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Sensors that measure dissolved gases directly are needed for environmental, industrial, and biomedical applica-

tions. Here we present a hollow core fiber optic sensor capable of measuring dissolved methane gas in liquids using
only nanoliters of sample gas. The sensor is based on an anti-resonant hollow core fiber combined with a permeable
capillary membrane inlet that extracts gas from the liquid for analysis. Using a small capillary inlet for gas extrac-
tion is only possible due to the small amount of sample gas needed for analysis, and it presents new possibilities for
dissolved gas analysis in a simple, robust, and compact sensor configuration. We demonstrate the sensing technique
using wavelength modulation spectroscopy and measure methane dissolved in water with a 10 lower detection

limit of 230 ppb, a resolution of 45 ppb, and a response time of ~8 min.
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1. INTRODUCTION

The measurement of dissolved gas concentrations is important
in a wide variety of industrial, environmental, and biomedical
applications. Gases in both the gas phase and dissolved in fluids
are commonly measured using absorption spectroscopy due to
its advantages of high sensitivity and selectivity [1-4]. However,
reaching high sensitivity and low detection limits often requires
multi-pass cells or high finesse cavities, which necessitate pre-
cision optical and mechanical components that increase size
and fabrication complexity [5-8]. Measuring gases in dissolved
form also often requires additional components to equilibrate
or extract the gas into a headspace prior to analysis [9—13]. Such
sizable components are not ideal for field portable or i situ
sensors for which miniaturization is key. Optical cell miniaturi-
zation is also desirable when only a limited amount of sample gas
is available because it decreases the amount of gas required for
analysis. This can be the case for finite samples retrieved in the
field, or when there is only a small amount of liquid available for
analysis.

In the past decade, several types of hollow core fibers (HCFs)
have gained significant attention for their ability to serve as an
alternative optical cell for gas analysis with minimal sample vol-
ume. These include hollow core photonic crystal fibers [14-18],
anti-resonant HCFs [19-22], and dielectric hollow core wave-
guides [23-25]. These fibers have the advantage of providing
long light/gas interaction lengths with extraordinarily small
sample volumes, typically requiring only 2 to 200 nanoliters of
gas to fill a 1-meter fiber [26]. As an example, extracting enough
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atmosphere-equilibrated gas from water to fill the fiber would
require degassing only 0.09 to 9 UL of water. These characteris-
tics are particularly advantageous for membrane-based dissolved
gas sensors due to the slow nature of gas diffusion across the
membrane. Minimizing the amount of gas required for analysis
can be key for both miniaturizing the size of the gas inlet as well
as decreasing the sensor response time.
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Fig.1. Diagram of the sensor setup. Blue lines—optical fiber; Black

lines—electrical connections. Light from a 1650.9 nm DFB is coupled
to a 5 m AR-HCEF via an inlet tee. A Teflon AF polymer capillary is
also attached to the inlet tee to extract dissolved gas from a solution
in a sample jar. The light and the gas exit the AR-HCF in a sealed cell
containing a photodiode (PD), and a vacuum pump lowers pressure at
the fiber output. A lock-in amplifier provides a laser modulation signal
and extracts the 2f signal output. For a dissolved gas measurement,
the sample jar is filled with water, and sample gas is bubbled in until
equilibrium is reached. A vent on top of the jar allows the sample gas to
escape so the pressure in the jar remains at 1 atm.
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Here, we utilize a revolver-type [19,27] anti-resonant hollow
core fiber (AR-HCF) and 2f wavelength modulation spec-
troscopy (WMS) to realize a simple and compact sensor for
measuring dissolved gases in fluids (Fig. 1). For gas extraction,
the sensor employs a gas-permeable polymer capillary mem-
brane inlet, the small size of which is only feasible due to the tiny
amount of gas required to fill the fiber, and we demonstrate and
characterize the sensor’s performance for measuring dissolved
methane in water.

2. SENSOR DESIGN

The sensor consists of a 1650.9 nm distributed feedback laser
(DFB) (15 mW LD-PD/Ideal Photonics) coupled to a 5 m AR-
HCF (iXblue IXF-ARF-45-240) using an FC/APC connector
for the laser fiber and an FC/PC connector for the AR-HCF
(Fig. 1). This configuration leaves a small ~85 pm gap between
the two fibers through which gas can enter the HCE The cou-
pling loss for this configuration was typically ~3 dB, and the
minimum bend radius of the fiber is specified as 6 cm. The fiber
connection is enclosed in a custom fabricated and sealed “tee”
adapter that interfaces to the gas-permeable polymer capillary.
The capillary is sealed at its distal end to prevent water from
entering. Care was taken in the design to minimize the gas
volume inside the tee adapter. Light at the opposite end of the
AR-HCEF exits into a sealed chamber containing a photodiode
used to measure the absorption signal. The sealed chamber
is also connected to a vacuum pump which is used to create a
pressure differential between the inlet and outlet of HCE Such a
pressure gradient facilitates rapid filling of the fiber [28,29].

The AR-HCEF was chosen for its nearly single-mode opera-
tion in the near-infrared, where fiber-coupled laser and detector
components are both inexpensive and widespread, and for its
46 pum core diameter, which results in a small sample volume
that can still be filled within minutes. Though a photonic
bandgap fiber could have been used, such fibers typically have
much smaller core diameters and thus would have resulted in a
significantly longer response time. The operating range of the
fiber is 1350—1850 nm, which covers a range of important gases
including methane (CHy), carbon dioxide, carbon monoxide,
acetylene, hydrogen sulfide, hydrogen chloride, ammonia, and
nitric oxide.

The fiber structure consists of a 46 m core surrounded by
a2 99 pum outer diameter (OD) cladding composed of seven
longitudinal tubes each ~12 pm in diameter. The detector is
an amplified InGaAs photodiode. The laser was centered on
the 1650.96 nm methane absorption transition via current and
temperature tuning using a laser driver (Thorlabs ITC4001).
A lock-in amplifier (Zurich Instruments HF2LI) was used to
both generate a small amplitude 5 kHz sine wave laser current
modulation and to acquire the 2f WMS absorption signal with a
time constant of 1 ms. The amplitude of the current modulation
waveform was adjusted to maximize the magnitude of the 2f
signal. The laser was passively held (no feedback) at the center of
the methane transition, except for when a 1 Hz large amplitude
triangle waveform was occasionally added to record the full
absorption feature (as in Fig. 5).

A Teflon AF polymer capillary (508 um OD x
254 pum inner diameter (ID) x 1 m long) was used to extract
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the dissolved gas via diffusion across the membrane [30]. This
long length ensured the gas inside the capillary was in close
equilibrium with the surrounding water before entering the
AR-HCEF (see Supplement 1). Even though equilibrium is not
required for a dissolved gas sensor, it makes sensor calibration
and characterization simpler since it significantly reduces the
effect of the membrane’s selectivity to various gases.

3. RESULTS

To first characterize the sensor’s response to methane gas, the
capillary membrane inlet was removed from the adapter tee,
leaving only a small stem that was inserted into the sample jar.
The gas in the jar was then replaced by flowing ultra-zero air
(<100 ppb methane) followed by increasing concentrations
of methane/air mixtures from 1 ppm to 1,000 ppm. The gas in
the jar was always maintained at atmospheric pressure. The 2f
signal recorded during the calibration is shown in Fig. 2 (black).
Next, a calibration using dissolved gases was performed by re-
assembling the Teflon tube into the inlet tee and inserting it into
the jar. The jar was then filled with tap water which was sparged
with ultra-zero air followed by increasing concentrations of
methane/air mixtures until equilibrium was reached. During
the full experiment, the solution was continuously stirred to
avoid diffusion boundary layer effects on the water side of the
capillary membrane [13,31]. The 2f signal during the calibra-
tion is shown by the blue data in Fig. 2, and the calibration curve
in Fig. 3.

After the calibration, the sensor’s resolution was studied by
inspecting the signal behavior at low methane concentrations.
Figure 4 shows the sensor signal converted to dissolved methane
concentration during the calibration step from ultra-zero air
to 1 ppm. The 1 ppm step is clearly visible, and the standard
deviation of the signal during the zero air portion (time 0 to 23
min) is under 70 ppb, indicating resolutions of this magnitude
are possible over time scales of tens of minutes.
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Fig. 2.  Time series for two calibrations of methane from 0 ppm

to 1000 ppm. The first calibration was obtained by sending methane
gas directly into the AR-HCF (black). The second calibration was
obtained by measuring dissolved gas extracted through the capillary
membrane inlet (blue). Note the longer time scale for the dissolved gas
calibration.
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Fig. 3. Calibration for measuring dissolved methane through the

membrane inlet. The linear fit was performed using only the first four

points for better accuracy at lower concentrations. The inset shows

the low concentration values. Error bars indicate the concentration

uncertainty for the gas standards used.
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Fig. 4.  Sensor respondse to a change from dissolved zero air to 1

ppm dissolved methane. The raw data (blue) and the data with 10 s

averaging (black) are shown. The gaps in the data seen at both 20 min

and 43 min are periods of time when the full spectrum was scanned as

shown in Fig. 5.

To further assess the signal at low concentrations, scans of the
full absorption feature were recorded during the calibration for
the steps of zero air, 1 ppm CHy4 and 4 ppm CHy (Fig. 5, top).
The individual scans at these low concentrations show oscilla-
tions that continue past the range shown in the figure and are
suspected to be interference fringes generated by the laser, the
AR-HCE, or the fiber junction in the tee adapter. Nevertheless,
these interferences were typically quite stable for durations of
minutes to hours, and the zero-air scan could be subtracted from
the 1 ppm and 4 ppm scans to more clearly see the methane
features (Fig. 5, bottom).

The sensor’s detection limit was assessed by equilibrating
the sample water with zero air and monitoring the signal over
a period of 8 h (Fig. 6). An Allan deviation analysis was used
to determine the performance over various time scales. The
result agrees well with the performance described above in that
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Fig. 5. Absorption features recorded by scanning the center wave-
length of the laser across the methane transition for dissolved gas con-
centrations of zero air, 1 ppm CHj and 4 ppm CHy (top). The scans
for 1 ppm and 4 ppm were subtracted from the zero-air scan to more
clearly see the methane feature (bottom).
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Fig. 6.  Stability data and Allan deviation of the sensor signal

acquired while monitoring dissolved zero air.

changes below 100 ppb are resolvable over time scales of seconds
to minutes, reaching a minimum of 25 ppb for an averaging time
of ~100 s. However, long-term drift becomes the predominant
feature affecting performance for time scales longer than ten
minutes, and it reaches ¢ = 230 ppb over several hours, which
we define as the sensor’s lower detection limit.

Lastly, the response time of the sensor was characterized by
recording the signal when it was immediately subjected to a
1000 ppm step in methane in either gaseous or dissolved form
(Fig. 7). The response to a gas phase sample was tested similarly
as described previously in that the capillary inlet was removed,
and the gas in the jar was quickly flushed with a 1000 ppm
methane/air mixture. For dissolved methane, the step response
was achieved by pre-equilibrating the water in the jar with 1000
ppm methane, and quickly inserting the capillary inlet into the
solution. The 75y response time for the gas phase test is 2.1 min,
while the 75y response time for the dissolved gas test is 8.1 min.
The shape of the two curves is also quite different due to the
different processes limiting the response time. The gas phase test
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Fig. 7. Response time of the sensor for rapidly flushing the jar with

1000 ppm methane gas with the capillary inlet removed (black) and
for measuring dissolved methane extracted through the capillary inlet

(blue).

exhibits sharp start and end points, indicative of the sample gas
immediately reaching and then filling the fiber. In contrast, the
dissolved phase test exhibits a more gradual response which is
dominated by the gas concentration reaching equilibrium inside
the capillary inlet.

4. DISCUSSION AND CONCLUSIONS

Opverall, the work presented here demonstrates the use of hollow
core fibers to measure dissolved gas in liquids with a response
time of minutes. For this specific sensor configuration, the
resolution at the response time of 8.1 min is 45 ppb, and the
long-term drift indicates a 1o detection limit of 230 ppb.
Potential methods for mitigating drift include active thermal
control of the fiber components, improved laser stabilization,
or more elaborate signal processing that uses the full absorption
scan.

These results presented here compare favorably to other
works that have detected methane using hollow core fibers.
For example, previous works in the near infrared using hollow-
core photonic bandgap fibers have reached detection limits of
between 0.36 ppm and 10 ppm using fiber lengths from 0.45
to 5.1 m [15-17], and other works in the mid-infrared using
anti-resonant fibers have reached detection limits between 24
ppb and 500 ppb using ~1-m-long fibers [22,32]. As with all
of these techniques, there are compromises between fiber type,
wavelength range, sensitivity, fiber length, bend radius, and
response-time.

While absorption spectroscopy is typically known for its high
selectivity, the capillary inlet in this setup adds a complication
since different gases permeate through the Teflon AF polymer
at different rates [33]. For example, the permeability of Teflon
AF to nitrogen, oxygen, and carbon dioxide, are respectively 1.4,
2.9, and 8.2 times that of methane. As a result, if those common
gases are present in high balance quantities, care must be taken
to ensure the gas concentrations inside the polymer capillary are
always in full equilibrium with the gas in the water. Otherwise
the gas concentrations inside the capillary will vary from that of
the sample solution. The required equilibrium can be achieved
by ensuring the rate of gas flow through the hollow core fiber is
slow enough such that the pressure inside the polymer capillary

is able to closely match the total dissolved gas pressure in solu-
tion. For the experiments reported here, there is good indication
to believe this condition was met for two reasons. First, calcula-
tions according to [Supplement 1] indicate the pressure inside
the capillary matched the solution gas pressure to within 10%,
and second, the similarity between the two calibrations shown
in Fig. 2 suggests that the membrane has minimal impact on
the sensor’s ability to accurately quantify methane. A separate
interference consideration is for the effect of water vapor, which
permeates through Teflon AF 12.1 times faster than methane,
and for which the partial pressure also varies with temperature.
Even so, saturated water vapor pressure varies from only ~0.6%
to ~4% from 0°C to 30°C, indicating the effect of water vapor
pressure variations due to temperature should be small. As for
how the absorption of these common gases interfere with the
absorption signal of methane at 1650.9 nm, oxygen and nitro-
gen have no effect. Carbon dioxide begins to interfere with 2
ppm levels of methane once it reaches 10% and above, and water
vapor begins to interfere at levels of 20% and higher. Despite
these positive indications, interferences from other gases should
be experimentally tested to confirm these predictions.

The demonstrated sensor has a range of potential applica-
tions. For example, the inlet capillary can withstand pressures
>1000 psi without collapsing, which could enable the measure-
ment of environmental gases in the deep ocean or gases in high
pressure industrial fluids. The small diameter of the capillary
inlet also enables dissolved gas analysis inside small tubes or
when only a limited amount of sample is available for analysis.
Such situations might occur in microfluidic systems or when
analyzing samples of blood or saliva. While the detection limit
and response time as reported offer suitable performance for
many situations, in the future, both can be tailored to various
applications by adjusting the properties of the capillary inlet or
the HCE For example, our primary motivation for this work
was high pressure ocean applications, and thus we selected a
thick-walled durable material for the capillary. The capillary
length could be reduced for low pressure applications by select-
ing a different material or wall thickness, or by relaxing the
requirement for gas equilibration. By varying these param-
eters, along with the length of the HCE one could increase
or decrease sensitivity and response time, with various com-
promises between the two. In addition, combining two or more
light sources into one instrument, or utilizing a broadband light
source, could allow for multispecies detection. Thus, a wide
variety of sensor configurations is possible for many conceivable
applications.
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