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An elaborately designed system has been devoted to the recovery of the line shape function of ab-
sorption spectrum. Laser power passing through trace gas has been divided into the real-time and
delayed components, and their difference, i.e. the equivalent of the first-order derivative spectrum,
isrecorded and integrated to reconstruct the absorption line profile. Since the real-time and delayed
signals are derived from the only gas cell and photodetector, the elimination of background is more
effective, relative to the general used double beam detection that involves two gas cells and photo-
detectors. Compared with the 1st harmonic detection used in the wavelength modulation spectros-
copy, here the generation of derivative spectrum is achieved without modulating the injection
current of laser. Additionally, the expensive lock-in amplifier working for wavelength modulation
spectroscopy is replaced by a homemade device, which is made of an all-pass filter and an instru-
mentation amplifier. Therefore, the complexity and cost are significantly reduced, and the stability
is improved. For the purpose of validation, recovering of the absorption spectroscopy is carried
out using a methane sample at its R(3) absorption line of the 2v; overtone, and the obtained data
are found to be in a high agreement with theoretical deductions.

Keywords: wavelength modulation spectroscopy (WMS), absorption, derivative spectrum, harmonic
detection, laser diode.

1. Introduction

As a well-established method for in situ measurements of combustion parameters in the
industrial environment [1-3], tunable diode laser absorption spectroscopy (TDLAS)
[4, 5] accompanied by standard telecommunication used distributed feedback (DFB)
diode laser provides significant advantages in selectivity and sensitivity. From the ab-
sorption spectrum, gas properties such as temperature, pressure, velocity and concen-
tration can be exactly determined [6]. The compact structure and easily tuned
wavelength have made DFB diode laser a suitable light source for a portable spectrom-
eter, working generally in the near infrared (NIR) region [7]. Although direct detection
gives a straightforward way to the absorption spectrum through the comparison be-
tween transmitted and referenced signals, the limit of detection (LOD) is poor because
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of the extremely weak strength of absorption line, which belongs to the overtone or
combination vibrational transitions around the NIR region [8]. Conversely, in the mid
infrared region live abundant spectrum lines attached to the fundamental vibrational
bands, with strong absorption intensity [9]. However, an unavoidable problem is the
expensive laser source and photodetector. With the aid of frequency modulation spec-
troscopy (FMS), wavelength modulation spectroscopy (WMS), or many other tech-
niques, the LOD of the system utilizing a single mode NIR diode laser for trace gas
detection, has been successfully prompted to the order of ppmv [10].

Putting aside the common fundamentality that FMS and WMS both depend upon,
the latter can be easily distinguished from the former, owing to the significant differ-
ences in terms of modulation parameters and detection technique. In WMS, the injec-
tion current of laser is usually ramped at a moderate frequency for scanning across the
entire wavelength range of the selected absorption line. Meanwhile, a sinusoidal mod-
ulation with a frequency significantly higher than the scan frequency but much lower
than the absorption half-width, is superimposed upon the swept signal for producing
a modulated laser wavelength [11]. In contrast, as an offshoot of WMS, FMS is confined
to the category where the frequency of modulation extends far beyond the half-width
of absorption frequency [12].

Due to the interaction of modulated laser wavelength with the absorption feature,
harmonics of the absorption spectrum are generated and can be collected using certain
technique, such as phase sensitive detection [13]. Resulting from the collection of har-
monic, the working frequency is elevated, which thus leads to the weakening of both
the flicker and the laser noise [14]. In the condition of small modulation depth, the in-
tensity of #-th harmonic will be proportional to the n-order derivative of the shape func-
tion of absorption feature [15]. Usually, the 1st harmonic (WMS-1f) is attractive to
study for absorption spectrum since it could be directly recovered from the integration
of first-order derivative spectrum. But unfortunately, in the case of injection-current
tuned diode laser, the wavelength modulation is followed inevitably by laser intensity
modulation (IM) [16], and the recovery of absorption spectrum is likely to be influ-
enced by the RAM [17], which is a product of IM. Even though the RAM appearing
in the 2nd harmonic is negligible for conventional telecommunication used DFB lasers,
the spreading of WMS to high pressure or large-modulation-depth situations is still
impeded by the need of the 1st harmonic normalization [18], as well as the distortion
of signal due to cross-coupling between the predominantly linear IM and Fourier com-
ponents of an absorption line [19].

In the work reported here, a novel strategy which is back-ground free and cost-ef-
fective is put forward to reconstruct the absorption line shape function. The experimental
apparatus is sketched in Section 2. A homemade electronic device consists of an all-pass
filter and an instrumentation amplifier is developed to produce the equivalent of first
-order derivative spectrum. In Section 3, the operational regime of this apparatus is
briefed. Several key issues, for instance, the means coping with the fluctuation of optic
intensity caused by the sloping injection current of laser, and the appropriate time delay
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for reconstructing the absorption spectrum, are discussed in detail. Finally, experi-
ments using the mixture of CH, and N, are carried out and the results are shown in
Section 4 for theory validation. To evaluate the stability and sensitivity, spectral ab-
sorbance derived from the integration of first-order derivative spectrum is compared
with the software simulation using the Voigt line model and the optical parameters from
HITRANO4 database [20].

2. Experimental setup

Figure 1 illustrates the scheme of our experimental apparatus. Two cylinders filled with
high-purity N, and CH, are connected to a bank of mass flow controllers (Teledyne
Hastings, HFC-302 with THPS-400 controller) for blending the gas components to the
desired ratio. Through a nylon resin tube, the gas mixture is delivered to a stainless
cell with an effective optical path length of 15.4 cm. The total pressure is gauged by
a capacitance manometer (Setra Systems, MODEL720), and kept at 1.01 x 10° Pa
through controlling the velocity of gas flow. At the intervals of measurements, the
stainless cell is nitrogen-flushed and emptied by a turbo molecular pump to an ultimate
pressure of less than 133.3 Pa. The temperature along the axis is monitored by three
type-K thermocouples which are attached to the middle and both end faces of the stain-
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Fig. 1. Schematic diagram of the experimental setup; TC — temperature controller, MFC — mass flow con-
troller, OI — optical isolator, PD — photodetector, and LD — laser diode.
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less cell. A cylindrical ceramic fiber heater twining around the cell is PID controlled
to maintain the inner temperature at about 296 K.

In a 14-pin commercial butterfly mount (Mitsubishi, FU-68PDF-V510), the therm-
istor and thermoelectric cooler are packaged along with the diode laser source for mon-
itoring and regulating the temperature of laser. The coherent radiation of the laser
source on a single mode is up to 10 mW, under the condition of 24 mA driving current
and 305 K working temperature. The emitting wavelength is simultaneously manipu-
lated by a low-noise laser current supply (Newport, Model S00B) and a high-precision
laser temperature controller (ILX, Model LDT-5900C), to access the central value of
1.654 pm, which matches the R(3) absorption transition of 2v; band for CH,.

From a 16-bit data acquisition (DAQ) card, a 5 Hz saw-tooth waveform is sent to
the input of the laser current controller for sweeping over the entire wavelength range
of the target absorption transition. Before guided into the gas cell, the incident laser
power is fiber coupled to an optical isolator to prevent the happening of system perfor-
mance degradation induced by optical feedback scattering. After a single pass through
the gas volume under test, the transmitted laser power is focused onto an InGaAs pho-
todiode with 1 mm? active area.

Both the phase-sensitive detection and the delayed differential detection can be im-
plemented using the similar experimental system. For phase-sensitive detection, the
lock-in amplifier (Signal Recovery Inc., Model 7265) is introduced to make a sinusoi-
dal modulation on the lasing wavelength, and then it locks in the 1st harmonic of ab-
sorption spectroscopy. For delayed differential detection, the lock-in amplifier is
replaced by a homemade electronic device for generating the 1st derivative spectrum,
and the sinusoidal modulation of lasing wavelength is avoided.

The design of this homemade device is briefed in Fig. 2. In the device, the input
is electronically divided. One of them, named as the delayed arm, is phase shifted by
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Input O

=
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Fig. 2. Functional block diagram of the homemade electronic device. The following components were
used in the device: Q; and Q, — OP470 low-noise op-amp, Q; — AD8422 instrumentation amplifier, and
Q4 — OP1177 low-noise op-amp.
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an all-pass filter and deducted from the other one, which is called the real-time arm.
Initial phase of the delayed arm is determined by resistor R; and capacitor C, that are
mounted closely to Q;. The inverted polarity is solved by a reverse phase amplifying
circuit that consists of Q,, R, and Rs. Difference of the delayed and real-time arms is
amplified via an instrumentation amplifier Q5, with its DC bias and gain set by resistors
R;and R, respectively. The analog output is digitized using the DAQ card, and cap-
tured into a PC programmed with LabVIEW for further data analysis.

3. Basic theory of derivative spectroscopy

The total injection current of DFB-LD, with the DC bias (ip) and saw-tooth (i, (?))
current components taken into account, is written as

i) = ipe +igy(f) = ipe+ k[L - LLD (1)
T, T,
with | - | being the round down function, k — the slope of saw-tooth current and 7}, — the
period.
From the total injection current of DFB-LD, the instantaneous optical wavelength
output v,,,(7) and the optical power output P(¢) can be inferred

opt
vopt(t) =V + :uslope iLD(t) (2)
Popt(t) = PO + ’7slope iLD(t) (3)

with v, and P, being the wave number and optical power respective to ipe, fgjope IeP-
resents the current-wave number coefficient, and 7, represents the current-power
coefficient of the DFB-LD. For optical thin conditions (a(v,,,) < 0.1), the optical pow-
er Py, (#) through gas absorption can be approximated to

opt
Py(t) = Popt(z){l —a[vopt(t)]}

_ { Py nslope[im N ;{TLO . Hﬂm{l _ a[vopm]} 4)

In Eq. (4), a(v,p) s the spectral absorbance at the wavelength v, (¢), and can be ex-
pressed as a product of total pressure P, line strength S(7') at temperature 7, absorption
shape function g(v,,), species mole fraction y and effective absorption length L:

A vou(D] = PS(T)g|vo(0) | xL 5)

After a single pass through the gas cell, the transmitted optical power P, (?) is de-
livered to a photodiode with the responsivity R. The photocurrent produced from the
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photodiode is converted to voltage via a transconductance amplifier with the gain fac-
tor Zr1o. The output of the transconductance amplifier is divided into two paths, with
one of them delayed at time constant z:

Urt(?) = Z1aR Pgyq(?) (6)
Udelay(t) = ZTIARPgas(t - T) (7)

The real-time signal Ug(7) and the delayed signal U,y (¢) are fed to the inputs of
an instrumentation amplifier with Up the tunable offset voltage, and their difference
is amplified with a gain of G

Usiee (1) = G[URT(Z) - Udelay(t):| + Upc

GZyypR[ Py (1) = Py (1 = 1)]

= GZppR| Py (Dl ()] = Py (t = Dalve (1= D1 | + Upe  (8)

In order to illustrate the elimination of background intuitively, the real-time signal,
delayed signal and their difference are simulated in the absence of gas absorption and
shown in Fig. 3. These waveforms are separated into the “valid” and “invalid” regions.
The trigger of data acquisition is controlled by a soft timer to reserve the samples in
“valid” region but get rid of those belong to “invalid” region.
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Fig. 3. The real-time signal (solid line), delayed signal (dashed line) and their difference (dash-dot line)
in the absence of gas absorption.
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From a fine tuning of the offset of instrumentation amplifier, the constant difference
shown in the “valid” region can be minimized, and then Eq. (8) is simplified to

Udiff(vopt) = GZTIAR{Popt(Vopt)[a(Vopt + AVm) - a(vopt)j|

_ |:P0pt(vopt) — Popt(vopt + Avm)})z(vopt + Avm)}

0

GZ AR P (Vo) | 4V + Avyy) = vy | )

with the time index ¢ converted to wave number v, according to Eq. (2). When the
wave number scanning is confined in a linear range, e.g. Av.,,,, the increment of wave
number Av,, can be determined directly by

scan?

Ay = — ¢ (10)

Theoretically any value of the wave number increment can be realized, by directly
adjusting the delay time 7. But, indeed, it is not advisable to select a huge delay time,
in that the approximation using in Eq. (9) will lead to a significant error. Likewise, the
achievement of a tiny delay time is not recommended because this will lead to the
drastic attenuation at the output of instrumentation amplifier, thereby reducing the sig-
nal-to-noise ratio (SNR).

After the normalization of Ugig(vop) by the power spectrum of laser sweep, i.e.

expression GZrjaRP(v,y), the first-order derivatives of the spectral absorbance are

a(vy T Av,) — oc(vopt)

Av

m

opt

an

a’(vopt) =

From the integration of the above derivative, the spectral absorbance could be re-
covered.

4. Results and discussions

STEWART et al. [21] have indicated that the 1st Fourier coefficient of absorption spec-
troscopy experiences a peak while the laser wavelength vy , the half-width at half-max-
imum (HWHM) of the selected gas absorption transition Av,,, and the absorption
center v, conform to

_ Avg(W3mP 4 —1)
VL T (12)

J3+v,

gas>
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Fig. 4. Simulated peak of the 1st Fourier coefficient of absorption spectroscopy with the increase of mod-
ulation index m. The necessary spectral parameters are retrieved from HITRANO4 database.

According to Eq. (12), the dependence of the 1st Fourier coefficient of absorption
spectroscopy on modulation index m (m = Av,,,/Av,,,) is simulated for 1% CH, diluted
by N,, under 1.01 x 10° Paand 296 K. As could be seen from the result shown in Fig. 4,
the peak occurs while m = 2.00. In the following experiments, the actually used m is
initially set at 2.00 and then finely tuned for maximizing the amplitude of a signal.

For an impartial and objective comparison between delayed differential detection
and phase-sensitive detection, experiments are implemented under identical conditions
such as temperature, total pressure, gas samples, etc. Before the formal measurements
using specimens, the laser emitting background is recorded to deal with the hardware
-related parameters and transmission losses. Through normalizing the absorption-based
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Fig. 5. The background signals for delayed differential detection (a) and phase-sensitive detection (b).
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signals with the background, some variations that are independent of absorption, for
example, the average laser intensity, detector sensitivity, signal amplification and laser
transmission, can be excluded from the final result. The background signals belonging
to delayed differential detection and traditional first harmonic detection are both shown
in Fig. 5 for comparison. The dominant slope in Fig. 5a is caused by the saw-tooth
current for wavelength sweep, while the DC bias shown in Fig. 5b is resulted from the
sinusoidal signal for wavelength modulation.

The peculiarity of delayed differential detection is embodied by the contrastive re-
sults presented in Fig. 6 with the 1st derivative spectrum generated by the homemade
electronic device (Fig. 6a) and the Ist harmonic detected by the lock-in amplifier
(Fig. 6b). In Fig. 6b, the distortion of the 1st Fourier coefficient of absorption spectros-
copy is characterized by the subtle asymmetry of wings and the conspicuous DC bias.
The distortion is brought by the unwanted modulation of lasing intensity, which attends
on the modulation of lasing wavelength. Compared with the asymmetry which only
complicates the quantitative analysis of specimen, the absorption-independent RAM
is more harmful for it may saturate the output of photodiode and thus limit the further
amplification of weak absorption signals. Instead, the result of delayed differential de-
tection in Fig. 6a exhibits the perfect symmetry and the nulled DC bias. The amplifi-
cation of weak absorption for delayed differential detection, as a result, is not restricted
by the background signal.

The intuitionistic definition of detection limit of a gas sensor is the gas concentration
that can be detected while the SNR drops to 1. But, it is difficult to obtain the exact
value through finite experiments. Instead of the practically measured detection limit,
the theoretical value is easily deduced from the experiment using high-concentration
specimen. For this, experiment using 500 ppm methane sample is performed, and the
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Fig. 6. Experimental results obtained from delayed differential detection (a) and phase-sensitive detec-
tion (b), using 1% CH, diluted by N,.
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Fig. 7. Measured data and its fitting of the detector signal for CH, with a concentration of 500 ppm.
The fitting residual yields an equivalent SNR of 103.

result is shown in Fig. 7. The lower panel presents the residual of nonlinear fitting.
Through carefully inspecting, the discrete data agree well with the fitting model.
The peak is determined to be 8.553 mV, and the residual (1¢) is calculated to be 83 pV.
Accordingly, it can be deduced that the SNR is 103. This indicates that the noise-limited
minimal detectivity is about 4.9 ppm.

Figure 8 shows the dependence of detector signal on 7 methane samples in the con-
centration range from 500 ppm to 5%. The measured peak value of detector signal
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Fig. 8. Data and its fitting for describing the dependence of detector signal on CH, mole fraction using
7 samples (0.05%, 0.1%, 0.2%, 0.5%, 1%, 2% and 5%).
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Fig. 9. Comparison of the experimental and simulated absorbance of 1% CH, diluted by N,, at pressure
1 atm and temperature 296 K.

shows very good linearity with methane concentration. A regression coefficient of
R =0.9977 is derived from the linear fit that is described by

3 =0.1669x + 0.0061 (13)

The curve of spectral absorbance derived from the first-order derivative spectrum
integration is shown in Fig. 9, along with the simulation based on Voigt line shape. Spec-
tral parameters involved in this simulation, including the center location of absorption
line, absorption intensity, and broadening coefficient, are provided by the HITRANO04
database. It can be observed from Fig. 9 that, in the aspects of peak height and curve
profile, the recovered absorption line profile shows excellent agreement with the sim-
ulation. Under a careful inspection, weak burrs are found in the measured line profile.
This is mainly caused by the inherent noise of laser source.

5. Conclusions

This letter has demonstrated that, not only in principle but also in practice, TDLAS could
be perfectly combined with the time-delayed differential detection for recovering the
line shape function of absorption spectroscopy. An equivalent of the first-order deriv-
ative spectrum, from the integration of which the line shape function of absorption
spectrum forms, is generated by a homemade circuit. Compared with WMS, here the
modulating of laser driving current is replaced by setting the time delay constant of
an all-pass filter, for the common purpose of first-order derivative spectrum generation
but through a more convenient way. Moreover, the high-end lock-in amplifier used in
WMS for the 1st harmonic detection is no longer needed, and the substitute is a simply
designed circuit, which consists of an all-pass filter and an instrumentation amplifier.
Attributed to the unique design of system architecture, in which the same gas cell and
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photodetector is shared by the active and referenced paths, most of the common dis-
turbers are cancelled by differential detection. In conclusion, the novel technique for
absorption spectroscopy background-free, cost effectiveness and is characterized by
low complexity.
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