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Ppt-level volatile organic compounds detection via microsecond-
pulse-enhanced mid-infrared photoacoustic

Senyu Wang?', Liang Zhao'', Hongyu Luo®’, Xiangyu Zhao?, Jianfeng Li*?**, Wei Wang?, Hao Lei!, Mingrui Jiang?,

Jinlong Wan?, Binxing Zhao?, Bincheng Li* and Yong Liu?

Abstract: Ultrasensitive detection of volatile organic compounds (VOCs) is pivotal for early disease diagnosis and
industrial safety, yet existing photoacoustic spectroscopy (PAS) systems struggle to breach the sub-ppb barrier
required for practical applications. Here, we overcome this limitation by demonstrating a PAS architecture driven by
a gain-switched Er3*/Dy3* co-doped mid-infrared fiber laser, achieving an unprecedented detection limit of 416 ppt
for propane, which is an order-of-magnitude improvement over state-of-the-art systems. This performance arises
from a direct pump-modulation strategy that generates high-energy microsecond pulses to significantly enhance
photoacoustic excitation without power loss. Crucially, the laser's broad tunability (3.2—3.55 um) covers the funda-
mental C-H stretching band, enabling not only high-resolution spectral reconstruction but also the versatile detec-
tion of multiple disease markers and industrial hazards, including isoprene (cardiovascular biomarker), 1,2-
dimethoxyethane (battery failure indicator), and propanal (food safety marker). By delivering clinical-grade sensitiv-
ity in a compact, robust fiber-based format, this work establishes a transformative pathway toward deployable, high-

performance gas sensing solutions.
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1 Introduction

Trace-level detection of volatile organic compounds (VOCs)
at parts-per-billion (ppb) to parts-per-trillion (ppt) concen-
trations has become increasingly critical for environmental
monitoring, medical diagnostics, and industrial safety. In
medical applications, specific VOCs in exhaled breath serve
as biomarkers for lung cancer, diabetes, and other diseases,
requiring detection sensitivities below few-ppb levels for
early diagnosis'?. Environmental regulations increasingly
demand real-time monitoring of hazardous VOCs such as
benzene, formaldehyde, and toluene at stringent exposure
limits**. These applications demand detection technologies
that combine extreme sensitivity, high selectivity, rapid
response, and operational simplicity, yet current analytical
methods cannot simultaneously satisfy all these require-

ments. While gas chromatography-mass spectrometry (GC-
MS) provides excellent selectivity, it lacks real-time capabil-
ity; optical methods like cavity ring-down spectroscopy and
dual-comb spectroscopy achieve high sensitivity but require
complex setups; and chemical sensors offer portability at the
expense of selectivity’~. Recently, photoacoustic (PA) spec-
troscopy emerges as the most promising solution, convert-
ing optical absorption directly into acoustic signals with
remarkable sensitivity through resonance enhancement
while maintaining system simplicity'*"7.

The transformative potential of PA spectroscopy for VOC
detection remains constrained by limitations in available
laser technologies and modulation strategies. From the laser
perspective, the 3.2-3.5 pum spectral region (containing
fundamental C-H stretching vibrations present in virtually
all organic compounds) represents the optimal window for
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VOC detection due to absorption cross-sections exceeding
107" cm?/molecule (detailed shown in Supplementary
Section 1). However, existing laser sources face critical limi-
tations in this band: quantum cascade lasers (QCL), the
most widely used mid-infrared (MIR) lasers, cannot access
this spectral region; interband cascade lasers (ICL) deliver
insufficient power (<50 mW) for trace gas detection; and
optical parametric oscillators (OPO) suffer from complexity
and instability'®>3. While MIR fiber lasers promise high
power, broad tunability, and excellent stability, existing
implementations using gas-filled hollow-core fiber laser or
fiber supercontinuum sources remain proof-of-concept
demonstrations without significant performance improve-
ments**~?’. Remarkably, rare-earth-doped MIR fiber lasers
(the most mature and practical MIR fiber laser technology)
have never been explored for PA gas sensing despite their
compelling advantages’®?. From the modulation perspec-
tive, the broad absorption spectra of large-molecule VOCs
make conventional wavelength modulation spectroscopy
with 2f (WMS-2f) demodulation ineffective!®!!. Intensity
modulation approaches using mechanical choppers or
acousto-optic modulators (AOM) sacrifice over 50% of opti-
cal power while introducing mechanical noise, severely
limiting the achievable detection sensitivity for trace VOC
analysis’**!. Consequently, the field of PA VOC sensing
confronts a compounded bottleneck: the scarcity of high-
power, stable sources in the critical 3.2-3.5 pm window,
exacerbated by the inefficiency of traditional modulation
schemes that introduce excessive loss and noise. Overcom-
ing these intertwined limitations necessitates a novel system
architecture capable of bridging high-power generation with
efficient excitation.

Here, we report the first PA VOC detection system based
on rare-earth-doped MIR fiber laser, introducing microsec-
ond-pulse-enhanced photoacoustic spectroscopy (MPEPAS)
that fundamentally overcomes existing limitations. Through
theoretical analysis and experimental validation, we discov-
ered that microsecond pulses at kHz repetition rates achieve
optimal coupling with acoustic resonator frequencies,
enhancing PA signals without power loss. We pioneered
gain-switched (GS) operation in an Er**/Dy* co-doped fiber
laser system, generating 2.3 ps pulses with 245 mW output
power and broadband tunability across the entire C-H
fingerprint region (3200-3550 nm). This approach delivers
two-fold signal enhancement compared to conventional
continuous-wave modulation under identical injection
power. The system achieved a record-breaking propane
detection limit of 416 ppt with 200 s averaging, surpassing
previous PA detection limits by over an order of magnitude.
Leveraging the laser's broadband tunability, we recon-
structed propane's absorption spectrum with <0.8 nm reso-
lution. The system also achieved detection limits of 1.8 ppb
for propanal, 2.67 ppb for isoprene, and 850 ppt for 1,2-
dimethoxyethane, representing different VOC categories
including aldehydes, alkenes, and ethers. This breakthrough

establishes a new paradigm for ultra-sensitive VOC sensing
with immediate applications in environmental monitoring,
precision medicine, and smart manufacturing. The combi-
nation of extreme sensitivity, broad spectral coverage, and
inherent system simplicity enables previously impossible
applications, from early cancer detection through breath
analysis to real-time monitoring of industrial emissions at
regulatory limits.

2 Results
2.1 Mechanism of MPEPAS

Modulated resonant PA is a sensitive technique for trace gas
sensing and has been well established. Generally, a continu-
ous wave (CW) laser is modulated using an AOM or a chop-
per at the resonant frequency of an acoustic resonator to
exploit the standing wave superposition effect of the acous-
tic field for PA response enhancement. Typically, a duty
cycle of approximately 50% is employed to maximize the PA
effect. Indeed, around 50% represents the optimal duty cycle
parameter for maximum PA signal strength, but this does
not necessarily mean that 50% duty cycle modulated pulses
possess the highest PA excitation efficiency. Here, we define
a metric: PA excitation efficiency #, where #=S/P, with S
being the lock-in detected PA response and P being the aver-
age laser power. Therefore, # has units of V/W. Bartlome R
et al. have demonstrated that picosecond to nanosecond
excitation can effectively enhance PA response efficiency™.
However, for modulation methods based on choppers or
AOMs, reducing the time duration results in a dramatic
decrease in power. Consequently, although PA excitation
efficiency improves, the PA signal is significantly reduced.
Therefore, an alternative operational mode—pulsed reso-
nant PA—has emerged, which employs a pulsed laser to
match the acoustic resonance, leveraging the high PA excita-
tion efficiency of pulsed lasers to achieve enhanced PAS.
Bartlome R et al. have discussed the pulsed case where
7, << 7yT, namely, pulse duration much shorter than vibra-
tional-translational process, i.e., the scenario of nanosecond
and picosecond pulses®’. Here, we investigate submicrosec-
ond and microsecond pulses on the same timescale as 7y, a
regime that is most promising for PA gas detection, as their
kHz-level repetition rates match the typical frequencies of
acoustic resonators while simultaneously delivering high
pulse energy for strong PA excitation.

Figure 1(a) illustrates the vibration and thermal behav-
iors in the PA excitation, showing the complete energy
conversion process from molecular vibration to thermal
equilibrium. When MIR laser radiation is absorbed by target
bonds in the gas molecules, specific vibrational modes are
excited from the ground state (vp) to higher vibrational
levels (v;). During the subsequent non-radiative relaxation
phase, the excited molecules undergo vibrational-transla-
tional energy transfer through intermolecular collisions with
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Fig. 1 | Schematic and comparison of PA responses from microsecond pulse |

aser and modulated square wave laser excitation. (a) Schematic of the molec-

ular-level PA process, encompassing vibrational excitation, non-radiative relaxation, and thermal diffusion. (b) Simulated temporal profiles of pulse and
modulated CW laser and the corresponding heat source. SW; modulated square wave. (c) Transient acoustic pressure response of the first-order longitudi-

nal mode in the resonant PA cell for both excitation methods. (d) A detailed
state signals, quantifying that the fundamental frequency amplitude of the

view of the steady-state response of (c). (e) Fourier transform of the steady-
low duty-cycle pulsed response is 1.57 times that of the modulated square

wave. (f) Theoretical and experimental PA excitation efficiency at various modulation duty cycles, normalized to the signal at 50%.

background gas molecules (primarily nitrogen), converting
vibrational energy into translational kinetic energy. This
process generates localized heating within the gas mixture,
inducing gas expansion and consequently producing acous-
tic pressure. Finally, thermal diffusion and equilibrium
processes redistribute the heat throughout the system,
restoring the initial conditions before the arrival of the next
pulse.

In CW-modulated PA, the laser intensity follows a square
wave profile with extended pulse duration. The resulting
heat generation exhibits a broad temporal distribution span-
ning both the vibrational excitation/non-radiative relax-

ation. In contrast, the high peak power low duty-cycle
pulsed (LDCP) excitation, which concentrates the energy
deposition within a narrow time window, resulting in more
efficient PA signal generation due to the enhanced thermal
confinement and reduced heat diffusion losses during the
excitation phase. These two distinct thermal-temporal
behaviors result in a strong pulse-duration dependence of
the PA response. To simulate the PA signal generation in
gas-phase media, we adopt a two-level energy model to
describe the light-induced excitation and subsequent vibra-
tion relaxation processes®. The two-level system under weak
absorption conditions can be written as:
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dN; Niy(r, t)
W = N00®(r7 t) T N (1)

where Ny and N; are the ground and excited state popula-
tion densities, respectively, 7yr is the vibrational-transla-
tional relaxation time. ®(f) is the photon flux, which is
calculated from the laser power profile as:

P(1)

(D(T’, t) _hVTU"i ) (2)
where P(t) describes the temporal modulation of the laser
intensity (e.g., square wave or pulse), & is Planck's constant,
v is the optical frequency, and ry is the beam radius. Here,
the uniform beam approximation was employed. This
simplification is justified since the beam radius (0.4 mm) is
significantly small compared to the resonator radius (2.5
mm), rendering the acoustic excitation insensitive to the
specific transverse beam profile. The volumetric heat source,
representing the thermal energy released due to non-radia-
tive relaxation, is directly proportional to the decay rate of
the excited state population:

_ hvNi(r,t)

H(rt) ="
Vv

3)
The periodic heat source, H(r, t), induces periodic
changes in the local pressure, temperature, and density of
the gas, thereby generating an acoustic wave. In a cylindri-
cal resonator, the behavior of the acoustic pressure wave,
p(z, t), can be described by the inhomogeneous Helmholtz
equation’. For a specific acoustic mode (the first longitudi-
nal mode in this study), the temporal evolution of its pres-
sure amplitude, A(t), follows a forced damped harmonic
oscillator model of:
2
2t S raia = K1), @)
where w,=2mf,, f1 is the resonant frequency of the first longi-
tudinal mode, £ =1/(2Q) is the damping ratio of the PA
cell, and the modal driving force is:

F(t) = BH(t)Sover » (5)
where 8 and Sgverlap is the thermoacoustic coefficient and the
spatial overlap factor, respectively. Exploiting the periodic
nature of the excitation and assuming complete relaxation
between pulses (7yr < T/2), we solve the two-level dynam-
ics for a single modulation period with periodic boundary
conditions. For the special case of extremely short relax-
ation times (7yr <50 ns), where the relaxation timescale is
orders of magnitude shorter than the optical excitation
envelope, the system response is considered instantaneous.
Consequently, the program adopts a quasi-steady-state
approximation (adiabatic following), assuming the popula-
tion density implicitly tracks the laser intensity profile,
which is expressed as:

NB5(t) =Nopo®@(t)Tyr - (6)

The modal amplitude is computed through time-domain
convolution with the Green's function:

A =] 'F(1)G(t — 1)dr (7)

where the Green's function for the damped harmonic oscil-
lator is:

G(#) :widexp(—swlt)sm(wdt) , )

with wg=w;\/1-&. The frequency spectrum is computed
using FFT on 200 periods of the steady-state signal. While
specific Tyr relaxation times for propane in a nitrogen
matrix are not well-documented, the self-relaxation time of
propane was known to be approximately 15.6 ns*. Given
that nitrogen typically exhibits a lower collisional deactiva-
tion efficiency than propane itself, the relaxation time in the
mixture is expected to exceed the self-relaxation time®.
Consequently, we estimate 7y; to fall within a broad range
of 10 ns to 10 ps. For the initial analysis, we provisionally
assume Tyr=10 ps to compare the photoacoustic responses
under pulsed and modulated-CW excitations. A compre-
hensive simulation covering the entire range of potential
relaxation times is subsequently presented in Fig. 2. Figure
1(b) presents the heat source responses for a Gaussian pulse
with full width at half maximum (FWHM) of 2.3 ps and a
50% duty-cycle square wave with equivalent pulse energy.
For the 2.3 us Gaussian pulse, target gas molecules are
excited rapidly, after which the heat source exhibits a sharp
rise followed by exponential decay as excited molecules
gradually release energy through collisional deactivation. In
contrast, for the 50% duty-cycle square wave, the generation
and decay rates balance during the pulse, maintaining
constant excited-state population and thus stable heat source
intensity. Figure 1(c) illustrates the transient acoustic pres-
sure responses induced by both pulse types in the resonant
PA cell. Both signals experience growth and reach steady
state after approximately 5 ms (7=Q/fp=4.98 ms, where
Q=20.4 and fy=4100 Hz is the quality factor and the reso-
nance frequency of the PA cell, respectively). Figure 1(d)
shows the steady-state responses, where the Gaussian pulse
induces significantly enhanced pressure amplitude
compared to the square wave. Figure 1(e) shows the Fourier
transform of the steady-state pressure signals, indicating that
the fundamental frequency component of the low duty cycle
Gaussian pulse is about 1.569 times larger than that of the
modulated square wave, close to m/2. This enhancement
arises from the Fourier characteristics of the corresponding
heat source profiles: the LDCP-induced heat source features
a rapid rise followed by either exponential decay or the pulse
shape itself, as shown in Fig. 2(a) and 2(b). It is important to
note that this enhancement stems not from the Gaussian
profile but from the low duty-cycle characteristic. As shown
in Fig. 2(c), Gaussian and square pulses with identical duty
cycles and pulse energy produce nearly identical PA
responses, both achieving ~m/2 enhancement over 50%

260008 (Page 4 of 14)


https://doi.org/10.29026/oes.2026.260008

Wang SY et al. Opto-Electron Sci 5, 260008 (2026)

https://doi.org/10.29026/0es.2026.260008

a
Tyr=0.1 us
’3? T,r=0.5 ps
. 0.9 1 Tr=1.0 us
o Tr=5.0 us
8 T,=10.0 ps
5 0.6
2
03
T
0 T T T ‘ T
0 50 100 150 200
Time (us)
C
80 - —2.3 us Square pulse
——2.3 us Gaussian pulse
g
=2
e
3
A
(9]
a

Time (ms)

b
Tyr=0.1 us
- 7,r=0.5 ps
? 0.9 1 Tyr=1.0 us
L Tyr=5.0 us
9 7,r=10.0 ps
50.6 1
2
0.3
T
0 T T T T T
0 50 100 150 200 250 300
Time (ps)
d
©
& — Enhance factor
©1.570 A
I
©
=)
F
x¢ 1.568 1
o
<2
C
©
'©1.566 1
>
©
o T T T T
10 107 10° 10t
Tyr (M)

Fig. 2 | Theoretical validation of PA enhancement from LDCP excitation. (a) Simulated temporal profiles of the heat source of 50% duty-cycle square wave

pulse and of (b) 2.3 us Gaussian pulse. (c) Comparison of transient PA pressure signals for a 2.3 us Gaussian pulse and a 2.3 ps square pulse. (d) The ratio of
the PA signal from the LDCP Gaussian pulse to that from a 50% duty-cycle square wave under different V-T relaxation time.

duty-cycle square waves. Figure 1(f) demonstrates the effect
of square-wave modulation duty cycle on the PA signal,
showing both simulation data and experimental measure-
ments. The experimental method and detailed setup are
shown in Supplementary Section 2 and Fig. S2. PA signals
were acquired at different AOM duty cycles, and the experi-
mental data were obtained by calculating the PA excitation
efficiency #. The results demonstrated that the PA efficiency
decreases monotonically with increasing duty cycle, drop-
ping from approximately 1.7-fold at 5% duty cycle to about
0.8-fold at 60% duty cycle (normalized to 50% duty cycle
modulated-CW). This trend shows excellent agreement
between simulation and experiment, validating the accuracy
of the theoretical model. The combination of simulation and
experiment effectively confirms the effectiveness of
MPEPAS. Furthermore, to validate the robustness of this
conclusion, we investigated the PA response across the
entire plausible V-T relaxation time range for propane (10
ns to 10 ps). As shown in Fig. 2(d), the signal enhancement
factor of LDCP excitation over a 50% duty-cycle square
wave remains remarkably stable at approximately 1.569
throughout the potential propane 7y range of 0.01-10 s, in
close agreement with the theoretical value of /2.

2.2 ldeal PA excitation platform—GS-MIR fiber laser

The schematic of the GS-MIR fiber laser-based PAS detec-
tion is shown in Fig. 3. The system employs 660 nm LDs as
the pump source, which is modulated to achieve GS pulsed
operation. The pump light passes through a dichroic mirror

(DM) and is focused by a coupling lens (L1) into a double-
clad Er**/Dy** co-doped ZrF, fiber. The laser cavity is
formed between a front mirror (FM) at the input end and a
ruled reflective diffraction grating (RRDG) in Littrow
configuration at the rear end, where the first-order diffrac-
tion provides feedback for wavelength selection. In this laser
system, the long-lived 11/, and *I;3/, states of Er®* ions are
rapidly depopulated by energy transfer to the codoped Dy**
ions and energy transfer upconversion between the Er3*
ions, resulting in the accelerated recycling of ions, which
effectively support the high-power output and wide wave-
length tunability, and without the need of dual-wavelength
pumping®”. As a result, the high-power tunable GS MIR
pulses can be generated. The detailed principle of the
Er**/Dy*" laser is described in Supplementary Section 3,
Method section, and our previous work*®. The output MIR
pulses are backward through the DM and directed by a
mirror (M1) toward the PAS system. The laser beam diame-
ter is reduced to 0.8 mm by lenses pair L2 and L3, and then
directed into a homemade PA cell, of which the resonant
frequency is 4100 Hz.

Firstly, we characterized the laser output power at differ-
ent wavelengths. Under pumping conditions of 50% duty
cycle, 4.1 kHz repetition rate, and 22.5 W average power, the
wavelength-dependent output power is shown in Fig. 4(a).
The laser achieves maximum output power of 245 mW
around 3420 nm, benefiting from the high gain of Er**/Dy?**
co-doped fiber in this spectral region. Throughout the
3300-3500 nm range, the output power exceeds 80 mW,
fully covering the C-H stretching vibration fingerprint
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oscillatory and Gaussian pulses.
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region around 2920 cm™. The laser repetition rate can be
precisely tuned from 1 kHz to 10 kHz by modulating the
pump, with the upper limit constrained by the maximum
modulation frequency of our LD driver, while the lower
limit is primarily determined by increased spontaneous
emission losses and insufficient gain recovery at longer pulse
intervals, which increases the damage risk of the fiber. For
PAS gas detection, power and wavelength stability are
crucial parameters, as the PA response is linearly dependent
on laser power and strongly correlated with wavelength
through the absorption cross-section. Figure 4(b) presents
the power stability test results, demonstrating excellent
stability with a root-mean-square (RMS) fluctuation of
0.58% over a 6 hours continuous operation period. Wave-
length stability was simultaneously monitored at approxi-
mately 1 minute sampling intervals, as shown in Fig. 4(c).
During the 50 minutes test period, the maximum wave-
length drift remained below 0.1 nm, with a standard devia-
tion (1o) of wavelength jitters of only 0.031 nm. The spec-
tral 3-dB bandwidth also exhibits small jitters of 0.025 nm.
This exceptional spectral stability is primarily attributed to
the precise wavelength-selective feedback mechanism
provided by the RRDG. For the broad absorption features
typically exhibited by VOCs, this level of wavelength stabil-
ity fully satisfies the requirements for high-precision and
stable detection.

Figure 4(d) and 4(e) present the temporal characteristics
of the laser, revealing a pulse width (FWHM) of approxi-
mately 2.3 ps. The pulse exhibits pronounced relaxation
oscillations in the trailing edge, which is a characteristic
feature of GS pulses arising from the dynamic interplay
between the upper-state population and intracavity photon
density following abrupt pump termination. The measured
pulse property of the GS laser deviates from the idealized
Gaussian profile assumed in the theoretical model for
comparison with modulated-CW excitation. To accurately
reveal how these pulse oscillations affect the PA response,
we systematically investigated their influence. A multi-Gaus-
sian pulse model was constructed by fitting the first three
high-intensity peaks of the oscillatory pulse, as shown in Fig.
4(e). This was compared with a pure Gaussian pulse (pulse
width 2.3 ps) of equivalent pulse energy. The results demon-
strate distinct differences in the thermal source effects
between the two pulse types, as illustrated in Fig. 4(f)
(compared to Fig. 1(d)). However, the acoustics pressure
response and the Fourier analysis reveal that the fundamen-
tal frequency Fourier coefficients of the oscillatory pulse and
Gaussian pulses with identical pulse energy show no signifi-
cant difference (Alosc/Algau=0.93), as shown in Fig. 4(g)
and 4(h). The substantial differences only appear in the
high-frequency harmonic components. Consequently, the
oscillatory pulse can still achieve approximately 1.5-fold PA
signal enhancement (m/2x0.93), demonstrating that the
relaxation oscillations do not significantly compromise the
enhancement effect predicted by the theoretical model.

This laser employs an elegantly simple architecture, using
660 nm LD pump to produce MIR pulses with tunable
temporal characteristics. This design obviates the need for
the complex dual-wavelength pumping schemes of conven-
tional systems and any active or passive Q-switching compo-
nents, resulting in a compact, robust, and cost-effective MIR
PA excitation source. Furthermore, the GS technique affords
precise control over the pulse repetition rate, perfectly
matching the frequency requirements for resonant PA
detection. Crucially, the laser's low-duty-cycle (0.94%) fully
leverage the near-n/2 enhancement factor of MPEPAS. This
capability, combined with broad tunability, establishes the
laser as an ideal source for the ultrasensitive detection of
trace VOCs.

2.3 Ultrasensitive PAS detection of multi-species
VOCs

The VOC PA detection system is illustrated in Fig. 3. An
electronic pre-amplifier was used to amplify the signals
collected by the microphone. All subsequent PA detection
experiments were conducted at room temperature and
atmospheric pressure, with the lock-in amplifier time
constant set to 100 ms. The test gas concentration was
controlled using mass flow controllers, and measurements
were performed at a fixed flow rate of 200 mL/min to meet
the requirements for real-time sampling and monitoring in
industrial/environmental applications. The dimensions of
the custom-designed resonant PA cell were shown in
Supplementary Section 4.

Propane, a typical broadband-absorbing alkane VOC, was
first selected as the target gas for measurement. The absorp-
tion spectrum of propane, obtained from the HITRAN
database, is shown in Fig. 5(h). The peak absorption occurs
around 3369 nm; therefore, the wavelength was fixed at 3369
nm by tuning the RRDG, yielding a laser output power of
~180 mW. The variation of propane PA signal with concen-
tration is shown in Fig. 5(a) and 5(b), demonstrating excel-
lent linear response to propane concentration with R>>0.999.
For comparison, we constructed a PA detection system
based on AOM-modulated CW laser, of which the system is
shown in Supplementary Section 2. Compared to the GS-
PAS system, this configuration utilized a CW pumping and
adding an AOM between the PA cell and output laser for
frequency modulation. By controlling the pump power, the
modulated CW power transmitted through the PA cell was
adjusted to 60 mW. The PA response at 100 ppm concentra-
tion is shown in Fig. 5(c). Additionally, we reduced the GS
laser power so that the transmitted power through the PA
cell was also 60 mW. The results show that, compared to the
modulated CW laser, the GS laser enhanced the PA response
by 1.96-fold at the same average power, supported by the
theoretical n/2 MPEPAS enhancement factor. The addi-
tional enhancement may result from model errors, as our
theoretical model did not account for thermal diffusion
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Fig. 5 | 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 concentration. (c) Comparison of PA signals between modulated CW laser (blue) and
pulsed GS laser (red) at 60 mW average power for 100 ppm propane. (d) PA signal comparison between pulsed and modulated CW systems under identical
22.5 W pump power conditions. (e) N background noise. (f) Allan deviation analysis demonstrating a detection limit of 416 ppt at 200 s integration time.
(g) Background noise comparison between 60 mW CW (blue) and pulsed (red) laser configurations. (h) PA spectrum of propane in the 3200-3550 nm range

(blue) compared with HITRAN database reference spectrum (red).

processes, which involve multiple factors including gas ther-
mal relaxation and collisions with the PA cell walls, making
quantitative analysis challenging. Nevertheless, both theoret-
ical and experimental results effectively demonstrate the
MPEPAS effect. Furthermore, we measured the PA response
of both laser configurations under identical pump power
conditions of 22.5 W. The results, shown in Fig. 5(d), reveal
that the GS system achieved a 4-fold improvement in PA
signal compared to the modulated CW system under the
same pump conditions, further confirming the high energy
utilization efficiency of the pulsed PA laser system.

We also characterized the background noise level of the
GS-PAS system by introducing pure nitrogen at the same
flow rate. As shown in Fig. 5(e), at 180 mW power, the

system exhibited a background of approximately 2.45 mV,
yielding a signal-to-background ratio (SBR) of 580 for 100
ppm propane. This background primarily originates from
absorption by the CaF, windows. Under identical experi-
mental conditions, sapphire windows produced a higher
background of approximately 9 mV, the larger sapphire-
induced background shown in Supplementary Fig. S6(a)
confirming the significant impact of window materials on
SBR. Therefore, employing thinner windows would effec-
tively improve the SBR. For CaF, windows, the measured 1o
noise was 42.5 pV, resulting in a signal-to-noise ratio
exceeding 33435 for 100 ppm propane concentration with
100 ms integration time, corresponding to a detection limit
of 2.99 ppb. Finally, we evaluated the long-term stability of
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the system, as shown in Fig. 5(f). Combined with Allan devi-
ation analysis, a detection limit of 416 ppt for propane was
achieved with a 200 s integration time, representing an
improvement of more than an order of magnitude over
state-of-the-art PAS systems, as detailed in Table 1. The low
power-normalized noise equivalent absorption (NNEA,

NNEA= F%min
VBW

the average power P, minimum detectable absorption coeffi-
cient amin, and the equivalent bandwidth of the lock-in
amplifier, indicates that the achieved detection limit stems
not only from the high average power of the GS MIR laser
but also from the signal enhancement induced by microsec-
ond pulses, the high power utilization efficiency, the
suppression of wall noise enabled by the fiber laser's high
beam quality, and the elimination of mechanical noise via
GS modulation. The noise levels of the modulated CW
system were also measured for comparison, as shown in
Fig. 5(g). In this comparison, both configurations operated
at the same power of 60 mW. The results indicate that both
configurations exhibit similar noise levels at the same aver-
age power, demonstrating that the pulsed laser enhances PA
response without introducing additional noise, effectively
improving the signal-to-noise ratio by nearly a factor of two.
This confirms the effectiveness of pulsed lasers in improv-
ing detection limits.

Utilizing the broadband tuning capability of our laser, we
obtained the PA spectrum of propane in the C-H finger-
print region from 3200-3550 nm by controlling the grating
rotation angle, as shown in Fig. 5(h). This effectively charac-
terizes the absorption properties of propane. Theoretically,
the PA spectral resolution is primarily determined by
the laser's FWHM bandwidth of < 0.8 nm (shown in
Fig. S3(e-g) of Supplementary Section 3), which is sufficient
to reconstruct the infrared spectrum of propane. The
discrepancy observed near 3369 nm is attributed to the
mismatch between the FWHM of this sharp absorption peak
(0.62 nm) and the laser bandwidth (0.7 nm), resulting in
reduced spectral power density utilization efficiency. Never-
theless, the obtained results show excellent consistency with
HITRAN database data, which highlights the great potential

) of 2.16x10% W-cm™-Hz 2, calculated using

of the broadband tunable GS fiber laser for acquiring full
absorption spectra, enabling simultaneous detection of
multiple gas species through the deconvolution of over-
lapped PA spectra. Furthermore, we systematically evalu-
ated the detection performance for three representative
VOCs, 1,2-Dimethoxyethane, Propanal, and Isoprene
(absorption cross-sections are plotted in Supplementary
Fig. §7), to demonstrate the versatility of our system. Detec-
tion was performed by targeting their characteristic C-H
absorption bands at 3342 nm, 3465 nm, and 3382 nm,
respectively. As shown in Fig. 6, all gases exhibit excellent
linear PA response with correlation coefficients exceeding
0.999. With a lock-in time constant of 100 ms, detection
limits of 19.1 ppb, 7.4 ppb, and 20.1 ppb were achieved for
propanal, 1,2-dimethoxyethane, and isoprene, respectively.
By extending the averaging time to 200 s, the limits of detec-
tion were further improved to 1.8 ppb, 0.85 ppb, and 2.67
ppb, respectively, representing state-of-the-art performance
in photoacoustic VOC detection.

3 Discussion

The high-power and widely tunable GS MIR fiber laser
system brings significant improvements to PA detection.
The system effectively simplifies the PA detection setup
compared to modulated-CW approaches, while achieving
enhanced PA response by MPEPAS and high energy utiliza-
tion efficiency, effectively reducing the detection limit.
Through theoretical modeling, we have elucidated the origin
of this enhancement. Unlike ref2, which only compared
ultrashort pulses (picosecond to nanosecond) with modu-
lated CW cases, we have investigated the PA response
induced by pulsed lasers on timescales comparable to Ty,
filling the gap in this temporal regime. Notably, microsec-
ond-scale pulses are particularly well-suited for PAS detec-
tion, as their repetition rates typically range from few-kHz to
hundreds of kHz, which coincides with the typical reso-
nance frequencies of acoustic resonators.

It should be noted that we are by no means the first to
employ pulsed lasers for PA trace gas detection. Many litera-
ture have demonstrated PA detection using pulsed lasers

Table 1 | Comparison of state-of-the-art PAS propane detection performance.

Laser Wavelength Power Modulated method Averaging time (s) Detection limit (ppb) NNEA Ref.
(um) (mW) (W-cmL-Hz12)
DFB 1.654 N/A N/A 0.001 40260 N/A ref.?®
OPO 3.369 1200 Chopper 1 13.2 8.84x1077 ref.40
QcL 13.36 3 2f-WMS 10 3000 2.82x108 ref.10
ICL 3.349 N/A 2f-WMS N/A 3000 N/A ref.*
ICL 3.382 N/A Chopper 20 64 N/A ref.30
ICL 3.349 11 2f-WMS 1 3000 6.55x1077 ref.*
ICL 3.368 10 2f-WMS 20 419 5.11x107 ref.43
GS-MIR fiber laser 3.369 180 Pulse-enhanced 1& 200 2.15&0.416 2.16x10® This work
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Fig. 6 | PA measurement results for propanal (a-d), 1,2-dimethoxyethane (e-h), and isoprene (i-l). First row (a, e, i): step response of PA signals for gas
concentrations from 10 to 100 ppm with 10 ppm increments. Second row (b, f, j): linear fitting curve of PA signal versus different concentration. Third row
(c, g, k): background noise measurements in pure N, over 60 minutes. Fourth row (d, h, I): Allan deviation analysis showing minimum detection limits of 1.8
ppb (propanal), 850 ppt (1,2-dimethoxyethane), and 2.67 ppb (isoprene) at 200 s integration time.

including CO; lasers, OPO, and solid laser*~*, although the
authors did not elaborate on the enhancement effect of
pulsed lasers. In this study, because the operating mode of
the Er®*/Dy?* laser can be readily switched between CW and
pulsed regimes simply by altering the pumping scheme
(rather than using two separate lasers), we are able to rigor-
ously validate this enhancement. Interestingly, PA imaging
has almost exclusively adopted pulsed lasers to achieve high
spatial resolution and deep tissue penetration through the
generation of strong, transient PA signals®->2. In contrast,
CW lasers have remained the absolute mainstream in PA gas
detection. Such a significant disparity within the same tech-
nique is particularly intriguing. This phenomenon can be
attributed to the easy accessibility of CW lasers (e.g., DFB,
ICL, or QCL sources), the longstanding neglect of the pulse-
enhanced effect in PAS, and most importantly, the fact that
conventional pulsed lasers inherently operate at repetition
rates mismatched with the acoustic resonator frequency,
thus requiring additional modulation components that
obscure their intrinsic advantages. The GS-MIR fiber laser-
based MPEPAS perfectly addresses these issues, effectively
unlocking the enormous potential of pulse-enhanced

photoacoustic effects.

Compared to OPO-based PA systems, GS fiber lasers offer
simpler system architecture, superior beam quality, and
enhanced stability. Furthermore, unlike the high-repetition-
rate OPO schemes reported in previous works?*#*%3, GS fiber
lasers can directly match acoustic resonance frequencies,
substantially improving power utilization efficiency.
Compared to 1 W OPO-based propane detection®, despite
the lower power of the GS-MIR laser, we still achieved
further reduction in detection limits from 13.2 ppb to 2.15
ppb (1 s LIA time constant, noise property shows in Supple-
mentary Fig. S6(b)), benefiting from the pulse-enhanced
effect, high power utilization efficiency, and suppressed wall
noise and mechanical noise resulting from the superior
beam quality and GS modulation. Relative to ICL-based PA
detection, the high-power capability of the GS-MIR fiber
laser effectively advances propane detection limits
from ppm/ppb of ref.2>30424 to ppt levels. While QCL detec-
tion schemes target VOC resonances at longer wavelengths
(e.g, C=0O bonds, aromatic C-H stretches) to achieve
ultralow detection limits'®*, our system operating in the
C-H fingerprint region holds the potential for competitive
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performance by leveraging the high power and pulse-
enhanced properties of this laser. Moreover, the single-
wavelength output or narrow tuning range of individual
QCL chips limits their multi-gas detection capability,
whereas combining multiple QCLs or employing external-
cavity QCLs significantly increases system cost. Admittedly,
the current hybrid fiber-spatial architecture limits the
system's compactness compared to highly integrated DFB or
QCL-based solutions. However, with the increasing matura-
tion of mid-infrared fiber components, such as combiners,
isolators, and fiber Bragg gratings, the future transition to a
fully all-fiber architecture will drive further miniaturization,
ultimately enabling truly portable operation.

The broadband absorption of VOCs renders traditional
2f-WMS ineffective. In ref.!%204142, the authors employed the
same WMS system to detect methane, ethane, and propane,
they achieved ppb-level detection for methane and ethane
but were limited to ppm-level detection for propane,
primarily because the wavelength modulation depth (typi-
cally < 1 nm) is far smaller than propane's absorption band-
width. Consequently, intensity modulation emerges as the
optimal approach for VOC detection. GS pulsed fiber lasers
not only eliminate the additional insertion losses (=3 dB)
and system complexity associated with AOMs or mechani-
cal choppers but, more importantly, their pulsed characteris-
tics enable significant PA enhancement. As a consequence,
GS MIR fiber lasers demonstrate tremendous advantages for
VOCs PA detection.

Despite these significant achievements, opportunities for
further improvement remain. Regarding theoretical model-
ing, the current model primarily addresses heat source and
acoustic pressure generation without considering heat diffu-
sion and equilibration processes, resulting in discrepancy
between the theoretically predicted pulse enhancement
factor (1.57-fold) and experimental observation (1.96-fold).
Future work incorporating heat diffusion equations with
appropriate boundary conditions could more accurately
describe the complete PA generation process.

For practical applications, water vapor interference repre-
sents a critical challenge. While our experimental setup
effectively prevented environmental moisture penetration
through excellent chamber sealing and constant-flow gas
mixing, percentage-level water content is unavoidable in real
environmental monitoring and breath analysis applications.
Two mitigation strategies can be employed: first, exploiting
the spectral differences between VOC's broadband absorp-
tion and water's sparse absorption to precisely select wave-
lengths where water absorption is relatively weak (as shown
in Supplementary Fig. S8); second, integrating molecular
sieves in the gas inlet for physical dehumidification. For
ultra-high precision applications such as biomedical VOC
detection, simultaneous implementation of both methods is
recommended. To further reduce the detection limit, using a
higher-sensitivity microphone to increase the signal and an
anti-reflection coated thinner ZnSe window to reduce

absorption background are effective methods to improve the
SNR. Moreover, a high-frequency modulating LD driver can
be employed at the resonant frequency of quartz tuning
forks (~33 kHz). By integrating GS technology with both
quartz-enhanced PA spectroscopy (QEPAS) and cavity-
enhanced PA spectroscopy™, and leveraging the superior
beam quality and power characteristics of fiber lasers,
propane detection limits could potentially be advanced to
few-ppt or even sub-ppt levels. Finally, employing methods
such as etalons, volume Bragg gratings, and optical feedback
frequency stabilization to achieve narrow linewidth pulsed
laser output will unleash the potential of the GS laser based
MPEPAS in absorption spectrum construction®. Combing
with machine learning algorithms (e.g., principal component
analysis, neural networks) for mixed VOCs spectral decon-
volution®’, will further unlock this system's tremendous
potential in biomedical diagnostics, environmental monitor-
ing, industrial process control, and related applications.

4 Conclusions

In this work, we developed and experimentally validated the
first VOC photoacoustic detection system based on a mid-
infrared fiber laser, introducing MPEPAS as a new detec-
tion paradigm. By precisely matching the microsecond pulse
duration and repetition rate with the acoustic resonance
frequency, the system achieved nearly two-fold enhance-
ment in photoacoustic response compared to conventional
continuous-wave modulation under identical power, funda-
mentally revealing the previously overlooked advantage of
pulsed excitation in the microsecond regime. The GS-MIR
fiber laser provides high peak power, broad tunability across
the 3.2-3.55 um C-H absorption region, and excellent beam
quality within a simple, compact design, enabling record-
breaking sensitivity—achieving a 416 ppt detection limit for
propane and ppb-level sensitivity for other VOCs such as
propanal, isoprene, and 1,2-dimethoxyethane. Compared to
OPO, QCL, and ICL based systems, this approach delivers
comparable or superior sensitivity with lower cost, higher
stability, and simpler configuration by eliminating external
modulators and maximizing power utilization efficiency.
These results not only demonstrate the potential of GS fiber
lasers as high-performance MIR sources but also mark a
shift in photoacoustic spectroscopy from conventional CW-
driven schemes to resonance-synchronized pulsed excita-
tion. With further integration into quartz- or cavity-
enhanced configurations, and through the incorporation of
narrow-linewidth pulse control and intelligent spectral anal-
ysis techniques, this method could push VOC detection into
the sub-ppt regime and enable precise multi-species analysis.
Overall, the proposed GS-MIR laser-based MPEPAS estab-
lishes a new benchmark for ultrasensitive and practical
photoacoustic VOC detection, offering transformative
potential for biomedical diagnostics, environmental moni-
toring, and industrial safety applications.
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5 Materials and methods
5.1 Er**/Dy3* GS fiber laser setup

In the GS laser setup, the commercial 660 nm LDs
(Huaguang optoelectronics) served as the optical pump
source. The LD was powered by a custom-designed modula-
tion driver capable of duty cycle adjustment from 10% to
50% and current modulation frequencies up to 10 kHz. The
active medium consisted of a double-clad Er*/Dy** co-
doped fluoride fiber (fiberlabs) with a length of 4.2 m length
and dopant concentrations of 4/0.25 mol.% for Er*/Dy?*,
respectively. The fiber core featured a diameter of 17.3 pm
with numerical aperture of 0.13, while the circular inner
cladding with diameter of 249 um and NA of 0.5. Thermal
management was implemented through water-cooled
clamps maintaining 18 °C at both 9 cm terminal sections,
with the fiber body positioned on a passive aluminum heat
sink. The pump-end fiber facet received perpendicular
cleaving and direct coupling to a front mirror exhibiting
high transmission at 660 nm and reflectivity at 2.7-3.7 pm
(0° incidence) for cavity feedback. The output end incorpo-
rated an 8° angle-cleave to suppress parasitic oscillations,
with no protective end caps employed. Wavelength-selec-
tive feedback was achieved using a ruled reflective diffrac-
tion grating (Thorlabs, GR2550-30035) mounted on a preci-
sion rotational stage (JCOPTIX, DORR-360HK). Output
characterization employed thermal power sensors (Thorlabs,
S405C) for power measurements, while temporal pulse
profiles were captured using an HgCdTe detector (VIGO,
PCI-2TE-12) coupled to a 500 MHz digital oscilloscope.
Spectral analysis utilized a high-resolution optical spectrum
analyzer (Yokogawa, AQ6377).

5.2 PA detection of trace VOCs

In the PAS system, a resonant PA cell (detailed in Supple-
mentary Section 4) was employed to amplify the PA signal.
The acoustic signal was collected using an electret condenser
microphone (Primo, EM258), with the electrical output
transmitted via shielded audio cable (Canare, L-2B2AT). A
custom electronic amplifier (Hongchuang Electronics)
provided adjustable electrical signal amplification ranging up
to 50x, notably, all the measurements were conducted using
the maximum electrical amplification. Lock-in detection was
implemented using a compact lock-in amplifier board (Yishi
Electronics, YHLAI1620) with a footprint of approximately
12 cmx10 cm, featuring integrated reference clock and
analog-to-digital conversion, eliminating the need for external
reference signals and additional data acquisition hardware.
Precise gas mixing and constant flow rates were achieved
using a custom gas handling system (Aurasky, CS-41).
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