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Abstract

This paper reviews methods for gas detection using real-time correlation spectroscopy. These methods involve using
a gas sample in a reference cell as a matched optical filter to detect, preferentially, similar absorption spectra in a
measurement cell. The methods all have the advantage of excellent selectivity, even using broadband sources, and
are suitable for remote detection over optical-fibre leads. Our previously published methods using pressure and Stark
modulation are reviewed. In addition, our recent theoretical treatment of the methods is presented. Finally, we
describe new atmospheric-pressure measurements of gases using the method of phase-modulation spectroscopy.

Introduction

Many common gases of industrial and environmental
importance exhibit their fundamental optical absorption
bands in the infrared region. Weaker overtone bands
extend into the near infrared and visible region, thus
coinciding with the low-loss transmission window for
silica fibre. Absorption in these regions is usually due to
transitions between vibrational-rotational energy levels
of the molecule. As the fine-line structure within an
absorption band is highly specific to the gas species,
recognition of these features provides for highly selective
gas detection. The band positions of a seclection of
common gases are shown in simple form in Fig. 1,
together with the absorption spectrum of silica optical
fibre. Infrared fibres, typically manufactured from
fluoride glasses, are also available with acceptable loss at
wavelengths up to 5 pm. These fibres make the stronger
fundamental gas absorptions accessible, thereby enhanc-
ing the potential detection sensitivity, but have a much
higher cost and are not so mechanically robust.

The low loss of silica optical fibres allows a gas-
sampling cell to be located many kilometres from the
monitoring station with little degradation of the signal.
The passive nature of the sensor head and the low
optical power used make such optical techniques inher-
ently safe for hazardous applications, such as the mon-
itoring of explosive gases [1, 2].

Early fibre-optic-based methods measured gas trans-
mission using broadband and LED sources [3] and thus
had poor selectivity. Other recent methods have used
laser sources [4], but these can present problems due to
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Fig. 1. Absorption bands of some common gases within the
transmission window for silica fibre.

the long coherence length, in particular, modal noise
effects in multimode fibre. Even when single-mode fibre
is used to prevent this, effects such as Fabry—Perot
etalons at connectors, and more complex interference
patterns within the measurement cell and launch optics,
can potentially cause severe practical limitations. Corre-
lation spectroscopy allows the use of a broadband
source, yet still makes use of the fine spectral features of
the gas spectrum. It has the further advantage of em-
ploying all of the spectral information contained in the
selected gas-absorption band.

The basic methods of real-time correlation spectrome-
try all involve modulation of the absorption spectrum of
the reference gas sample, relative to the gas to be
measured. Modulation can be achieved directly by vary-
ing the absorption spectrum of the reference gas. In this
paper, we review progress with three modulation tech-
niques, each using the correlation spectroscopy method.
These include Stark, pressure and phase modulation.
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A common optical configuration was adopted for all of
the schemes investigated in this study, as shown sche-
matically in Fig. 2(a) and (b). The apparatus comprises
two gas cells, through which light from a broadband
source is passed sequentially, prior to detection. In our
fibre-remoted version, light is conveyed to the cells via
multimode optical fibre, and a bandpass filter is in-
cluded (preferably before the detector) in order to
attenuate light outside the absorption band of the rele-
vant gas. The gas to be detected is introduced into the
measurement cell, whereas the reference cell is filled to
a known concentration of the gas to be detected and
then sealed.

Modulation of the absorption spectrum of either gas
cell results in a change in the correlation between the
spectrum of the measurement gas sample and the refer-
ence gas, thereby causing a variation in the transmis-
sion of the system. The absorption spectrum of the gas
contained in the reference cell may be modulated, either
directly or indirectly, in order to produce the desired
signal. The synchronously detected output signal then
depends on the concentration of the correlating gas in
the measurement cell. Modulation methods that act
directly on the gas include Stark and pressure modula-
tion, as depicted in Fig. 2(a).

Stark modulation of gases occurs only with polar
molecules and results from the splitting (or broadening
at atmospheric pressure) of individual absorption lines
when a large electric field is applied. The pressure-mod-
ulation technique is more generally applicable. This
involves periodically pressurizing the gas within the
reference cell, causing a variation in both the strength
and width of the absorption lines.
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A third modulation approach is indirect and involves
a redistribution of the optical spectrum of the light as it
passes between the measurement and the reference cell,
as shown schematically in Fig. 2(b). Angle modulation
of the light (using phase or frequency modulation) is a
means of achieving this. We shall present both measure-
ments and theoretical results for this method.

It should be emphasized that although these modula-
tion techniques appear to be alternative technologies,
they each have their own particular advantages depend-
ing on the gas species, sensitivity requirements and cost
constraints for the system. The three methods are de-
scribed below in more detail.

Pressure-modulation gas detection

Pressure-modulation spectroscopy involves applying
a periodic pressure fluctuation to the reference gas cell
to modulate its absorption. A schematic diagram of the
arrangement is shown in Fig. 3. An optical bandpass
filter is included, preferably before the optical receiver,
in order to select the relevant absorption band of the
gas to be detected.

The first (bulk-optical) pressure-modulation scheme
for correlation spectroscopy was originally proposed by
Goody [5], and further exploited by Taylor et al. [6] for
atmospheric and planetary measurements. A reciprocat-
ing piston compressor was used to modulate the gas
pressure. The technique has received little attention for
quantitative terrestrial gas sensing, despite having a
number of potential advantages for this application.
These include excellent selectivity to the desired gas, a
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Fig. 2. Schematic diagram for the correlation spectroscopy scheme: (a) pressure and Stark modulation; (b) angle modulation.
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Fig. 3. Experimental configuration for the pressure-modulated
methane detector.

modulated signal format and a good gas-detection sen-
sitivity. The reason for little development of the method
for industrial sensing is probably the high cost of the
precision modulation cells used in these systems. The
pressure-modulation principle has been further devel-
oped in our work to include a fibre-remoted sensor
head and an improved pressure modulator [7].

Analysis of the pressure-modulated gas detector

The pressure modulation imposes a small intensity
modulation on the mean optical power level received at
the detector, which can be accurately monitored using
synchronous electronic post-detection techniques. As
gas is introduced into the measurement cell, the ampli-
tude of the signal reduces, enabling the concentration to
be derived from the optical-modulation index of the
detected signal, which is determined by dividing the
alternating component of the signal by the mean level.
This renders the system essentially immune to slow
fluctuations in the source intensity or in the attenuation
of the optical system.

If the two gases are of the same species, and hence
correlate, light is selectively absorbed by the gas in the
measurement cell before the beam enters the reference
cell. Light is only removed in the specific spectral
regions that undergo the modulation in absorption in
the reference cell. Hence, the modulation index of the
detected signal diminishes with increasing gas concen-
tration in the measurement cell.

For an uncorrelated gas line having negligible spec-
tral overlap with the reference gas, only the mean
optical level is affected, but to a very small degree due
to the narrow linewidth of typical lines. Hence, the
amplitude of the alternating signal is essentially un-
affected. This accounts for the excellent cross-sensitivity
performance of this technique in rejecting uncorrelated
gases.

For the analysis below a number of simplifying as-
sumptions are made. An ideal ‘top-hat’ optical band-
pass filter is assumed, which rejects all light outside the
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selected absorption band and has a constant transmis-
sion over the spectral region occupied by the band. The
linewidths of all absorption lines are assumed to be the
same within a band. The model chosen to describe the
lineshape, k(v), employed is that proposed by Lindholm
[8]. This function describes collision broadening of a
line of an absorbing molecule due to interaction with a
non-absorbing diluent gas (e.g., air). Consequently, it is
an excellent model for the calculation of gas/air mix-
tures.

An isolated gas-absorption line has a transmission,
T(v), given by the Beer—Lambert law for a homoge-
neous medium:

T(v) = exp( — k(v)CL) (1

Optical frequency is denoted by v, C is the gas concen-
tration and L is the path length. The variation in the
width of an absorption line with temperature, pressure
and gas concentration is assumed to follow the relation
predicted by impact theory, where the linewidth is
proportional to the product of the mean molecular
speed and the gas concentration [9)]. The periodic com-
pression of the reference gas within the pressure-modu-
lation cell occurs at audio frequencies, and so can be
considered to be adiabatic [10].

The system performance was predicted by numerical
integration. The integrated transmission, I, of the sys-
tem can be evaluated for a number, N, of absorption
lines constituting a band:

v2
N
[ [T3:(0) (v, P)] dv (2)

i=1
Vi

The absorption band is taken to extend from v, to v,,
and the symbol i represents the ith line of the band.
The measurement cell is denoted by the subscript 1, and
the reference cell by the subscript 2. The peak spectral
intensity, I, is defined as the level detected when no gas
is present in either the reference or measurement cell.

As the linewidth and concentration of the gas in the
reference cell are modulated by the applied pressure
fluctuations, the integrated transmission varies. The
optical modulation index is calculated by dividing the
peak-to-peak transmission excursions by the mean
transmission. The linestrengths of corresponding lines
in the measurement and reference cells are taken to be
equal and the static linewidths for the individual pres-
sure-broadened lines are assumed to be similar. The
central frequencies of optical absorption lines were
taken from data published by Margolis [11]. Line-
strength values for our atmospheric pressure-broadened
conditions were difficult to obtain, as detailed studies,
such as those of Margolis, have been performed only at
low pressure, where each line is resolved into a manifold
of very closely spaced lines. Linestrength values were
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therefore taken from a moderate resolution (6 GHz)
plot kindly supplied by NPL [12], which we scaled to
give a static absorption of 2.5%, as measured experi-
mentally for our reference cell. The integrated absorp-
tion of the band as a whole, calculated by this means,
agrees well with the value quoted from the HITRAN
database [13]. Different linewidth values [14] are as-
sumed for the air-broadened linewidth (3.6 GHz) in the
measurement cell, compared with the self-broadened
linewidth (5 GHz) of the reference cell.

Modelling was performed for the 2v; band of
methane, centred at 1.66 pm. An integration span of
65 nm was employed, covering the P, Q and R branches
of the band. In order to compare results with our
experimental data, we assumed a reference cell length of
3.6 cm at 1 atm (100% pure) methane, and a measure-
ment cell of 480 cm length, containing various selected
concentrations up to 3%.

Curves of the optical-modulation index against mea-
surement cell concentration were calculated at various
pressure-modulation index values (Fig. 4). The values
of pressure-modulation index correspond to those mea-
sured experimentally.

Resonant acoustic cell pressure modulator

The resonant acoustic cell used for our pressure
modulator was formed from a closed cylindrical cavity
in a metal block, with an optical window at one end
and a flexural piezoelectric element situated at the
opposite end. The flexural element consisted of a
piezoelectric crystal bonded onto a thin metal shim.
The application of an alternating voltage to the crystal
induced a hemispherical flexing of the piezoelectric crys-
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Fig. 4. Calculated optical-modulation index vs. methane concen-
tration for the pressure-modulated scheme.

tal, and so acoustic waves were launched into the cavity
containing the reference gas. The system was configured
so that the mechanical resonance frequency of the
piezoelectric element coincided with the primary acous-
tic resonance of the cell. The quality factor of the acoustic
chamber was measured to be 90 in this application.

Compared with simple low-frequency piston com-
pressors described previously, the device has the advan-
tages of a high modulation frequency (2.5kHz),
compact size, low power consumption and simple
piezoelectric excitation. The cell design is simplified in
requiring no sliding seals, and has no moving parts
other than the acoustic source. Although the amplitude
of the pressure modulation achieved with this cell was
lower than that of piston compressors used by other
workers, the resonant cell has many advantages over
the piston scheme, and a sensor with good performance
has been realized.

Experimental results

The optical configuration and signal processing em-
ployed for our experimental investigations are shown in
Fig. 3. For the first experiments, light from a tungsten
broadband source was launched through an optical
bandpass filter into the fibre. The filter was chosen to
select the absorption band for methane at 1.66 pm, and
its transmission characteristics are shown in Fig. 5,
together with the absorption spectrum of methane for
comparison. It can be noted that this filter does not
cover the entire band, merely the P and Q branches, but
was the closest commercially available example. This
mismatch only affects the signal-to-noise ratio for
methane detection to a small extent. However, as
shown later, the cross-sensitivity results for ethane are
not as good as they would be for a better matched
filter, as overlap with the spectrum for ethane tends to
be stronger over the filtered section of the band.
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Fig. 5. Optical transmission spectrum for the 2v; methane band
(10.5 cm path length at 1 atm), and for the band selection filter.



In our first experimental demonstration [7], the mea-
surement cell was linked to the source via a 10 m length
of multimode (100/140 pum) fibre. The measurement cell
was a twelve-pass White [15] cell with an effective path
length of 480 cm. A fibre-to-fibre insertion loss of 9 dB
was achieved with the gas cell design employed.
Methane concentrations of up to 2.6% in air were
measured. The reference cell had a path length of
3.6 cm and a fibre-to-fibre insertion loss of 3 dB.

Calibration of the system as a methane detector was
performed by filling the measurement cell with a range
of known methane/air mixtures. Measurements were
made at several values of the pressure-modulation in-
dex, and the resulting variation of detected optical-
modulation index is shown in Fig. 6, as a function of
measurement cell concentration. As would be expected,
the optical-modulation index falls as the methane con-
centration in the measurement cell is increased.

The measured noise level of the optical receiver corre-
sponded to the value expected for shot noise due to the
photocurrent. This value was assumed in theoretical
estimations of the noise-limited gas sensitivity. The
detection limit is defined as the equivalent change in
methane concentration corresponding to a unity signal-
to-noise ratio at the detector. For the highest pressure
ratio applied, a typical received optical power of
0.25 uW and a processing time constant of 1s, the
noise-limited sensitivity was 50 ppm methane by volume,
equivalent to 0.1% of the lower explosive limit.

Cross -sensitivity measurements for the methane sensor
As already mentioned, conventional gas sensors often
exhibit an unwanted response to gases or vapours other
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Fig. 6. Calibration curves for the pressure-modulated methane
sensor showing optical-modulation index against measurement
cell concentration.
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than the one it is desired to monitor. This cross-sensi-
tivity to contaminants is considerably reduced when
using correlation spectroscopy.

The response of our methane sensor using the pres-
sure-modulation method was experimentally deter-
mined for a number of contaminant gases and vapours.
The numerical data are presented in Table 1 for various
gases and vapours, including methanol, ethanol, ethane,
dichloromethane and carbon dioxide.

A figure of merit, FOM, is defined; it is a measure of
the improvement in cross-sensitivity of the pressure-
modulated system compared with conventional gas-
sensing techniques based on a simple measurement of
mean absorption of the gas sample. Taking an optical
modulation index, M, and a static fractional ab-
sorption, A4, then the figure of merit was defined
as  {AM(methane)/AM(contaminant)}/{A4(methane)/
A(contaminant)}. The change in modulation index,
AM, is given by the difference in index when the
measurement cell is empty and when filled with the
appropriate gas.

A typical contaminant such as ethane, which has a
strong overlap with the methane spectrum, has a figure
of merit around 30. As ethane is a likely contaminant
in naturally occurring methane, this cross-sensitivity
enhancement represents a useful improvement over
conventional optical systems. As would be expected,
gases with little spectral overlap with methane, such as
carbon dioxide, register very little cross-sensitivity.

Stark-modulation gas detection

In the Stark-modulated scheme (Fig. 7), a large
alternating electric field is applied to the gas in the
reference cell in order to modulate its absorption spec-
trum. This results in a broadening of the absorption
lines of the gas, hence varying the spectral overlap
integral between the absorption spectra of the sample
and reference cells, and causing a synchronous modula-
tion of the detected signal. Correlation spectrometry
using the Stark effect is attractive, because it results in
a gas sensor with very simple hardware, and so could
produce a low-cost system with good gas selectivity.

For the Stark technique to be viable, a gas molecule
with a permanent electric dipole moment is essential.
Fortunately, many important gases, such as water va-
pour, ammonia, hydrogen chloride, carbon monoxide
and many oxides of nitrogen and sulphur have both
suitable dipole moments [16] and absorption [17] prop-
erties. An additional Lrequircmen’[ for efficient Stark
modulation is for the gas absorption lines to be narrow
(typically a few GHz), to ensure that significant modu-
lation of the linewidth occurs under the action of the
applied electric field.
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TABLE 1. Cross-sensitivity data for the pressure-modulated methane detector
Sample Path Gas Fractional Modulation- Cross-
gas length conc. static index sensitivity
(cm) (atm)? absorption (%) change (%) figure, FOM
Methanol 480 -2 —142 +0.50 119
480 -2 —5.8 +0.22 110
480 -2 —-32 +0.08 159
10 Sat. vap -3.5 +0.24 60
19°C
Ethanol 480 —a —-70 +0.75 39
480 - —43 +0.51 36
10 Sat. vap <0.1 <0.1
21°C
Water 480 Sat. vap -03 —0.04 31
22°C
Ethane 480 -2 —15.1 +1.9 34
480 -2 —14.9 +2.0 32
480 —= —10.7 +1.6 28
10 100% —-11.5 +1.3 35
Dichloromethane 480 -2 —135 +34 17
480 —2 —-11.7 +3.0 16
480 - -17.2 +1.2 24
480 —a —44 +1.0 18
10 Sat. vap -93 +1.4 27
22°C
Carbon dioxide 480 100% <0.1 <0.1
Methane 480 1.27% -32 —134 1
10 100% -52 —21.1 1

*Concentrations not measured, but can be inferred from static absorption measurement.

Stark modulation is a well-known physical phe-
nomenon and is an established technique [18, 19] in the
field of spectroscopy for the assignment of absorption
lines. However, we have recently reported its first use
for remote gas detection [20].

Spectroscopic aspects of Stark modulation

Any molecule that possesses a permanent electric
dipoie due to its atomic configuration will interact with
an external electric field. The field causes the rotational

Retroreflective
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” Det
Stark Cell etector

Fig. 7. Experimental configuration for the Stark-modulated am-
monia detector.

energy levels of the molecule to split and shift via the
Stark effect, although at NTP, the lines are generally
broadened. Ammonia gas, for example, has a strong
dipole moment, and hence Stark splitting of its energy
levels is pronounced.

Each individual absorption ‘line’ within the band is
actually composed of a manifold of lines, which is
effectively pressure broadened into a single line at at-
mospheric pressure. As the electric field is applied to the
gas, many energy transitions are no longer degenerate
and the lines split and separate further, resulting in line
broadening from the already atmospheric-pressure-
broadened line.

The absorption spectrum of ammonia at 1.5 pm is
complex and irregular (Fig. 8) as it is formed from the
overlapped spectra of two molecular vibrations. Conse-
quently, theoretical modelling of the Stark effect is
much more involved than for the other methods, and
has not yet been performed.

The operation of the Stark-modulated gas detector
can be described as follows. When no gas is present in
the measurement cell, the detected signal level depends
on the total absorption of the gas within the Stark cell.
Ideally, for weak absorption lines, no change in the
integrated transmission across the band is observed
when the electric field is applied, as the lines are merely
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Fig. 8. Transmission spectrum for ammonia gas and emission
spectrum for the light-emitting diode.

broadened and their effective absorption remains essen-
tially unchanged. Consequently, the alternating compo-
nent of the detected signal is close to zero with the
measurement cell empty. In practice, however, a small
modulation is observed, as the cell transmission, and
hence the detected signal amplitude, has a non-linear
dependence on the gas absorption coefficient.

As gas is introduced into the measurement cell, addi-
tional absorption is incurred due to this gas. If the
latter is of the same species as the reference gas, then
both sets of absorption lines will correspond. As the
Stark field is applied, the effective transmission changes,
due to a variation in the overlap integral of the absorp-
tion spectra. An alternating signal is detected which
increases in magnitude with the concentration of the
gas in the measurement cell. Any gas with absorption
lines that do not overlap those of the reference gas
will not produce a significant alternating signal, as the
regions of the spectrum modulated by the Stark cell
remain unaffected by the sample gas absorption. As
with the pressure-modulation system, the detected sig-
nal is normalized by division by its mean value to
provide a modulation index.

Experimental results for Stark modulation system

Initial results on Stark modulation [20] were per-
formed with ammonia gas. A retroreflective measure-
ment cell was employed with a two-way path of 40 cm.
The arrangement allows use of a single fibre link to the
sampling head and facilitates alignment. The reference
cell had an optical path length of 20 cm between the
plane-parallel electrodes. The Stark cell was driven by
an electric field which alternated from zero to
840 kVm~' at a 1 kHz rate. This value of electric field
was below, but close to, the breakdown strength of the
gas.
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A 1.5 um light-emitting diode, launching a power of
15 uW into the fibre, was employed as the optical
source. The measured output spectrum of the device is
given in Fig. 8, together with the absorption band for
an ammonia gas sample.

The variation in the optical-modulation index was
recorded as a range of ammonia concentrations was
introduced into the measurement cell. The calibration
curve of optical-modulation index against measurement
cell concentration of ammonia is given in Fig. 9, at a
Stark cell concentration of 0.07 atm. A positive re-
sponse to ammonia was exhibited, and, as expected, the
optical-modulation index was observed to increase with
measurement cell gas concentration. The slope of the
curve diminishes at higher concentrations, as the gas in
the measurement cell begins to absorb a significant
fraction of the light within each absorption line, and the
stronger lines, in particular, become saturated. A small
offset in modulation index is exhibited at zero measure-
ment cell concentration. This is due to the fact that, for
stronger absorption lines within the band, a difference
in the integrated transmission occurs when they are
subjected to a Stark field because of the non-linear
nature of absorption.

The sensitivity of the system to ammonia can be
determined from the data presented in the Figure. The
ultimate sensitivity is taken as the value for unity
signal-to-noise ratio. A noise-limited sensitivity of
0.0016 atm (or 0.16% by volume) ammonia, for a 10s
measurement time constant, was determined for the
present system. Alternatively, this can be presented
as an absorber amount, giving a sensitivity of
0.064 atm cm. Extrapolating this result to the longer
sensing path length of 480 cm used for the pressure-
modulation system results in a predicted sensitivity of
approximately 130 ppm ammonia.

Optical Modulation Index (ppm)
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Fig. 9. Measured optical-modulation index vs. measurement cell
concentration for the ammonia detector.
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Phase-modulation gas detection

Modulation can be achieved by an indirect method
by redistribution of the optical spectrum of the light as
it passes between the measurement and reference gas
cells. A schematic diagram of this modulation tech-
nique is given in Fig. 10. A frequency- or phase-shift
modulation device is included in the optical path be-
tween the cells in order to effect a deliberate spectral
translation or ‘broadening’ of the spectral lines.

Phase-modulation correlation spectrometry employ-
ing bulk optics was first demonstrated by Rider et al.
[21]} and used to detect nitrous oxide in the upper
atmosphere. As the gas pressures employed were low,
the intrinsic linewidths were small, typically 0.6 GHz,
and a modulator with only a modest performance was
adequate. For the current application a high-perfor-
mance phase modulator is essential. In this paper, we
report the first example of gas sensing using this
method at atmospheric pressure. Here, absorption
linewidths are considerably greater due to pressure
broadening and are typically in the range 3-5 GHz. In
addition, optical fibre links are employed in our work,
which allow the gas-sampling head to be remotely
monitored from a base station.

In common with the other methods of correlation
spectrometry, phase modulation provides a gas sensor
with excellent selectivity to the desired gas. Also, the
technique may be applied to any gas species, provided
that the absorption spectrum comprises narrow distinct
lines in a suitable region of the wavelength spectrum.

Phase modulators for gas detection

An electro-optic crystal can perform phase modula-
tion of light by exploiting the linear electro-optic effect,
whereby a change in optical delay is induced in propor-
tion to the applied electric field. By sinusoidally varying
the refractive index, and hence modulating the phase of
the light, each wavelength component of the transmit-
ted energy is split into a series of sidebands.

Broadband

Source Multimode Fibre

Phase Modulator
Measurement Cell

eofe

Remote Sampling Region
Reference Cell Detector

Fig. 10. Schematic diagram of the experimental configuration for
the angle-modulated scheme.

Two types of phase modulator were employed for the
experimental investigation here, both formed from
lithium niobate. The first was a bulk-optic device, com-
prising a 36.5mm length of crystal with a 1mm x
1 mm section and electrodes on the Z-faces. Light from
a multimode fibre was collimated with gradient index
lenses, and propagated along the major dimension (Y
axis) of the modulator crystal. At a drive frequency of
426 MHz, the phase deviation was estimated to be
0.85 radians at 1.6 pm wavelength for the Z-polariza-
tion. In operation, the modulator had a fibre-to-fibre
insertion loss of 2.5 dB.

The second electro-optic device was a commercial
packaged phase modulator with single-mode fibre tails,
primarily intended for communication purposes [22].
The integrated optic device within the package com-
prised a single-mode optical waveguide channel formed
in the lithium niobate substrate. The insertion loss was
large (~27 dB) when this single-mode device was em-
ployed in a gas-sensing system using multimode fibres.
However, the device was capable of producing a much
larger phase deviation, estimated from manufacturer’s
data to be 3.5 radians, at a high frequency of 2.7 GHz.

Effects of phase modulation

Phase modulation can be considered to disperse each
monochromatic component of the incident optical spec-
trum into a number of sidebands. As predicted by
conventional phase-modulation theory, the sideband
spacing is equal to the modulation frequency. The
intensity of each sideband is determined by Bessel func-
tions and is dependent on the magnitude of the phase
deviation.

As with all the other methods, a change in the
detected optical signal is measured as a small modula-
tion on the mean optical level. This results from a
difference in the integrated transmission of the system
where the phase modulator is periodically activated.
When gas is present only in the reference cell, no signal
is expected at the receiver because the action of the
phase modulator is merely to redistribute the flat opti-
cal spectrum exiting from the empty measurement cell.
Clearly, this has no observable effect on the net inte-
grated transmission. However, upon introducing gas
into the measurement cell, a modulation of the detected
optical level is expected, as the optical spectrum input
to the phase modulator is now no longer flat, due to the
presence of the absorption lines of the gas sample.
When the phase modulator is activated to redistribute
the frequency spectrum, there is a variation in the
overlap integral between the absorption bands of sam-
ple and reference gas spectra, which gives rise to a
modulation in the total transmission.

When the spectra do not overlap, as would be the
case with different gas species in measurement and



reference cells, then the signal recorded is extremely
small. This requirement for precise overlap of absorp-
tion lines, in order to register a signal, ensures that the
method is highly selective. This is particularly true
when the gas to be measured has a large number of fine
lines in its absorption spectrum.

Theoretical analysis of the phase-modulation method

In order to analyse the performance of the phase-
modulated gas-detection scheme, a simplified model
based on the treatment of a single absorption line of the
gas band is assumed. This approach is a good approxi-
mation for gas species having many separate regularly
spaced absorption lines, such as methane and carbon
dioxide, but results for a more irregular band may
prove to be less satisfactory.

As with the pressure-modulation method, the optical
transmission is calculated by performing integration
over an optical frequency interval v, to v,, equivalent to
the line spacing within the band, with the gas line
centred within the integration span. The lineshape cho-
sen for our analysis is again that proposed by Lind-
holm.

The optical signal Al can be calculated from the
model as a function of gas concentration in the mea-
surement cell. As the drive to the phase modulator is
periodically activated, a change in the integrated trans-
mission results:

vy

Al =1, JTz(V)[Tl(V) -

vy

5 T](v—yfm)Jf(é)]év (3)

f=—

The optical spectral density at the receiver with both
reference and measurement cells empty is represented
by I,. The phase modulator has a modulation fre-
quency f.., and J;*(8) is the intensity of the ith side-
band, where & is the peak phase deviation. The mean
optical power level I, transmitted through the system
can be calculated from

Vo

Imean = IO J Tl (V)Tz(")5V - A1/2 (4)
v1

The optical modulation index AI/I.,, can thus be
calculated for linestrengths representative of weak (e.g.,
P9), moderate (e.g., P6) and strong (e.g., R6) absorp-
tion lines of the 2v; methane band. The linestrengths
were estimated [11,12] to be 1.245, 2.867 and
6.604 atm ' cm ' GHz for the P9, P6 and R6 lines,
respectively. As two different types of electro-optic
phase-modulator devices were employed for the experi-
ments, the theoretical modelling was performed using
the phase deviation and modulation frequency values
appropriate for each case.
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The optical-modulation index was calculated as a
function of measurement cell length, and results of the
simulation are presented in Fig. 11. The path length of
the reference cell was chosen to coincide with the
experimental value of 5.7 cm. The phase modulator was
assumed to have a phase deviation of 0.8 radians at a
drive frequency of 400 MHz; a value chosen to be close
to the practical value for the bulk optic modulator
employed for the experiments. The response plotted for
each of the three linestrength values, corresponding to
the P9, P6 and R6 lines, shows the expected increase in
optical-modulation index as the measurement cell
length is increased.

A similar theoretical system response plot is given in
Fig. 12, again showing the expected variation in opti-
cal-modulation index with measurement cell length.
The same parameters are assumed for this simulation,
except that a phase deviation of 3.5 rad at a frequency
of 2.68 GHz was chosen. These values correspond to

Optical Modulation Index (ppm)
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Fig. 11. Calculated optical-modulation index vs. measurement
cell length for the bulk-optic phase-modulator case.
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Fig. 12. Calculated optical-modulation index vs. measurement
cell length for the integrated-optic phase-modulator case.
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the single-mode integrated-optic modulator used for the
latter part of the experimental investigation.

Experimental results

The optical configuration shown in Fig. 10 was em-
ployed for an experimental investigation of the phase-
modulated gas-detection scheme. The system was
evaluated with methane gas, using a filter of 50 nm
linewidth to select the 2v; methane band centred at
1.67 pm. The reference cell had a 5.7 cm path, and was
filled with methane at 1 atm (100%) concentration. A
number of measurement cells were employed with
lengths up to 10.5 cm, but all containing 1 atm (100%)
methane. In this case it was convenient to vary the
measurement cell length, rather than the concentration,
in order to achieve a range of equivalent absorber
amounts.

Initial experiments were performed with the bulk-
optic modulator and multimode (100/140 pm) fibre
links. The r.f. modulator drive was periodically inter-
rupted at a 10 kHz rate and the optical signal was
synchronously detected with an integration time con-
stant of 10s. The experimental results achieved with
this modulator using a 10.5 cm measurement cell are
shown in Fig. 13, as the measurement cell was repeat-
edly filled with methane and flushed with nitrogen.

For the second phase of the experiments the inte-
grated-optic phase modulator was substituted for the
bulk-optic device. In this case, light from the broad-
band source was launched through the measurement
cell and then directed into the single-mode fibre pigtail
of the modulator. The modulator optical pigtail was
spliced onto the remainder of the multimode optical
network, which was unchanged from the bulk modula-
tor configuration.

The drawback with the integrated-optic modulator is
the low overall transmission achieved, due, first, to the

Optical Modulation Index

poor coupling efficiency from the broadband source
into the single-mode fibre tail and, secondly, to the high
mtrinsic loss (8 dB) of the modulator itself. Conse-
quently, the power received at the detector measured
only 280 pW, which was 27 dB less than that achieved
with the bulk modulator.

A plot of optical-modulation index measured over a
range of measurement cell lengths is given in Fig. 14 for
the integrated-optic modulator. An offset of 2800 ppm in
the optical-modulation index was observed at zero mea-
surement cell gas concentration, which was subtracted
from the true signal in order to generate the plot. The
offset was attributed to extraneous optical amplitude
modulation occurring within the phase modulator. In
order to attain stability of the signal, it was found to be
necessary to control the temperature of the modulator.

The detection sensitivity for methane achieved with
the integrated-optic modulator can be calculated from

Optical Modulation Index (ppm)
(Referenced to zero measurement cell length)
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Fig. 14. Measured optical-modulation index vs. measurement cell
length for the integrated-optic phase modulator.
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Fig. 13. Measured optical-modulation index vs. time for the bulk-optic phase modulator as the measurement cell is filled with methane.



the data presented in Fig. 14, assuming a signal-to-
noise ratio limit of unity. The sensitivity, expressed in
normalized units of absorber amount, was found to be
0.134 atm cm for a 10 s measurement time constant. On
extrapolating the absorber amount to a longer path
length of 500 ¢m, a noise-limited sensitivity of approxi-
mately 300 ppm methane by volume is anticipated. It
should be noted that this level of performance is pre-
dicted despite the rather poor detector signal-to-noise
ratio, which arose as a result of using the high-loss
single-mode modulator with a low-radiance source.
Considerably improved results are expected using
higher-radiance sources and a lower-loss phase modula-
tor.

Conclusions

We have reviewed earlier work on real-time correla-
tion spectroscopy using pressure- and Stark-modulation
schemes. The methods can be used to construct highly
selective gas detectors employing broadband sources. In
addition, we have reported the first atmospheric pres-
sure results for an indirect scheme, using electro-optic
modulation between gas cells. We have presented our
theoretical models for the pressure- and phase-modula-
tion methods, based on a Lindholm lineshape, and
found good agreement with experimental results.

All the methods reported have different attractions,
depending on their intended application, and form a
generic set of complementary gas-sensing methods
which have excellent cognitive behaviour.
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