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The multi-pass cell (MPC) is an effective approach to extend the interaction path between laser
radiation and gas molecules, thereby improving the detection sensitivity of laser-based gas sensors.
However, an inaccurate determination of the MPC optical path length can introduce significant er-
rors in direct absorption spectroscopy. In this work, we proposed a fast and precise technique
—optical frequency domain interferometry (OFDI)—for measuring the MPC length, particularly
suitable for configurations where the laser entrance and exit share the same window. Both the con-
ventional absorption-based method and the proposed OFDI method were implemented and com-
pared. Experimental results show that for a 295.4 m-long MPC, the absorption method yielded an
uncertainty of approximately 1 m, while the OFDI approach reduced this to about 5 cm. Using the
corrected MPC length, a carbon dioxide sensor was developed, achieving a detection sensitivity
of 1.2 ppm with an integration time of 60 s. The proposed OFDI method provides a simple and
highly effective solution for accurately measuring the optical path length of multi-pass cells and
other optical systems.
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1. Introduction: The manuscript

In the fields of atmospheric chemistry [1], pollution monitoring [2], and pollution pre-
vention [3], trace gas detection is an effective method. According to the Beer—Lambert
equation, increasing the interaction path is an effective way to boost the absorption signal
and improve the detection sensitivity and precision for low gas concentrations. Methane,
carbon dioxide, and other gases were measured using a variety of MPC types [4-7],
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including white cell [8] and Herriot cell [9], which have detection sensitivity of parts
per million (ppm) or parts per billion (ppb) [10, 11]. The path length is a crucial pa-
rameter for the MPC, and a length error produces an inaccurate concentration. A dual
beam technique in wavelength modulation spectroscopy [12] was used to get the ac-
curate and high sensitivity measurement result, which necessitates the two beams hav-
ing the same optical path. Otherwise, there will be significant amplitude residue errors
due to the variations in path lengths. Estimating the number of laser beam reflections
in the MPC is a straightforward and approximative approach for measuring the MPC
length, but it is not very accurate and is consequently rarely employed. The length of
the MPC was recovered by FIEDLER ef al. [13] using the absorption approach, with
a relative uncertainty of roughly 0.4%. ReN et al. [14] adopted a phase difference
method to measure a MPC with length of 50 m MPC achieving the uncertainty of 0.03 m.
Carand Gao [15] used the optical frequency domain reflector (OFDR) approach to get
an uncertainty about 0.0085%.

The optical coherent measurement of backscattered signals from two objects, like
window glasses [16] or optical fibers [17], is the foundation of the OFDR technique.
This approach does not work well for the MPC with only one window, which has the
same entrance and exit window, or the MPC without windows [ 18], but it provides two
key insights: the wavelength linear sweeping and optical heterodyne are essential com-
ponents for this method to be successful. Within the coherence length, two coherent
signals must be received. The optical frequency domain interferometry (OFDI), a di-
rect and easy method of measuring the MPC length, was established in this work for
the measurement of the MPC optical route.

The OFDI principle is presented first in the paper. The experiment was designed
to measure the coherent signal from the MPC using this methodology. By varying the
injected laser current, we were able to achieve laser frequency sweeping in our exper-
iment. By combining a short fiber in the variable arm with a long fiber of approximately
248.2 meters in the fixed arm and an optical path of 345.6 meters in the air, equivalent
coherence lengths in the two arms were accomplished. When the variable arm’s length
is altered, the beat frequency of the interference from the two arms is used to compute
the MPC length, which was determined to be 296.4 meters.

2. Principle and experiment
2.1. Principle

The OFDR methodology served as the basis for the modification of the OFDI method.
The optical coherence of the fiber’s backscattering signal is the basis for the OFDR prin-
ciple. A fiber coupler separates the laser beam into a fixed arm and a measuring arm
in an OFDI system. The interference beating of the two beams happens with the tunable
laser frequency sweeping, and the beat frequency of the signal’s FFT is used to deter-
mine the time delay or length difference. The principle is illustrated in Fig. 1.
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Fig. 1. The principle of OFDI. TLS: tunable laser source, FC: fiber couple, FA: fixed arm, RA: reference
arm, and PD: photodiode.

The electromagnetic wave in the fixed arm (fiber) and reference arm (MPC) is ex-
pressed as

Ey(t) = Eqexp(ig(t)) (1)

E\(1) = Eq(Dexp(ip(t 1)) )

where E; and £, (¢) are the amplitude of the signals, ¢ (¢) is the signal phase of the func-
tion of time and ¢, is the time delay in reference channel. When the laser source was
scanned with frequency speed y, under the assumption of the phase of signal being lin-
ear increasing, the beat signal at the detector is expressed by the following equation

Iy(t) = Iccos(ytot+ %ytﬁ—woto) (3)

where o, is the initial frequency, / (¢) is the signal intensity on the detector, [(¢) is
the beat signal. The center frequency yt, can be obtained from the Fourier transforma-
tion of the beat signal, then the time delay ¢, can be calculated. The length of MPC can
be calculated by ¢#,C (C =3 x 103 m/s).

In the experiment we only employed a short fiber (fixed arm) and a longer fiber
(reference arm, which was 20 meters longer than the short fiber) to test the idea.
Figure 2 displayed the beat signal in both the time and frequency domains. As seen in
the subfigure, the cos signal with an amplitude ranging from 0.05 to 0.10 V was chosen
from 0.4 to 0.5 s. With a center frequency of 137 Hz and a signal to noise ratio of about
20 dB, the beat frequency was fitted to have a Gaussian shape. It demonstrates the vi-
ability of the idea.

2.2. Experiment setup

Figure 3 displays the system diagram. A distributed feedback (DFB) diode laser, whose
wavelength can be tuned from 1604.8 to 1605.8 nm at 25°C, serves as the system’s
tunable source. A commercial laser controller (ILX Lightwave LDC3714C) controls the
laser’s temperature and current. The DAQ Card (NI-USB-6211,National Instrument)
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Fig. 2. The verification of the principle by two fibers.

3

Fig. 3. A schematic diagram of our OFDI setup for measuring length. (a) LV: NI card, LC: laser controller,
LS: laser source, FC: 99/1 fiber coupler, LC: laser collimator, ML: mode matching lens, RM: reflective
mirror, OC: optical coupler, LF: long fiber, NF: nonlinear fiber, PD: photodiode, CC: control computer.
(b) The designed multipass cell.
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generates a ramp signal that is managed by LabVIEW software and transmitted to the
laser controller via a voltage follower that solves current matching. The voltage am-
plitude increased from 2 to 10 V, which translates into a laser current that corresponds
from 20 to 100 mA, while the sweeping frequency is 2 Hz. The laser beam is divided
into a reference arm, consisting of a 248.2 m long fiber, and a signal arm. A fiber-cou-
pled collimator (Thorlabs, f = 4.8 mm) is used to collimate the signal beam, which
then enters the MPC. After being mode-matched by a lens with a 10 mm focal length,
the beam undergoes approximately 500 reflections within the cell. The output from
the MPC is coupled into a short optical fiber. A nonlinear polarization-maintaining fib-
er then combines the signals from the two arms and provides the necessary polarization
correction. This nonlinear fiber effectively mitigates polarization state inconsistencies
arising from light transmission and reflection. It ensures that the two beams meet the
polarization conditions necessary for effective interference and performs polarization
correction simultaneously, thereby achieving stable interference, reducing experimen-
tal errors, and improving sensor sensitivity. An InGaAs photodiode (PD) (Thorlabs,
FGAO1-FC-PD) detects the signal, and the same DAQ Card records it. LabVIEW soft-
ware processes the input, and FFT converts it into the frequency domain.

2.3. Absorption spectroscopy method and experiment

To verify our measurement result with OFDI, the absorption spectroscopy method was
used to get the length of the MPC. The absorption spectroscopy method is based on
the Beer—Lambert law, which is described by the expressions

I, = Iiexp(-sg(v,P, T)L) (4)

1 I

L= e In -2
sgv, P, T) I

)

Here /) and /; are the incident and the transmitted laser powers, L is the length of the
MPC, s is the spectral line intensity, g(v, P, T') is the normalized line shape function,
which can be Gaussian or Lorentzian profile function depending on the temperature 7
and pressure P.

Some components had to be changed for the absorption experiment. The nonlinear
fiber and the long reference fiber were removed from the setup. A low-pass filter was
applied to the photodiode’s signal in order to eliminate noise. The laser controller in
this experiment was likewise controlled by commands from the LabVIEW program.
The mode-matching lens and laser collimator were used to transmit the laser beam into
the MPC. The output signal from MPC was detected by a photodiode, then filtered by
a low pass filter and sampled by a digital acquisition card.

In the experiment, we firstly flushed the nitrogen gas into the MPC for about twenty
minutes until no air in the chamber. After that, we injected multi-concentrations calibrat-
ed gas of carbon dioxide (CO,), and methane (CH,) with concentrations of 510 ppmV,
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Fig. 4. The wavelength versus the temperature.
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Fig. 5. The chosen absorption lines from the HITRAN database.

2.010 ppmV and got the absorption concentration as the experiment procedure men-
tioned in the paper.

A wavemeter (Burleigh Wav-1500) was used to firstly calibrate the relationship
between temperature and the DFB laser scanning wavelength in the absorption method
experiment, as seen in Fig. 4. In the Fig. 5, the carbon dioxide absorption lines with
a central wavelength of 1603.24 nm were selected from the HITRAN 2008 database [ 19].
The absorption wavelength seen in the Fig. 4 is covered by the laser at 11.4 degrees.

3. Result and discussion

FFT is used to evaluate the data in the frequency domain of the OFDI experiment, and
the computed result is displayed in Fig. 6. According to the figure, the beat frequency
spanned the frequency range of 3 to 5 MHz, with a central wavelength of 3.76 MHz
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Fig. 6. The beat frequency signal and the amplifier frequency characteristic.

and a profile fitted as a Gaussian function. Due to the MPC noise and the reduced op-
tical signal on the detector, the SNR dropped to 10 dB. The length difference between
the MPC and long fiber was determined to be 14.29 meters using Eq. (3). By multi-
plying the fiber’s refractive index of 1.4475 by its length of 248.2 meters, the effective
optical length of a long fiber was 359.27 meters. The effective length of the MPC was
293.61 meters after deducting the open path length and the short fiber in the fixed arm
of our testing setup. We conducted this experiment eight times in order to compute the
result errors, and the mistakes are displayed in Fig. 7. The length’s uncertainty is 5 cm,
as indicated by the standard deviation value of 0.05.

The room temperature and pressure for the absorption method are measured to be
290 K and 760 Torr, respectively. For the measurement of the carbon dioxide absorp-
tion line shown in Fig. 7, the lines in Fig. 5 were chosen. As seen in Fig. 7, the outcome
is fitted using the Voigt profile [19]. The horizontal axis represents time, and the vertical
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Fig. 7. Absorption lines measured by absorption method.
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axis represents the voltage of the absorption signal. Results from three experiments
were conducted. Since their respective readings are 295.5, 294.5, and 296.4 meters,
the uncertainty is roughly one meter. Even with the use of a balanced detector in the
absorption method, certain noises were still challenging to eliminate. The OFDI ap-
proach outperforms the phase detection method in terms of accuracy, improving the
MPC from meter to centimeter when compared to the absorption method. In actuality,
the mistakes in this finding are more than those in the OFDR approach. The following
succinctly describes the reason of errors.

The first is the imprecision of the fibers’ precise refractive index values. Our com-
putation makes advantage of the refractive index’s nominal value. About 2 cm of mis-
takes can result from a 0.001 relative refractive index error. Second, the MPC’s interior
is not the entire optical path. With the fixed arm’s small open route and fiber, it is chal-
lenging to obtain the length with an accuracy of less than a centimeter. Third, the main
issue is that, in contrast to the special lasers used in the OFDR method for measuring
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Fig. 8. Results of the sensor tests: (a) The results for a 25 minutes continuous data acquisition with 490 ppm
carbon dioxide concentration mixture. (b) The histogram of the measured data points. (¢) The Allan deviation
of the measured data, showing the detection limits of 58 and 1.2 ppm with averaging times of 1 and 60 s,
respectively.
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thousands of distances, the DFB laser’s spectrum in our experiment contains additional
peaks that obstruct the coherent result and its linewidth is insufficiently narrow.

To further evaluate the measurement precision of the sensor, a long-term continuous
experiment was carried out with the 200 ppm calibration carbon dioxide gas mixture
at a total pressure of 760 Torr and room temperature. During continuous measurement
for twenty-five minutes with 1s interval 1500 data points were obtained (Fig. 8(a)).
The histogram plot of the measured data shows data distribution in Fig. 8(b). The dis-
tribution was fitted by a Gaussian profile and the HWHM value was determined to be
6.2 ppm. Thus, the relative error of the acetone concentration measurement is 0.3%.
The uncertainty in the measured concentration value can be mainly attributed to elec-
tronic noise.

To investigate the detection limit and stability of the sensor, the Allan deviation
analysis was performed, as depicted in Fig. 8(c). The results indicate that the sensitivity
is about 58 ppm with 1 s averaging time and reaches the optimal sensitivity of the sensor
of 1.2 ppm when the integration time is increased to 60 s. For integration times longer
than the optimal one, the Allan deviation increases due to drift and the noise of the
laser and electronic components. The noise can be further suppressed to improve the
sensor sensitivity by using a balanced detection.

4, Conclusion

Different techniques can be used to measure the length of the cells of different types with
different precision. The absorption method was also tested for our unique MPC, yield-
ing an approximate length of 295 meters with a 1-meter margin of error. A DFB laser
with a linewidth of 5 MHz and a long fiber of 248 meters was used to implement the
OFDI technique idea in our work in order to increase the length accuracy. The length
precision is increased by 20 scales with this method, from one meter to five centimeters.
This technique can also be used to measure the length of other optical cells or distance.
To further increase the accuracy, we will address some of the aforementioned error
causes in our next stage. The experiment for carbon dioxide was also carried out with
the sensitivity of 1.2 ppm with integration time of 60 seconds.
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