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approximate value of the analyte diffusion coefficient from the time response. Finally, the time evolution
of the envelope of the optical signal is explained with experimental evidences.
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1. Introduction

In this paper, we present results of a theoretical modeling of
the mode coupling mechanism that forms the basis of the opera-
tional principle of the migration velocity sensor that was presented
earlier [1]. The sensor, initially developed for capillary gas chro-
matography (GC), is a distributed fiber optic sensor that measures
the velocity of vapors zones in real time, as they migrate inside the
capillary.

Using optical sensors as detectors in GC is not new. For instance,
Liu et al. [2] have proposed the use of a Fabry-Perot interferome-
ter inserted in a hole drilled on the side of a capillary. Previously,
other researchers have studied the use of optical ring resonators as
a detector, permitting the detection of nanograms of analytes [3].
Another fiber optic detector based on mode-filtering has also been
studied by Synovecetal. [4,5]. All of these fiber optic sensors are not
distributed sensors, and once decoded, the information provided
by these detectors is not much different from those of other detec-
tors used in GC: they measure the amount of analyte passing in
the detector over time. The polarimetric sensor that we developed
[1,6-10] differs from the previous ones in that it is really a dis-
tributed sensor. Light is injected at the entrance of the capillary fiber,
propagates along the entire length of the capillary, where it inter-
acts with the analyte present in the column, and is then detected at
the capillary output. Decoding the optical signal gives information
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on what is happening inside the capillary in real time. It is worth
noting that the distributed measurement does not give the posi-
tion of the vapor zones, but their velocities. The processed signal
given by this velocity sensor translates into a series of peaks whose
positions correspond to the migration rate of the vapor zones.

The sensor uses a birefringent optical fiber in which is located
a capillary that runs along its length. This capillary makes an angle
of 30° relatively to the elliptical core of the embedded waveguide.
Hereafter, this optical fiber will be referred to as the capillary fiber.
The operating principle of the sensor, which is polarization modes
coupling caused by a rotation of birefringence axes induced by
vapor absorption in the stationary phase, and the first results of
velocities measurement, permitting the identification of the ana-
lytes, have been published recently [1]. The present paper is instead
focused on the quantitative aspect of the sensor’s signal. To this end,
we developed a mathematical model of the mode coupling mech-
anism that describes the amplitude of the optical signal in relation
to the amount of analyte migrating in the capillary. We apply this
model to a Gaussian distribution of the vapor zone in order to high-
light the characteristics of the sensor. Experimental results on the
linearity of the sensor and the effect of zone spreading are also pre-
sented. Finally, the phenomenon of the signal baseline variation
(envelope) presented in the previous paper is now explained by a
simple model with experimental support.

2. Description of the sensor optical signal

A close look at a typical optical signal measured during the pas-
sage of a single analyte in the capillary fiber will help to introduce
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Fig. 1. Example of an optical signal recorded during the displacement of a vapor
zone in the capillary fiber. Injection of 1 wL of cyclopentane with a split of 200. The
column temperature was 30°C.

the analysis. Fig. 1 below shows an experimental measurement fol-
lowing the injection of cyclopentane. The signal can be separated
into two parts, whose features are attributable to two different
optical mechanisms. Part A is an increase of the signal baseline
(the average transmitted optical power) which disappears when
the analyte leaves the capillary fiber. In Fig. 1, this increase is very
significant as it corresponds to 75% of the basic signal. This part of
the signal will be explained in Section 5. Part B of the signal is a rapid
oscillation corresponding to polarization modes coupling along the
capillary optical fiber. This is the part of the signal that is of interest
as it enables the measurement of the migration rate. The oscillation
frequency is proportional to the moving velocity of the cyclopen-
tane vapor zone. Fig. 1 shows that this frequency increases with
time, because the vapor zone accelerates, due to a decompression
of the helium carrier gas [1]. One can also observe that the ampli-
tude of the oscillation decreases with time, from about 7% of the
average signal at the beginning to less than 1% at the end. It is the
relationship between this amplitude and the vapor concentration
and with the form of the vapor zone as well that will be established
in the first place.

A temporal Fourier transform applied on a selected portion of
the signal gives a velocity peak whose position (related to the oscil-
lation frequency) determines the velocity of the vapor zone and
whose height (related to the amplitude of oscillation) is related to
the quantity in the vapor zone. An example of such a peak calcu-
lated from the signal of Fig. 1 in the 80-100s region is shown in
Fig. 2. In our previous studies [1], the emphasis was mostly on the
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Fig. 2. The migration rate peak calculated from the signal in Fig. 1 (interval between
80 and 100s).

position of the velocity peak, on the abscissa; here, the focus will
be on the height of this peak, on the ordinate.

3. Experimental

All experiments presented here were performed in exactly
the same conditions as those reported in the previous paper [1].
The capillary optical fiber had an inner diameter of 100 pm with
a 0.5 pm thick poly(dimethylsiloxane) stationary phase. Its beat
length was 3.9 cm at a wavelength of 1550 nm. The capillary fiber
length was 450cm and it was connected to a Varian CP-3800
Gas Chromatograph through two short uncoated pre-columns,
63.9 and 77.5 cm long. The carrier gas was helium; its inlet pres-
sure was 412 kPa. The chromatograph was operated at 30 °C. Both
split-splitless injector and thermal conductivity detector (TCD)
were operated at 250°C. The TCD filament was heated at 300°C
and it was set at its optimal sensitivity (range 0.05). The TCD was
selected because it has the most similar sensitivity to that of the
optical sensor.

Nothing was done to optimize the chromatographic perfor-
mance. GC conditions were set-up quite arbitrarily for optical
measurements only. Our main goal was to demonstrate the lin-
earity between the optical sensor and the thermal conductivity
detector and the time dependence of the modulation amplitude.

Optical measurements were done using an Agilent 8164B Light-
wave Measurement System.

4. Description of the oscillation of the optical signal

The first model of the polarimetric sensor associated the vapor
zone to a birefringent plate tilted at an angle ¢ [7] and calculations
were done using Jones matrices [11]. The model gives the variation
of the intensity of the light transmitted by the sensor (the signal)
during the migration of a vapor zone at a velocity v. The resulting
equation reads as:

I(t) = %O{l — |k| cos[AB(L — vt) + 6]}, (1)

where Iy is the light intensity at the entrance of the capillary fiber;
|k| is the modulus of the amplitude of oscillation (x can be a com-
plex number); L is the length of the capillary fiber; v is the velocity
of the vapor zone, here assumed as constant for simplification; t
represents the time and 6, a phase term that can be omitted as
it disappears after Fourier transformation. The application of this
Fourier transform gives a spectrum showing peaks whose central
position corresponds to the speed v of the vapor zone at a given
time. Finally, A B, is the difference in the propagation constants of
both x and y polarized waves:

2r, 2w 2m

AB = TB_ I - T(ny—nx). (2)
Ly is the beat length of our fiber and is equal to 3.9 cm at the working
wavelength A of 1550 nm [1]; the value of A is thus 1.61cm™1.

Eq. (1) is sufficient to properly describe the zones vapor veloci-
ties. This has been demonstrated experimentally [1].

4.1. Relationship between the amplitude |k| and the vapor zone
distribution

The model of polarization mode coupling shows that the rota-
tion of the polarization axes, caused by the refractive index change
of the stationary phase, is small in the vapor zone. For instance,
numerical simulations have shown that the rotation is around 8°
for a refractive index change of 0.12 (the difference between water
and silica) [7]. Moreover, the refractive index change caused by the
concentration of the analyte absorbed in the stationary phase will
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be much smaller; it cannot be higher than few percents of the dif-
ference between the refractive index of the stationary phase itself
and the one of the analyte. Consequently we can assume that the
rotation of the polarization axes according to the concentration of
analyte is always small and, to first order of perturbation, is linear.

To complete the description of the optical signal, the amplitude
of oscillation x (the mode coupling strength) must be related to the
vapor zone distribution. A detailed mathematical modeling of the
polarization mode coupling mechanism underlying the evolution of
the optical signal will be presented elsewhere [12]. For the present
purpose, it is sufficient to present the main result. It comes out of
this theoretical work that the amplitude « is proportional to the
gradient of the vapor zone distribution. We found:

L
dC(2)\ _irpz
K:K(Aﬂ):A/ — ) emiPzgg, (3)
0 ( d )

z

where Ais a factor of proportionality, C(z) describes the spatial vari-
ation of the analyte concentration in the stationary phase along the
capillary of length L and i = «/—1.The equation shows that the value
of x will change with the time evolution of the vapor zone distri-
bution ((z). It suggests that a vapor zone showing steep variations
in concentration will give rise to a larger amplitude of oscillation.
This is consistent with the theory of birefringent fibers according
to which mode coupling is more pronounced when it occurs in a
much localized zone.

When the vapor zone is located entirely within the capillary
fiber (i.e.: it has fully entered into the column but has not begun
to exit), one can extend the limits of integration to +o0 and Eq. (3)
then reads as a Fourier transform performed over space z:

K(AB)=A / (459 iz, (4)

—00
(This Fourier transform should not be confused with the Fourier
transform of the signal described by Eq. (1), which is performed over
time t). Using the derivative theorem ([13], p. 122), the amplitude
k can be directly linked to the distribution of the vapor zone ((z):

cap=arr (2 = aiapyrc) (5)

where FT means Fourier transform.

4.2. Application to a Gaussian distribution

Hereafter, the particular case of a vapor zone with a Gaussian
distribution is considered. The Gaussian distribution is the solution
for both the model of plates using random walk and binomial dis-
tribution, and the equilibrium model, using equations of diffusion
and mass balance. It is of course an ideal case.

The normalized concentration of vapor absorbed in the station-
ary phase is given by the following expression ([14], p. 50):

2
(z—wt) } )

C(Z, t) = ijt
€

|
—————exp
47[Defft

Here D is an effective diffusion coefficient and the value of 2D t is
equal to the variance o2 of the Gaussian distribution. In this equa-
tion, a pre-exponential factor N has been added. N is the amount
of analyte per unit area of the stationary phase cross section and
it is proportional to the total amount of analytes in the capillary
through the partition coefficient. The application of Eq. (5) gives:

|ic(AB)| = AN ABexp(—Dest A (7)

Eq. (7) is an approximation of reality as it is based on the ideal
case of a Gaussian distribution; however, as demonstrated below
by the experimental results, it correctly predicts an exponential
decrease of the amplitude over time. Eq. (7) also indicates that the
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Fig. 3. |x| according to time, normalized to the peak surface measured with the TCD
at the column output. The solid line is an exponential best fit.

signal amplitude is proportional to the amount N of analyte in the
stationary phase. (More generally, as will be discussed elsewhere,
inspection of Eq. (4) and of the diffusion equation that governs the
spatio-temporal evolution of the vapor distribution, suggests that
the linear proportionality between « and N is general, i.e. it does
not depend on the Gaussian approximation. This is true, however,
as long as the vapor injection is controlled so as to make the evo-
lution of the shape of the distribution independent of the injected
quantity.)

4.3. Experimental demonstration of sensor’s linearity

How can one perform a quantitative analysis when, as Eq. (7)
suggests, the height of the velocity peak decreases with time? This
problem of the time dependence of |k| can be solved by perform-
ing a least squares regression ([15], p. 188 and following) on the |k|
temporal curve. An experimental example is shown in Figs. 3 and 4.
Least squares regression was performed as follows. Firstly, the
curves |k| were normalized to the area of the elution peaks mea-
sured by the TCD detector (Fig. 3) and a best fit with an exponential
function was calculated. The amount C of pentane detected by the
optical sensor was then calculated by a regression with this best fit
(the equation is given in Appendix A).

The units of C are the same unit area as measured by the TCD
because these values were used for normalization.

Fig. 4 below confirms that the relation between the velocity
sensor and the TCD is linear, except for the largest amounts of pen-
tane injected. The deviation from linearity occurs when the injected
quantities are equal to or greater than 3 pl (with a split of 200) in
the 100 pm capillary. Making abstraction of sensitivity, we believe
that the linearity observed in Fig. 4 over the first half of the tested
range in injected quantity is sufficient to conclude to the real poten-
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Fig. 4. Relation between the signal of the optical velocity sensor and the signal from
the TCD.
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tial of the sensor for quantitative analysis, although at present, the
dynamic range of the sensor remains to be clarified.

For highest injected amounts, differences in the form of the
injected peaks most probably explain the deviation from the linear
relationship between height of the velocity peaks and TCD surface.
Another contribution for this deviation can come from a variation
of the birefringence B and hence Af (see Eq. (2)); indeed Eq. (7)
predicts that a change of its value will change the amplitude |«]|.
The possible nonlinear partition of the analyte between mobile and
stationary phases as the injected amounts are very large could also
give rise to a nonlinear behavior.

Fig. 3 shows a significant spreading of the experimental results.
Part of this can be attributed to the limited control of the injection.
As discussed above, a change of the initial conditions (temporal
variation of the flow) at the injection implies a variation of the evo-
lution (diffusion) of the vapor zone in the capillary, hence modifying
the optical signal, as suggested by Eq. (3).

4.4. Zone spreading and the coefficient of diffusion

The approximation of Eq. (7) implies that a plot of || versus time
should allow the determination of the effective diffusion coefficient
Dgjr of the analyte in the carrier gas. (Reminding that Eq. (7) is an
approximation, one should not expect to get an accurate value.)

With reference to J6nsson [14], the coefficient of diffusion of the
vapor is given by:

Defy

D R (8)
where p is the retention ratio [ 16]. This value is calculated by divid-
ing the hold-up time t); (measured with CH,4) by the retention time
tg of the analyte. Here it is assumed that the value of D is equal to
the value of the coefficient of diffusion of the analyte in the mobile
phase, this value being much larger than the coefficient of diffusion
in the stationary phase.

Fig. 5 depicts the measurements of the amplitude || of the opti-
cal signal versus time for aninjection of cyclopentane. The retention
ratio p was 0.077 as measured by standard chromatography. Fitting
the data with Eqs. (7) and (8), taking AB=1.61cm™, one calculates
a diffusion coefficient of 0.030 cm?/s for pentane in helium, while
the value reported in the literature is 0.092 cm?/s [17]. The differ-
ence may be explained by the approximation of the vapor zone by
a Gaussian, which actually is far from being the case, as shown in
the inset of Fig. 5. In any case, we think that obtaining an evaluation
of the diffusion coefficient in the same order of magnitude as the
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Fig. 5. Evaluation of the diffusion coefficient of cyclopentane in helium at 30°C

fromt the plot of |k| according to time. The insert shows the corresponding (asym-
metric) eluted peak.

one found in the literature using our optical sensor is worth noting.
Through calibration and control of the injection, one can anticipate
that a significant improvement might be achieved.

5. Description of the envelope of the optical signal

In Fig. 1, the variation of the baseline of the optical signal is
designated by the circle A. The presence of this envelope has been
reported previously [1], but its explanation was postponed. In what
follows, a physical explanation for the origin of this signal envelope
is provided and its implication discussed.

5.1. Equations for the envelope

In the model discussed in Section 3 (referring to circle B in
Fig. 1) only a rotation of the birefringence axis is attributed to the
absorption of the analyte in the stationary phase. The value of the
birefringence of the waveguide itselfis assumed to be constant dur-
ing the passage of an analyte. This is not exactly the case and the
apparition of an envelope in the signal is a consequence of a vari-
ation of the fiber’s birefringence caused by the absorption of the
analyte. (In other words, this absorption alters differently effec-
tive refractive indices ny and ny.) Moreover, this envelope would
not appear if the angle of injection of polarized light was perfectly
aligned with one of the polarization axes of the capillary optical
fiber.

To describe the optical signal’s envelope, the simple model of
a tilted birefringent plate placed between two polarizers is suffi-
cient. Using the Jones matrix formalism [11] and ignoring mode
coupling, one can obtain the following equation that describes the
light transmission of the waveguide only for the envelope:

T = sin?(6;)sin*(0a) + cos2(6;) cos*(04) + cos?(8a) sin*(0a)

sin(26;) sin(26,)
+ R . S
2

where 6; is the angle of the polarizer and is equivalent to the injec-

tion angle at the input of the birefringent plate, 6, is the angle of the

output polarizer, and &(t) is the phase shift caused by the change in

birefringence AB. We consider that the change of birefringence is

proportional to the amount of analyte absorbed into the stationary
phase, namely:

AB(z) = K C(2), (10)

cos(P(t)), (9)

where K is a constant of proportionality. The phase &(t) does not
depend on the distribution of the analyte, but to its total amount
thereof. It is given by:

L
q?'(t):zTn(BL—/ AB(z, t)dz), (11)
0

B being the birefringence of the empty capillary fiber.

The first term on the right side of Eq. (11) is a constant and the
variation of the envelope is solely due to the term under the integral.
Eq.(9)suggests that the envelope will depend on the injection angle
0;, but this is not controllable with the current configuration of the
sensor. It also depends on the angle of the analyzer 6, which can
be changed.

Fig. 6 shows the change of the sign of the envelope for different
angles of the output polarizer.

By inspection of Eq. (11), it can also be predicted that the
envelope will depend on the wavelength of the light source. This
is demonstrated in Fig. 7 for a same amount of analyte but for
measurements performed at different wavelengths. By properly
selecting the wavelength, the envelope can be made positive, nega-
tive or cancelled. Eq.(11) predicts that the evolution of the envelope
will oscillate according to wavelength and this is demonstrated by



S. Caron et al. / J. Chromatogr. A 1218 (2011) 3255-3261 3259

optical signal

10 15 20 25 30 35
time (s)

Fig. 6. Demonstration that the envelope can be made positive, negative or sup-
pressed by rotating the analyzer.

the fact that it can be cancelled at both 1550 and 1640 nm. A more
precise experiment should make it possible to measure the depen-
dence of the birefringence of the capillary fiber according to the
quantity of analyte injected.

5.2. Effect of excessive amount of analyte in the capillary fiber

Finally, Egs. (11) and (9) imply that the height of the envelope
will depend linearly on the total amount of analyte in the capil-
lary only for small quantities. For higher quantities, the envelope’s
height should reverse when @ takes values above 7. This is indeed
the case, as shown in Fig. 8 where the theoretical calculations and
experimental measurements show the same signal pattern.
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6. Discussion

The most important information from this study on the quan-
titative aspect of the polarimetric migration rate sensor is that
the strength of polarization modes coupling, as measured by the
height of a velocity peak, is related to the spatial derivative (gradi-
ent) of the vapor zone distribution. This is very important because
it means that for an equal amount of injected analyte, the height
of the velocity peak can be different. For example this height can
be very large if the vapor zone has a steep front and/or tail, but
smaller, or even zero, if the vapor zone is spatially extended in
the capillary. One consequence is that the amplitude of oscillation
decreases with time following the dispersion of the vapor zone.
However, as the solution of the differential equations that govern
a chromatographic process ([14], p. 49, [16], p. 26) is unique when
initial conditions are the same, this means that for a same shape of
the vapor zone at the injection, the vapor zone distribution is the
same when the vapor moves along the capillary. Consequently, the
sole necessary condition for proper quantification with the velocity
sensor is reproducible injections.

First estimates have shown that the sensor is less sensitive than
the TCD which was used. Certainly there is room for improving
sensor’s sensitivity. First at the instrumental level, the working
wavelength can be optimized and the losses of the optical con-
nections can be reduced so as to improve the S/N ratio of the
power meter which is used to measure the sensor light transmis-
sion. Moreover, the theory predicts that a reduction of the injection
peak width, which will create steep slopes dC/dz, would increase
the oscillation amplitude. Secondly, the capillary fiber itself could
be improved by fine tuning the angle between the optical axes of
the waveguide and the capillary for a particular refractive index of
the stationary phase. Also, it has been shown that the evanescent
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Fig. 7. Effects of wavelength on the signal envelope. The wavelengths were selected to maximize, minimize and cancel the envelope.
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Fig. 9. Effect of the peak shape on the sensor sensitivity. Left: peak shapes; right: sensitivity curves. The peak full width is around 22 cm. This figure demonstrates that the
sensor is more sensitive to an asymmetric peak having a steep edge than a smooth one having the same width.

wave extends a few microns into the capillary [7]. By increasing
the thickness of the stationary phase (for the present experiments
it was 0.5 pm), this evanescent wave will interact with more mate-
rial, thus increasing the mode coupling strength. At first glance, as
long as the stationary phase is thinner than the evanescent wave
extent, one can expect that the sensitivity will be proportional to
its thickness. Finally, it is worth noting that, since the amount of
analyte necessary to produce a given change in refractive index in
the stationary phase is inversely proportional to the square of the
capillary radius, the sensitivity in mass will be higher for smaller
capillaries.

With the injector we were using, the vapor zone extended over
a few tens of centimeters. A question is then, why is the sensor
sensitive if the peaks extend over a length which exceeds signifi-
cantly the polarization beat length of the waveguide? The answer
is: because the peaks are not Gaussian, so most of the polarization
mode coupling comes from the sharp edges of real peaks. This can
be understood with the following numerical example. Here, the
spatial shape of the vapor zone is assumed to be the same as the
shape of the elution peak. Fig. 9 depicts the assumed shape of a
real peak (heptane) and an equivalent Gaussian peak, both having
approximately the same width and the same surface. Their Fourier
transforms, on the right of the figure (from Eqgs. (2) and (5)), give
the numerical function describing the amplitude || of a velocity
peak for the vapor zone width of 22 cm. The beat length L, of the
capillary fiber was 3.9 cm, so the numerical function of Fig. 9 gives
avalue of || =6.2 x 107> for the Gaussian peak and |k|=1.1 x 102
for the real one. Consequently, the real peak causes an amplitude of
oscillation which is 175 times higher than for an equivalent Gaus-
sian one. This calculation is a good demonstration that a proper

peak modulation at the injection can have a significant effect on
the sensitivity of the optical sensor. Certainly the peak presented
in Fig. 5 does not have an acceptable shape for chromatography but,
since a less overloaded column should give two steep edges rather
than one, one can expect that typical GC peaks will have a positive
effect on sensor’s sensitivity even if smaller quantities are injected.

7. Conclusion

In this paper, we have presented the equation that relates the
height of a velocity peak measured by a fiber optic migration rate
sensor to the vapor zone distribution in capillary gas chromatogra-
phy. Experiments corroborated this model. The height of a velocity
peak is proportional to the amount of analyte in the capillary and
also depends on the vapor zone distribution. The sensitivity is
related to the spatial gradient of the vapor zone. Consequently, the
sensor is more sensitive to vapor zones having steep edges than
to vapor zones having slowly varying ones. As the response of the
sensor is linear relative to a thermal conductivity detector, its use
for quantitative analysis is surely feasible. Knowing now the rela-
tion between analyte quantity and optical signal modulation, future
work will have to focus on the determination of mixtures com-
position and on the number of analytes it can resolve. However,
to achieve this goal, one must fisrt develop a more rugged sensor
version that can withstand the high temperature encountered in
normal GC applications.

Certainly, there are still plenty of studies to be done on the
migration rate sensor. From the standpoint of sensitivity improve-
ment, such work will mainly be a technical challenge, but from the
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theoretical point of view, the resolution of velocity peaks remains
to be studied. If all these issues can be solved, we think the sensor
could be applied, for instance, to study physicochemical phenom-
ena inside the column, to detect and study stationary phases’
defects, or to adjust and optimize chromatograph parameters in
real-time, during the separation process.
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Appendix A.

The amount C of pentane detected by the optical sensor has been
calculated by the following least squares equation:

C=M™M)'MTs, (12)

where M is the vector containing the numerical values of the expo-
nential fit. The product (M"M)~1MT is the left pseudo-inverse of M. S
is the un-normalized data vector containing the values |k| according
to time.
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