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We present a sensor for gas detection utilising an integrating sphere and interband cascade laser for tunable
diode laser absorption spectroscopy (TDLAS). Measurements were made of the methane absorption line at 3313
nm using an integrating sphere with an effective pathlength of 70.1 cm. Gas concentrations were estimated from
normalised absorption spectra with line fitting to 7 absorption lines within the scan. Testing showed that
measurements were linear for methane in synthetic air for concentrations in the range 0-50 ppm. With an
averaging time of 20 s, the noise-equivalent methane concentration was 180 ppb (1c). The system requires

minimal alignment, with preliminary measurements indicating the system is insensitive to vibration and
misalignment of the laser input. The lack of alignment optics also allows it to be compact (190x170x120mm)

and robust.

1. Introduction

Average global concentrations of greenhouse gases increased at a
rate of 2.2 % per year between 2000 and 2010 [1], with current con-
centrations of CO5, CH4 and N2O exceeding any level for the past 800,
000 years, the period of measurement covered by ice cores [2].

The second of these gases, methane, is a colourless, odourless gas
that can be found extensively in nature, being the most abundant
organic trace gas in the atmosphere [3]. Although the concentration for
methane is significantly lower than that of carbon dioxide (1.8 ppm
compared with 410 ppm in 2019 [4]) it has a global warming potential
up to 34 times greater than that of CO, over a hundred year period and
much more (86 times greater) over its lifetime in the atmosphere of 20
years [5]. As a result, trace gas detection has attracted significant
attention for environmental monitoring, with methane detection sys-
tems gaining increased focus.

Sensors based on the use of tunable diode laser absorption spec-
troscopy (TDLAS) provide a high specificity to the target gas, a fast
response time, repeatable measurements and provide low limits of
detection [6]. Measurements of optical absorption made in the mid IR
region of the spectrum are able to access spectral features associated
with fundamental vibrational transitions of molecular bonds, which for
methane lie around 3.3 ym and 7.8 um. These can be 100x stronger than
their counterparts in the near IR that correspond to weaker overtone
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transitions.

Interband Cascade Lasers (ICLs) fill an important gap between the
wavelength coverage of standard laser diodes and Quantum Cascade
Lasers (QCLs), having an operating range between 3 and 6 um. This
presents the opportunity to make measurements at the fundamental
absorption bands of a number of C-H, N-H and O-H molecules [6]. Dif-
ference Frequency Generation (DFG) sources and QCLs are also avail-
able in the mid infrared, however they each have disadvantages
compared with ICLs. DFG sources are more complex than ICLs and can
be sensitive to misalignment, whilst QCLs are noisier and not currently
available in the 3-4 pym region.

Previous researchers have used a number of different techniques to
obtain low limit of detection measurements for methane using ICLs as
the source. A system using wavelength modulation spectroscopy (WMS)
with a 16 m multipass gas cell was utilised by Song et al. to achieve a
limit of detection of 5.84 ppb with a 2 s averaging time [7], with Xia
et al. having achieved a limit of detection of 560 ppt at an averaging time
of 290 s with a 580 m multipass cell using the same technique [8].
Although these systems produced high quality results in a laboratory
environment, both utilised multipass cells that required high-precision
alignment that would not be suitable in an environment with high vi-
bration levels that could cause misalignment.

Alternatively, a quartz enhanced photoacoustic sensor (QEPAS)
system used by Sampaolo et al. achieved a limit of detection of 90 ppb
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with a 1 s averaging time [9]. QEPAS-based sensors are modular,
rugged, highly portable, can operate in real-time and are
wavelength-independent. However, one of the main limitations with
this technique is the sensor’s ability to detect specific gas components in
a fluctuating background, such as those found in environmental moni-
toring [10].

Manfred et al. have achieved a 3 ppb limit of detection with an op-
tical feedback cavity-enhanced absorption spectroscopy based system
with an effective pathlength of 960 m and averaging time of 2 s [11].
The pathlengths of these systems, however, are sensitive to small fluc-
tuations in mirror alignment and surface imperfections. As a result, in-
struments undergoing field trials using this technology require
mechanical stability, dust-isolation and temperature and humidity
management.

Multipass gas cells are used to achieve greater sensitivity by
increasing the pathlength of a system [12]. These cells utilise mirrors of
various sizes, curvature, and distance to produce multiple reflections of
the incident beam, generating a longer pathlength in a relatively small
volume, with the most common versions of these cells being the White
cell [13] and Herriot cell [14].

The White cell consists of three spherical concave mirrors with the
same curvature of radius, two closely spaced at one end of the cell with
the third mirror opposite. By adjusting the separation distance between
the two closely spaced mirrors symmetrically around the third mirror
and its centre of curvature, the number of traversals (and therefore
pathlength) can be adjusted. White cells are still commonly used in
absorption spectroscopy for a number of reasons: the number of tra-
versals is easily controlled and consequently so is the optical pathlength,
beams of high numerical aperture can be used, and they are relatively
stable. Pathlengths of several thousand metres can be achieved with this
cell, with Ferguson et al. achieving a pathlength of 5984 m [15].

The Herriott cell operates using a similar technique to the White cell,
except two mirrors are used instead of three. Light from a source is
passed through a hole in one of the mirrors and reflected between the
two. The beam can then either output back through the same hole or
through a separate hole on the opposite mirror. The optical pathlength
of the cell is controlled by changing the separation of the mirrors,
making this cell simpler to align and operate than the White cell. The cell
is also less susceptible to mechanical disturbance or vibration than the
White cell and can be more stable [6]. Pathlengths of 10s of metres are
typically achieved with these cells, with Li et al. utilising a 100 m cell in
2016 [16]. However, high numerical aperture beams cannot be utilised
and the pathlength of the cell is limited by the number of reflection spots
on the mirrors, as to avoid interference these spots cannot overlap [17].

The mirrors used in these cells also require precision manufacturing
[18] and may be sensitive to degradation resulting from humidity or
cleaning processes. Additionally, conventional multipass cells can suffer
from the formation of etalons both inside the cell and from any windows
present, resulting in a lower than expected improvement in signal to
noise ratio from the increased pathlength [19]. The alignment processes
involved in minimising these effects whilst achieving a long pathlength
are often time consuming, with the optical alignment often sensitive to
external environmental factors, such as vibration or thermal
expansion/contraction.

Originally used for the measurement of the total flux of light sources,
integrating spheres have also gained attention as multipass absorption
cells [20]. One advantage is that they are understood to be tolerant to
slight changes to alignment and vibration when used to measure ab-
sorption [20]. These spheres consist of a hollow cavity with a diffusely
reflective internal surface. Typically, there are two or more ports for
light sources and detectors as well as two ports for gas inflow and
exhaust. To prevent direct illumination of the detector by the light
source, a light barrier (or baffle) is often used. Integrating spheres have
been shown to increase effective pathlength [21], both theoretically and
experimentally, within a relatively small volume without the need for
precise alignment, and are tolerant to misalignment in use. Previous
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work has shown a Zenith™ coated sphere with 101.6 cm internal
diameter has an effective pathlength of 3.4 m at 1651 nm [22] and Hawe
et al. have demonstrated a 2-inch diameter, Spectralon sphere with an
effective pathlength of 114.7 cm at 1570 nm [23].

In this paper, the detection of methane at 3.3 um using an ICL and
gold-coated integrating sphere has been demonstrated for the first time.
It has long been claimed that integrating spheres are tolerant to
misalignment and vibration. Here, we show experimental verification of
this, whilst also demonstrating an improvement in the noise level when
vibration is applied. The sensor system was designed for installation and
use on a light aircraft, where it would be subject to high levels of vi-
bration and g-loading, making the use of an integrating sphere
attractive.

2. Tunable diode laser spectroscopy of methane

The basic principle of optical absorption spectroscopy can be
described using the Beer-Lambert law [24]:

I =Texp(—ar) 1)

where I is the light transmitted through the gas cell, Ij is the light inci-
dent on the gas cell, a is the absorption coefficient of the target gas
species (typically with units cm™!) and Z is the cell’s optical pathlength
(typically with units cm). The value of « is equal to ec, where ¢ is the
specific absorptivity of the gas (units cm™! atm™!) and c is the gas
concentration (typically in units of partial pressure, atm). For low a?,
this equation becomes linear and can be expressed as follows:

Al
E ~al 2
Where AI=Iyp—I and Al/I, is defined as the absorbance, which is unitless
but often expressed in terms of absorbance units (AU). The limit of
detection of a target gas species can be quantified as the noise equivalent
absorbance (NEA, in units AU) or the minimum detectable absorption
coefficient (apyiy in cm™b), allowing instrumental techniques to be
compared without reference to the specific target gas.

Fig. 1 displays the absorption spectrum for methane in the near and
mid-infrared. Due to the price and availability of components, many
TDLAS based systems for detection of methane make use of the 1650 nm
absorption region. However, as can be observed from this diagram, the
strength of the methane absorption lines in this region are around 100
times smaller than those seen in the wavelength region around 3300 nm.
The development of ICLs has allowed the measurement of gas absorption
lines in the mid-infrared to take place, without the noise or alignment
issues associated with DFG [25] or QCL sources [26].

For environmental monitoring, one of the main challenges of oper-
ating in the 3.3 pm region of the mid-infrared is choosing an absorption
line that isn’t subject to interference from atmospheric water vapour.
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Fig. 1. Absorption spectrum for 100 % methane in the near and mid-infrared.
Inset shows an expanded section of the spectrum centered around
2000 nm [27].
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Fig. 2. Overlaid absorption spectra of 1.5 % water vapour (approximate atmospheric concentration at 25 °C and 75 % RH at sea-level) and 5 ppm methane, with the

inset graph providing a closer view at the targeted wavelength region [27].

Fig. 2 shows the absorption lines for methane at 5 ppm and water vapour
at 1.5 % (the approximate atmospheric concentration level at 25 °C and
75 % RH at sea-level, calculated using a psychrometric chart [28]). The
graph demonstrates how a significant number of the strongest methane
absorption peaks either overlap with, or are in close proximity to, a
water absorption line. As a result, any absorption line used for atmo-
spheric methane measurements has to be chosen carefully to avoid this
interference.

The inset graph in Fig. 2 displays the absorption feature at 3313 nm
chosen for analysis in this work, with a centre wavelength of the
methane absorption far enough away from any water absorption to
avoid interference. The complex nature of the chosen absorption
feature, however, does present difficulties in the techniques used to
measure it. The use of wavelength modulation spectroscopy on the
feature would be difficult due to the number of lines present [29],
especially as their linewidths would be affected by atmospheric pressure
[30] and this would make calibration difficult [31]. Therefore direct
spectroscopy was utilised for this work. Direct spectroscopy has the
advantage of allowing measurement of the integrated absorption across
a feature, this measure being more robust against changes of pressure

[6].
3. Integrating spheres

Integrating spheres (or cavities) consist of a hollow container with a
diffusely reflective internal surface. These cells are traditionally used for
measuring the power output of an incident light source, however they
have also been adapted for use as gas absorption cells, first by Venkatesh
et al. in 1980 [32]. Typically, these cells possess two or more ports for
light sources and detectors, with an additional two ports for gas inflow
and exhaust. A light barrier (or baffle) is often positioned within the
sphere to prevent direct illumination of the detector from the light
source.

Integrating spheres have been shown to be tolerant to optical
misalignment [6], allowing them to be utilised in conditions where high
vibration levels and g-loading are present, such as those found on light
aircraft. In contrast with other gas cells, integrating spheres do not
produce structured interference fringes, reducing the amount of opti-
misation needed in their set-up. However they do suffer from speckle
noise [22] and can be affected by optical feedback into the laser from
diffuse reflections [33], which under certain conditions can create
structured interference fringes or (from integrating spheres) high levels
of spectral noise. Feedback from diffuse reflections is exacerbated by the
collimation lens, which for back-reflected light can act as an efficient

collector of feedback onto the laser chip. For operation at 1650 nm with
DFB laser diodes, there are two remedies. First, we would require the use
of an optical isolator between the laser and the integrating sphere to
reduce the level of feedback. Second, a large optical pathlength between
the laser and the diffuse reflector acts to reduce the free spectral range of
the interference fringes such that they can be smoothed out by averaging
or filtering [33]; this can be achieved using a source pigtailed to a suf-
ficiently long length of fibre as sources are often available fibre-coupled.
However, neither of these solutions was available in this work. Minia-
ture isolators are not routinely available for mid-IR sources, ICLs are
currently not packaged with fibre coupling and for our sensor there were
significant space constraints; the only option was to place the laser as
close as possible to the integrating sphere.

Pathlengths for these cells are typically of the order of a few metres in
the near IR, with Tranchart et al. utilising a 4-inch diameter, Spectralon
sphere with an effective pathlength of 4.4 m at 830 nm [20]. The
achievable pathlength of an integrating sphere, however, is heavily
dependent on the reflectivity of the surface, with reflective materials for
the near infrared (Labsphere’s Spectralon has a reflectivity of 99 % at
1650 nm) providing significantly longer pathlengths than those in the
mid infrared. Fouling of the reflective surface can therefore also have a
significant impact on pathlength, meaning that the surface reflectivity
has to be monitored for changes [34].

For an integrating sphere, the surface radiance, B is given by [35].

;

= A 3

B

where ®; is the incident flux, A is the internal area of the sphere, and
M is a dimensionless quantity known as the sphere multiplier. This
multiplier accounts for the increase in radiance within the sphere due to
multiple reflections and is given by

P

Mo @

where p is the surface reflectivity and f is the port fraction, the fraction
of the sphere surface area occupied by port openings. The average dis-
tance for each beam pass inside an integrating sphere is equal to two
thirds of its diameter [36], meaning that the mean effective pathlength
Lefy can be calculated to be

2
Lejf = 3DM (5)

where D is the diameter of the sphere and M is the multiplier described
in Eq. (4). Using Eq. (5), a 4-inch diameter integrating sphere with an
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Infragold [37] coated internal surface (95 % reflectivity at 3.3 um) will
have a theoretical effective pathlength of approximately 73.1 cm, using
a port fraction of 0.04 giving a multiplier M equal to 10.8.

4. Method

Light from a collimated 3313 nm ICL (Nanoplus with collimator and
heat sink) with a typical power of 2.3 mW was directed into a 4-inch
diameter, Infragold coated integrating sphere (Labsphere 3 P-GPS-040-
IG). The output from the collimator was coupled straight into one port of
the integrating sphere without the need for additional coupling optics,
or any additional gaps. The ICL was controlled to a temperature of
34.5 °C and driven with a sawtooth waveform at a frequency of 1 kHz
using the output from a data acquisition system (16 bit National In-
struments USB-6212 OEM multifunction DAQ) into a laser current driver
/ temperature controller (SRS LDC502), providing current tuning of
+ 5 mA to give a wavelength range of approximately 1 nm. Two addi-
tional ports at 90° were used for gas inlet / outlet and for light detection.
The diffusely reflected light was detected with an MCT (mercury-cad-
mium-telluride) photovoltaic detector (VIGO PV-2TE-4) cooled to
—30°C using a standard temperature controller (Wavelength Elec-
tronics HTC3000), with the signal amplified through a variable gain
transimpedance amplifier (Femto DLPCA-200) at 10° V/A gain and
1.8 MHz bandwidth. This detector was chosen due to the size of its
active area (0.1 x 0.1 mm, the largest available for this wavelength), its
high detectivity at 3.3 pm (>3.0 x 10'° em-Hz'/2/W), and lack of im-
mersion lens, which was not necessary for collection of diffusely re-
flected light from a wide surface area. The output was then fed to the
same 16-bit computer-based data acquisition system with signal pro-
cessing implemented in LabView, operating at 400 kS/s to provide 400
data points for each spectrum. In this manner, acquisition of a single
spectrum was taken at 1 kHz and spectra were co-added over an aver-
aging period of 1 s. A schematic diagram of this set-up is shown in Fig. 3,
with a photo showing the relative positions of the sphere, laser and
detector shown in Fig. 4.

To control the flow of methane and air being fed into the gas cell,
cylinders containing methane and synthetic air (21.18 % O, <1 ppm
CO9, <2 ppm H30, <0.1 ppm NOy, <0.1 ppm total hydrocarbon, bal-
ance Ny) were connected to a pair of mass flow controllers (Brooks In-
strument model GF040CXX) regulated by a set point controller (Brooks
Instrument 0254). Initially, a constant flow of gas from a cylinder con-
taining 50.1 ppm methane in air was utilized to determine the correct
current and temperature settings for the laser to align the absorption line

S~ Gas Inlet

and Outlet
ICL } ————————————
\. \Integrating
; Sph
Detector and . phere
Heatsink —™> ——— Amplifier
|
Temperature ADC
Controller
PC
| | Laser | DAC
Controller /M @ 1kHz

Electrical Connector: ——»
Laser Light: ------ >

Fig. 3. Line diagram of experimental set-up using an integrating sphere.
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Integrating Sphere

Gas Inlet/Outlet L!Aﬁ /

Detector

Fig. 4. Photo demonstrating the layout and relative positioning of the inte-
grating sphere, ICL and detector. The integrating sphere allows for compact
launch and detection optics (total size of integrating sphere, gas cell and de-
tector 190x170x120mm), making the system suitable for use where space is at
a premium.

with the centre of the waveform. Measurements were averaged over a
1 s period to reduce noise levels and using the Beer-Lambert law, shown
previously in Eq. (2), values for the absorbance were calculated.

5. Experimental results

Fig. 5 shows a comparison between the raw data collected for a
measurement of synthetic air and a measurement of 50 ppm methane in
air, with the complex shape of the absorption clearly visible. As
described previously, the Beer-Lambert law can then be applied onto
these measurements to produce an absorbance curve. An example of the
measurement at this methane concentration is shown in Fig. 6. When
compared with data taken from the HITRAN database [27], also shown
in Fig. 6, it can be seen that the detected methane absorption correlates
strongly with this data. The wavelength scale of the measured absorp-
tion was correlated with the corresponding gas absorption on the
HITRAN database. The noise seen in this data is a result of the system
being detector noise limited.

The effective pathlength of the integrated sphere was estimated
experimentally. By rearranging Eq. (2) to provide the pathlength, using
the peak absorbance gained through the 50 ppm measurements and the
absorption coefficient of 50 ppm methane at this wavelength, an effec-
tive pathlength of 70.1 cm was calculated. When rearranging Eqs. (4)
and (5), this yields an average reflectivity value p of approximately 94.6
%, which is close to the manufacturer’s specification of 95 %.

Measurements were then taken of the target absorption lines be-
tween 0 and 50 ppm methane concentrations. Using the effective
pathlength to convert the methane measurements to Absorbance Units

0.75

0.7 4| —Syntheticair

——50ppm methane in synthetic air

0.65 A

Signal (V)
o
[e)]

0.55 A

0.45 T T
33125 3312.8 33131

Wavelength (nm)

33134

Fig. 5. Comparison between raw signals collected for synthetic air and
50 ppm methane.
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Fig. 6. Comparison between detected absorbance of methane at 50 ppm and
the theoretical values from the HITRAN database (50 ppm at 25 °C and atmo-
spheric pressure) [27].

(AU), as described in Eq. (2), the peak absorbances of these measure-
ments, corresponding to a single gas line at 3312.85 nm, were then
plotted against their corresponding concentration, as seen in Fig. 7. The
zero error was determined by comparing two measurements of synthetic
air and taking the standard deviation. A value of 2.2 x 1073 AU was
produced for this measurement, which when compared against the peak
absorbance at 50 ppm results in a single-point limit of detection of
1.1 ppm. Any deviation from linearity seen in this graph falls within the
estimated experimental error, with the error bars shown being based on
the fluctuations in the flow rate from the mass flow controllers and
variations in the current and temperature controllers for the laser and
detector.

Measurements of the noise in the system were made using a network
signal analyzer (SRS SR780). Noise levels at a frequency of 1 kHz were
determined to be 1.4 x 10~° V.Hz V2 for the detector (under dark
conditions) and 1.5 x 107> V-Hz V2 (with the laser also directed into
the integrating sphere) and a DC signal level of 0.25 V. This yields an
absorbance noise of 6.0 x 107> AU Hz 1’2 for one measurement or
8.4 x 107> AU Hz 2 where one measurement is subtracted from a
second. These results indicated that the integrating sphere was largely
detector noise-dominated, which is not surprising for a relatively lossy
system.

We then need to consider the effective noise equivalent bandwidth
(NEBW) of the system when collecting a spectrum consisting of 400 data
points taken within a 1 ms period (2.5 ps per point). The equation for the
NEBW has been given by Ingle and Crouch [24]:

1
NEBW = _— 6
w %, ©

0.12

Absorbance (AU)
=1 f=1
=3 o o
[=3} o0 —_
3l
&

=4

(=]

&
L

0¥ . . - : :
0 10 20 30 40 50
CH, Concentration (ppm)

Fig. 7. Sensor measurements (single point at peak absorption) for methane
concentrations between 0 and 50 ppm.
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Fig. 8. Allan-Werle deviation plot for single point measurements displaying an
NEA of 4.3 x 10~* AU, corresponding to a methane concentration level of 220
ppb, at an averaging time of 40 s.

where t; is the integration time. In this measurement, ¢; is equal to the
time period to measure an individual point (2.5 ps) multiplied by the
number of spectra in an averaging period (1000 for a 1 s average), giving
a NEBW of 200 Hz for a 1 s measurement and 10 Hz for a 20 s mea-
surement. This yields single point noise equivalent absorbances of
1.2 x 103 AU and 2.7 x 10~* AU for measurements over 1 s and 20 s
respectively.

No evidence of optical feedback above the experimental noise was
observed in the measurements.

An Allan-Werle deviation [38] was then constructed from measure-
ments made over a 3-hour period by supplying the integrating sphere
with a constant flow of 50 ppm methane at a flow rate of 100 cc/min (to
overcome any possible fugitive leaks from the cell). The resultant
Allan-Werle deviation plot for measurements at a single point (corre-
sponding to the absorption peak) can be seen in Fig. 8, with an improved
limit of detection of 220 ppb (absorption corresponding to 4.3 x 10™*
AU) at an averaging time of 40 s. Significant drift can be observed at
longer averaging times, which is potentially a result of variations in the
laser baseline over time.

To improve both the limit of detection and baseline stability, a non-
linear least-square fit is performed utilizing a Levenberg-Marquardt al-
gorithm. As the measurements are being undertaken at atmospheric
pressure, the absorption line shapes and widths are determined pri-
marily by collision induced broadening, which can be described using a
Lorentzian function [39]. As such, seven evenly spaced Lorentzian peaks
were used as the initial guess for the Levenberg-Marquardt line fit. The
algorithm utilizes the results from the previous run as the initial values
for the next data fit, with an estimate of the methane concentration
being produced with each fit. An example of the resultant fit can be
observed in Fig. 9. Using this technique, a limit of detection of 180 ppb
could be achieved by determining the standard deviation for 20 fits of

0.14
0.12 - | —— Detected Absorption —— Lorentzian Fit —Residual|

0.1 4
0.08 1
0.06 A
0.04 4
0.02 +

0 AW AW AL A A M A~ A
-0.02 T T T T
33125 3312.7 3312.9 3313.1 3313.3
Wavelength (nm)

Absorbance (AU)

Fig. 9. Example of Levenberg-Marquardt line fitting algorithm applied to
detected methane absorption at 50 ppm.
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Fig. 10. Measured ramp waveforms, averaged over 10s in the absence of methane, with the system under (a) normal operating conditions and (b) sus-

tained vibration.

individual 1-second averaged absorption features, showing a small but
notable improvement over the performance for a single data point.

During these experiments, we observed that the instrument was easy
to align: as long as the incoming laser beam entered the cell through the
entry port, the system was able to detect methane, with no observable
change in performance for minor changes of beam path within the
constraints of port size. We also observed that the measurements were
robust against deliberate knocking of the cell and vibrations within the
laboratory. This is consistent with the findings of Tranchart et al. for
integrating spheres, who noted their tolerance to vibration and
misalignment [20].

To confirm the system’s tolerance to vibration, the integrating
sphere, with the detector attached, was mounted on a shaker (Ling
Dynamics V201) and allowed to move independently from the ICL. The
same measurement conditions for the laser (34.5 °C, 1 kHz ramp mod-
ulation at + 5 mA) and detector (—30 °C) that were used previously
were applied. Vibration in aircraft can be attributed to low-frequency
components caused by atmospheric turbulence, primarily occurring
within a frequency range of 0.1 and 10 Hz [39], and higher frequency
components up to 1 kHz [40]. Using this as a guide, for a preliminary
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measurement the shaker was set to vibrate sinusoidally at 15 Hz, 5 Vp-p.
This combination of frequency and amplitude was chosen to generate a
significant oscillation on the integrating sphere, producing approxi-
mately a 5 mm p-p fluctuation in the laser alignment, whilst also falling
within the frequency ranges of the vibration expected on the light
aircraft this instrument is designed to be mounted into.

Measurements were then taken of the detected ramp waveform for
10 s, both with the vibration present and without, both in the absence of
methane so as to determine the baseline stability and noise. The resul-
tant averaged waveforms can be observed in Fig. 10. The two mea-
surements made have no appreciable difference in amplitude, with the
measurements taken under vibration showing slightly improved noise
levels. This demonstrates that system is tolerant to sustained vibration
and misalignment.

To quantify the improvement in noise observed, a line fit was applied
to the centre section of each ramp using a second order polynomial to
account for the slight curvature in the measured signal. From this, the
residuals of each curve could be calculated and subsequently plotted, as
shown in Fig. 11. The standard deviations of these residuals are
5.8 x 107*V and 4.2 x 107* V for the normal operating conditions
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Fig. 11. Residuals from a second order polynomial line fit applied to measurements taken with the system under (a) normal operating conditions and (b) sus-

tained vibration.
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and sustained vibration measurements respectively.
6. Discussion and conclusions

Investigations were performed into the suitability of utilizing a mid-
infrared interband cascade laser and integrating sphere for use in
methane detection. The methane absorption feature at the chosen
wavelength is complex, consisting of seven overlapping absorption lines,
however the detected absorbance showed a good agreement with the
theoretical values obtained from the HITRAN database. Measurements
were then taken of methane concentrations between 0 and 50 ppm in
5 ppm steps, with the sensor response produced showing a good line-
arity, and any deviation falling within the estimated experimental error.

To determine the limit of detection of the system, a long-term
repeatability test was performed by passing a sustained flow of
50 ppm methane into the integrating sphere over a period of 3 h. The
resultant Allan-Werle deviation curve demonstrated a limit of detection
of 220 ppb with an averaging time of 40 s for single point measurements,
with a Levenberg-Marquardt line-fit improving this to 180 ppb for 20 fits
of individual 1-second averages. This is a useful improvement over the
expected performance using the same technology in the near IR, where
absorption features are approximately 100 x smaller. Although the
absolute performance is not as high as those seen in previous literature,
when considering the small pathlength of the gas cell, the relative per-
formance of the system is comparable (3.5 x 10~* AU for the line fit
limit of detection versus 8.1 x 10~* AU for the system developed by
Song et al. [7]). With the current background concentration of methane
at 1.8 ppm, this limit of detection would allow for the measurement of
fluctuations in this background level at a factor of 1 in 10, thus enabling
the utilisation of this instrument for measurement of atmospheric levels
whilst mounted in a light aircraft. If integrating spheres with longer
pathlengths were developed, further improvements to the limit of
detection could be achieved. For example, Cone et al. [41] have
demonstrated a high-purity fumed silica powder with a reflectivity of
0.99919 at 532 nm, producing an effective pathlength of 41.15m in a
5 cm diameter spherical integrating cavity.

The pathlength of the sphere, at 71 cm, does not compete with high
quality multipass cells such as Herriott cells, but nevertheless does offer
some advantages. Both the detector and laser were able to be positioned
directly next to the integrating sphere ports. Our observations show that
the alignment requirements for our system were minimal. A 5 mm p-p,
15 Hz oscillation applied to the integrating sphere and detector, moving
them relative to the incident laser beam, displayed no measurable
changes in the instrument readings, with preliminary measurements
indicating a reduction in noise levels (standard deviations of the re-
siduals decreasing from 5.8 x 1074V to 4.2 x 10°* V) when a vi-
bration is applied. Advantages therefore included ease of alignment,
compactness, and minimising the effects of any background methane
present in the optical path outside the gas cell. Despite the lack of
isolator present in the system, no effects of feedback into the laser were
observed.

Future work will involve the development and deployment of a
compact version of the sensor to mount onto a light aircraft for appli-
cation to environmental monitoring. Due to the tolerance to misalign-
ment that is inherent with integrating spheres, it is anticipated that any
vibrations or g-loading caused by the aircraft will have minimal effect on
the performance of the instrument.
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