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Abstract: Temperature and current tuning characteristics of distributed feedback laser and absorption
lines distribution of HF gas in near infrared was investigated, generalized Lorentz functions was used to
realize rapid approximate calculation of Voigt function. The Voigt profile fitting of absorbance and the
inversion of gas concentration for wavelength scanning technology. A tunable diode laser absorption
spectroscopy system for HF gas concentration measurement was designed, using one absorption line of
HF gas near 1. 28 pum as the target absorption line, using known standard concentration HF gas for
preparation of different concentration HF gas to measurement. The detection limit is 1. 12 ppm-m. The
system has high measurement accuracy and long-term operate stability, satisfies the needs of HF gas real-
time online monitoring.
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0 Introduction

Hydrogen fluoride ( HF) is a highly toxic and
corrosive gast', its release should be tightly regulated;
HF gas is

because it has the ability of dissolving oxide, plays an

also an important industrial chemical,

important role in the purification of aluminum and
uranium, real-time monitoring HF gas can improve the
productivity of aluminum and uranium and optimize the
production process; HF gas does not react in the

stratosphere and is absent in other parts of the

is a good tracer molecule for

atmospheric spectroscopy'’,

atmosphere, so it
Therefore, accurately,

sensitive and rapid monitoring HF gas is very

meaningful for environmental protection, industrial
production, atmospheric spectral research.

In recent years, kinds of gas detection method
in  which Tunable Diode

Absorption Spectroscopy (TDLAS) is a non-intrusive,

have emerged, Laser
highly sensitive, highly selective and fast time response
Lol TDLAS technique

suitable

trace gas detection technique
with  diode
measurement. Even though the application of TDLAS
concentrated on the
H,s", CH: etc,

[10] [11]

couple laser is for gas

for gas monitoring mainly
measurements of H,O", CO;"Y,
there is some research focus on HF gas

In this paper, we focus on the generalized Lorentz
functions for realizing rapid approximate calculation of
Voigt function, and Voigt profile fitting for absorbance
curve using the nonlinear least squares method. We
study the inversion of gas concentration for wavelength
scanning technology, and present a system for HF gas
measurement based on the TDLAS technology, using

1. 28 pym DFB laser as light source.

1 Fundamental Spectroscopy

-] when

According to the Beer-Lambert law
near-IR laser radiation with incident intensity I, at
frequency v passes through a uniform gas medium ,
since the gas absorption, light intensity will attenuate,
the transmitted light intensity I, is

I,=1,exp (—k,L) (D
where £, (em™" ) is the spectral absorption coefficient,
L(cm) is the length of absorbing species.

For an isolated transition of a single gas

k,=SCD) p(v) PxL 2
where S(T) (cm *atm ') is the line strength of the
transition at temperature T(K), ¢(v)(cm) is the line-
shape function, P is the total pressure of gas mixture
and x is the mole fraction of the absorbing species.

In practice, absorbance is often used to describe
the absorption characteristics of the

target gas,

absorbance a, can be expressed as

L
Ir

Since the line-shape function () is normalized so

a.=In(5) =k L=S(T)g(o) PxL (3)

that J(p(v)d"u = 1. The line-shape function ¢ (v) is

usually approximated using a Voigt profile. Integrating
absorbance through the frequency domain to obtain the

integral area, namely the integrated absorbance (cm™")
4)
According to Eq. (3) and Eq. (4), the peak of

absorbance A(w,) can be expressed as
A(y) =S(T)PxLg(y,)

where v, (cm™") is the spectral center frequency.

A— Ja,ﬂdfv — S(T)PsL

(5

In the condition of known temperature, pressure
and optical path length, using Eq. 4 and Eq. 5, we can

get the gas concentration

A

TS PL (6
o A(v,y)

T S(D PLg(0)) @

The selection of optimum absorption lines is the first
step in design a TDLAS system. Based on HITRAN
database to find suitable lines. Fig. 1 is the absorption
lines of HF gas within Av=2 overtone based on HITRAN
2008 database. As shown in Fig. 1, the absorption line at
12781 nm (7 823. 821 2 em ') has the maximum

absorption linestrength (1. 907 09 cm * atm™') in the
1.2~1.3 pm region, so we choose this line as the

target absorption line to probe HF gas.

2
£
o
2
g
=
1 H|
7700 7800 7900 8000
Wavenumbers/cm!
Fig. 1 The absorption lines of HF gas at temperature

296 K in the 1. 2~1. 3 pm region based on
HITRAN 2008 database

2 DFB laser tuning characteristics
research

We adopt optical fiber coupled distributed feedback
(DFB) semiconductor laser as light source. DFB laser
has tunable properties, by changing laser working
temperature and driving current can change the output
laser wavelength.

Fig. 2 is the tuning characteristics of the DFB

laser. The laser temperature tuning characteristics is

0630003~ 2
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about 0. 09 nm/C; the laser current tuning
characteristic is about 0. 005 nm/mA.
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(b) Current tuning characteristics

Fig. 2 Tuning characteristics of the DFB laser
As shown in Fig. 2, the DFB laser output
wavelength changes linearly with the temperature and
the driving current, which the DFB laser is suitable for
TDLAS system as the light source.

3 Gas concentration inversion

For the gas concentration inversion, the incident
intensity baseline is fitted. Signal detected from the
photodiode is cumulative averaged for several times to
eliminate the random error. We obtain the transmission
light intensity I,, the no absorption part of I, is used to
gain the incident intensity I, by nonlinear polynomial
fitting"™
to the absorption line width, for the Voigt profile, the

The selection of no absorption part is related

absorption will fall to 1% beyond 4 times line width
distance from the center of the absorption frequency,
so we choose this range as the baseline fitting range.

The ratios of I, and I, are used to eliminate the
noise of the laser output power, which are the primary
noise for a TDLAS system. The noise may be caused
by the fluctuation of injection current, temperature
change of operation environment and mechanical
vibration. Noise of photodetector, which is related to
the signal bandwidth, can be weakened by using a low
pass filter to reduce the signal bandwidth.

We use the Eq. (3) to extract the absorbance

curve, owing to temperature change and system noise,

absorbance curve may distort, non-linear line-shape
fitting is needed to smooth absorbance curve for
processing. Voigt profile is the convolution of Gaussian
profile and Lorentz profile, the traditional calculation
method of Voigt function is time-consuming and
difficult to achieve real-time online processing. We
adopt generalized Lorentz functions™*! to realize rapid
approximate calculation of Voigt function, and use the
nonlinear least squares method to accomplish Voigt
profile fitting of absorbance curve.

a) Voigt profile function model

Voigt line-shape can be expressed as

g () =Ta, /anZVX,Y) (8)
where ¢, is amplitude of Lorentz profile, 7, (em™' ) is
the Full Width at Half Maximum (FWHM) of Lorentz
profile, y; Cem™")is the FWHM of Gaussian profile,
V(X,Y) is the Voigt function.

With four generalized Lorentz functions, the Voigt

function is expressed as
LC(Y—A)+D(X—B)

VXY = 2= S (X —B.)

o2 vVMZ(v—u)
y(} (]O)

Y= /2
G

where A,, B;, C,, D, are constants, the values of the

9

constants used to generate the Voigt approximation are

given in Table 1. Considering the detected spectrum

Table 1 Constants used to generate the numerical
approximation to the Voigt function'®*-

i A, B; C; D;

1 —1.2150 1.2359 —0.308 5 0.021 0

2  —1.3509 0.378 6 0.590 6 —1.185 8

3 —1.2150 —1.2359 —0.3085 —0.0210

4 —1.3509 —0.3786 0.590 6 1.185 8

signal may have the presence of direct current

background, we add a dc offset y, for Eq. (8), so the

Voigt profile can be expressed as a function model

Qv (v) =Y +%a LV nln2 -
G

i(?,(Y*A,)—Q—D,(X*B,)
S (YA (X—B)*
where the dc offset y,,

1D

spectral line center w,,
amplitude of Lorentz profile o, FWHM of Lorentz
profile y, and FWHM of Gaussian profile y,; are the
parameters of model.

b) Nonlinear fitting of Voigt profile

For Voigt profile fitting, iteration is the only way
to determine the best Levenberg-
Marquardt ( L-M)

practice, which has become a standard nonlinear least

parameters.

"Imethod is very effective in

squares method.

0630003~ 3
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The convergence results and iteration times of L-
M method depend on fitting parameters initial values,
the selection of initial parameters values is as follows:

D For dc offset y, , the initial value is the minimum
of absorbance curve or zero;

1D For spectral line center v, , the initial value is
the frequency corresponding the peak of absorbance
curve;

11D For amplitude of Lorentz profile q; » the initial
value is the peak absorbance curve;

IV) For FWHM of Lorentz profile ¥, , the initial
value is 0. 85 times the FWHM of absorbance curve;

V) For FWHM of Gaussian profile ., the initial
value is 0. 85 times the FWHM of absorbance curve or

the fixed value calculated by y, =7. 1632 X 10 "u, /T/M .

After the initial values selection of the fitting
parameters, we bring Voigt profile function expression
and the partial derivatives of fitting parameters into the
With the
Voigt profile fitting, we obtain absorbance peak and
The gas
obtained by bringing the

L-M algorithm to carry out nonlinear fit.

the integral area. concentration can be

line strength, pressure,

optical path length into the Eq. (6) and Eq. (7).

4 The experimental results and analysis

Fig. 3 is the schematic diagram of the experimental
system. The laser current and temperature controller
control the DFB laser output. The laser beam was
divided into three beams by a beam splitter, the first
beam was directed into a wavemeter for wavelength
measuring; the second beam was directed through a
sample gas cell onto a photodetector for HF gas
probing; the third beam was directed through a
reference gas cell onto a photodetector for the laser

output wavelength lock-in. The photodetector signals

temperature to 28. 45°C, and then the laser output
wavelength was stable at 1 278. 1 nm near one HF gas
absorption line. The laser wavelength was tuned over
the desired absorption line by a linear ramp of current

of 100 Hz from a function generator.

Current and

temperature Mam I\
controller | pFR Jaser | SPlitter L Photodiode
Y Sample cell
Ramp
Function
generator =

Photodiode
Reference cell

Fig.3 The schematic diagram of the experimental system

We measured 2%, 4%, 6% HF gas with the
TDLAS system, respectively. The photodiode signals
were accumulated averaged 20 times to obtain the
absorption spectrum as shown in Fig. 4. Fig. 5 shows
the absorbance curve, the absorbance curve of Voigt
profile fitting and the fitting residual of two curves,
respectively. The Signal Noise Ratio(SNR) are 31.75,
52. 50, 58. 09, respectively. SNR increased as the
The fitting
maximums (absolute value) are 0. 713%, 0. 974%,
1.318%, all of them are within = 1. 5%, indicating
that the proposed Voigt profile fitting method is

concentration increased. residuals

effective and suitable for absorbance curve fitting. The

corresponding  linear  relationship  between  the
absorbance peak, the integral area and the
concentration are shown in Fig. 6, the fitting
coefficients are 0. 998 5, 0. 996 2, respectively,

indicating that the absorbance peak, the integral area

have a good linear relationship with different

concentration. We can use the proposed concentration

were transferred to a computer for data processing. We inversion method for HF gas concentration
adjusted the laser driving current to 50 mA, operating measurement.
(N —— 50 50 -
Z > 2
) o &
> 25 S 25 ~ 25
1 L 1 i J 1 1 " | -l 1 " J
0 500 1000 0 500 1000 0 500 1000
Sample point Sample point Sample point
(a) 2% (b) 4% (c) 6%
Fig. 4 The absorption spectrum of HF gas
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Fig. 6 The corresponding relationship between the absorbance
peak, the integral area and different gas concentrations

We evaluated the performance of the system
shown in Fig. 3 by using the relative error, detection
limit and repeatability.

Fig. 7 is the measurement results of 2% ,4% HF
gas, respectively, measurement interval is 1 min,
measurement time lasted for 400 minutes. We adopted
the integral area for concentration measurement.

The test results are shown in Table 2. For
concentration of 2%, the accuracy is 0. 325% , while
the relative error is 0. 094 % for concentration of 4%.
As the concentration increased, the relative error
becomes lower, and the trend is consistent with SNR.
We adopted 3 times the standard deviation of the
measurement results to calculate the detection limit.

The detection limit is related to the optical path length,

Table 2 Results of performance test

Concentration/  Relative Detection Repeatability/
(% error/ (%) limit/(ppm-m) (Y%
2 0. 325 1.12 0. 485
4 0.094 2.21 0.232

The experimental results show that system have
high measurement accuracy, good stability, consistent
repeatability, which can meet application requirements

of HF gas real-time online monitoring.

5 Conclusion

We use generalized Lorentz function for Voigt
function analytical approximation, and use I.-M method
to conduct Voigt profile fitting of absorbance. The
experimental results show that peak and integral area
of absorbance have a good linear relationship with gas
concentration. The system detection limit is 1. 12 ppm-
325%, and
repeatability is 0. 485%. The system has high

measurement accuracy and long-term operate stability,

m, measurement accuracy is 0.

0630003~ 5
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which satisfies the need of HF gas real-time online

monitoring.
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