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Abstract

Versatile and flexible gas analysis for compositional identification and quanti-
fication is a demand found in a variety of diverse sectors. As such, a compact,
deployable instrument exhibiting both high specificity and sensitivity is a
highly attractive proposition for a wide range of applications. In this paper, we
describe a gas phase Raman spectroscopy-based device using state-of-the-art
anti-resonant (tubular) hollow core micro-structured optical fibre (HC-MOF).
This fibre architecture allows the use of lengths that are typically longer than
have been demonstrated previously, allowing substantially enhanced interac-
tion lengths between the pump laser and the gas sample to be achieved,
addressing the sensitivity challenges typically observed in gas-phase Raman
measurements and enabling application for remote sensing in hazardous envi-
ronments. We describe the successful development of a compact, fibre-
integrated instrument and present results obtained during a test campaign at
an industrial laboratory; marking a milestone in gas-phase Raman spectros-
copy. The unique properties of the MOF used allowed a 20-m length to be
utilised, representing a new record length for gas phase Raman measurements.
The identification and quantification of a variety of gas species, ranging from
simple homonuclear diatomic gases to heteronuclear organic gas species were
achieved, and, building on previous studies, the instruments stability, gas
concentration linearity response, and the hollow core fibre filling and purging
characteristics were investigated.
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1 | INTRODUCTION

Gas sample compositional analysis is routinely required
across a range of industries including the oil and gas,
nuclear and environmental sectors. These measurements
are commonly completed using gas chromatographic
(GC) separation methods coupled with a variety of gas-
specific detectors such as thermal conductivity and flame
ionisation detectors. Although broadly effective, these
systems are typically complex, expensive and demand
ex-situ operation where gas samples must be physically
obtained and taken to an off-site laboratory for character-
isation or additional pipework has to be introduced to
allow gas flow to an off-site location. GC instruments can
achieve high detection sensitivity levels''!: however, the
technique suffers from low selectivity due to the require-
ment for gas specific separation columns and detectors.
For example, hydrogen detection is typically accom-
plished via a dedicated molecular sieve column, helium
carrier gas and thermal conductivity detector.!?! In this
configuration, to simultaneously monitor other gas
species, such as methane and ethane, would demand
additional columns, carrier gases (e.g., argon) and
detectors. If further gas species are targeted, the GC
instrumentation becomes increasingly complex, bulky
and expensive. Consequently, alternative gas metrology
methods are a fertile research area.

The high selectivity inherent to Raman spectroscopy
offers excellent opportunities for quantitative composi-
tional analysis of materials. The technique has demon-
strated versatility through deployment in diverse
applications ranging from laboratory based fine
chemicals characterisation' to in-situ industrial process
monitoring.[4] However, the Raman effect is a weak
process'®! and so measurements typically suffer from low
sensitivity, therefore most Raman applications target
samples with high Raman scattering centre densities.
Equation 1 illustrates this principle:

I1=1,E;NoQL (1)

where I is the Raman signal intensity, I, is the laser
power, E; is the instrument efficiency, N is the number
density, ¢ is the Raman cross-section, €2 is the scattering
solid angle, and L is the laser-sample interaction length.
In practice, this results in Raman measurements being
predominantly used for analysis of solid and liquid
samples.

Gas samples are inherently diffuse and therefore
Raman signal capture is made substantially more chal-
lenging. Methods to facilitate these measurements
include sample pressurisation (increasing N), increasing
the laser power (Ip) or increasing the interaction path-
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length between the Raman excitation source and target
gas molecules (increasing L), or indeed a combination of
these methods. Sample pressurisation assemblies have
been demonstrated in the oil and gas industry where a
confocal optical probe design has interrogated a target
gas sample via a sapphire optical window.!® A variety of
approaches aimed at increasing the optical path-length
through the target gas sample have also been trialled.
These include methods where the gas sample is intro-
duced in to (a) an optical cavity where a series of mirrors
guides the Raman excitation light through an increased
pathlength!”! and (b) hollow core waveguide methods,
where a gas sample is introduced into the hollow region
of a waveguide which guides the light through an
increased interaction path through the gas sample. These
include glass capillary or metal ‘light-pipe’ methods!®!;
and hollow core fibre optic based methods which operate
via novel light guiding mechanisms.®!)

Despite the well documented advantages that Raman
based gas detection systems potentially offer, no single
method appears to have been widely adopted by the gas
sensing community, this may be related to sample
handling constraints, and/or complex optical alignment
requirements which limit use to static, bench-top based
environments.

In this paper, we present the development of a com-
mercially viable Raman prototype instrument exploiting
a fibre-based approach where the optical interaction path
length is dramatically increased by incorporating a 20-m
tubular hollow-core antiresonant fibre into the system.[lz]
This component consequently fulfils the gas sampling
function of the instrument, itself tailored to detect a
broad range of gas species of potential interest to multiple
industrial sectors.

Hollow core microstructured fibres (HC-MOFs)
are a specialty type of optical fibre where light is guided
in a hollow core. HC-MOFs provide low loss and low
bend sensitivity and can be fabricated in long lengths
(>100 m); making them very attractive as a gas cell for
Raman spectroscopy. Furthermore, recent fabrication
advances are moving them ever closer to a viable
commercial technology.!*!)

To date, Raman gas sensing using HC-MOFs has been
predominantly carried out using hollow core photonic
bandgap fibres and the lowest demonstrated limit of
detection is 0.2 ppm for methane gas, using a 2 W laser,
with the gas sample at 20 bar.'”! In recent years, a differ-
ent type of HC-MOF has emerged, known as hollow core
antiresonant fibre (HC-ARF), due to its guidance mecha-
nism. The first demonstration of HC-ARF for use in
Raman gas sensing was reported in 2017,'*! highlighting
that HC-ARF can potentially provide several advantages
for Raman-based gas sensing, including lower fibre

[13,14]
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attenuation, more than an order of magnitude lower
overlap between the guided light and the silica micro-
structured cladding and larger core sizes (which can
reduce gas filling time). More recent work!'® further
demonstrated these features and showed a limit of detec-
tion of ~25 ppm for carbon dioxide gas, with 1.3-W laser
power at 3.5-bar gas pressure. All reported works so far
use fibre lengths of only a few metres; in HC-PBGFs this
is limited by the fibre attenuation, whilst using HC-ARFs
there is considerable scope to explore longer fibre
lengths.

Gas phase Raman measurements using HC-MOFs
have, to-date, typically been constrained to static,
laboratory-based experiments, where often limit-of-
detection (LoD) thresholds have been targeted.!'”! Whilst
detection of several different gas species has been demon-
strated, for a variety of interesting applications (such as
breath analysis'”! and fruit ripening!'®!), deployment for
in-situ gas characterisation has not been possible. In this
work, a system has been successfully assembled, tested
and validated and then subsequently deployed to an
industrial laboratory for performance testing. This
demonstrates the reality of a compact, integrated, stable,
site-deployable gas phase Raman instrument capable of
simultaneous detection of multiple gas species with appli-
cations across a broad range of industrial and academic
sectors. This work therefore differentiates from existing
HC-MOF based systems where extended optical arrange-
ments, using short fibre lengths have been demonstrated.

Initially, the instrument functionality was established
via characterisation of ambient atmospheric gas species.
The Raman signal stability and gas fill/purge times
and characteristics were assessed. A demonstration
of simultaneous multi-species detection is presented,
where component species concentrations varied between
0.04% and >99%. The Raman signal response linearity
across a range of target concentrations is presented. The

instrument was shown to characterise a variety of gas
species ranging from simple homonuclear diatomic mole-
cules to more complex heteronuclear organic gas species.

2 | INSTRUMENT
2.1 | Concept

An integrated, free-space coupled design was developed.
This allowed for a compact instrument configuration and
easy optical alignment, whilst maximising efficiency. This
integrated solution is shown schematically in Figure 1.
The design comprised of three subsystems:

1. Czerny-Turner (CT) monochromator-type spectrometer
2. 532 nm laser and launch/coupling optics
3. Tubular hollow-core anti-resonant fibre (HC-ARF)

The system included a series of spatial and optical filters
to ensure full optical separation between the laser and
the spectrometer was achieved. This ensured the
incidence of stray laser light on to the spectrometer CCD
was minimised, thereby enhancing system performance
by reducing a significant noise contribution. Figure 1 also
indicates optical filter positions, where the long pass
(LP) filter blocks 532-nm laser light from entering into
the spectrometer and the laser line (LL) filter suppresses
additional laser wavelengths which the laser may
produce.

2.2 | Hollow core microstructured
optical fibre

The hollow core fibre was designed and fabricated by the
Optoelectronic Research Centre (ORC) at the University

/—\/ laser

detector ~ Mirror

Nirror \
LL

mirror

spatiall filter I'I; £/2 lens
(] | D ”HL__DD ( ) <jgassample
| — fibre
grating LP  dichroic o

Hollow core

A

LL: laser line filter, LP: Long pass filter

CT spectrometer !_aser and fibre optic coupling J

optical fibre

FIGURE 1 Integrated design gas phase Raman instrument configuration [Colour figure can be viewed at wileyonlinelibrary.com]
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of Southampton, UK. Two fibre design options were
considered (a) a hollow core—photonic band gap fibre
(HC-PBGF) and (b) a hollow core—anti-resonant fibre
(HC-ARF). Each fibre presents advantages specific to
particular applications, for example HC-PBGFs exhibit
negligible bend losses and usually have a higher numeri-
cal aperture (NA) than HC-ARFs,!"! leading to higher
capture efficiency. Therefore, HC-PBGFs may be best
suited for applications which demand short fibre lengths
and a compact device; where the fibre may need to be
tightly coiled. HC-ARFs allow for more varied design
options!?! including larger core sizes and greater optical
bandwidth; they also have multiple transmission
windows and can have lower attenuation compared to
HC-PBGFs,?!! especially at visible and NIR wavelengths
relevant to Raman spectroscopy.

Our goal was to demonstrate a compact and practical
sensing unit which could be used in an industrial setting,
outside of the confines of a well-controlled laboratory
environment. Furthermore, we wanted to exploit the
flexibility of the fibre to enable a system which could be
used for remote access to hazardous areas. This system
therefore required the use of a fibre length beyond that
previously explored for Raman-based gas sensing using
HC-MOFs. A 532-nm pump wavelength and a broad
400-4500 cm ' Raman spectral range were identified as
being necessary to enable simultaneous identification
and quantification of multiple target gas species. The
long fibre length combined with the multispecies
detection requirement resulted in a need for a HC-MOF
with a broad, low loss transmission window at visible
wavelengths. Additionally, the HC-MOF would need to
be coilable; and also be able to navigate around
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obstructions, but not necessarily to extremely small bend
diameters.

Following consideration of these factors, a tubular
HC-ARF was selected as it best met these requirements
and the application demands of a gas phase Raman
system. The core diameter (~21 pm) was chosen to best
balance the competing effects of confinement loss and
gas filling time (which both reduce for larger core sizes)
and macro- and micro-bend losses, which increase for
larger core sizes, and therefore limit the fibre's dep-
loyability due to handling and coiling related transmis-
sion losses.

A 20-m fibre length was selected to balance the
competing system requirements of the gas fill time
(which increases with the square of the fibre length!?*!)
and the increase in Raman signal which can be achieved
with longer interaction path lengths. This length also
expands the deployment options for the system, where,
whilst designed to operate in a loosely coiled configura-
tion in this investigation, could also be uncoiled and act
as a remote gas ‘sniffer’ sensor. In this configuration, the
main system hardware would be located at a fixed on-site
location and the uncoiled HC-MOF gas sensor deployed
to a target area. Furthermore, this type of fibre and
length would also present the opportunity to form a
sensor network by incorporating multiple fibres into the
system to capture gas composition data from multiple
target sites.

Figure 2a shows the transmission and loss of the fibre
used in this work. The loss was measured by the
traditional cutback method where the transmission of
long (402 m) and short (100 m) lengths of the fibre
were measured sequentially (with the optical launch

-25 150
X : ——402m b
-30 4 (a) : : 100m ( )
.35 2 ! 125
g 404 ; |
@ y : - 100
E '45 -1 ] E
c ' <
S .50+ ; @
$ ] +75 o
s -55 | -~
3 | 2
S -60- : s =
- . I
-65 ;
-70 4 : L 25
-75 4 .
-80 ll ] 1 1 1 lel 0
400 800
Wavelength /nm
FIGURE 2 (a) Transmission and loss measurements of the tubular hollow core antiresonant fibre (HC-ARF) used in this work and

(b) scanning electron microscope (SEM) image showing the fibres cross section (scale bar = 50 pm) [Colour figure can be viewed at

wileyonlinelibrary.com]
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maintained between measurements), and the loss
deduced from these. The loss at the pump wavelength
(532 nm) is ~26 dB/km with the fibre exhibiting mini-
mum loss of ~23 dB/km at 569 nm, and sub-150 dB/km
loss across the entire 400-4200 cm ™' measurement range.
These losses, whilst not the absolute lowest achieved in a
HC-MOF, are excellent at these wavelengths and are the
reason long lengths of fibre can be used. Figure 2b is a
scanning electron microscope (SEM) image of the
HC-AREF cross-section showing the tubular core architec-
ture. Further details of the fibre design and operational
performance are described by Davidson et al.*!!

2.3 | Alignment and instrument
configuration

Alignment of the HC-ARF to the internal optical hard-
ware elements was found to be critical for overall system
performance. In particular, stable optical coupling
between the pump laser and the HC-ARF was essential,
as any small drift in alignment will effectively change
(reduce) the pump laser power reaching the gas sample
and therefore reduce the generated Raman signal. This is
challenging due to the 21-um diameter of the fibre and
therefore stable alignment at the micron-scale is
required.

As shown in Figure 1, the laser was directed to the
HC-MOF via a 90° turning mirror and a dichroic mirror.
The laser spot diameter was estimated at 8.6 pm. The
mode field diameter of the fundamental mode of the
HC-MOF was estimated to be ~14 ym.[**! This size
mismatch indicates that some higher order modes were
also likely launched into the fibre, further accounting for
observed transmission loss variation.

Alignment optimisation between the pump laser and
HC-ARF was achieved via coupling a power metre to the
distal end of the fibre and monitoring power throughput
whilst adjustment of the fibre mounted on an XYZ stage
was completed. It was estimated, via operation of a

Fibre in
enclosure

motorised XYZ translation stage, that XZ axis tolerance
was approximately +2 pm and the Y-axis (focus) toler-
ance was +20 pm.

Figure 3 shows a labelled photograph of the full
instrument assembled according to the configuration
described in Figure 1. A Roithner LaserTechnik RLTMSL
CW laser was selected as the Raman excitation source
providing specifications in-line with the demands of the
HC-ARF, including the single longitudinal mode
requirement. This unit operated at A = 532 + 1 nm with
200 mW output power. The laser power available to
launch into the HC-MOF, after accounting for lens
and filter transmission losses, was approximately 175-
180 mW. The laser power at the fibre output, measured
using a power metre, as described previously, was
typically between 80 and 100 mW, resulting in 55-60%
coupling/transmission efficiency. This indicates an
opportunity for improvement and the highest power
output achieved was 145 mW, corresponding to a
coupling efficiency >80%.

An Andor iVac 316 camera was selected for the
system detector; this provided good quantum efficiency
over the target spectral range and excellent
sensitivity. The system was designed to operate within a
spectral range between 400- and 4500- and 6-cm
resolution. This ensured that a diverse range of gas
species could be simultaneously detectable; for example
from Cl, to H, with Raman shifts of 570 and 4150 cm ™,
respectively.

The prototype instrument shown in Figure 3 was
operated during this phase of development without a full
enclosure. This facilitated easy access for iterative
alignment activities. The dimensions of the complete
unit, including full enclosure would be approximately
500 (length) x 300 (width) x 200 (height) mm, excluding
the laser power supply. There is considerable scope to
further reduce the form factor of the unit, depending on
precise application requirements. This could be accom-
plished via the incorporation of alternative detectors
and/or laser heads. The availability of compact cage-

FIGURE 3
instrument layout showing key

Image of

sub-system components [Colour
figure can be viewed at
wileyonlinelibrary.com]
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mounted optical coupling hardware will also further
reduce the dimensions and mass of the system.

This paper presents results captured at ambient
temperature from the following gas species: O,, N, and
H,0 (g) from ambient atmospheric samples and CO,,
CH, and C;Hg from commercially supplied bottled
sources. Where gas dilution for mixed sample and
variable concentration analysis was required, a G-A-S
EasyCal Calibration System, with 0-100 ml range
was used.

3 | RESULTS AND DISCUSSION

Instrument assembly, functional testing and initial
validation was completed by IS-Instruments at company
facilities in Tonbridge, UK. The system was then
transported and deployed to the Jacobs Chemistry and
Materials Laboratories in Warrington, UK, demonstrat-
ing the versatility of the instrument and potential for
further site/field operation.

3.1 | Basic instrument functionality

Initial instrument functionality was confirmed via
measurement of ambient atmospheric gases, principally
N,, O, and H,0(g). These gas species also provided con-
venient and discreet peaks for alignment and wavelength
calibration purposes. Figure 4 shows the raw Raman
spectra obtained from an ambient atmospheric air
sample. O,, N, and H,0 are readily captured in single
frame acquisition times of ~1s. This initial

500 N,
450
400
350
300
250
200
150
100 H,0

50 »
A

Raman Intensity / Arbitr. Units

0
600 1100 1600 2100 2600 3100 3600 4100

Wavenumber / cm

FIGURE 4
[Colour figure can be viewed at wileyonlinelibrary.com]

Raman spectra of ambient atmospheric air sample
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demonstration also highlighted the challenges associated
with a free-space coupled design where eliminating both
ambient light and residual scattered laser light from the
detection elements of the system demanded the introduc-
tion of additional optical and spatial filters. This chal-
lenge is unique to an integrated instrument solution,
differing from alternative and modular arrangements
where each sub-system may be contained in independent
enclosures. In addition to the discreet gas Raman peaks,
Figure 4 (obtained after the additional filter fitting) shows
a baseline signal that continues to indicate the presence
of low broadband light levels and highlights the impor-
tance of comprehensive internal baffling and system
enclosure. Accounting for Raman scattering cross-sec-
tion, detector efficiency, grating efficiency and fibre loss
(Figure 2), the peak heights of this spectrum were found
to indicate an N,:0, ratio close to known atmospheric
composition. The observed deviation highlighted the
importance of applying a white light correction routine
to future iterations of the instruments to fully correct for
wavelength dependent transmission variability and
enable accurate quantification of multiple gases in a sin-
gle sample. At this stage of the development, this result
confirmed basic gas species detection and was used to
identify where next phase efforts should be directed.

3.2 | Instrument stability

Initial stability testing of this type of tubular HC-MOF
was examined by Partridge et al**! where power
throughput and Raman peak characteristics were
established. Due to practical constraints related to the
deployment configuration, in this work the stability of
the Raman response was monitored only. This was
achieved via the capture of ambient atmospheric N, and
O, spectra over a 4-h duration. Initially, Raman peak
heights were assessed and compared to their respective
area integrals, so as to determine an optimal metric. It
was found that each case returned a near identical trend
and therefore due to the ease with which the peak height
could be determined, peak heights (whilst accounting for
signal background) were the selected metric used
throughout this investigation.

Figure 5 shows the O, and N, Raman peak heights
tracked, presented at 30-min intervals throughout the 4-h
period. The O, peak maintained a mean peak height at
172 (o0 = 4.3, %o = 2.5) and the N, peak maintained a
mean peak height at 456 (¢ = 17.2, %o = 3.8). Each data
point represents a single frame acquired in 1 s. Error bars
were excluded due to small size. This was found to be in
approximate agreement with predicted signal-to-noise
ratio characteristics observed at different peak intensities.

95UB017 SUOLLLIOD SAIERID 3|l jdde au) Aq peusenob ae SapoiLe YO '9sN J0 S9|Nn 10} Aleld1 ] 8UIUO 8|1 UO (SUONIPUOD-PUR-SLLIBY WD A | 1M Afeiq U1 |UO//SANL) SUONIPUOD pue SIS | U1 89S *[z202/TT/70] uo A%iqisuluo A(1m ‘uoidweyinos 1O AisAIUN AQ S6T9'SI/Z00T OT/I0p/W0d"AB| 1M Aleiq U1 |UO'S [EUIN0 BOUS 105 [0 1A feue//SANY WoJ pepeojumoq ‘0T ‘T20Z 'SSSY.60T


http://wileyonlinelibrary.com

Journal of

1778 | WILEY. RAMAN BROOKS ET AL.
600 600
@ V1C02
£ 500 ‘S 500
5 N ? VZCOZ
o =
£ 400 2 400
g <
. ~
~ .00 —e—N2 Peak Height >
Py "3 300
= —— (02 Peak Height c
c L N2
et c
£ 200 =
= f mm & 4 r— A c 200
E T2 @©
- IS
©
9 100 e
o © 100
O U
0 40 80 120 160 200 240 0
Ti / . 1100 1500 1900 2300
Ime / min
Wavenumber / cm™
FIGURE 5 N, and O, peak height stability over 4-h duration
FIGURE 7 Raman spectra of CO,/N, sample captured at

[Colour figure can be viewed at wileyonlinelibrary.com]
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wileyonlinelibrary.com]

3.3 | Gasfilling and purging

The gas filling and purging characteristics of the fibre
were also of significant interest and considered central to
the commercial viability of a deployable instrument. Gas
flow dynamics in HC-MOFs have been investigated by
several groups in recent years'>>”! and different dynam-
ics have been identified depending on the gas pressure
(and the subsequent mean free path of the gas molecules)
and the fibre's geometry, specifically core diameter and
length. For the work shown here, gas fill, and

26 min as shown in Figure 6 [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 8 Raman spectrum of gas mix containing 0.32%
propane (C3H8), 3.68% methane (CH,4) and 96% carbon dioxide
(COy) [Colour figure can be viewed at wileyonlinelibrary.com]

accompanying purge times and characteristics were
assessed by coupling the distal end of the fibre to a
custom gas handling system which allowed the fibre to
be filled with pressurised bottled gas. CO, was introduced
to the fibre at a positive pressure differential of 2 bar.
This was achieved by replacing a 0 bar gauge pressure at
the fibre (1-bar absolute pressure) with a 2-bar gauge
pressure (3-bar absolute pressure). This pressure regime
was replicated for all results. Due to these filling condi-
tions and as we are filling the fibre from one end, with
the other end open to atmosphere, the pressure-driven
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flow model described in Masum et al.*®! is a suitable
choice for estimating the filling time, with the caveat that
it does assume a circular core geometry, which differs
from the tubular design used here. Using this model and
the experimental conditions described, we estimated a
filling time of ~60 min.

Figure 6 shows Raman peak tracking of ambient
atmospheric N, and pressurised bottled CO, v; and v,
peaks as the CO, was introduced into the hollow core
fibre, whilst simultaneously the N, was purged. The total
tracking duration was 100 min. Each Raman spectra was
obtained in 0.6 s, each data point corresponding to a
single frame captured every 15 s. The CO, peaks become
visible in <1-min fill time, whilst the N, peak maintained
intensity (briefly increasing) for 13 min before reducing,
indicating a latency time of the resident gas species. This
observation may be caused by dead-space regions in the
gas coupling pipework requiring longer purge durations
to remove resident gas and/or an effect related to fibre
end being open to the ambient atmosphere, the latter
may also explain the persistence of N, throughout the

90
1000

@ 2880cm™ peak A...
80 800

70 | 5%
60
50 0
40
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20

Raman Intensity / Arbitr. Units

2987 cm peak
10

3038 cm ™ peak

0 1 2 3 4

Gas concentration / %

FIGURE 9
concentration: A linearity response assessment. Linear trend lines

Methane Raman peak intensity versus

for each plot are shown [Colour figure can be viewed at
wileyonlinelibrary.com]
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tracking duration. It is anticipated that this latency
would be reduced with increasing gas sample pressure
differential and future investigations will assess this
characteristic.

Following a total 40-min fill time for the CO, sample,
a relatively stable peak intensity was achieved, where the
observed periodicity between 40 and 100 min may be
caused by pressurisation differentials and/or laser power
output variation (laser stability found to vary according
to specification [<5%] contributing to observed Raman
peak intensity variation). Simultaneously, the N, peak
following a 13-min latency time, in which the peak
actually increased, (which again may be due to localised
pressurisation effects) and 27-min transition/purge time,
produces a stable peak intensity level. The low-level peak
intensity maintained after 40 min is likely due to residual
N, present in the fibre and/or ‘dead-space’ in the gas
pipework interface that may either require longer time-
scales (or higher pressures) to fully purge. In the case of
pipework ‘dead-spaces’, a dedicated purge valve located
immediately prior to the fibre interface would facilitate
rapid gas sample exchange and limit this observed effect.

The observed 40-min fill time is quicker than
predicted using the model described by Masum et al.l2°;
this could potentially be due to the non-circular core
geometry of the tubular HC-MOF design, which has
previously been shown to enable faster filling times as
compared to circular core fibres.?*!

Figure 7 shows the Raman spectrum of the gas
mixture captured after 26 min from the first introduction
of the pressurised CO, sample. As indicated with a
dashed line in Figure 6 this is at a time point where both
gas species are readily identified; the CO, content and
Raman signal increasing and the N, content and Raman
signal decreasing.

3.4 | Propane, methane and CO, gas mix

The capture of Raman spectra of organic gas species was
also conducted. Figure 8 shows the Raman spectra of a
gas sample containing 0.32% propane, 3.68% methane
and 96% carbon dioxide, introduced at a 2-bar pressure
differential into the HC-ARF. The spectrum was captured
in 60 x 1s accumulations and clearly identifies each of

Gas species and concentration

TABLE 1 Summary of gas sample

composition
Sample
1 2
2 1.5
3 1
4 0.5

Methane, CH,%

Ethane, C,Hs% Carbon dioxide, CO,%

0.16 97.84
0.12 98.38
0.08 98.92
0.04 99.46
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the three component gas species, as labelled. Addition-
ally, the methane rotational Raman peaks are clearly
visible as highlighted in Figure 8. This result emphasises
the capacity of the instrument to capture multiple gas
species simultaneously at substantially different partial
pressures.

3.5 | Methane Raman peak linearity

A clear provision of the instrument was to quantitatively
characterise target gas species. In this context, sequential
and variable gas concentrations were introduced into the
HC-ARF. Figure 9 shows a peak tracking graph where
the three CH, Raman peaks identified in Figure 8 are
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FIGURE 10
concentrations as labelled [Colour figure can be viewed at
wileyonlinelibrary.com|
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FIGURE 11

tracked as the methane gas concentration was varied
from 0.184% to 3.68%, where the remaining sample
comprised of CO,. Error bars were excluded due to small
size. R* values of 0.992 (2880-cm ' peak), 0.993,
(2987-cm ! peak) and 0.9926 (3038-cm ' peak) demon-
strate excellent signal response linearity for all three CH,
peaks over the gas concentrations investigated.

3.6 | Ethane/methane gas mixin CO,

The sensitivity of the system to detect lower gas
concentrations (<500 ppm) was also assessed. A series of
ethane/methane mixes in CO, were investigated to
confirm detection and quantification thresholds, where
detection was confirmed via the identification of visible
peaks and quantification confirmed via peak intensity
versus gas species concentration linearity analysis, as
shown in the previous section. The composition of the
four samples analysed are shown in Table 1.

Figure 10 shows the Raman spectra of each of the
samples 1-4 listed in Table 1. Each spectrum was
captured in 60 x 1s accumulations. Each of the three
characteristic methane peaks identified previously are
clearly visible as highlighted in Figure 10. Additionally, a
unique ethane peak is identified at approximately
2920 cm™'. As the concentration of each gas species
reduces, a corresponding reduction in peak height is
observed.

Figure 11a shows the signal response linearity of the
methane peak at 2880 cm ' as the gas concentration is
varied between 0.5% and 2%. Error bars were excluded
due to small size. Good linearity is observed with
R? = 0.9878. Furthermore, the signal response linearity
of the ethane peak as the gas concentration is varied
between 0.04% and 0.16% is shown in Figure 11b, again
good linearity is observed with R* = 0.9954. This result

16 (b)
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12 e

Units

10

Ethane peak Intensity / Arbitr.

0.04 0.08 0.12 0.16

Ethane concentration / %

Raman peak intensity versus gas concentration plots: (a) methane 2880-cm ™' peak and (b) ethane peak. Linear trendlines

for each plot are shown [Colour figure can be viewed at wileyonlinelibrary.com]
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emphasises the capacity of the instrument to both
identify and quantify multiple gas species simulta-
neously, at concentrations <0.05%.

The aim of this work was not to demonstrate record
limit of detection but to develop a practical demonstrator,
to move this sensing paradigm out of the lab and towards
commercial deployment. Whilst evaluation of the limit of
detection of this system will form part of our future work,
the measurements above demonstrate detection of
400-ppm ethane, which is not far from the 25-ppm limit
of detection demonstrated in Sieburg et al.**) Within the
system demonstrated here, there is significant room to
improve the limit of detection (e.g., by increasing pump
laser power and gas sample pressure) which could
be exploited for applications which require higher
sensitivity.

4 | CONCLUSIONS

Substantial progress towards the production, verification
and validation of a site-deployable Raman based gas
detector has been presented. The development of a
purpose-built gas phase Raman instrument and key
results are summarised. Initial validation of the
design concept was completed via the successful charac-
terisation of ambient atmospheric air gas species: N, O,
and H,O(g). Each of the characteristic Raman peaks
associated with each gas species was readily identified.
The stability of the instrument was assessed, providing a
crucial benchmark for subsequent gas quantification
analysis. The hollow core fibre fill and purge time was
also investigated. The measurement cycle is currently
dominated by this aspect of the instrument, where
increased pressurisation options are presently being
explored so that fill/purge times can be reduced. Organic
gas species: methane, ethane and propane were also
analysed, presenting the opportunity to confirm Raman
response linearity with wvariable gas concentration.
Furthermore, multiple gas species were simultaneously
detected where each gas component exhibited good peak
response linearity. This demonstrated the capacity of the
instrument to both detect and reliably quantify gas
species where component concentrations varied between
0.04% and >99%. A quantification threshold currently in
the order of 100 s ppm is anticipated to increase via
incremental procedural and technical developments,
making sub-ppm measurements possible within a
commercially viable system. Two readily implementable
technical developments which would increase
instrument limit of detection (LoD) are (a) increasing
the Raman excitation laser power (this system
operated at approximately 180 mW) and (b) gas sample

RAMA
SPECTROSCOPY

pressurisation. Further improvements in the HC-MOF
design (such as reduced loss and increased capture
efficiency or longer lengths) will also present another
opportunity to further increase LoD and/or reduce
measurement times.

Future iterations of the instrument will examine these
options where LoD in the order of 100 s ppb is predicted.
The work described here, therefore aimed to demonstrate
the viability of a HC-MOF based Raman gas detection
system using relatively low laser power and gas pressure
and showcases the use of relatively long fibre lengths to
facilitate this, which simultaneously facilitates remote
sensing. A clear development path towards increased
LoD and reduced measurement time has also been
identified.
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