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ABSTRACT 
This paper describes, with examples, how optical fibers fia Je raised new 
concepts in spectrometry, such as the internal spectral reference, instan
taneous measurements on the sides of the absorption spectra,and the model
ling of spectral variations. With optical fibers, original technical solu
tions are used for remote chemical analysis. 
INTRODUCTION 
Most optical fiber sensors developed so far are designed for physical measu
rements, such as mechanical, electrical, magnetic and nuclear forces, or 
temperature determinations. These sensors are normally classed according to 
the way in which the light is modulated : intensity, phase, frequency, wave
length, polarization [1]. 
Those that are intended for chemical measurements are not generally consi
dered as "noble" sensors. In fact, apart from those for which the fiber 
itself is the sensing element, due for example to the sensitivity of its 
cladding to variations in refractive index, they use the fiber as a passive 
light guide up to (and from) a point "sensor" sensitive to the modulation. 
However, they are becoming increasingly important for most industrial pro
cess controls. One example is remote spectrophotometry by optical fibers, 
for which the sensor is sensitive both to modulations of intensity and 
wavelength [2]. 
This paper describes how optical fibers have provided new concepts in spec
trophotometry, as well as original solutions for remote process control. 
1 - NEW CONCEPTS 
1.1 
The first concept is based on the choice of an internal spectral reference 
with simultaneous measurements at (n+l) wavelengths, where n is the number of 
variables, and where the complementary wavelength is an absorption valley. 
This valley serves as an internal spectral reference. 
Thus, for the simplest colorimetric devices, which display a wide spectral 
band characteristic of the chemical species to be analyzed, using interfe
rence filters, on wavelength is selected for measurement, and a second refe
rence wavelength for which the absorption of the species is nil. The value 
of this differential measurement is to eliminate an optical background assu
med to be identical at both wavelengths selected. 
This concept led to the construction of optical fiber photometers which have 
found a wide variety of applications, ranging from measurements of hormone 
extracts [3J to on-line control of plutonium in nuclear fuel reprocessing 
installations. The representative industrial instrument is the Telephot© 
whose schematic diagram is given in Figure 1 for a measurement at three 
wavelengths (two species + one reference). An optical fiber bundle serves to 
distribute the light to three detectors. Although the most widely used ins
trument features two wavelengths, units v/ith four and five wavelengths have 
already been developed for specific industrial applications. 
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If the absorption spectrum is not symmetrical about the peak, two internal 
references can be used [4]. The resulting absorbance is written : 

A = KC = log(I/Ix) + k log(I/I2) 
where I is the light intensity at the peak, and \x and I 2 are those of the 
references. 
1.2. 
The second concept presumes the possibility of spectral measurements of a 
species at all the wavelengths for which it is absorbent, including the 
sides of the absorption spectrum. Figure 2 illustrates this possibility by 
measurements at the peak (Xp) or on the sides (Xs) with the use of the 
internal reference (Xv). 
The advantage of these measurements is considerable. In fact, if the absor
bance at the top of the absorption peak approaches the limit of the scale 
range of the measuring instrument (at value Am for example), spectral dis
tortion is often observed. Below this limit, the choice of a wavelength (Xf) 
on the sides of the absorption spectrum is intended to adjust the absorbance 
measured at the concentration of the species in solution, without altering 
the optical path. As an industrial example, a measurement of 470 nm (instead 
of 350 nm at the absorption peak) allowed the in situ on-line control of 
high chlorine dioxide concentrations (C102) unstable in air, used to bleach 
paper pulps. 
In an on-line measurement, for which the measurement cell has a fixed opti
cal path, the scale range is therefore increased artificially by adjusting 
the Xf values at the measured concentrations. This gives scale ranges of 
2500 with instruments that would only allow 300 in the case of absorption 
peak measurements alone. 
1.3. 
The third concept, based on instantaneous measurements, is intimately linked 
to the second by on-line analysis. In fact, due to the existence of mechani
cal play, albeit very narrow, observed in a spectral scan, the mobility of 
the gratings induces less repeatability of the measurement on the sides of 
the spectra, especially if the latter are very steep (measurements of high 
concentrations for example). 
Stationary devices, which also allow multiple instantaneous measurements, do 
not have the same drawbacks. Colorimeters with interference filters such as 
the Telephot® and, more recently, diode-array spectrophotometers, associa
ted with optical fiber units, are ideal for direct in situ analysis, and 
also for studies of multi-wavelength kinetics and process control. 
1.4. 
The fourth concept includes the simultaneous determination of several compo
nents. In industrial on-line control, many complex interference effects are 
often observed (turbidity, variable background, interference reactions,etc). 
They require a good selection of the useful wavelength ranges, in accordance 
with the relative measurement scales. This also applies when several compo
nents are present at the same time. Diode-array spectrophotometers equipped 
with optical fibers are ideal for solving this problem, especially if asso
ciated with a microcomputer [5], 
For example, investigations under way concern the in situ control of ura
nium IV and VI, and plutonium III et IV mixtures, whose spectra are given in 
Figure 3. In this case, the HP.8450 four-channel (+ 1 reference) spectropho
tometer equipped with optical fiber couplers and a computer (Figure 4) today 
appears to be the best measurement system in view of the complexity of the 
problem. 
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1.5. 
The modelling concept stems from the observation of spectral variations of 
given chemical species as a function of experimental conditions (pH, acidi
ty, ionic strength etc). To provide an example, Figure 5 shows the spectral 
deformations of uranium VI, depending on the acicity of the medium, and 
especially its nitric content. Thus the presence of several nitrate com
plexes of uranium VI induces an increase in absorbance between 0.2 and 5 N, 
the non-observance of Beer's Law at high concentrations, and a spectral 
distortion which must be clearly indentified before performing on-line con
trol. 
Modelling studies are aimed to determine the absorbance as a function of 
different variables (e.g. concentration, acidity), either using regressions 
(or least squares) or based on the law of additivity of absorbances of dif
ferent complexes in solution and of their stability constants. Modelling 
must include the modifications due to the reactions between valency species 
(like U IV/U VI or Pu III/Pu IV) and interferences with other substances, 
to select the measurement wavelength range adapted to on-line control in 
accordance with the concentration of the species investigated. 
Microcomputers have made an essential contribution to the storage of optical 
fiber spectra and of models [6]. A typical program is shown in Figure 6 for 
a chemical species (M) forming complexes with a ligand (L). This program 
essentially carries out calibration, calculations of the absorbance, at each 
wavelength as a function of the variables, checks the results on discrete 
samples, and during on-line control. 
2 - TECHNICAL SOLUTIONS 
The following original technical solutions are offered by optical fibers in 
spectrometry. 
2.1. 
Low attenuations justify long-distance measurements in an industrial envi
ronment without significant weakening, neither of spectral resolution for 
variable slit spectrophotometers, nor of the scale range for variable gain 
instruments. In fact, the limiting optical losses are not so much the 
intrinsic losses due to the fibers (about 2 dB for a QSF 1000 with 100 m 
round trip), as the fiber insertion losses in most commercial instruments 
not designed for the purpose (8 to 9 dB) or losses due to the measurement 
cell (3 to 20 dB depending on type). 
2.2. 
Measurement cells (sensors) are independent because they are distant from 
the measuring instrument. Hence they can have any geometry, can be used with 
or without pressure, in a hostile environment. A wide variety of models has 
already been developed with optical fibers, in the past ten years of re
search and development, adapted to each use (compact size, insertion in a 
"pipe", low or high temperature), with a wide range of optical paths (from 
1 mm to 1 m in solution). 
2.3. 
Easily divisible optical bundles, possibilities of "y" welding of monofi-
bers, and multiplexing, are further advantageous possibilities for building 
multi-channel or multi-wavelength systems, and hence the use of references 
associated with in-attu on-line measurement. 
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2.4 
The adaptation of optical fibers to many commercial spectrometers has alrea
dy been demonstrated [4] both with low priced single-channel instruments(for 
titration devices for example), and for the latest instruments with spectral 
scanning, like the Varian 2300 (Figure 7) and diode-array instruments (Figu
re 4). 
2.5. 
The properties of optical fibers can also be used to develop new active sen
sors in remote spectrometry. One example is the use of intensity variations 
resulting from a variation in refractive index of the cladding or of the 
liquid which serves as the cladding [2], their use in fluorimetry or Raman 
spectrometry [7], and the appearance of a whole new class of chemical sen
sors [8]. 
CONCLUSIONS 
Ten years research and development conducted at the CEA in remote colorime-
try and spectrometry by optical fibers have led to the determination of the 
best conditions for an on-line measurement for industrial process controls 
and laboratory analyses in a hostile environment. 
It is rather rare to be forced to use all the concepts discussed above for 
routine industrial experiments. As a rule, the combination of some of them 
suffices. In this respect, the example of the on-line control of uranium 
and plutonium mixtures is one of the most difficult problems that can be 
encountered, since the complexes present in solution correspond to mix
tures of at least a dozen components. 
One may add that no commercial instrument is currently universally ideal 
for the generalization of on-line spectrometry for industrial uses, despite 
the advent of diode-array instruments and associated data processing. What 
is lacking in most cases is the proper matching of the optical fibers to 
the spectrometer, hence the need to develop homogeneous systems. Thus, by 
demonstrating the present limits of these instruments, optical fibers will 
certainly contribute to the broad development of spectrophotometry ins
truments for many new applications, ranging from measurements in hostile 
environments to on-line industrial control. 
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