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A broadband gas sensing technology is reported. The measurement principle relies on Fourier transform photoacoustic
spectroscopy (FT-PAS) using a differential photoacoustic cell, in which both phase modulation and amplitude modulation
are simultaneously applied to the broadband light sources. The thermal light source and supercontinuum source are
employed sequentially. The performance of the FT-PAS is demonstrated by measuring the spectra of methane in the
2–10 μm range and acetylene in the 1–2 μm range. By leveraging the wavelength-independent nature of the photoacoustic
effect, this system holds promise for comprehensive full-spectrum spectral detection.
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1. Introduction

Fourier transform photoacoustic spectroscopy (FT-PAS) is a
high-sensitivity spectroscopic analysis method that combines
background-free characteristics and high sensitivity of the
photoacoustic effect with the wide spectral span of Fourier trans-
form spectroscopy[1]. It is widely used in environmental moni-
toring, biomedicine, industrial process control, and materials
science[2-4]. FT-PAS serves as a powerful analytical tool for
the qualitative and quantitative analysis of gases, offering signifi-
cant support for scientific research and practical applications.
Moreover, the use of a Fourier transform spectrometer allows
for a wide spectral range, making it suitable for the detection
of various gases and the simultaneous detection of multi-com-
ponent gas mixtures.
The principle of FT-PAS involves several key steps. (i) A

broadband light source is phase-modulated by an inter-
ferometer, with additional amplitude modulation sometimes
required[5]. (ii) The modulated light is directed at sample gas,
where the sample absorbs light at specific frequencies, leading
to periodic heating. This results in the thermal expansion and
contraction of the surrounding gas, generating sound waves.
(iii) The sound waves are detected by a microphone or pressure
sensor, which converts the sound wave signals into electrical sig-
nals. (iv) The electrical signals are transmitted to a data process-
ing system, where Fourier transform is performed. The Fourier

transform converts the time-domain signals into frequency-
domain signals, achieving the absorption spectrum of the sam-
ple. In traditional FT-PAS technology, a scanning interferom-
eter modulates each wavenumber of the broadband light
source at a distinct acoustic frequency f = 2νυ (ν is wavenum-
ber, υ is the scanning velocity). Consequently, a non-resonant
acoustic detection module must be employed[6–8]. Resonant
photoacoustic cells can amplify sound waves, enhancing the sen-
sitivity of FT-PAS systems. Liu et al.[9–11] utilized two identical
T-shaped photoacoustic cells placed in identical optical paths
and adopted a differential mode to achieve signal amplification
and noise suppression. However, this approach has certain lim-
itations, including large system size and the critical challenge of
ensuring identical resonant frequencies for the photoacoustic
cells. When the resonant frequencies differ, it complicates the
modulation of light and results in suboptimal signal amplifica-
tion and incomplete noise suppression.
In this Letter, a differential photoacoustic cell (DPAC), struc-

tured as a dual-channel acoustic resonator, was utilized. For
excitation sources, a broadband tungsten halogen lamp was used
to detect methane (CH4), while a supercontinuum (SC) source
was employed to detect acetylene (C2H2). It has been shown that
the DPAC can be integrated with a Fourier transform spectros-
copy system. Moreover, the successful use of both coherent
and incoherent light sources confirms the compatibility of the
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FT-PAS system with various light sources. Considering the
wavelength-independent nature of the photoacoustic effect[12],
FT-PAS is expected to be compatible with light sources
across a wide range, from ultraviolet (UV) to infrared (IR)
and even terahertz (THz) bands, thereby enabling full-spectrum
detection.

2. Experimental Setup

The schematic diagram of the FT-PAS system is shown in
Fig. 1(a). Due to the use of a resonant photoacoustic cell, ampli-
tude modulation at the resonant frequency of the photoacoustic
cell was introduced to uniformly modulate all frequency compo-
nents of the broadband light source. The broadband light source,
after being amplitude modulated by the chopper and phase
modulated by the Michelson interferometer, was shaped
and directed into the DPAC to interact with the target gas.
The mixed photoacoustic signal generated by absorbing the
broadband light source was differentially detected by twomicro-
phones and then sent to a lock-in amplifier for 1f demodulation.
The demodulated signal was converted from analog to digital
and transmitted to a personal computer for Fourier transform

processing to obtain the broadband absorption spectrum of
the target gas.
The DPAC comprises two identical cylindrical acoustic reso-

nators, with both ends connected by two buffer chambers
(Φ20 × 10mm). The length and diameter of each cylindrical res-
onator are 90 mm and 8 mm, respectively[13–15]. The excitation
light beam travels through one of the acoustic resonators, gen-
erating sound waves that resonate within the symmetrical dual-
channel resonators. Two identical microphones are mounted on
the middle arms of the resonators, where the sound pressure
amplitude is highest, to detect the sound waves. The DPAC
operates at its resonant frequency, where the gas moves like a
piston, compressing in one chamber while expanding in the
other. This results in the pressure in the two acoustic resonators
oscillating in opposite phases, creating sound field amplitudes
that are equal but with opposite phases. In this configuration,
background noise from the window, external environmental dis-
turbances, flow noise, and other noise components generated as
the gas passes through the photoacoustic cell remain in phase.
Consequently, the amplitude of the photoacoustic signal can
be doubled by subtracting the signals collected by the micro-
phones in the dual-channel resonators, while noise can be effec-
tively suppressed[16]. The simulation in Fig. 1(b) illustrates the
distribution characteristics of the acoustic field inside theDPAC.
The measured resonant frequency and Q factor of the DPAC
were 1779.8 Hz and 47, respectively, in air. The resonant fre-
quency is in excellent agreement with the simulation result of
1789.8 Hz. A reversible mirror was used to redirect the excita-
tion light source, which included the tungsten halogen lamp or
SC source (YSL, SC-5-FC).

3. Results and Discussion

When the moving mirror in the Michelson interferometer
reaches the position of the optical path difference δ, the signal
S�δ� generated within the photoacoustic cell can be expressed
as[10,17]

S�δ� = KI�δ�N totcσ�v�, (1)

where K represents the constant of the photoacoustic cell, which
characterizes the ability of the photoacoustic cell in the FT-PAS
system to convert the absorbed incident light into the output
electrical signal through thermal, acoustic, and electrical forms,
I�δ� represents the output light intensity of the interferometer at
an optical path difference of δ, N tot represents the total number
density of gas molecules per unit volume, c is the concentration
of the target gas, and σ�ν� is the absorption cross-section of tar-
get gas at wavenumber ν. The detected electrical signal S�δ�,
depicted as an interference pattern in the time domain, and
the FT-PAS signal B�ν� associated with wavenumber ν are
yielded by Fourier transform processing S�δ�,

B�ν� = 2KN totcσ�ν� ×
Z

∞

0
I�δ� cos�2πδv�dδ: (2)

Fig. 1. (a) Diagram of the FT-PAS experimental setup: FTIR, Fourier transform
infrared spectrometer; BS, beam splitter mirror; RM, reversible mirror; Mic:
microphone; SC source, supercontinuum source. (b) Simulation diagram of
DPAC.

Vol. 22, No. 10 | October 2024 Chinese Optics Letters

101203-2



Firstly, the broadband tungsten halogen lamp with a spectral
range from 1000 cm−1 to 10,000 cm−1 was chosen as the excita-
tion light source of the FT-PAS system to verify the feasibility of
the FT-PAS system. Amixture gas of 1% CH4 and nitrogen (N2)
filled the DPAC, and measurements were carried out using the
DPAC-based FT-PAS system. Figure 2(a) shows the FT-PAS
CH4 spectrum, and three absorption bands of 1% CH4 are
prominent at about 1299.8, 3016.3, and 4215.8 cm−1, respec-
tively. The detection result demonstrates the broad spectrum
and multiplex advantage of FT-PAS technology, enabling the
capture of all absorption bands of methane gas within the spec-
tral range of the light source and obtaining a complete broad-
band absorption spectrum in a single measurement. An
optical aperture (not shown in the system diagram) was inserted
into the optical path to adjust the incident power into the photo-
acoustic cell, and 1% CH4 gas was successively detected at vari-
ous power levels. The peak values around 3016.3 cm−1 and
4215.8 cm−1 were extracted to derive the response of the FT-
PAS signals to power, as shown in Fig. 2(b). The results illustrate
that the FT-PAS signal is directly proportional to the power,
consistent with characteristic behavior of the photoacoustic
effect. The power spectrum of the tungsten halogen lamp at
1299.8 cm−1 is approximately 5 times weaker than that at
3016.3 cm−1. This precisely elucidates why the signal appears
weak around 1299.8 cm−1, despite the CH4 absorption band
intensity being only half as strong as that around 3016.3 cm−1.

The power shown in Fig. 2(b) represents the total power of the
thermal light source incident into the photoacoustic cell. When
the total incident power reaching the photoacoustic cell is
1.84 mW, the powers at the absorption bands near 3016.3 cm−1

and 4215.8 cm−1 were approximately 167 μW and 242 μW,
respectively, as calculated from the emission power spectrum
of the broadband light source.
The aperture diameter was set to a fixed size to ensure that the

total power incident into the photoacoustic cell was 1.84 mW.
Methane gas concentrations ranging from 2000 to 7500 ppm
(parts per million) were obtained by diluting 1% CH4 with
N2 and were subsequently detected. The relationship between
the FT-PAS signal and the concentration was determined, as
shown in Fig. 3. Due to strong absorption around 3016.3 cm−1,
nonlinearity in absorption occurred. However, at the weak
absorption line of 4215.8 cm−1, the FT-PAS system exhibited
good linearity. Therefore, it is believed that the FT-PAS signal’s
dependence on low concentrations of CH4 at 3016.3 cm−1 also
shows good linearity. This demonstrates that the system has a
very wide dynamic range of concentrations. The signal fluctua-
tions of N2 were taken as the noise floor (1σ) of the FT-PAS sys-
tem. The signal-to-noise ratio (SNR) for 3000 ppm CH4 was
calculated by dividing the peak signal value by the 1σ value of
the standard deviation, resulting in an SNR of 34 around
4219.7 cm−1 and 497 around 3016.3 cm−1. This corresponds
to CH4 detection limits of 87 ppm and 6 ppm, respectively.

Fig. 2. (a) FT-PAS spectrum of 1% CH4. (b) Dependency of the FT-PAS ampli-
tude peak on the incident light power.

Fig. 3. FT-PAS spectra of CH4 gas. (a) CH4 FT-PAS spectra of various concen-
trations around 3016.3 cm−1. (b) CH4 FT-PAS spectra of various concentrations
around 4215.8 cm−1.
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The above measured spectra of CH4 covered the 2–10 μm
band. To verify the FT-PAS system’s response within the
1–2 μm band, an SC source with a wavelength from 480 nm
to 2200 nm, characterized by high power density and good beam
quality, was selected as the excitation light source. Given that the
thermal light source has a very weak emission spectrum in the
1–2 μm band [shown in Fig. 4(a)], where the gas absorption is
also relatively weak, integrating the SC source into the FT-PAS
system will demonstrate its compatibility with a wider range of
light source.
C2H2 gas was detected by the FT-PAS system. Figure 4(b)

shows the FT-PAS spectrum of 1% C2H2, where two absorption
bands are observed. The power of the emitted light was adjusted
by changing the drive current of the SC source. The relationships
between the peak values of two absorption bands and the inci-
dent light power were studied. The results, as shown in Fig. 5(a),
indicate that the signal peaks of the FT-PAS exhibit good
linearity.
Finally, the incident light power into the DPAC was fixed at

2.3 mW. Samples of C2H2 gas with concentrations in the range
of 3000–7500 ppm were measured, and the FT-PAS peak values
around 6580.3 cm−1 were plotted against concentration in
Fig. 5(b). The experimental data, fitted with a linear model,
exhibited the expected linear dependence on the C2H2 concen-
tration. Therefore, the feasibility of the FT-PAS system based on
a resonant photoacoustic cell compatible with different light
sources has been demonstrated. This is highly significant for
future detections and applications of THz light sources.

4. Conclusion

In conclusion, a broadband gas optical sensing technology based
on FT-PAS and a DPAC has been validated across the 1–10 μm
band. In addition to the phase modulation applied by the scan-
ning interferometer, as in traditional FT-PAS system, amplitude
modulation via a mechanical chopper is also required to modu-
late all wavenumbers of the light source to induce resonance
in the DPAC. Using a tungsten halogen lamp as the thermal
light source, we measured the complete spectra of CH4 in the
2–10 μm range and achieved a detection limit of 6 ppm.
Then an SC broadband light source was employed for C2H2,
and the characteristic spectra of C2H2 in the 1–2 μm range were
obtained. This technology is expected to achieve full-spectrum
detection, which has significant implications for the THz
domain. Furthermore, given super-continuous spectral response
characteristics of quartz tuning fork spectroscopy sensing tech-
niques[18–20], combining these with FTS technology is expected
to greatly facilitate broadband detection and multi-gas detection
across the entire spectral range.
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