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Abstract: Femtosecond lasers have been used in combustion diagnostics. Based on the characteristics
of femtosecond laser filamentation, many diagnostic techniques have been developed. Here, we
propose a method, based on femtosecond laser filamentation, for equivalence ratio measurements
in CHy/air gases. By measuring the spatially resolved spectra of the femtosecond laser-induced
filament, we found that the variation of the equivalence ratio in the flow field would affect the
spatial distribution of the emission intensity of femtosecond laser-induced filament. On this basis,
the equivalence ratio was calibrated by using the relative spatial positions of N; (337 nm) and C,
(5616.5 nm) signals in the filament. This method overcomes the interference of local air disturbance,
having lower measurement uncertainty.
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1. Introduction

Developing advanced combustion diagnostic techniques is crucial in combustion
fields. In particular, laser diagnostic technology is playing an increasingly important role
in the field of combustion diagnostics because of its advantages such as non-invasive, high
sensitivity, high spatial and temporal resolution, real-time, and the ability of simultaneous
measurements of multiple parameters [1,2]. The combustion diagnostics based on nanosec-
ond lasers (ns laser) emerged in the 1980s, and many achievements have been made in
the measurement of flame structure [3], intermediate products [4], temperature [5] and
velocity [6]. In recent years, with the emergence of femtosecond laser [7-9] (fs laser), fs laser
diagnostic technology has been applied to combustion fields [10]. Compared with a ns laser,
a fs laser has short pulse duration, high peak power, and wide linewidth [1,11]. Owning to
these characteristics, the fs laser exhibits many unique phenomena during its propagation,
such as spectrum broadening [12], cone radiation [13], population inversion [14], and fs
laser filamentation [15]. Among them, fs laser filamentation in the field of combustion
diagnostics should attract special attention.

Xu et al. [16] proposed fs filament-induced nonlinear spectroscopy (FINS), which
can be used for the measurement of combustion intermediates. On this basis, they [17]
compared FINS in flame with ns laser-induced breakdown spectroscopy (ns-LIBS) and
flame spontaneous emission spectroscopy and further discussed the applicability of FINS
in the measurement of combustion intermediates. Li et al. [18] developed the fs laser-
extended electric discharge velocimetry technology by combining fs filamentation and
discharge, which has high accuracy in the velocity measurement of flow fields. In addition,
Li et al. [19] achieved the temperature measurement of combustion flow fields based on
femtosecond laser-induced filament.

The equivalence ratio is an important physical parameter in combustion research.
The real-time and accurate equivalence ratio measurements can not only monitor the
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combustion process, improve the combustion efficiency [20,21] but also reduce the emission
of pollutants [22]. Nanosecond laser-induced breakdown spectroscopy is one of the most
commonly used equivalence ratio measurement methods, while the femtosecond laser has
advantages over the nanosecond laser due to its low ablation threshold, high temporal and
spatial resolution, and low bremsstrahlung interference.

At present, the measurement method of equivalence ratio is mainly based on signal
intensity ratio [23], but this method will be disturbed by local air disturbance. In this
paper, an equivalence ratio measurement method based on fs filament signal distribution
is proposed, which has good precision. This method provides a new idea for measuring
the equivalence ratio.

2. Experimental

The schematic of the experimental setup is illustrated in Figure 1. An fs Ti: sapphire
laser system (Spitfire Ace, Spectra Physics, Milpitas, CA, USA) was adopted with the output
of 800 nm, the pulse duration of ~45 fs, the repetition rate of 1 kHz, and the maximum
pulse energy of 7 m]. The laser pulse energy was adjusted by an attenuator (VA-800-Conex,
Thorlabs, Newton, NI, USA) to 2 mJ/pulse. A McKenna burner was used to generate
a premixed laminar CHy/air gas flow at room temperature. The laser was focused by
a spherical lens (f = 500 mm) to form a filament in the gas mixture at 10 mm above the
McKenna burner. The equivalence ratio and the gas supply rate of the gas flow were
controlled by mass flow controllers. The total gas flow rate, and hence, the gas flow speed
were kept constant at 4.24 x 10~* m>/s, and 0.15 m/s, respectively. In order to ensure the
stability of the flow field, a low gas flow rate was selected in the experiment. The details of
the gas mixture are listed in Table 1.

Femtosecond laser

Spherical lens

|

McKenna burner

Figure 1. Diagram of experimental setup for equivalence ratio measurement by femtosecond laser-induced filament.
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Table 1. CHy and air flow rates at different equivalence ratios.

Equivalence CH4 Flow Rate Air Flow Rate Total Flow Rate

Case Ratio (10—4 m3/s) (10—4 m3/s) (10—4 md/s)
1 0.6 0.98 3.26 424
2 0.8 1.21 3.03 424
3 1 1.41 2.83 424
4 12 1.59 2.65 424
5 14 1.75 2.49 424
6 1.6 1.88 2.36 424

The signal generated by the interaction of the filament and the gas mixture was
collected into the input slit (slit width = 200 mm) of a spectrometer (Acton, SP-2300i,
Princeton Instruments, Trenton, NJ, USA) by a spherical lens with a focal length of 100 mm.
The signal collected by the spectrometer was dispersed by a grating (300 grooves/mm
blazed at 300 nm) and then captured by an ICCD camera (PI-MAX4:1024i, Princeton
Instruments, Trenton, NJ, USA) coupled with the spectrometer. The input slit of the
spectrometer was horizontally arranged (parallel to the filament) to record the spatially
resolved spectrum of the filament. The spectral resolution of the spectrometer is 2.53 nm.
To ensure the stability of the experiment, we carried out the experiments in a room with
constant temperature and pressure. The ambient temperature was 20 °C, the humidity was
50%, and the pressure was 1 atm.

3. Results and Discussion
3.1. Spatially Resolved Spectrum

Firstly, the spatially resolved spectrum of the filament was measured. In the exper-
iment, the gate delay of the camera relative to the laser arrival time was 0 ns, and the
camera gate width was 50 ns. The spectrum was an average of 200 laser shots to improve
the signal-to-noise ratio. The results are shown in Figure 2.

Figure 2a is the photo of the fs laser filament taken by a single-lens reflex camera
(Nikon D90) in a premixed CHy/air gas mixture with the equivalence ratio of 1. The
black arrow shows the laser propagation direction (from left to right). Figure 2b is the
spatially resolved spectrum of the filament, and the region of interest is indicated by the
red dotted box in Figure 2a. In Figure 2b, the X-axis represents the wavelength, the Y-
axis represents the spatial position, and the color bar on the left represents the relative
intensity of the signal. The spectral curve in Figure 2c is the integral of the spectrum in
Figure 2b. In Figure 2c, the X-axis represents the wavelength, and the Y-axis represents the
signal intensity.

In the experiments, the laser with the energy of 2 m]/pulse was used. When a fs laser
is focused with a longer focal length lens, the focused femtosecond laser can form a stable
plasma channel in the optical medium. This phenomenon is also known as filamentation,
and the plasma channel is called a filament [24]. The appearance of fs filament is due
to the dynamic balance between the optical Kerr effect-induced self-focusing and the
defocusing effect of the self-generated plasma. The clamping intensity inside the plasma
channel induced by fs laser is up to 10*~10'* W/cm?, which is intense enough to excite
atoms/molecules into higher excited states through photolysis, ionization, dissociation,
and collision. Then, the excited atoms/molecules release characteristic fluorescence [1]. In
Figure 2c, the characteristic fluorescence can be found, including CH at 314 nm, 388 nm
and 431 nm, N, at 337 nm and 357 nm, CN at 388 nm, C, at 516.5 nm, and H at 656 nm.
The energy level transition of the fluorescence signal is shown in Table 2 [25-27].
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Figure 2. (a), Photo of femtosecond laser filament in a gas mixture. A femtosecond laser was used with a pulse energy
of 2 mJ, a wavelength of 800 nm, a pulse duration of ~45 fs and a repetition rate of 1 kHz. The total gas flow rate was
4.24 x 10* m3/s, the gas flow speed was 0.15 m/s, and the equivalence ratio was 1. (b), the spatially resolved spectral
graph of the filament, where the X-axis represents the wavelength, the Y-axis represents the spatial position, and the color
bar on the left represents the relative intensity of the signal. (c), the spectral curve obtained from the accumulation of the

spectral graph.

Table 2. Energy level transitions of main signals of femtosecond filaments in premixed

methane/air mixture.

Component Wavelength Transition
CH ~314 nm C22+—X2I1 (0, 0)
N, ~337 nm C8I1,—B*I1, (0, 0)
N, ~357 nm C3I1,—B’I1, (0, 1)
CN ~388 nm B2zt —X2%* (0, 0)
CH ~388 nm B2X~ —X2T1 (0, 0)
CH ~431 nm AZA—X3T1 (0, 0)
C ~516.5 nm d3I1;—a’I1, (0, 0)
H ~656 nm 3p?P—2sS

The fluorescence signal of N comes from the transition of the excited state N, (C3IT,,)
to the ground state N, (B3Hg). The excited state of N, (C3ITy) is mainly generated by
the recombination of electrons and ions. The generation process mainly consists of the
following three steps [28]. First, N; in the ground state is photolyzed by the fs laser into N *
and e~ through Equation (1). Then, N,* reacts with Nj to form Ny* through Equation (2).
Finally, the excited state N, (CI1,) is produced by Ny* and e~ through Equation (3).

N, — N2+ +e @)

Not +Np — Nyt ()
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Nyt +e™ = Np(CPI1y) +Ns (3)

Cy is mainly derived from CHy [29]. Through the action of filament, hydrocarbons undergo
a series of recombination and dehydrogenation reactions, generating C, in the excited
state. The excited C, transitions to the ground state and emits fluorescence at 516.5 nm.
CH radicals and H radicals are two active components, and their generation processes
involve multiple chemical reaction paths, which are related to both CHy and air in the
mixture [29]. The generation process of CN radical is complicated, involving a variety of
chemical reactions related to CHy and N, [30,31].

3.2. Equivalence Ratio Measurements Based on the Emission Intensity Ratio between Two Species
in the fs Laser-Induced Filament

In order to explore the influence of the equivalence ratio on the fluorescence signal
intensity, systematic experiments were carried out in premixed CHy/air mixtures with
different equivalence ratios. Under the condition that the total gas supply flow rate was
4.24 x 10~* m3/s, six working conditions with the equivalence ratios ranging from 0.6
to 1.6 were selected to obtain the fluorescence spectra. The flow rates of CHy and air at
different equivalence ratios are shown in Table 1, and the fluorescence spectra at different
equivalence ratios are shown in Figure 3.
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Figure 3. Spectral curves of fs laser-induced filament in CHy /air mixture at different equivalence ratios. The insets show
the locally enlarged view of the N (337 nm) and C; (516.5 nm) signals.

In Figure 3, the X-axis represents the wavelength, and the Y-axis represents the in-
tensity of the spectrum. The inset on the left shows the locally enlarged view of the Nj
signal at 337 nm, and the right inset shows the locally enlarged view of the C; signal at
516.5 nm. It can be seen that the change of the equivalence ratio only changes the intensity
of the spectrum, while the shape of the spectrum does not change. It can be found in these
inserts in Figure 3 that with the increase of the equivalence ratio, the signal intensity of
N, (337 nm) gradually decreases, while the signal intensity of C, (516.5 nm) gradually
increases. It can be seen from the above that the equivalence ratio is related to the intensity
of the fluorescence signal, and the relationship between the equivalence ratio and the
fluorescence signal intensity can be used to measure the equivalence ratio [23].

Figure 4 shows the variation trend of Nj (337 nm) signal intensity and C; (516.5 nm)
signal intensity as a function of the equivalence ratio, in which signal intensity is repre-
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sented by the peak value of the signal intensity. The X-axis represents the equivalence ratio,
and the Y-axis represents the intensity. As can be seen from Figure 4, with the increase
of the equivalence ratio, the signal intensity of N; (337 nm) shows a downward trend,
while the signal intensity of C, (516.5 nm) shows an upward trend. This is because that
as the equivalence ratio increases, the concentration of N, (337 nm) decreases, and the
concentration of C; (516.5 nm) increases. However, the C; (516.5 nm) signal intensity
shows an oscillatory behaviour with the equivalence ratio. We believe the main reason is
local air disturbance. During the measurement process, some air is mixed into the mixture,
which will disturb the flow field and affect the spectral intensity.

—HE—N, (337 nm)
6 F —0—C, (516.5 nm)
3 st
S
Z
iz
Sl
=
[Sami
3tk
2 1 " 1 1 N 1

0.6 0.8 1.0 1.2 1.4 1.6

Equivalence Ratio
Figure 4. Variation curves of N, (337 nm) and C; (516.5 nm) signal intensities with equivalence ratio.

Figure 5 shows the calibration curve of the intensity ratio (N, at 337 nm to C; at
516.5 nm) with the equivalence ratio. In Figure 5, the X-axis represents the equivalence
ratio, the Y-axis represents the intensity ratio, the scattered points are the experimental data,
and the solid line is the fitting curve. In Refs [23,25,32-35], we found that the equivalence
ratio measurement methods based on the intensity ratio strategy use linear fitting during
the calibration process, and the scattered points in Figure 5 are approximately linear
distribution, so linear fitting was also adopted by us. As can be seen, the signal intensity
ratio is linearly correlated with the equivalence ratio, and the R? is 0.933. This indicates
that the equivalence ratio measurement can be achieved based on the intensity ratio of the
fluorescence signal, but the measurement uncertainty is high. We believe that the local
disturbance of air will affect the signal intensity ratio and increase the uncertainty.

3.3. Equivalence Ratio Measurements Based on the Spatial Distribution of the Emission Intensity
of the fs Laser-Induced Filament

In the experiments, we found that the spatial distribution of the emission signal was
affected by the change of the equivalence ratio. In order to obtain the spatial distribution,
the spatially resolved emission signal was determined by the following method. Before the
laser experiments, it was determined that the spatial position of the spectrometer window
was unchanged at different working conditions. A target with a 2 x 2 mm grid size was
placed at the position of the filament. The target was imaged by the ICCD camera. Through
calibration, it can be calculated that a pixel point represents a distance of 9 pm. According
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to the position of the fluorescence signal in the picture, the relative spatial position of the
fluorescence signal can be calculated.
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Figure 5. Calibration curve of signal intensity ratio of N, (337 nm) and C; (516.5 nm) as a function of
equivalence ratio.

Figure 6 shows the spectral images and spectral curves of N, (337 nm) and C,
(516.5 nm) at different equivalence ratios. The black arrow above Figure 6 represents
the propagation direction of the laser (from left to right). Figure 6a,b are the spatially
resolved spectra of Nj (337 nm) and C; (516.5 nm) taken by the ICCD camera at different
equivalence ratios, respectively. Figure 6¢,d are the intensity distribution curves obtained
by integrating the fluorescence signals of N, (337 nm) and C; (516.5 nm), respectively.
The maximum spectral intensity at different equivalence ratios is normalized to 1 in order
to more clearly display the position of peak spectral intensity at different equivalence
ratios. The X-axis represents the spatial distance, and the Y-axis represents the normalized
signal intensity.

It can be found in Figure 6 that, with the increase of the equivalence ratio, the peak
position of both the N, (337 nm) signal and the C, (516.5 nm) signal moves towards
the spherical lens (i.e., it moves from the right side to the left side). We believe that the
reasons are as follows [36,37]. The peak position of the signal of the filament is determined
by Equation (4).

f-Z
/ f
f= f-I—Zf/ )

where f’ represents the peak position of the signal, f represents the focal length of the
spherical lens, and Z; represents the length of the fs laser filament. Z; is determined
by Equation (5).
0.367ka?
{ [(P/Pc)l/z - 0.852] - 0.0219}

where ka? represents the diffraction length, which is a constant related to the laser. P represents
the actual power of the fs laser. The laser energy in the experiment is 2 mJ/pulse, the
pulse duration is 45 fs, and the actual power is 44 GW. P, represents the threshold power
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of fs laser filamentation, expressed as the second-order nonlinear refractive index. P is
determined by Equation (6):
_ 3.72)\

~ 8mngny”

(6)

C

where A represents the wavelength of fs laser, ng and n; represent the linear and second-
order nonlinear refractive indices of the gas mixture, respectively [38,39]. The linear and
second-order nonlinear refractive indices of gas mixtures are determined by the ratio of
CHy to air (ngcpia = 1, Ngair = 1, N cpga = 1310720 ecm? /W, ny 45 = 1210720 e /W).
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Figure 6. (a), Spectral image of N (337 nm) with different equivalence ratios. (b), Spectral images of
C; (516.5 nm) with different equivalence ratios. (c), Spatial distribution curves of Nj (337 nm) with
different equivalence ratios. (d), distribution curves of C; (516.5 nm) with different equivalence ratios.

According to Equations (4)—(6), with the increase of the equivalence ratio, the average
second-order nonlinear refractive index increases, and the distance between the peak
position of the signal and the focusing lens decreases (i.e., the peak position of the signal
moves towards the spherical lens). Through calibration experiments, the equivalence ratio
of the flow field can then be calculated according to the relationship between the peak
position of the fluorescence signal and the equivalence ratio.

Figure 7 shows the curves of signal positions of Ny (337 nm) and C, (516.5 nm) as a
function of the equivalence ratio, where the signal positions are represented by the peak
positions of the signals. As can be seen from Figure 7, when the equivalence ratio changes
from 0.6 to 1.6, the signal positions of N, (337 nm) and C; (516.5 nm) shift by about 1.5 mm,
while the mass concentration of CHy in the mixture increases from 3.36% to 8.48%, with a
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change of only 5.12%. This indicates that the signal positions are sensitive to the change
of the equivalence ratio. It can also be found from Figure 7 that the signal positions of N
(337 nm) and C; (516.5 nm) are different at the same equivalence ratio. Wu et al. [40] also
found that the spatial distributions of N, (337 nm) and N,* (428 nm) signals generated by
the filament were different, which was attributed to the different generation mechanisms of
Ny (337 nm) and Np* (428 nm) in the excited state. This can also explain the different signal
positions of Nj (337 nm) and C; (516.5 nm) at the same equivalence ratio. Compared with
Figure 4, we found that the signal positions of N; (337 nm) and C; (516.5 nm) in Figure 7
change monotonically with the equivalence ratio. This is because that the peak position
of the fluorescence signal is obtained by Gaussian fitting, which is not affected by local
air disturbance.

—HE—N, (337 nm)
—0—C, (516.5 nm)

=
N
T

S
=
T

“
N
T

&
<
T

Signal position of N, and C, (mm)
N
=

0.6 0.8 1.0 1.2 1.4 1.6

D
o

Equivalence ratio

Figure 7. Variation curves of N (337 nm) and C; (516.5 nm) signal positions with equivalence ratio.

Since the distributions of fluorescence signals are sensitive to the change of the equiv-
alence ratio, and the spatial distributions of different fluorescence signals are different, so
the equivalence ratio of the flow field can be calibrated according to the relative positions
of the two different signals. The reasons for choosing the relative positions of the two
different signals to calibrate the equivalence ratio are as follows: First, it can avoid the
error caused by the selection of calibration origin. Secondly, it can reduce the system error
caused by the optical system, such as aberration of the imaging system and photoelectric
oscillation of the ICCD camera.

Figure 8 is the calibration curve of the distance between N (337 nm) and C, (516.5 nm)
signals as a function of the equivalence ratio, in which the distance between the two signals
is represented by the distance between the two signal peaks. The X-axis represents the
equivalence ratio, and the Y-axis represents the distance between the N, (337 nm) signal
and the C; (516.5 nm) signal. The scatter points are the experimental data, and the solid
line is the fitting curve. It can be seen from Figure 8 that the distance between N; (337 nm)
and C; (516.5 nm) is approximately linear with the equivalence ratio, so linear fitting is
conducted for the experimental data with the R? of 0.984. In Figure 8, the distance of N,
(337 nm) and C, (516.5 nm) signals varies within a range of 0.2-0.7 mm. The ICCD camera
used in the experiment has a spatial resolution of 10 um, which can sensitively capture the
distance variation caused by the change of equivalence ratio.



Processes 2021, 9, 2022 10 of 13

e
9

® Experimental data
Linear fitting

=
(=)}
T

=
N
T

=
w
T

=
N
T

0.6 0.8 1.0 1.2 1.4 1.6

Equivalence ratio

The distance between N, and C, signals (mm)

Figure 8. Calibration curve of the distance between N, (337 nm) and C; (516.5 nm) signals as a
function of equivalence ratio.

To verify the accuracy of the equivalence ratio measurement, we measured the actual
equivalence ratio using the calibration curve. Detailed measurement results are shown
in Figure 9. The X-axis represents the actual equivalence ratio, the Y-axis represents the
equivalence ratio measured in the experiments, and the scattered points in the figure
are the measured results. It can be seen from Figure 9 that the measured values of the
equivalence ratio match well to the actual values, indicating that the measurements based
on this concept are excellent.

1.6

® Measurement result

Measurement value of equivalence ratio
)

0.6 0.8 1.0 1.2 14 1.6
True value of equivalence ratio

Figure 9. Verification experimental results of equivalence ratio measurement method based on signal
relative position.
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Compared with Figure 6, we found that both the method based on the relative position
of the signals and the method based on the signal intensity ratio can be used to measure the
equivalence ratio, but the method based on the relative position of the signals overcomes the
interference of local air disturbance and has higher R? and lower measurement uncertainty.
At the same time, this method provides a new idea for the measurement of the equivalence
ratio of flow fields. Of course, this equivalence ratio measurement method also has some
limitations. For example, this method is based on the distribution of filament to reflect
the equivalence ratio of flow fields, so it can only be applied to the condition of uniform
equivalent ratio.

4. Conclusions

A method for measuring the equivalence ratio based on fs laser filament is presented
in this paper. A fs laser with a fundamental frequency of 800 nm was used to focus on the
premixed laminar CH, /air gas flow generated by a McKenna burner to form a filament. The
spatially resolved spectra of the filament were recorded by a spectrometer, and the signals of
the filament were mainly N, CH, CN, C;, H, etc. It was found that the spatial distributions
of different fluorescence signals were different and varied with the equivalence ratio. The
calibration curve of the equivalence ratio was established according to the relationship
between the equivalence ratio and the spatial position of N; (337 nm) and C, (516.5 nm)
fluorescence signals, which was used for the equivalence ratio measurement. In this paper,
the equivalence ratio measurement method based on the fluorescence signal intensity
ratio is compared with the method based on the spatial distribution of the emission of the
filament. This equivalence ratio measurement method has lower measurement uncertainty
and provides a new idea for the equivalence ratio measurement.
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