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N, O is a significant atmospheric greenhouse gas that contributes to global warming and climate change. In this work,
the high sensitivity detection of atmospheric N, O is achieved using wavelength modulation spectroscopy (WMS) with an
inter-band cascade laser operating around 3.939 pm. A LabVIEW-based software signal generator and software lock-in
amplifiers are designed to simplify the system. In order to eliminate the interference from water vapor, the detection was
performed at a pressure of 0.1 atm (1 atm=1.01325x 103 Pa) and a drying tube was added to the system. To improve the
system performance for long term detection, a novel frequency locking method and 2f/1f calibration-free method were
employed to lock the laser frequency and calibrate the power fluctuations, respectively. The Allan deviation analysis of the
results indicates a detection limit of ~ 20 ppb (1 ppb=1.81205 ug/m?>) for a 1 s integration time, and the optimal detection

limit is ~ 5 ppb for a 40-s integration time.

Keywords: wavelength modulation spectroscopy, inter-band cascade laser, frequency locking, nitrous oxide

(N20)
PACS: 07.88.+y, 42.87.—d, 42.72.Bj, 33.20.Lg

1. Introduction

Nitrous oxide (N;O) is one of the most significant atmo-
spheric greenhouse gases contributing to global warming and
climate change. It participates in atmospheric chemical reac-
tions in the atmosphere and is a primary scavenger of strato-
spheric ozone.!'! N, O is about 300 times more potent at warm-
ing the atmosphere per unit weight than CO;, and its con-
centration in the planet boundary layer has been continuously
increasing due to anthropogenic in recent years.>3! Conse-
quently, high precision measurement of N>O is necessary to
determine the emission sources and concentration level, which
may lead to a better understanding of global warming and cli-
mate change.[*>]

Over the last decades, tunable diode laser absorption
spectroscopy (TDLAS)!%! has become an important optical
method for trace gas detection. With the development of quan-
tum cascade (QC) and inter-band cascade (IC)1%'!1 Jasers in
the 3 um-12 um spectral region, where many trace gases have
strong fundamental ro-vibrational bands, the applications of
mid-infrared TDLAS for trace gas detection become feasi-
ble. Other techniques, such as quartz enhanced photo-acoustic
spectrum (QEPAS), have also benefitted from the development
of mid-infrared lasers, and have proven to be a powerful can-
didate for trace gas detections.!!?!

When the tunable laser works in the free running mode,
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the center frequency may drift with time, which results
in system instability. Normally, a feedback servo loop is

employed,[13-16]

using odd harmonic signals from a reference
cell, to stabilize the laser emission frequency. Recently, a
scanned frequency locking method without reference absorp-

I7.18] where the center spacing between

tion cell is reported,[
two second harmonic peaks is employed as a frequency lock-
ing reference. However, this method is only suitable when the
signal to noise ratio is high. Consequently, a more adaptive
method is needed for general applications. Another effective
way to improve the system stability is eliminating the fluctu-
ations of the laser intensity. A proved 2f/1f calibration-free
method was applied in the present work. [19-20]

In this paper, a TDLAS based N,O measurement system
is demonstrated. For simplifying the system, a LabVIEW-
based software signal generator and software lock-in ampli-
fiers are designed combining a 3.939-um ICL laser. In ad-
dition, for improving the system performance for long term
detection, a novel correlation frequency locking method is rec-
ommended. This article is organized as follows: the first part
is an introduction of the method and system details. Then,
the results obtained in a static absorption cell and atmospheric
measurements are discussed. Finally, the detection limit of the

system is analyzed by the Allan deviation method.
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2. Methods and system details
2.1. Theory of wavelength modulation spectroscopy

When a sinusoidal wave with a frequency f is superim-
posed to the laser supply, the current, the output frequency and
the corresponding intensity Iy(z) of the laser can be written as

v(t) =V(t)+acos(ot), (1)
Ip(t) = Io[1 +ipcos(mt + y) +ircos(2ot + yr)], (2)

where V and Iy are the center frequency of the laser and the
average light intensity at the center frequency, a is the modu-
lation amplitude (in unit cm™!), @ = 27 f is the angular fre-
quency, Iy is the linear laser intensity modulated (IM) ampli-
tude, i» is the nonlinear IM amplitude, y; is the phase shift of
the ratio of linear frequency modulation (FM) to laser intensity
modulation (IM), and v is the phase shift of the nonlinear FM
to IM ratio.

According to the Beer—Lambert law, the transmitted light
intensity I(¢) can be expressed as

1(1) = (1) exp(—a(v)). 3)

For an optically thin sample (typically a(v) < 0.1), the trans-
mittance can be approximately described by the following for-
mula

T(V4+acosot) ~1—a(v+acoswr). 4)

The absorbance coefficient o(Vv) in Eq. (4) can be expanded
by a Fourier cosine series as

o(V+acosor) = — Z Hi(V,a)cos(kot). ®)
k=0

In wavelength modulation spectroscopy (WMS), the second

harmonic signal/?!! is obtained by demodulating the detection

signal using a lock-in amplifier at a frequency of 2w, and the

corresponding X and Y components are described by Egs. (6)

and (7), respectively

Xor = GTYO = [Heri;(HlJng)cosl//l
+i2(1+H0+I;4> cosl//z], (6)
Yo = —GTTO = [i;(Hl — H3)siny
-Hg(l-i—H —?) sinl[/z} @)

The background component of the second harmonic sig-
nal can be measured by filling the sample cell with pure N,
and removing the no absorption signal from X and Y to ob-
tain the second harmonic component S> that is related to the
absorption:

Gly i
Sap = X22f+Y22 = 20{ {H2+§(H1+H3)cos1//1

. Hy 2 i .
+ip H0+7 cosyr| + §(H17H3)sml//1

2
+1i <H0 — I;4> sin 1[12:| } (8)

Then, the amplitude of the Sy signal still depends on the de-
tection gain G and the average laser intensity Iy. The ampli-
tude of the first harmonic (1f) signal can also be obtained by
digital phase locking as

Gly H
Sy = 20{ {H1+i0(H0+22> cos Y

i o Hy\ .
+5(H1+H3)cosl,l/2 + lio| H —> sin y

i 2
+§(H1 —H3)sin W2:| } )

Finally, the detection gain factor G and the average laser in-
tensity Iy can be eliminated by considering 2f/1f and the nor-
malized signal is proportional to the gas concentration:

a

S> 1
C2f/1f o< ﬁ; ~ { l:Hz-i- ) H\ + H3)cos y;

H 2 .
+ip <H0+24> COSI/IQ] + |:l§ (Hy — H3) siny;
(10)

2.2. System details
2.2.1. Sensor design

The schematic diagram of the N>O gas detection sys-
tem is shown in Fig. 1. A DFB ICL (Nanoplus) centered at
3.9396 pm was used to probe the N, O absorption line around
2539.3 cm~!. The wavelength scanning and modulation was
implemented by applying a semi-modulated triangle wave-
form made of a 2-V 20-Hz triangle scanning and a 0.5-V
10-kHz sinusoidal dither, to the laser controller (ILX Light-
wave, LDC-3724B). After passing through a 100-m optical
path multiple-pass cell (MPC, with a basal length of 50 cm)
equipped with a pressure monitor and controller, the output
beam was focused onto a fast TE-cooled mercury cadmium
telluride (MCT) infrared detector (PVI-4TE-5, Vigo Systems).
Subsequently, the output signal is acquired at a sampling rate
of 400 kHz via a laptop equipped with a DAQ card (National
Instruments, USB-6366) for data storage and further process-
ing.

During the data processing, the rising edge signal is de-
modulated by the software lock-in amplifier to obtain the cor-
responding harmonic signals and the falling edge signal is pro-
cessed to obtain the absolute concentration information. In or-
der to lock the laser frequency, a software proportional integral
derivative (PID) based feedback server loop is designed to ad-
just the laser working current through a USB cable, where the
error control signal is calculated by using a correlation algo-
rithm.
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Fig. 1. Schematic diagram of the ICL sensor and the N,O gas detection system. ICL: inter-band cascade laser, DAQ: data acquisition, LPF: low-pass filter,

PLL: phase lock loop.

2.2.2. Selection of spectral line

In TDLAS based applications, choosing the proper ab-
sorption lines is critical. The absorption line is mainly se-
lected from the following four points: (i) an appropriate band;
(ii) strong spectral line intensity; (iii) the selected spectral line
should meet the wavelength range of matured laser and de-
tector; (iv) minimum interference from other gases, especially
water vapor, should be avoided. However sometimes, the in-
terference from other molecules cannot be avoided. A possible
solution is to perform the measurement at a low pressure or us-
ing multi-peaks fitting method.

In the present work, two absorption lines of N»O and wa-

ter vapor near 2589.3 cm™!

were chosen for testing, and the
low pressure method is considered for isolating the N> O spec-
tra from water vapor. Figure 2 shows the calculated absorption
according to the HITRAN 2016 database.[??) The absorption
features at 0.1 atm and 1 atm are shown in Figs. 2(a) and 2(b),
respectively. Figure 2(a) shows that the contribution of the wa-
ter vapor can be neglected at 0.1 atm, which validates using the
WMS method to detect the atmospheric N> O concentration at

low pressures.

0.006
~ —N,0 320 ppb (a)
S 0.004 } 0.1 atm
= —H,0 0.01
Lf 0.002F 0.1 atm
&
&}
£ 0.006
2 —N,O 320 ppb (b)
S 0.004f 1atm
2 —H,0 0.01
0.002 1 atm

2539.0 2539.2 2539.4 2539.6 2539.8

Wavenumber/cm~!

Fig. 2. Comparison of the N,O and H,O absorption spectra at a pressure of
(a) 0.1 atm and (b) 1 atm.

2.2.3. Signal processing

(I) LabVIEW-based software signal generator

In order to simplify the system, a software signal gener-
ator is designed using the LabVIEW environment and a DAQ
card that can generate arbitrary waveforms for specific ap-
plications. Figure 3 shows the semi-modulated triangle scan
waveform and the TTL trigger signal used in this study. By
using such a scan signal, the wavelength modulation spectrum
and the direct absorption spectrum can be obtained simulta-
neously, where the rising edge is demodulated by a software
lock-in amplifier to obtain the corresponding harmonic sig-
nals, and the falling edge is processed to obtain the absolute
concentration information.

(IT) LabVIEW-based software lock-in amplifier

A software lock-in amplifier is also designed in the Lab-
VIEW environment to demodulate the harmonic signals. The
n-th harmonic signal demodulated by the software digital lock-
in amplifier can be expressed as

WMS,,/

= JI(0)sin(27nf,y) © LPFP + [1(:)sin(2n ;) © LPE,
(11)

where I(¢) is the modulated intensity and LPF represents a
low-pass filter. The schematic diagram of the LabVIEW-based
software lock-in amplifier is shown in Fig. 4. It mainly con-
sists of a multiplier, a low pass filter, and an optional phase
lock loop (PLL). It should be noted that since the scan signal
is synthesized by the software signal generator, the modula-
tion phase remains constant during the measurement, so the
PLL can be omitted here. During the data processing, the 2 f
and 1f signals were demodulated for intensity calibration and
concentration retrieval, while the 2 f peak position was chosen
as the reference for frequency locking.
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Fig. 3. Semi-modulated triangle signal generated by the software signal gen-
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Fig. 4. Schematic diagram of the LabVIEW-based software lock-in amplifier.

(IIT) Frequency locking

The principle of the proposed correlation frequency lock-
ing method is schematically shown in Fig. 5. When scanning
the laser current with the semi-modulated triangle waveform,
the 2f signal can be demodulated from the rising part of the
scan wave. During the measurement, the 2 f peak position may
change with the shift of the laser wavelength (Fig. 5(a)), which
can be used as a reference for frequency locking.

In order to accurately identify the wavelength shift, as
shown in Fig. 5(b), the correlation coefficient of the reference
signal and the real signal is calculated by moving the real sig-
nal, where the moving step can be defined as an arbitrarily
small length. Then the wavelength shift is determined by the
maximum of the correlation coefficient (the inset of Fig. 5(b)),
and the error control signal is accordingly calculated by a soft-
ware PID. Finally, the operating current of the laser is adjusted
in real time by communicating with the LDC-3724B through
a USB cable. In particular, the proposed correlation frequency
locking method still works at low signal to noise ratios and can

be developed as a general method for TDLAS based applica-

tions.
3
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Fig. 5. Schematic diagram of the proposed method for frequency locking. (a)
Wavelength shift between the refer signal and real signal. (b) The process of
calculating the peak shift, the inset is the result of correlation coefficient.

3. Results and discussion
3.1. Optimization of the modulation amplitude

The relationship between the WMS-2 f peak height and
the modulation amplitude was characterized before the N,O
concentration measurement. A 2-ppm (here the unit 1 ppm =
1.81205 mg/m?) standard of N,O and N, gases was used to op-
timize the modulation amplitude at a pressure of 0.1 atm. As
shown in Fig. 6, the WMS-2f peak height increases rapidly
before reaching a maximum at a modulation amplitude of
0.25 V, and then falls slowly. Note that the optimum mod-
ulation amplitude of 0.25 V was used for all following mea-
surements.

2.5

2.0 y —
1.5F .
1.0+ o

ot/

WMS-2f peak height/V

0.15 0.25 0.35

Modulation amplitude/V

0 1
0.05
Fig. 6. The 2 f signal of N,O gas for different modulation amplitudes.

3.2. Static N,O detections

In order to validate the performance of the N,O gas de-
tection system, a set of static N,O detections were performed
at room temperature. During the detections, a 2-ppm stan-
dard N,O & N, gas was firstly diluted by pure N> to a range
of 0.5 ppm to 2 ppm, and then the sample was pumped to a
pressure of 0.1 atm. The WMS-2f signals and direct absorp-
tion spectroscopy (DAS) signals at different NoO&N, mixing
ratios are shown in Fig. 7, where the WMS-2f signals were
demodulated from the rising edge signals, and the absolute
concentrations values were derived from a Voigt fitting of the
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falling edge signals. It should be noted that, the DAS signal
is just used for the 2f/1f calibration during the atmospheric

detection.
% 0.03
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= 0.02t
&
g
2 0.01F
3
E-|
Z 0
a 2F
<
= ir
=1
@
« Ok
™ N /
—1t \/

4(I)O 6(I)O
Sampling points
Fig. 7. Simultaneous measurements of (a) WMS-2f signals and (b) DAS

signals at different N, O:N, mixing ratios.

The calibration-free WMS-2f /1 f signals are obtained by
demodulating from the rising edge signal by the LabVIEW-
based software lock-in amplifier. Then, comparisons between
the WMS-2f and WMS-2f/1f methods were also studied,
linear fit of the concentrations derived from the absorption
spectroscopy signals to the WMS-2f peak amplitude and
WMS-2f/1f were shown in Fig. 8, yields an R” value of
0.9967 and 0.9977, respectively. There were no significant
differences in linearity between both methods, indicating that
the system was stable during the static measurements.

-y =0.04566+1.05856%
R?=0.99669 (a)

2f peak value/V
— =N
o & o

o
I3
T

0.15
0.12F
0.09F
0.06

003 1 1 1 1 1 1 1 1
04 06 08 1.0 1.2 14 1.6 1.8 2.0

N,O concentration/ppm

y=0.002514-0.07017x
R?2=0.9977

2f/1f value

Fig. 8. Linear fit between the concentrations derived from the DAS to the
WMS-2f peak amplitude and WMS-2f/1f.

3.3. Atmospheric N,O detections

Atmospheric N,O detections were performed based on
the WMS-2f/1f method by circulating the sample in the MPC
using an air pump and a pressure controller at a pressure of
0.1 atm. Figure 9 shows the continuous measurements over 5
hours with a 1-s interval (in gray), where each point is the
result of 50 averages. Two smoothing method, the point-
by-point exponential smoothing (in red) and the Kalman fil-

tering (in blue), were employed to improve the precision of

the system. As shown in Fig. 9, the point-by-point expo-
nential smoothing method shows a better performance than
the Kalman filtering method. During the measurement, the
concentration of atmospheric NoO varied from 295 ppb to
345 ppb, and the average concentration was around 320.5 ppb.

350 WMS-2//1f
—Kalman filtering
— tial thi
,_g-‘ 340 |- exponen 1al SMMOooO mg
o
= 330}
o]
3
£ 320
=
=]
& 310}
=]
[e)
© 300}
0 0.4 0.8 1.2 1.6
Time/10* s

Fig. 9. Continuous measurement of atmospheric N,O gas over 5 hours with
different smoothing methods.

To further evaluate the detection limits of the system,
an Allan deviation analysis was performed on the continuous
time series measurements. As shown in Fig. 10, the Allan
deviation analysis of the results indicates a detection limit of
~ 0.02 ppm at 1-s integration time, and the optimal detection
limit is estimated to be ~ 0.005 ppm at 40-s integration time.
For further improvement of the measurement precision, future
works will be focused on maintaining the system temperature
and choosing a more sensitive absorption line.

20
15 \
10 \\

Allan deviation/ppb

5 ppb@40 s

1 10 100
Time/s

Fig. 10. Allan deviation for the time series measurement of N> O in atmo-
spheric air.

4. Conclusion

A compact, fast, mid-infrared atmospheric N,O gas sen-
sor has been developed using a 3.939-um inter-band cascade
laser and frequency locking technique. To simplify the sys-
tem, a software signal generator and software lock-in amplifier
were designed based on a DAQ card in the LabVIEW environ-
ment. For eliminating the absorption interference from water
vapor, the working pressure was controlled at 0.1 atm by a gas
pump and a pressure controller. In addition, a novel correla-
tion frequency locking method was developed for long term
trace gas detections. Finally, the analysis of the detection limit
and the stability confirmed the potential of the system for long
term atmospheric N, O sensing.
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