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Application of support vector machine for trace gas
detection by using temperature-tuning optical parametric

oscillator
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Support vector machine (SVM), is proposed to enhance the measurement accuracy of a temperature-tuning optical
parametric oscillator (OPO) gas sensing system. The experimental results demonstrate that the minimum detecting
concentration after the use of SVM decreases by more than 8 times.
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1. Introduction

Trace gas detection has attracted highly attention for
the application in the fields of environmental monitoring,
safety, chemical and biomedical sectors. Laser
spectroscopy, based on detecting the unique absorption
spectrum as known as “fingerprint” of each species of gas,
is a highly sensitive and selective gas sensing technique to
identify and quantify particular trace gas. The fingerprint
spectra of most organic gases, such as methane, ethane,
etc., typically possess the strongest absorption in the mid-
infrared wavelength range of 2-5um, which is, however,
not readily accessible with conventional laser sources.
Therefore, special mid-infrared laser sources need to be
developed to provide coherent radiation with the required
features of wide and smooth wavelength coverage, narrow
bandwidth and high average power for the laser
Spectroscopy purpose.

Optical parametric oscillator (OPO) working in the
near and mid-infrared wavelength range is a type of
promising laser source for the detection of trace gases.
Especially, the OPO system based on quasi-phase-matched
materials has been well investigated because it can
generate near and mid-infrared radiation with wide
wavelength tunability and narrow line-width [2-4]. In
particular, the periodically poled lithium niobate (PPLN)
has attracted much attention because of its large nonlinear
optical coefficient [5]. Highly efficient continuous-wave
PPLN optical parametric oscillators have been
demonstrated and multi-watt output power was obtained
[6-8]. Because of the high parametric gain of the OPO,
pulsed OPO has also been used to realize high efficient
output with relative low pump power. Notwithstanding its
advantage of large nonlinear optical coefficient, LiNbO; is
a type of photorefractive material and therefore the PPLN-
based OPO has to be operated at elevated temperatures to

prevent photorefractive damage. Compared with the
conventional LiNbO;, MgO-doped LiNbO; is more
promising to be used in the OPO systems because of the
greatly improved resistance to the photorefractive damage
[9-10].

Although of those highlights, OPO still has some
limitations on the commercial application of trace gas
detection. Due to instability of the OPO intensity and non-
neglected linewidth compared with that of the gas
absorption lines [11], the measurement errors will be
induced and thus the sensitivity of the OPO sensing
system will be decreased.

To remove those interior measurement errors brought
by the gas sensing setup, in this paper, a model based on
support vector machine is proposed to process the
measurement spectra. Support vector machine, which is a
supervised learning method based on the staticstical
learning tehory, is applied broadly in the fields of image
analysis, signature authentication, text retrieval and face
and speech recognition [12]. The principles are described
in Section 2, followed by the experimental setup and
results which are given in Section 3. Finally, the
conclusion is presented in the Section 4.

2. Principles

Optical parametric oscillator (OPO), is proposed to be
functioned as a laser source used in trace gas detection in
this paper. It is a device that converts a pump wave at
frequency @, into two lower frequencies of signal and
idler waves @, and @; generated by the driven second order
polarization of the nonlinear optical material. Frequencies
of the generated waves are determined by energy
conservation:

o +o=0, ()
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Since the pump wave can be split into any
combination of lower energy signal and idler waves within
the constraint of energy conservation, the pump radiation
can be shifted to longer wavelengths with wide tunability.

Wavelength or frequency tuning is able to be achieved
through the change of temperature. This is because the
refractive index of a material is a function of temperature.
Indices of some birefringent crystals, e.g., LiNbO; and
LiB;0s, are very sensitive to the change of the ambient
temperature. The change in temperature will alter the
index sphere of ordinary waves and the index ellipsoid of
extraordinary waves, then the output will be tuned by
varying the crystal temperature. Temperature tuning can
be used as a main tuning method for OPOs based on such
crystals. The technique has an advantage of not requiring
realignment of the cavity since no mechanical change is
involved in the process.

When the continuous wave (CW) light from a
temperature tuning OPO with initial intensity I, passes
through a gas sample, the gas molecules absorb photons at
specific wavelength and transit from lower to higher
vibrational-rotational levels. Thus, the output light
intensity denoted as [/, decays at corresponding
wavenumber and the molecular absorption spectrum could
be detected, followed with Beer’s law,

I, =1, exp(-alC) ()

where / is the effective path-length (cm) of the gas cell, C
is the gas concentration (atm™) and o is the molar
absorption coefficient (atm'cm™). By measuring the
molecular absorption spectrum, the concentration of the
gas sample could be measured. The measurement error in
terms of minimum detection concentration could be
estimated by

AC1min = C : A]A

3
A
where I is the absorption, defined as I,=Iy-1;. [13]

From Eq. (3), the minimum detection concentration is
linear dependent on the change of the absorption, which is
influenced by the laser excitation contribution, the noise in
the experimental setup, and etc. So, the measurement error
will be induced and the measurement accuracy will be also
limited.

Support vector machine (SVM), which is based on the
strict mathematical theory, is proposed to enhance the
measurement accuracy of the aforementioned OPO gas
system. SVM is outstanding for solving the linear or
nonlinear problem, even reliable at underfitting, overfitting
or high noise conditions. The support vector regression
(SVR) algorithm is described as below.

A training data set {[x(i),y(i)]e RxR, i=1,2,k} consists
of k pairs of (x1)1), (¥2.02),.-., (i), With x;excR,
yeycR. In this specific spectral problem, x(i) represents
the absorption wavelength at i-th point, y(i) is the
corresponding output of transmission defined as the ratio
of the output intensity /, and input intensity /y. Generally
speaking, y(i) should be a nonlinear function of x(i). The

objective is to predict the nonlinear function
f(x):Zwi;ﬁi (x)+b 4)
with the help of an e—insensitive loss function L, (x,y, /)

L (x,y,f)Z‘y_f(x) :

i} {0 ify-r(x)=e (5

‘y —f(x)‘ —¢& otherwise

where w; and b are the weight and bias coefficients to be
solved respectively. As shown in Fig. 1, by using this
method, function f{x) has the least deviation larger than &
from the actually obtained target y for all the training data.
In other words, the errors as long as less than ¢ are not
considered, but any deviation larger than that will not be
acceptable.
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Fig. 1. Nonlinear support vector regression function.

The problem changes to seek the optimal regression
function by the minimization of the functional,

d)(w,f,f*)zéuw"z +hi(«f,~ +«f,~*) (6)
subject to )
(w,-g(x,))+b-y <e+¢&
¥, _<Wi .¢(x,.)>—bS8+r§i*

and

E,E20,h>0

i

where ||w|[>=(w-w). The constant / determines the trade-off
between the flatness of f and the amount up to which
deviation larger than ¢ are tolerated.

Eq. (6) could be solved by Lagrangian optimization
algorithm:
maximize
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Subject to
k

(al. —a:):O and 0<al.(*) <h
i=1

i

and

w=

k
i=1

(e, )9 () and £(x) =3 (e~ )K (3) +b

i=1

where o;are Lagrange multipliers and

K(xx)=(g(x) #(x))

is called Kernel function, which controls nonlinear ability
of predicted model. Commonly used Kernel function
includes linear Kernel, Gaussian Kernel, polynomial
Kernel and Sigmoide Kernel. For nonlinear data sets, the
Gaussial Kernel and polymomial Kernel are always
priority tried in the computation [14].

3. Experimental setup and results

: 3

LD Qeswitched Nd:GAVOy laser OpP0

Fig. 2. Schematic of the OPO experimental setup.

The OPO system used in the experiment is
schematically shown in Fig. 2. The pump source was a
home-made passively Q-switched Nd:GdVO, laser with a
Cr*":YAG saturable absorber. A commercial laser-diode-
bar was used to pump the Nd: GdVO, laser. The laser
diode (LD) pumping light was coupled to a multimode
fiber with 600-micron-diameter core and focused into the
Nd:GdVO, sample by two coupling lenses of 1.7cm focal
length. The focused pump beam in the laser medium had
an average diameter of about 400 pm. The Nd:GdVO,
crystal has a Nd** doping concentration of 0.5%. It had a
dimension of 3x3 mm in cross-section and 4mm in length.
An anti-reflection coated Cr*:YAG crystal with a
thickness of 5 mm was applied as saturable absorber. To
keep the system thermally stable and prevent possible
thermal fracture, both the Nd:GdVO4 crystal and the
Cr':YAG crystal were wrapped with indium foil and
mounted in a water-cooled copper crystal holder whose
temperature was controlled at about 14 °C. In order to
achieve high conversion efficiency between the pump laser
light and the signal wave, high peak power of the pump
light was preferred. Several steps were taken to shorten the
Q-switching pulse width and increase the peak power.
Firstly, the saturable absorber with high initial
transmission was used to increase the modulation depth. In
the experiments, the initial transmission of the Cr*":YAG

was up to 60%. Secondly, the output coupling was
increased as high as 60% and shortened the cavity length
to 30 mm to reduce the cavity lifetime of the photons.
With these laser parameters, the Q-switched laser can
produce pulses as short as 3ns and a repetition rate of 5
kHz at the wavelength of 1063 nm. The characteristics of
the Q-switched laser output were monitored and analyzed
by a digital oscilloscope (Tektronix TDS 360) with a high
speed InGaAs photon detector. Fig. 3 shows a typical
Q-switched pulse profile obtained in the build-up laser.
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Fig. 3. Oscilloscope trace of the Q-switched pump laser
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Fig. 4. Temperature tuning curves for 1.064-um-pumped
OPO in PPMgLN with different grating periods: (a) idler
wavelength; (b) signal wavelength. Filled circles:
experimental data; solid curves: theoretical fitting curves.
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The OPO was a single resonant at the signal wave and
consisted of two flat mirrors, M; and M,, which were
separated by about 50 mm. The input mirror M; was a
optically coated CaF, flat with high reflectivity for the
signal wave (R > 98% at 1.5-1.7um) and idler wave
(R>95% at 2.9-3.5 um) and high transmission (7=90%) at
the pump wavelength; the output mirror was a coated CaF,
flat with high reflectivity for the signal wave (R>95% at
1.5-1.7 ym) and idler wave (R>90% at 2.9-3.5 um) and
transmission (7=30%) at the pump wavelength. A single
lens with focal length of 150mm was used to focus the
pump beam into the PPMgLN crystal, producing a waist
radius of 200um at the center of the crystal. The multi-
grating MgO-doped PPLN crystal (5 mol%) was used as
nonlinear medium for the OPO. Two end faces of the
crystal were antireflection coated in 1.5-1.7um for the
signal band and 1.064um for the pump wavelength. The
crystal was placed inside an oven with temperature
stability of 0.1 °C. In the experiment, the OPO can be
realized with 8 grating periods from 31.5 to 28 um
because of the greatly enhanced peak power of the pump
light. The signal wavelength was measured by using an
optical spectrum analyzer (OSA, Ando 6317) with a
resolution of 0.05nm. With different grating periods and
operation temperature, the signal and idler output can be
tuned in the range of 1.41-1.78 um and 2.7-4.3 um
respectively. Fig. 4 shows the temperature-tuning curves
of the OPO. The relation between the average signal
output power and absorbed pump power was also
measured and shown in Fig. 5 and 6. Fig. 6 shows the
signal output power versus the absorbed pump power with
a 30.5um grating period at 120 °C crystal temperature
which corresponded to the signal wavelength of 1546 nm.
The average signal output power was measured to be
354 mW at the full pump power of 120 mW. The slope
efficiency was calculated to be 30%. It was also found that
the signal output power did not change much with
different gratings in the range of 1.5-1.7 um and quickly
dropped when the wavelength was below 1.5 um as shown
in Fig. 6. The decreased signal output power was caused
by the limitation of the crystal coating.
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Fig. 5. Signal output power versus input pump power of
the OPO with a 30.5um grating period at 120°C crystal
temperature.
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Fig. 6. Signal output power versus input pump power of
the OPO with 120 °C crystal temperature and different
grating periods at full pump power.

Although the OPO can be tuned from 1.4 um to
1.76 pm in the signal wavelength and 2.7-4.3 pm in the
idler wavelength, it is far from practical application for
spectroscopy. Two problems need to be solved before its
further application. Due to the intrinsic instability of the
passively Q-switched laser, the pump power was not stable
with the time. Correspondingly the OPO output power
slightly changed from time to time. In addition, neither
the pump laser cavity nor the OPO cavity contained any
etalons to control the wavelength performance. Thus, the
line-width of the signal wavelength was up to 0.5nm and
mode-hoping always occurred in the system. To conquer
the former problem, a synchronization measuring system
was designed and shown in Fig. 7, in which the signal
wavelength, reference power and absorbed signal output
power could be measured at the same moment.

OF0 i

CL3 Gas Cell M2

Fig. 7. Schematic of the gas measurement system: F:

filter, M: high reflection mirror, BS: beam splitter, CL:

coupling lens, FC: fiber coupler, PD: photo detector,

M: multimeter, TC: temperature controller, PC: personal
computer:

As shown in Fig. 7, a filter was used to block the
pump light and idler wave and pass the signal wave. The
signal wave was sampled in a beam splitter (BS1) to the
OSA. Another beam splitter (BS2) separated the signal
wave into two parts. Part 1 was detected by photo detector
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1 (PD1) directly which served as the reference light. PD2
detected the absorbed signal light after passing through a
gas cell. The signal and reference light were collected
respectively by two focal lenses (CL1 and CL2) and
coupled to the photo detectors. The incident signal and
reference light power were measured with two digital
multimeters respectively. A computer was used to control
the digital multimeters and the OSA. By changing the
crystal temperature through the temperature controller, the
OPO could produce tunable signal output. At the same
time, the PC controlled the digital multimeters and the
OSA to read the data at the same time point with a certain
time interval. Since the reflectivity of BS2 had been
accurately measured, the signal power of Part 2 before
passing the gas cell could be calculated according to the
measured reference light power. By using this type of
configuration, the effect caused by the fluctuation of the
signal output power was fully eliminated. Similarly, since
the signal wavelength was measured at the same time with
the absorbed signal power, the effect caused by the mode
hoping of the OPO had been greatly reduced.

The use of the OPO system for spectroscopy was
demonstrated by directly measuring the photon absorption
spectrum of the methane (CH4) molecules. Fig. 8(a) shows
background spectrum from the reference path 1 and raw
absorption data from path 2. Due to existence of the
background light, the backline of raw spectrum was
nonlinear. After subtracting the background signal, the
processed absorption spectrum of CH, was much flatter as
shown in the Fig. 8(b). The OPO yielded light from
1640 nm to 1680 nm. It shows that CH4 has several large
absorption peaks which are located at 1648.5 nm, 1666.5
and 1674.5 nm respectively.
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Fig. 8. Measured absorption spectrum of methane.

Although by the synchronization measuring system,
the amplitude fluctuation of the OPO brought by the
unstability of the pump laser was greatly depressed, the
influence of the linewidth of the OPO was still unable to
be reduced. Due to the relatively broader linewidth of the
OPO compared to that of the gas spectrum, the signal
wavelength of some data would be misread. Those
misread data would decrease the measurement accuracy of
the gas absorption spectra. Furthermore, the OPO gas
sensing system and thus the corresponding accuracy of the
gas absorption spectra based on this gas sensing system
were also limited by the resolution of the OSA. To further
improve the measurement accuracy of the gas spectrum,
some signal processing techniques should be employed.

Distortion

)
Oder of filter o Frequency (Hz)

Fig. 9(a): Relationship of distortion after filtering, order
of the filter and the cutoff requency.

Order of the fiter 00

Frequency (Hz)

Fig. 9(b): Relationship of SNR after filtering, order of the
filter and the cutoff frequency

Finite impulse response (FIR) filter is usually used to
remove the noise in sensing system, because of its simple
implementation and a linear response [13, 15]. FIR filter
operates based on the frequency spectrum of the signal. A
discrete Fourier transform (DFT) spectral analysis was
employed to the raw spectral data in Fig. 8(b). It was
found that most energy of the DFT spectrum of the
experimental signal focuses in the low frequency band. A
low-pass FIR filter was applied to filter the contaminated
signal. The distortion after the filter (the compression of
the amplitude of the spectral curve after filtering compared
with that before the filter) and the signal to noise ratio
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(SNR) defined as 1,/Al; with the change of the order and

cutoff frequency of the filter were investigated respectively.

Fig. 9 demonstrated the filtered signal became smoother
with the price of amplitude distortion. With an acceptable
distortion and a relative high SNR, the length and cut-off
frequency of the filter were selected as 7 and 0.001Hz
respectively. The result after that designed filter is shown
in Fig. 10. The SNR was increased from 4 to 10, only
about 3 times enhanced than that before filtering, while the
distortion ratio achieved to be 0.81.
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Fig. 10. CH, absorption spectrum after the FIR filter
with order of 7 and cutoff frequency of 0.001Hz.

The unsatisfactory filtered result is due to this sort of
filter which is based on the spectral properties of the signal
and noise. However, the contaminated signals own the
similar spectral property to the ideal signals. In this case,
FIR filter is not quite suitable in the use of the OPO gas
sensing system.

Insensitivity

Bound coefficient

Fig. 11. Relationship of the SNR after SVM, trade-off
coefficient and the insensitivity.

Alternatively, SVM was employed to enhance the
measurement accuracy of the sensing system. Kernel
function was selected to be Gaussian with standard
deviation 0.001 due to the property of the gas spectrum.
The relationship of the other SVM parameters (such as the
bound coefficient /4 and insensitivity &) and the
corresponding SNR was discussed as in Fig. 11. It was
found that when the insensitivity was set to be 0.02, and
bound coefficient was equal to 10, the SNR was achieved

maximum, equal to 30, thus the corresponding minimum
detecting concentration was decreased 8 times than that
before the processing. The gas spectrum result after
processing is illustrated as Fig. 12. The curve after process
was more smooth and reasonable compared with the
spectrum from the supplier. The smooth curve after the
processing also proved the effectivity of the SVM in the
OPO sensing problem compared with FIR algorithm.
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Fig. 12. Processed spectral result after using support
vector regression.

4. Conclusions

The possibility of using an efficient compact singly
resonant optical parametric oscillator (OPO) for trace gas
detection is presented by measuring the absorption spectra
of CH,4. Support vector machine is used to reduce the
influence brought by the confinement of the light source
and the noises in this sensing system. After the use of
SVM, the SNR is enhanced 8 times than that before
processing, although the improvement is limited due to the
high contamination of the raw signal and thus the SVM
algorithm could not distinguish and erase all the misread
data. The enhancement the measurement accuracy
demonstrates that, SVM is a compatible and promising
technique used in the OPO gas sensing system.
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