
New Technology Detects Trace Air Pollutants
with Unprecedented Sensitivity

Fig. 1. Schematic and comparison of PA responses

from microsecond pulse laser and modulated square

wave laser excitation. (a) Schematic of the molecular-

level PA process, encompassing vibrational excitation,

non-radiative relaxation, and thermal diffusion
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To address the pressing demands of

non-invasive early screening for critical

diseases and precise micro-trace

monitoring of industrial pollutants,

ultra-sensitive detection of volatile

organic compounds (VOCs) has become

a core benchmark of cutting-edge trace

sensing technology. For example, trace

VOCs in exhaled breath can serve as

early clinical biomarkers for diseases

like lung cancer and diabetes. However,

their extremely low concentrations, at

parts-per-billion (ppb) or parts-per-

trillion (ppt) levels, make real-time,

highly sensitive monitoring challenging

for existing analytical methods. Photoacoustic spectroscopy (PAS) is a promising solution for

trace gas detection due to its zero background, high selectivity, and compactness. The 3.2-3.5 µm

mid-infrared band is optimal for this, as it covers the fundamental C-H stretching vibration bands

present in almost all VOCs, enabling highly sensitive multi-gas detection. However, PAS in this

band faces two main challenges. First, existing light sources, such as quantum cascade lasers

(QCL) and interband cascade lasers (ICL), struggle to simultaneously deliver high power, broad

tunability, and high stability. Second, traditional continuous-wave (CW) intensity modulation

inevitably sacrifices over 50% of the optical power and introduces mechanical noise. Overcoming

these limitations is key to achieving ppt-level detection.

http://www.einpresswire.com


Fig. 2. GS Er3+/Dy3+ co-doped mid-infrared fiber

laser based PAS system; (a) The experimental setup

of the laser; (b) Energy level diagram of the laser; (c)

Pump-output power characteristics; d The tunable

spectral output of the laser across 3200-3550 nm.

To address these challenges, the

research team led by Prof. Jianfeng Li

at the University of Electronic Science

and Technology of China proposed a

photoacoustic sensing architecture

driven by a gain-switched (GS)

Er3+/Dy3+ co-doped mid-infrared fiber

laser. Departing from traditional

continuous-wave (CW) modulation, the

team introduced and validated the

physical mechanism of microsecond-

pulse-enhanced photoacoustic

spectroscopy (MPEPAS) in gas sensing

for the first time. This approach

successfully pushed the detection limit

of propane down to 416 ppt and

enabled ppb- to sub-ppb-level

monitoring of multiple key VOCs,

improving overall sensing performance

by over an order of magnitude. 

Starting from a two-level energy model,

the team simulated the molecular

excitation and subsequent non-

radiative vibrational relaxation under microsecond pulse irradiation. By solving the

inhomogeneous Helmholtz equation, they precisely modeled the energy conversion from the

transient heat source into the acoustic pressure mode of the resonator. Theory and experiment

jointly reveal that microsecond pulses at kHz-level repetition rates can achieve perfect coupling

with the eigenfrequency of an acoustic resonator. Under equivalent average power, the

exceptionally high energy conversion efficiency arising from this "thermal confinement" effect

confers an intrinsic enhancement of π/2 on the photoacoustic signal, enabling ultra-strong

acoustic excitation without power penalty (Fig. 1).

The compact mid-infrared fiber laser integrated into the system (Fig. 2a) demonstrates

exceptional optical performance: it delivers stable near-single-transverse-mode mid-infrared

output at powers up to 245 mW (Fig. 2c); through pump modulation, the repetition rate can be

precisely tuned across the kHz to tens-of-kHz range, enabling perfect resonance matching with

the acoustic resonator eigenfrequency. Meanwhile, owing to the efficient cascaded energy

transfer between Er3+ and Dy3+ ions and the intraband absorption dynamics of Dy3+ (Fig. 2b),

the architecture supports rapid broadband tuning across the 3.2-3.55 µm band with an output

spectral linewidth below 0.7 cm-1, achieving precise coverage of the molecular fingerprint region

associated with key C-H stretching bonds (Fig. 2d). This laser architecture, combining high power,



Fig. 3. Propane detection performance and

spectroscopic characterization of the GS-PAS system.

(a) PA signals at different propane concentrations

from 10 to 100 ppm. (b) Linear fitting curve of PA

signal versus propane concentraton. (c) Comparison

of PA s

broad tunability, and resonance-

synchronized modulation, offers a

highly promising solution for clinical-

grade, portable VOC detection.

Leveraging this innovative GS

Er3+/Dy3+ fiber laser architecture, the

system achieves up to a 4-fold

enhancement in photoacoustic

response compared to conventional

continuous-wave modulation under

identical pump power. By virtue of its

exceptionally high energy conversion

efficiency and elevated output power,

the system pushes the detection limit

for propane to 416 ppt (Fig. 3f), and

successfully reconstructs its

broadband absorption spectrum with

high-resolution fidelity (Fig. 3h).

Furthermore, the system demonstrates

outstanding versatility for multi-

component detection, crossing the

ppb-to-sub-ppb detection threshold

across a range of key VOC species

including aldehydes, ethers, and alkenes. This work not only advances the overall performance

of existing photoacoustic VOC sensing technology by more than an order of magnitude, but also

through its combined merits of ultra-high sensitivity, broadband tunability, and compact form

factor, provides a powerful sensing tool with strong translational potential for precision

monitoring of industrial exhaust and non-invasive clinical breath diagnostics.
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