly intended for laboratory use, which can be coupled with optical fibers 20.
Devices for adaptation to most spectrophotometers (Beckman, Varian, Hewlett Packard, Perkin Elmer)
have thus been commercialized (Société Photonetics, France). Assemblies of fibers on
spectrofluorimeters 22« ^, Raman spectra and IR spectra 35 have already proven their value. However,
these units are only partly adequate for continuous "in situ" process control. This is because the
optical adaptations make them lose their dynamic range, since the numerical apertures (for detection
and emission) are rarely adapted to the existing optical fibers. The best good resolution compromise
(hence numerical aperture and slit as small as possible) and with a good signal-to-noise ratio
(minimum losses) is generally not obtained on this type of system. Photodiode array instruments,
without spectral scanning, are nevertheless the best for on-line control. This class also includes the
series of spectrophotometers HP (8450 to 8452), the Fluo 2001 spectrofluorimeter and the Raman
spectrometer made by Société Dilor (France).

- New spectrophotometers designed around the optical fiber. With wide spectral ranges (0.2 to 2
microns), and modular, the "Guided Wave Inc" spectrometer is already used in process control (batch).
Its design (spectral scan, photomultiplier etc) makes it more similar to an analytical instrument than
to a unit for plant process control. It can be associated with a group of twelve optically-multiplexed
channels. The DTC 1000 spectrophotometer (CEA) sold under the trade name Spectrofip (Société
Photonetics, France) was recently developed for remote control of nuclear materials 15. Designed in
the original range of 0.7 to 0.95 microns (to measure Pu (VI)) with a resolution of 0.6 nanometers (50
micron slit), it is of the "video" spectrometer type with photodiode arrays (1728). It acquires a
spectrum in 10 ms. The minimum time between each measurement (about 0.5 s) makes it ideal for on-line
monitoring and for analyzing chemical kinetics.
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- Developments under way are based on the possibilities offered by light-emitting diodes, laser diodes
(sources) and photo detectors directly coupled by optical fiber. Typical examples of multipoint
measurements with optodes of different types have been presented by Smardzeski 36. Wavelength and
frequency modulations of different LEDs, combined with synchronous detection, make it possible to
predict diversified configurations for multicomponent measurements. These developments should make the
instruments more rugged and cheaper, hence more accessible to industrial users.

4.2. Fibers

The fibers marketed today (Figure 6) cover a fairly wide spectral range to allow most determinations.
In the gas field, the lower harmonics of molecular vibrations are generally used with silica fibers 1" or
fluoride glass fibers 35. Liquid media are generally effectively analyzed in the visible at near
infrared. The absorption peaks of the OH ions included in the fiber may prove to be a limitation in the
near IR, although a high OH content is generally considered as an advantage in the ultraviolet 37.

. ^—Chalcogenide glasses
lAs Ce Se le)

Figure 6
Comparative losses

in the commercial fibers

0.1

4.3. Components

"Telecommunications" components have served to demonstrate the value of optical fibers for on-line
control. However, if the fibers are "special instrumentation", or owing to their diameter (greater than
140 um), or because of their composition or their structure, the associated components are generally
lacking. Two of them are nevertheless indispensable.

- Connectors with low insertion losses and good reproducibility even with vibrations. Their attenuation
must not be modified in the case of handling (conversation of the light intensity at all wavelengths).
They must not be fragile, and thp ends of the fibers must be protected. It is also necessary to
balance the light propagation modes and to reduce the Fresnel reflections.

- Couplers and multiplexers whose quality may or may not allow multipoint measurements. Their
development will condition the accessibility of the most costly techniques (fluorescence, Raman, FTIR)
in "in situ" control. The specific character of this multiplexing (called spatial multiplexing) is the
possibility of balancing all the measurement channels (II to In) as shown in Figure 7. The light
source intensity (lo) must be a maximum (l reference) for all the channels when making the zero. This
condition is difficult to meet if a laser source serves as the exciter in the ultraviolet, due to all
the types of interference in the fiber (absorption losses, Fresnel reflections, crosstalk, fiber
fluorescence).

0

Figure 7
Spatial multiplexing for spectrometry.

Research for the minima and equal
losses between the different points

64 / SPIE Vol. 1012 In-Process Optical Measurements (19881



5. CONCLUSION

"In situ" on-line remote control using optical fibers is just beginning to demonstrate its
effectiveness. All the considerations and concepts described show that it is necessary to be thoroughly
familiar with the measuring instruments and the process. Spectrometric techniques (absorption, diffusion,
fluorescence, Raman, FTIR) are still in full development. For technical (calibration) and commercial
reasons, the measuring instruments are still used by analysts and not process operators. Optodes
(sensors) are simple and of the "passive" type. Now emerging are new arrangements capable of minimizing
the optical losses of the probe and of improving the energy efficiency (fluorescence, reflectance,
Raman). Portable instruments with sources and solid-state detectors are now popular for cutting costs
while improving reliability.

The advances considered should cover semi-active optodes in so far as they offer lifetimes compatible
with industrial operations. Due to their specificity, they are interesting in plants designed with
sampling operations, provided they are easily interchangeable.

The future conception of a plant equipped with optical fibers for multipoint and multicomponent
measurements (sensor networks) with high-performance analyzers still needs essential developments, both
in the operating conditions of "in situ" analysis and in the development of components (multiplexers,
connectors, optical cables) of the entire instrumentation circuit.
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