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Abstract. Against the background of the steady increase in greenhouse gases in the atmosphere, a fast and in-
expensive method for detecting methane is required. This applies to the direct measurement of the background
concentration of methane in the atmosphere and also to the detection of leaks in natural gas pipelines. Pho-
toacoustic (PA) sensors offer the possibility of highly sensitive gas detection and cost-effective design at the
same time. In this work, we investigated a photoacoustic sensor for methane in low concentrations, focusing
on a special cell design, the so-called T-cell. Different cylinder geometries of six T-cells and the influence on
the sensor performance were examined. An interband cascade laser (ICL) with a central wavelength of 3270 nm
was used for excitation and a micro-electromechanical systems (MEMS) microphone as detector. The detection
limits achieved were below the methane background concentration in air of 1.8 ppm.

1 Introduction

Methane detection becomes increasingly important due to
the increased occurrence of methane in the atmosphere and
its high global warming potential (GWP). The Intergov-
ernmental Panel on Climate Change (IPCC) has indicated
a GWP for methane between 28–36 when considering its
impact over a 100-year time frame, and in the short term
(20 years) even between 84–87 (IEA, 2021). Methane is a
colorless and odorless gas and is the main component of
natural gas. Its negative effects on the climate are still of-
ten neglected, though it is the second largest anthropogenic
contributor to global warming (Jorgenson, 2006). Today, the
mean concentration in the atmosphere is determined via
satellites, but there is still a lack of measurements at ground
level, e.g. in tropical or polar regions, to better understand
the contribution of wetlands and methane hydrates to the
rising atmospheric methane background (Feng et al., 2022).
Concerning anthropogenic emissions from global oil and gas
operations, the IPCC estimates that it should be technically
possible to capture a large share of methane emissions at no

net cost, since the market value of the retained gas is higher
than the cost for abatement measures. Large amounts origi-
nate from leaks in natural gas pipelines and installations, re-
quiring the use of suitable detectors for finding such leaks
(Thomas and Haider, 2014).

Apart from chemical sensors for methane detection (e.g.
pellistors or semiconductor sensors), optical sensors that
make use of the strong absorption of infrared radiation are
well established to detect methane. Usually, the decrease in
light intensity after the light has passed the gas sample is
measured. A direct correlation between decreased light inten-
sity and the sample gas concentration is given by the Beer–
Lambert law, which is the basis for quantitative absorption
spectroscopy (Ripperger and Germerdonk, 1983). Absorp-
tion spectroscopy can be realized in different ways. One is
called tunable diode laser absorption spectroscopy (TDLAS).
Here, a single absorption line of the gas is analyzed by tun-
ing the laser wavelength across the absorption line (Lackner,
2007; Dong et al., 2016). Another common method for opti-
cal methane detection is the non-dispersive infrared (NDIR)
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measuring principle, also called filter photometer, in which
one or several different gases can be measured using a broad-
band thermal emitter. The required wavelength selection is
accomplished through the use of optical filters (Zhao et al.,
2011; Wittstock et al., 2017; Ye et al., 2020). With Fourier
transform infrared spectroscopy (FTIR), an entire spectrum
can be analyzed at once, and the sample gas concentrations
can be determined (Petersen et al., 2010).

Another possibility of methane detection which uses the
absorption of infrared radiation is the photoacoustic princi-
ple (Wolff et al., 2013). Here, the gas absorbs infrared radi-
ation at specific wavelengths, resulting in a rise in tempera-
ture. When the light source is turned off, the gas undergoes
non-radiative relaxation, thereby decreasing its temperature.
If the light source is modulated and the gas confined in a de-
fined sample volume, these temperature fluctuations translate
into pressure fluctuations, i.e. generating an acoustic signal,
which can be easily detected by a sound transducer, e.g. a
microphone (Miklós et al., 2001). Using a sound transducer
instead of an optical detector has the advantages that it is in-
dependent of the wavelength used for excitation, it is cost-
effective, and it is usually less susceptible to drift effects.
Furthermore, modulation frequencies of the light source in
the kHz range are possible when using a sound transducer
as detector, and the acoustic signal is less dependent on the
optical path length than when measuring the decrease in in-
tensity (Schilt et al., 2006). This enables the implementation
of compact systems with high sensitivities and short reaction
times, as the sample volume can be kept very small (Dumi-
tras et al., 2007). This offers a great potential for methane
sensors suitable for both leak detection purposes and atmo-
spheric measurements.

Basically, photoacoustic sensors can be operated in either
non-resonant or resonant mode. Examples for non-resonant
devices can be found in (Gassner et al., 2022; El-Safoury
et al., 2020) and will not be treated further here. For reso-
nant operation, the modulation frequency is adjusted so that
it coincides with an eigenmode of the cell. The photoacoustic
(PA) cell is then also called resonator as a standing acous-
tic wave forms in the cell. In this case, the sensitivity of
the PA system depends greatly on the design of the acous-
tic resonator. Basically three resonator types can be found
in photoacoustic gas detection: Helmholtz resonators, one-
dimensional cylindrical resonators, and the cavity resonators
(Li et al., 2011; Miklós et al., 2001). Due to its simple geom-
etry, the cylindrical resonator is used most frequently. Sev-
eral approaches exist to further increase the sensitivity with
an optimized design, such as additional acoustic buffer vol-
umes or the use of differential cells (Elia et al., 2009). An-
other, less common cell design is the T-cell, where two cylin-
drical resonators are arranged perpendicular to each other
(Wolff et al., 2005; Baumann et al., 2006, 2008). The goal of
this design is to use separate cylinders for signal generation
and amplification. Like this, both cylinders can be optimized
in view of a suitable resonance frequencies independent of

each other, enabling a very compact setup. Resonant PA sen-
sors can be operated using lasers or LEDs at the target gas
wavelength. Lasers usually have a higher optical power den-
sity and a narrow spectral bandwidth compared to LEDs, but
higher costs are incurred.

In the present work, six different T-cell designs for photoa-
coustic methane detection were both theoretically and exper-
imentally investigated. The aim was to understand the pho-
toacoustic signal generation and resonances in relation to the
different cell geometries. Experimentally found resonances
could be assigned to the calculated resonance modes of the
cells. Another focus was on long-term stability and the de-
tection limit for methane achievable with the different cells.

2 Theoretical considerations

In the case of resonant photoacoustics, the modulation fre-
quency is adjusted in such a way that it coincides with the
eigenfrequencies of the PA cell, i.e. the geometry of the res-
onator is crucial for signal amplification (Miklós et al., 2001).
A T-cell consists of an absorption cylinder in which the PA
signal is generated through the absorption of electromagnetic
radiation by the target gas and a resonance cylinder mounted
perpendicularly in which the acoustic signal amplification
takes place (cf. Fig. 1). In the following, the absorption cylin-
der is treated as a lossless, cylindrical cavity resonator in
which all three different acoustic modes can form (longitu-
dinal, azimuthal, radial). The pressure distributions of these
modes are illustrated schematically in Fig. 1. The resonance
frequencies f[lkr]A can be calculated using

f[lkr]A =
c

2

[(
l

LA

)2

+ 4
(
αkr

dA

)2
] 1

2

, (1)

where LA and dA are the length and the radius of the ab-
sorption cylinder, the indices l, k, and r (which must be non-
negative integers) denote the eigenvalues of the longitudinal,
azimuthal, and radial modes, respectively, c is the sound ve-
locity, and αkr is the kth zero of the derivative of the rth
Bessel function divided by π . Values for αkr to calculate the
eigenmodes were taken from Baumann et al. (2006).

The resonance cylinder can be assumed as a one-
dimensional cylinder resonator with one open and one closed
end. Only longitudinal modes can form in such a resonator.
At the closed end of the resonance cylinder, there is a vi-
bration antinode, leading to the highest possible PA signals.
For this reason, the microphone is situated at the closed end.
The resonance frequencies in this cylinder can be calculated
according to

f[l00]R =
(2l− 1)c

4(LR+1LR)
, (2)

where LR is the length of the resonance cylinder and 1LR
the so-called end correction, which is added for each open

J. Sens. Sens. Syst., 12, 37–44, 2023 https://doi.org/10.5194/jsss-12-37-2023



K. Schmitt et al.: Resonant photoacoustic cells for laser-based methane detection 39

Figure 1. (a) Scheme of the T-cell including possible acoustic
modes (side view), with d denoting the cylinder diameters and L
the cylinder lengths, 1LR is the end correction. Light passes the
absorption cylinder in z direction, (b) Front view on the absorption
cylinder with different positions of the laser beam in x and y, as
described in the experimental section.

end (Morse and Ingard, 1986). This end correction is added
to the length LR of the resonance cylinder to account for
the mismatch between the one-dimensional acoustic field in-
side the pipe, and the three-dimensional field outside that
is radiated by the open end and can be approximated by
1LR ∼= 0.3dR , where dR is the diameter of the resonance
cylinder.

The noise level of the PA system determines the minimum
detectable concentration. Sources of noise are mainly exter-
nal noise, gas flow noise, electrical noise, and noise caused
by absorption by the cell walls. To determine the limit of de-
tection (LOD), either the signal-to-noise ratio (SNR) or the
signal to background ratio (SBR) can be used. In the follow-
ing, the SBR was used and determined with laser radiation,
but without absorbing gas in the cell. From the experimen-
tal data, the determination of the SBR and the resulting LOD
was done as follows:

SBR=
zerogas
a · c

,LOD(SBR=1) =
zerogas
a

, (3)

where a is the slope of the signal vs. concentration graph in
the linearly approximated regime, and c the gas concentra-
tion. Zerogas denotes the signal obtained without gas flow
through the cell. Often, the LOD is determined using 3σ ,
i.e. at SNR= 3 or SBR= 3.

3 Experimental

3.1 Design and fabrication of photoacoustic cells

The photoacoustic cells were made of the aluminum alloy
AlMgSi1 in four individual parts per cell, and screwed to-
gether. These parts were the resonance cylinder, a cover for
the resonance cylinder for attaching the microphone circuit
board, and two parts of the absorption cylinder into which the
optical windows were mounted. The windows were bolted to
these parts by a retaining ring in the cell. The recess for the

Table 1. Resonance cylinder length LR and resonance cylinder di-
ameter dR for the six different T-cells, in mm.

Cell number 1 2 3 4 5 6

LR/mm 40 40 40 80 80 80
dR/mm 3 6 9 3 6 9

windows and the windows themselves have a wedge to avoid
parallel surfaces and thus unwanted interferences. The cal-
cium fluoride windows have a diameter of 25.5 mm, a thick-
ness of 4 mm, and are transparent in a wavelength range from
180 nm to 8 µm. Inlets and outlets (push-in fittings) were
placed, with a slight offset from each other, on the sides
of the absorption cylinder for gas exchange. The six cells
with the different geometries were given a number for eas-
ier assignment and have the resonance cylinder dimensions
shown in Table 1. Cells 1–3 and 4–6 each have the same res-
onance cylinder length but different diameters. The geometry
of the absorption cylinder as well as the gas inlets are at the
same for all cells. The absorption cylinder has a length LA of
20 mm and a diameter dA of 20 mm. The diameter of the cells
was chosen comparatively large so that the cells can also be
used with LEDs as light source, which cannot be collimated
easily. The diameter of the gas inlets and outlets is 1.5 mm
for all cells.

3.2 Experimental setup and procedure

In the experiments, a distributed feedback interband cas-
cade laser (DFB-ICL) at 3270 nm and an optical power of
P = 5.2 mW (nanoplus, Germany) was used. It offers a nar-
row line width and can be quickly tuned across fundamen-
tal absorption lines of methane. For photoacoustic signal de-
tection, the micro-electromechanical systems (MEMS) mi-
crophone ICS-40720 (InvenSense, USA) was implemented.
This is an ultra-low noise, bottom-ported microphone with
differential analog output, and it was mounted on a circuit
board with a hole. The circuit board is also used to amplify
the photoacoustic signal. There are two amplifier stages on
the circuit board. An instrumentation amplifier first amplifies
the signal 10 times. Due to the high noise of the microphone
at low frequencies, the first amplifier stage is followed by
a second-order high-pass filter with multiple negative feed-
back. After filtering, the signal passes a second amplifier
stage (50 times) of an inverting amplifier. The lock-in am-
plifier SR830 (Stanford Research Systems, USA) was used
for signal evaluation. A HovaCAL calibration gas generator
(IAS, Germany) was used to mix defined methane concen-
trations with N2 as carrier gas.

A scheme of the setup is given in Fig. S1 in the Supple-
ment. The laser beam is directed onto the photoacoustic T-
cell via two gold mirrors. The laser driver (ILX Lightwave
LDC 3722, Newport, USA) simultaneously modulates the
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Table 2. Calculated resonance frequency fcalc of the first longitu-
dinal, azimuthal, and radial modes in the absorption cylinder (with
c= 348 m s−1 (N2)).

Mode [lkr] fcalc (Hz)

longitudinal 100 8700
longitudinal 200 17 400
longitudinal 300 26 100
azimuthal 010 10 198
azimuthal 020 16 916
azimuthal 030 23 270
radial 001 21 222
radial 002 38 856

laser and controls the temperature. A 2f wavelength mod-
ulation was carried out. The test gases are transferred from
the gas mixing station to the PA cell via polytetrafluoroethy-
lene (PTFE) tubing at a flow rate of 300 mL min−1, which is
still in the laminar regime to minimize flow noise. A buffer
volume in the system’s exhaust air was installed to further
reduce noise interference.

The resonances in the PA cell were determined by record-
ing frequency spectra at a methane concentration of 100 ppm.
For this purpose, the photoacoustic signal was recorded with
varying modulation frequency, with a 2f modulation, the fol-
lowing applies: facoustic = 2fmodulation. Frequency scans with
a resolution of 5 Hz in a frequency range of 1–400 Hz, a reso-
lution of 10 Hz in a frequency range of 1300–6000 Hz, and a
resolution of 50 Hz in a frequency range of 5500–12 000 Hz
were carried out.

Spectra were recorded for different laser beam entry po-
sitions and for the six different cells. To determine the de-
tection limit, the PA signal was recorded at varying methane
concentrations from 1–100 ppm. The modulation frequency
used for these measurements resulted from the previously
measured frequency spectra. For the analysis of the long-
term stability, the PA signal was measured in ambient air
recorded over a longer period of time.

4 Results and discussion

4.1 Frequency spectrum of the T-cells

In a first step, the frequencies occurring in the PA cells were
investigated. The absorption cylinder has the same dimen-
sions for all six cells. According to Eq. (1), longitudinal, az-
imuthal, and radial modes can form. The values calculated
using this formula are shown in Table 2. The speed of sound
of nitrogen (348 m s−1) was used for the calculation.

Exemplarily, the frequency spectrum of cell number 4 with
a central laser beam position ((x,y)= (0,0)) is shown in
Fig. 2a). Due to the cell design, mainly longitudinal modes
are excited in the resonance cylinder, as expected. When
comparing the occurring resonances from the measurement

Table 3. Overview of the resonance modes of cell number 4 with
the designation of the resonance mode and cylinder, the calcu-
lated resonance frequency fcalc, the measured resonance frequency
fmeas, the difference between the calculated and measured reso-
nance frequency1f , and the percentage deviation of the calculated
from the measured resonance frequency ε =1f/fmeas, for the laser
beam position (x,y) = (0,10), with c = 348 m s−1 (N2).

Mode Cylinder fcalc fmeas 1f ε

[lkr] (Hz) (Hz) (Hz) (%)

[100] R 1075 1102 27 2.5
[200] R 3226 3211 15 0.5
[300] R 5377 5319 58 1.1
[400] R 7528 7400 128 1.7
[500] R 9679 9440 239 2.5
[010] A 10 198 10 222 24 0.2
[600] R 11 829 11 780 49 0.4
[700] R 13 980 14 101 121 0.9
[800] R 16 131 16 139 8 0.05
[020] A 16 916 16 908 8 0.05
[900] R 18 282 18 100 182 1.0
[10 00] R 20 433 20 600 167 0.8
[001] A 21 222 21 201 21 0.1
[11 00] R 22 583 22 598 15 0.1
[030] A 23 270 23 200 70 0.3

with the calculated values from Table 3, most of the reso-
nances can be assigned. The signal intensity of the resonance
modes decreases as the number of modes increases, since the
PA signal is inversely proportional to the frequency and the
frequency increases with higher modes (Miklós et al, 2001).
The recorded frequency spectrum shows this decrease up to
the eighth longitudinal mode with an exception at the fifth
mode. Two resonances occur that cannot be assigned to any
longitudinal mode (16 908 and 21 201 Hz). The resonance at
21 201 Hz has a much higher signal intensity compared to
the surrounding modes. This suggests that it is caused by an-
other acoustic mode. From the values listed in Table 2, it can
be assumed that it is a radial mode in the absorption cylinder.
The resonance at 16 908 Hz can be assigned to an azimuthal
mode, also in the absorption cylinder. According to Table 2,
there should be another azimuthal mode at 10 198 Hz, yet
this could not be confirmed by the measurements. This could
be caused by a weak excitation of this azimuthal mode. The
highest signals were obtained for the first longitudinal and
the first radial mode. The central laser beam position favors
the excitation of the radial mode, whereas azimuthal modes
should not be excited with a laser beam along the z axis of
the absorption cylinder (Miklós et al., 2001). Nevertheless,
the second azimuthal mode is clearly visible. This could be
due to a slight deviation of the laser beam from the z axis.

In order to investigate the phenomenon of the resonance
modes in the absorption cylinder in more detail, frequency
spectra were measured at different laser beam positions (as
depicted in Fig. 1b). The x and y axes were examined sep-
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Figure 2. Frequency spectra of cell number 4 at a methane concentration of 100 ppm and a flow of 300 mL min−1 at different laser beam
positions. (a) (x,y) = (0,0), (b) (x,y) = (0,0), (5,0), and (10,0), and (c) (x,y) = (0,0), (0,5), and (0,10); lkr denotes the longitudinal,
azimuthal, and radial modes; and the subscripts A and R denote the absorption and resonance cylinder.

arately. For the first four longitudinal modes, no changes in
the PA signal can be seen comparing the laser beam positions
(0,0), (±5,0), and (±10,0) (Fig. 2b). At higher frequencies,
the signal strengths of the individual modes vary. The largest
deviations are at 10 222, 16 908, and 21 201 Hz. According
to Table 2, the first two frequencies can be assigned to the
first and second azimuthal modes of the absorption cylin-
der. At these frequencies, the signal is highest at (±10,0)
and decreases towards (0,0). This confirms the assignment
to an azimuthal resonance mode, since these cannot be ex-
cited at (0,0). The resonance at 21 201 Hz can be assigned
to the first radial mode of the absorption cylinder. The sig-
nal of the radial mode is highest at (0,0), confirming a cor-
rect assignment. The highest signals along the x axis were
obtained for the first longitudinal mode and the first radial
mode. Figure 2c shows the dependency of the frequencies
on the laser beam position for (0,0), (0,5), and (0,10). The
azimuthal modes in the absorption cylinder become more
strongly excited for laser beam positions towards (0,10), the
radial mode however is weaker. The behavior on the negative
x and y axis corresponds to that on the positive x and y axis,
respectively. The influence of the laser beam position on the
signal intensity of the individual modes is significantly lower
on the x axis. The highest PA signal was found at the first
azimuthal mode measured in the absorption cylinder [010]A
at a laser beam position (0,10), approximately 8 times higher
than the signal at the first longitudinal mode in the resonance
cylinder [100]R.

4.2 Comparison of the T-cells

In a T-cell, the absorption cylinder is not expected to enhance
the photoacoustic signal through the excitation of a resonant
mode. Yet we observed the highest PA signal at a resonant
mode in the absorption cylinder. Since the microphone for
signal detection is located at the end of the resonance cylin-
der, the acoustic wave from the absorption cylinder must be
coupled into the resonance cylinder. Due to this, the different
resonance cylinder geometries have an influence on the sig-
nal at the azimuthal mode of the absorption cylinder as well

as on adjacent longitudinal modes, which can be clearly seen
in Fig. 3 for the six different cells. At constant resonance
cylinder length, the frequency and signal level of the [010]A
mode changes with the diameter of the resonance cylinder.
The signal increases as the adjacent longitudinal mode moves
closer to the azimuthal mode. The highest signal for the short
resonance cylinder was observed for cell number 1 (40_3):
the [010]A and the [300]R mode coincide here.

Figure 3a shows the comparison of the cells with LR =

40 mm. The PA signal at the first azimuthal mode decreases
with increasing diameter of the resonance cylinder. The sig-
nal of the adjacent longitudinal mode (300) behaves in the
same way. The frequency of the azimuthal mode decreases
with increasing diameter, that of the longitudinal increases
with increasing diameter, i.e. the distance between the reso-
nances of the two modes increases with increasing radius.
For cell number 1, the two resonances even overlap. The
closer the frequencies of the two modes together, the higher
the PA signal.

In the cells with LR = 80 mm, the cell with the smallest
diameter also has the largest PA signal. In this case, the sig-
nal level of the adjacent longitudinal mode increases with
increasing diameter, as can be seen in Fig. 3b. Here the az-
imuthal mode has a higher frequency than the adjacent lon-
gitudinal mode (500). As the diameter increases, the distance
between the two modes becomes larger and the PA signal de-
creases. The diameter and length of the resonance cylinder
affect the frequency and height of the PA signal at the first
azimuthal mode. The PA signal in this mode is greatest for
cell number 4.

Measurements in which the concentration was varied were
carried out for the first longitudinal and the first azimuthal
mode. Exemplarily, the result for cell number 3 is shown in
Fig. 4a. In both modes, we see a linear behavior in the cho-
sen concentration range. The slope of the linear fit is signifi-
cantly higher in the azimuthal mode than in the longitudinal
mode. Figure 4b shows the results for all cells at the first az-
imuthal mode.
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Figure 3. Comparison of the frequency spectra in the range of the first azimuthal mode of the six different cells recorded at a methane
concentration of 100 ppm, a flow of 300 mL min−1, and a laser beam position of (x,y) = (0,10) (a) cell number 1 (40_3), cell number 2
(40_6), and cell number 3 (40_9), (b) cell number 4 (80_3), cell number 5 (80_6), and cell number 6 (80_9).

Figure 4. (a) PA signals obtained for methane concentrations of 1, 10, 50, and 100 ppm for the first azimuthal mode in the absorption cylinder
and the first longitudinal mode in the resonance cylinder in cell number 3. The signals are significantly higher in first azimuthal mode. (b) PA
signals obtained for methane concentrations of 1, 5, 10, 20, 50, and 100 ppm for all cells. The highest signals were obtained for cell number
4. All measurements were performed using N2 as carrier gas and at a gas flow of 300 mL min−1 at a laser beam position of (x,y)= (0,10).

Although cell number 4 gave the best slope, it does not
offer the best SBR. With an LOD of 0.92 ppm, it is higher
than the LOD of cell number 3 (0.75 ppm). Cell number 3
appears to have significantly less background signal than cell
number 4. Table 4 compares the slopes and achievable LODs
(based on SBR= 3) for all cells, and the Allan deviation at
an averaging time of 1 s, based on the data shown in Fig. 5a.

One way to achieve a high sensitivity of a sensor system is
to use long averaging times. Yet here a limiting factor is the
stability, since in real systems long averaging times might
cause misleading signals (Werle et al., 1993). To analyze the
stability of the PA system, long-term measurements were car-
ried out and the Allan (standard) deviation was calculated for
evaluation. The so-called Allan plot can also be used to make
statements about the dominating noise processes in the signal
curve (Bozóki et al., 2011). Figure 5a shows the Allan plot
of the six cells for measurements with closed cells containing
ambient air.

The Allan plots are very similar for all cells. First, the Al-
lan deviation decreases with increasing averaging times, a
longer averaging time leads to a better SNR. Yet for long

averaging times (approx. > 500 s), the Allan deviation in-
creases again, i.e. the SNR increases again, indicating a drift
behavior of the system. The slope of the drop for averaging
times < 500 s is −0.5, this value suggests that in this range
white noise dominates. The smallest Allan deviations were
reached with cell number 4, with 100 ppb at an averaging
time of 1 s. Figure 5b shows the Allan plots for cell number
4 at different flow conditions through the cell (closed, flow
of 300 mL min−1, pumped) As in Fig. 5a, the Allan plots run
parallel up to an averaging time of ∼ 100 s. The smallest Al-
lan deviations were reached with the closed cell. When the
cell is perfused, flow noise causes a higher noise background
and thus higher deviations. Generally, the LODs calculated
based on the Allan deviation are lower than the LODs based
on the SBR, because the SBR also includes errors from the
calibration.

5 Conclusions

A laser-based, photoacoustic methane sensor based on reso-
nant T-cells was realized and different cell designs were in-

J. Sens. Sens. Syst., 12, 37–44, 2023 https://doi.org/10.5194/jsss-12-37-2023



K. Schmitt et al.: Resonant photoacoustic cells for laser-based methane detection 43

Table 4. Parameters from the concentration curves for all cells: slope of the concentration curves a, LOD (based on SBR= 3, calculated
according to Eq. 3), zerogas signal, and the Allan deviation at an averaging time of 1 s (taken from Fig. 5a).

Cell number 1 2 3 4 5 6

a (µV ppm−1) 9.63 10.11 9.96 12.38 10.95 8.33
LOD (SBR= 3) (ppm) 1.24 1.30 0.75 0.92 1.12 1.16
Zerogas (µV) 11.94 13.14 7.47 11.39 12.26 9.66
Allan deviation σ (ppm) at τ = 1 s 0.15 0.23 0.12 0.10 0.18 0.16

Figure 5. (a) Allan deviation of all cells for ambient air, cells closed. (b) Allan deviation for different flow conditions in cell 4: at a flow rate
of 300 mL min−1 and a methane concentration of 1 ppm, with ambient air pumped through the cell, and while the cell containing ambient
air was closed. All measurements at laser beam position (x,y)= (0,10).

vestigated. Resonances occurred in both the resonance and
absorption cylinder. It has been shown that the modes in the
absorption cylinder are dependent on the geometric position
of the laser beam in the direction of the resonance cylinder
and that the signal is significantly increased in the first az-
imuthal mode, exceeding the signals obtained from longitu-
dinal modes in the resonance cylinder, which were expected
to have a higher influence. Calculated and measured frequen-
cies for the different geometries agreed well. The long-term
behavior of all cells was investigated by measurements in the
first azimuthal mode in ambient air. The Allan plot showed a
drift starting at ∼ 1000 s averaging time. Using the first az-
imuthal mode of cell number 4 and a laser beam position of
(x,y)= (0.10), a detection limit of∼ 0.1 ppm methane could
be achieved.
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