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Abstract: We demonstrated MIR-pump NIR-probe photothermal spectroscopy with the first
harmonic (PTS-1f) detection of formaldehyde, one of the most common volatile organic
compounds (VOCs), in a silica hollow-core negative curvature fiber (HC-NCF). The
photothermal gas sensor adopts a mid-infrared interband cascade pump laser at 3.6 um and a
near-infrared fiber probe laser at 1.56 um. At the optimal modulation frequency (8 kHz) and
modulation index (1.8) of the pump laser, we obtained a normalized noise equivalent absorption
(NNEA) coefficient of 4x10° em'WHz 2. The use of HC-NCF with an inner diameter of 65
pum enables the sensitive photothermal detection even for a very low pump power of micro-
watts. The background-free PTS-1f detection was observed to enhance the sensitivity by a
factor of 2.4 compared to the second harmonic (2f) detection. A theoretical model was
established in this work to interpret the experimental results.

1. INTRODUCTION

Photothermal spectroscopy (PTS) is a highly sensitive trace gas sensing technique which
typically uses a pump-and-probe configuration [1,2]. The pump laser causes the localized heat
generation via gas absorption, which induces the change of the refractive index (RI) in the gas
medium. A probe laser propagating through the same region undergoes a phase shift that can
be detected by an optical interferometer. To enhance the detection sensitivity, PTS has been
recently performed in a hollow core fiber (HCF) with a tiny cross section to obtain an
extraordinarily large light intensity over a long distance [3,4]. Jin et al. [3] pioneered the
development of an ultra-sensitive C2Ha sensor (2 ppb) with an ultra-wide dynamic range (>10%)
by performing the near-infrared (1.56 pm) pump-probe detection in a hollow-core photonic
crystal bandgap fiber (HC-PBF).

Instead of the near-infrared (NIR) wavelength region, many gas molecules have much larger
absorption cross-sections in the mid-infrared (MIR) region between 3 pm and 12 um due to the
strong rovibrational resonance in the fundamental band. To take advantage of the MIR
molecular fingerprint region, we recently proposed the MIR-pump NIR-probe PTS for trace
gas detection in HCFs [5,6]. In this novel pump-probe configuration, the use of a MIR-pump
laser enables the more efficient localized heating even with a low incident laser power. Rather
than measuring the direct absorption using expensive MIR HgCdTe (MCT) photodetectors, the
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probe laser detection makes use of commercially available NIR detectors operating at room
temperature. Additionally, the use of an HCF as a gas cell significantly reduces the sample
volume of the target analyte.

In PTS, the periodic heating of the sample relies on a modulated pump laser by using
amplitude modulation (AM) or wavelength modulation (WM). The amplitude modulation of
laser intensity could be realized by implementing external modulators (i.e., mechanical chopper
and acoustic optical modulator) [7,8] or amplitude-modulated laser sources [9]. The wavelength
modulation, another widely used method in PTS, could be accomplished by sinusoidally
modulating the injection current of a tunable semiconductor laser [8,10]. A lock-in amplifier is
normally adopted to extract the second harmonic (2f) component of the detection signal.

It should be noted that the sinusoidal modulation of the injection current of semiconductor
lasers produces the simultaneous modulation of laser frequency and intensity. The resultant
laser intensity modulation is often referred to as residual amplitude modulation (RAM). If the
transmitted laser after gas absorption is detected by a photodetector (i.e., wavelength-
modulation absorption spectroscopy) and demodulated exactly at the modulation frequency
(first harmonic or 1f), the RAM gives rise to a strong background signal superimposed by a
weak gas absorption [11,12]. As an indirect laser absorption technique, PTS detects the gas
absorption by an optical interferometer using the probe laser. In the pump-probe detection
scheme, the RAM of the pump laser has negligible contribution to the non-absorption
background of the probing interferometer. Hence, the magnitude of 1f'signal could be directly
obtained without the need for background subtraction [13,14]. It is of interest to know that the
1f signal has the largest magnitude among all the harmonic components of wavelength
modulation.

In this work, we demonstrated MIR-pump NIR-probe PTS of formaldehyde, which is one
of the most common volatile organic compounds (VOCs), at 3.6 pm with the 1f detection of
wavelength modulation. A silica hollow-core microstructured fiber was used as the gas cell for
the pump-probe detection. The wavelength modulation parameters of the interband cascade
pump laser were examined to obtain the highest signal-to-noise ratio (SNR) for the 1fdetection.
The influence of the pump and probe powers on the photothermal detection was also
investigated. Finally, a theoretical model was proposed to interpret the experimental results, as
well as to examine the zero-background nature and the influence of RAM on the PTS-1f'signal.

2. EXPERIMENTAL METHODS

Fig. 1 depicts the experimental setup of PTS-1f detection of formaldehyde in a hollow-core
negative curvature fiber (HC-NCF). An interband cascade laser (ICL) emitting at 3.6 um was
used as the MIR pump laser to exploit the Q(7) line at 2778.48 cm™! in the v; fundamental band
of formaldehyde. HC-NCEF is attracting many research groups due to its simple geometry, broad
spectral bandwidth and low transmission loss [15-17]. The recently developed silica HC-NCF
with nearly single-mode transmission in the MIR region was used as the gas cell for PTS
detection. Such a HC-NCF has a hollow-core inner diameter of 65 pm inscribing by a single
ring of six nontouching silica capillaries (see the inset graph in Fig. 1); and more details of this
fiber could be found elsewhere [18, 19]. The ICL of 1.6-mW pump power was coupled into the
HC-NCF by a CaF: lens (focal length, 50 mm). The 120-cm long HC-NCF was coiled by a
radius of 15 cm to reduce the system size; and negligible bending loss was observed.
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Fig. 1. Experimental setup of MIR-pump NIR-probe photothermal spectroscopy of
formaldehyde in a HC-NCF. FM: flipped mirror; M: plane mirror; LDC: laser diode controller;
PD1: NIR photodetector; PD2: MIR photodetector; PC: polarization controller; SMEF: single
mode fiber; DAQ: data acquisition; LPF: low pass filter. Inset: photo of the coiled HC-NCF
along with a scanning electron microscope (SEM) image of the fiber cross-section.

The HC-NCF also serves as one arm of a Mach-Zehnder interferometer (MZI) for the
photothermal phase detection using a NIR probe laser at 1.56 pm, as illustrated in Fig. 1. The
phase modulator in the other arm locks the MZI at the quadrature point by compensating the
ambient noise. The MZI signal is detected by a NIR photodetector followed by the wavelength-
modulation 1/ detection using a lock-in amplifier. As a demonstration, the HC-NCF was filled
with the formaldehyde/nitrogen mixture (0.55 bar) with a certified concentration of 30 ppm at
room temperature.

The ICL was modulated at a relatively high frequency (f, kHz) and also slowly scanned
(mHz) across the absorption line by varying the electrical voltage applied to the laser driver.
To characterize the tuning characteristics of the ICL such as the wavelength modulation depth,
a flip mirror was placed in the optical path to direct the laser beam through a germanium etalon
(free spectral range, FSR = 0.0164 cm™!) onto a MCT photodetector (PD2 in Fig. 1). It should
be noted that such a laser characterization process is only used for the theoretical modeling
analysis to be discussed in Section 4; and thus PD2, etalon and the relevant optics are not
required for the actual photothermal detection.

A typical characterization process is demonstrated in Fig. 2 by applying an 8-kHz sinusoidal
modulation with an amplitude of 225 mV. The wavelength modulation and RAM of the ICL
depicted in Fig. 2 are well fitted by the sinusoidal functions. A phase shift of 1.09n between the
wavelength modulation and RAM is observed. Here we define the modulation index, m, as the
ratio of the modulation depth to the half-width at half-maximum (HWHM) of the absorption
line. At the gas pressure 0.55 bar, m was measured to be 1.8 for the present modulation settings.
The modulation index could be adjusted by varying the modulation voltage.
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Fig. 2 Representative RAM and WM of the ICL for a sinusoidal modulation (8 kHz, 225 mV)
applied to the laser driver.

3. RESULTS

All the measurements were performed for 30 ppm formaldehyde at 0.55 bar. Fig. 3(a) depicts
the representative PTS-1f signals measured at different modulation indexes in the wavelength
range from 2777.8 cm! to 2779.2 cm™'. The injection current of the ICL was modulated by a
sinusoidal waveform at 8§ kHz and simultaneously ramped by a 100-mHz sawtooth. The
corresponding absorption spectrum of formaldehyde simulated using the HITRAN database
[20] is plotted in Fig. 3 (b). The PTS-1f'signal approaches zero at the far wing of the measured
spectrum, indicating the background-free nature of PTS-1f detection. By adjusting the
sinusoidal voltage applied to the laser driver, it is of interest to observe in Fig. 3(a) that the
peak-to-peak amplitude and the peak-to-peak spectral distance vary with the modulation index.
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Fig. 3. (a) Representative PTS-1f'signals of 30 ppm formaldehyde (P = 0.55 bar) measured at
the fixed modulation frequency (8 kHz) and the varied modulation indexes. (b) Simulated
absorption spectrum based on the HITRAN database.

Fig. 4 plots the peak-to-peak amplitude and spectral distance of the PTS-1f signal as a
function of modulation index. At a higher modulation index, the PTS-1f signal generally



becomes stronger and broader. The spectral distance between the two peaks of the 1f signal
increases almost linearly with the modulation index. The optimal modulation index was found
to be around 1.8, corresponding to the largest amplitude of 1f'signal.
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Fig. 4 Variation of peak-to-peak amplitude and spectral distance of PTS-1f signal (30 ppm
formaldehyde, 0.55 bar) with the modulation index.

As the 2f detection is usually adopted for PTS, it is of interest to compare these two detection
methods. Fig. 5(a) depicts the typical 1 and 2f harmonic signals at the modulation index 1.8
and modulation frequency 8 kHz. The measured peak-to-peak amplitudes at different
modulation frequencies between 2 kHz and 12.5 kHz are plotted in Fig. 5(b). In general, a larger
1f signal is observed at a lower modulation frequency. Note that the relatively small PTS-1f
signal at the modulation 2 kHz is probably caused by the low-pass filter (1 kHz) used for the
MZI phase locking. The PTS-1fsignal is observed to have a larger amplitude than that of the
2f signal by a factor of 2. Meanwhile, the background signal obtained by measuring pure
nitrogen is also plotted in Fig. 5(b) for comparison. The noise level (16) of the PTS-1fdetection
is generally larger than that of the 2f detection because of the 1/fflicker noise and other slowly-
varying noise in the ambient. However, such a difference in noise becomes negligible for these
two detection schemes at a modulation frequency larger than 6 kHz.
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Fig. 5. (a) Representative PTS-1f and 2f signals for 30 ppm formaldehyde at 0.55 bar. (b)
Variation of PTS-1fand -2 measurements with the modulation frequency of the ICL pump laser.
(c) Comparison of the SNR of PTS-1fand 2/ measurements.



Finally, Fig. 5(c) compares the SNR of the PTS-1f and 2f detection schemes over the
modulation frequency from 2 kHz to 12.5 kHz. A larger SNR of PTS-1f detection is evident
when the modulation frequency is selected larger than 6 kHz. In particular, the optimal
modulation frequency is identified to be around 8 kHz, where the 1f detection improves the
SNR by a factor of 2.4 compared to the 2f detection. By achieving a detection SNR of 163 for
30 ppm formaldehyde, we estimate a minimum detection limit (MDL) of 0.18 ppm in this work,
corresponding to a normalized noise equivalent absorption (NNEA) coefficient of 4x10” cm
IWHZ_I/Z.

We also investigated the influence of pump and probe powers on PTS-1fdetection. Fig. 6(a)
shows the representative PTS-1f signals under different pump powers. The peak-to-peak
amplitude of the PTS-1f signal at each pump power is plotted in Fig. 6(b) along with the
corresponding noise level by measuring nitrogen filled in the HCF. The PTS-1f'signal increases
linearly with the MIR pump power, whereas the background noise (1c) keeps almost
unchanged. Additionally, the present photothermal sensor can be operated at a very weak pump
power due to the strong absorption cross-section in the mid-infrared and the high power density
in the tiny hollow core fiber. For instance, the sensor was able to capture the signal of 30 ppm
formaldehyde with a SNR of 9 for a pump level of 60 pw. It should be noted that the
photothermal gas detection has seldom been demonstrated at pw-level pump power previously.
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Fig. 6. (a) Representative PTS-1f'signals measured at different pump powers. (b) Variation of
PTS-1f' measurements with the pump power.

Additionally, Fig. 7(a) compares the PTS-1f signals at different NIR probe powers. The
gain of the NIR photodetector was adjusted accordingly to maintain a stable interferometric
voltage level. At the fixed pump power of 1.6 mW, negligible difference is observed among
these measurements using different probe powers. Fig. 7(b) plots the peak-to-peak amplitude



and noise level with the probe power varied between 40 pW and 4 mW. Hence, the
photothermal phase detection is insensitive to the probe power.
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Fig. 7 (a) Representative PTS-1f signals of 30 ppm formaldehyde measured at different probe
powers; the pump power is fixed at 1.6 mW. (b) Variation of PTS-1f measurements with the
NIR probe power.

4. DISCUSSION

To interpret the experimental data and understand the detection mechanism, a theoretical model
of wavelength-modulation PTS-1f detection is described here. The wavelength modulation of
the MIR pump laser can be expressed as:

v(t)=v, +a-cos(2x ft), @
where vo (cm™) is the center wavelength of the laser under modulation, and a(cm™) is the
modulation depth. The modulation of the injection current of the pump laser also produces a
simultaneous intensity modulation, known as the RAM:

Ipump(t):lo-{sz:in -cos(n-27rﬁ+9n)}, @

n=l1
where Iy is the average laser intensity at vo, i» is the nth-order Fourier coefficient of intensity
modulation, and &, is the corresponding phase shift. Note that the high-order components (n >
2) of the intensity modulation could be ignored for most semiconductor lasers.



The photothermal effect is directly related to the local heat production rate (H) caused by
gas absorption of the pump laser [3]:

H=Y,-k(v)1,,, ©)]
where Yir is the heat yield and k(cm™) is the absorption coefficient. Such a periodic heating
process changes the refractive index of the gas inside the hollow core fiber, thus leading to the
phase change 4¢ of the NIR probe laser. For a small A¢p, the MZI linearly converts the phase
change into the intensity change 4S:

AS=G-a(v)-1,,, “

where G is the proportional coefficient and o(v) is the spectral absorbance of the target gas.
Since the pump wavelength is sinusoidally modulated, the resultant spectral absorbance can be
expanded in Fourier series:

a[vo+a'cos(27rﬁ)]=in(v0,a)-cos(ka)t), (©))

where Hi is the amplitude of the kth harmonic component. Therefore, the wavelength-
modulation 1f'signal can be expressed by:

al,
2

It is evident in Eqn. (4) that the PTS-1f'signal is directly proportional to the absorbance a.
In wavelength-modulation absorption spectroscopy, however, the fractional transmission (e*)
introduces a large non-absorption background signal [21,22], which is directly inherited from
the i; -component of RAM in the transmission and significantly affects the 1f'signal. In contrast
to absorption spectroscopy, the PTS-1f detection avoids the direct detection of the transmitted
light and hence is background-free; in fact, the signal is dominated by the first Fourier harmonic
component (H1) of the absorbance. It should be noted that the RAM may slightly affect the
spectral profile of the PTS-1f'signal shown in Eqn. (6).

Based on the theoretical PTS-1f'model, Fig. 8 compares the simulated PTS-1f signals with
the measurements at two different modulation indexes; the fitting residuals are plotted at the
bottom panel. A full list of laser modulation parameters used in the model is provided in Table
1. Note that the PTS-1f signal is normalized by the peak-to-peak amplitude for a fair
comparison. It is evident that the theoretical calculation agrees better with the measurement
when the RAM is considered in the model; the fitting residual is generally within 3% shown in
Fig. 8. However, the additional RAM has negligible effect on the non-absorbing region at the
far wing of the measured spectrum, thus confirming the background-free nature. In fact, the
RAM only slightly distorts the spectral profile but has little influence on the peak-to-peak
amplitude, because the i; -component of Eqn. (6) consist of Hp and H> which are symmetric
functions of wavenumber around the absorption line center.

S, = {Hl+i1-cosHl-(HO+%H2j+i2-COSQZ-E%HI-F%HJ}. (©)

Table 1. Characterization of the 3.6 pm ICL

Sinusoidal modulation  a/cm m i 0, i [}
8 kHz, 125 mV 0.080 1.0 0.056 1.09% 0.0007 1.49%
8 kHz, 225 mV 0.145 1.8 0.100 1.09% 0.0017 1.29%
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Fig. 8. Comparison of the measured PTS-1f'signal with the simulation of 30 ppm formaldehyde
(0.55 bar) at different modulation indexes: (a) m = 1.0, and (b) m = 1.8.

As previously illustrated in Fig. 4, the PTS-1fsignal becomes broader and larger for a larger
modulation index. We performed the detailed simulation of the PTS-1f signals at different
modulation indexes shown in Fig. 9. The peak-to-peak amplitude reaches a plateau level when
the modulation index m is greater than 1.6. The good agreement between the measurement and
the simulation indicates the PTS-1f measurement can be well predicted by the current model.
However, we ignored the influence of the modulation frequency in this work. In fact, the
modulation frequency affects the ICL tuning characteristics and is also associated with the
thermal dynamics of the photothermal phase modulation and the hollow-core fiber geometry
[23].
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5. CONCLUSION

In conclusion, we have demonstrated MIR-pump NIR-probe photothermal spectroscopy of
formaldehyde using the 1f'detection of wavelength modulation. Formaldehyde was detected by
employing a 3.6 um ICL as the pump source. A silica HC-NCF with a length of 120 cm and a
hollow core of 65 um was used as the gas cell. The fiber was coiled by a radius of 15 cm to
reduce the sensor size but with a negligible bending loss. The sensor performance was
optimized at the modulation frequency 8 kHz and the modulation index 1.8, leading to a
detection limit of 0.18 ppm formaldehyde and NNEA coefficient of 4x10" cm'WHz "2, The
PTS-1f signal is proportional to the pump power but is insensitive to the variation of probe
power. A detection SNR of 9 was obtained for a pump power of 60 uW. Moreover, the PTS-1f
method improves the sensitivity by a factor of 2.4 compared to the conventional 2f detection.
A theoretical model was built in this work to interpret the PTS-1f measurement, further
verifying its background-free nature and minimally affected by the RAM of the pump laser.
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