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Highly sensitive and real-simultaneous
CH4/C2H2 dual-gas LITES sensor based on
Lissajous pattern multi-pass cell
Haiyue Sun, Ying He, Shunda Qiao, Yahui Liu and Yufei Ma*

In this paper, a novel highly sensitive methane (CH4) and acetylene (C2H2) dual-gas light-induced thermoelectric spec-
troscopy (LITES) sensor based on Lissajous space-division multiplexed (LSDM) technology and trapezoidal-head quartz
tuning  fork  (QTF)  detector  was  reported  for  the  first  time.  A  theoretical  LSDM model  was  established  on  the  basis  of
three-mirror astigmatic multi-pass cell (MPC) and it was used to design a pair of Lissajous spot patterns with optical path
length to volume ratios (OPL/Vs) of 13.5 cm-2 and 13.3 cm-2, respectively. Two self-designed trapezoidal-head QTFs with
low resonant frequencies of less than 10 kHz and quality factor of ~12000 were adopted to enhance the detection ability.
Two kinds of fiber amplifier, erbium doped fiber amplifier (EDFA) and Raman fiber amplifier (RFA), were combined to am-
plify the output power of two diode lasers to improve the excitation strength. After optimization, minimum detection limit
(MDL) of 268.8 ppb and 91.4 ppb for real-simultaneous CH4 and C2H2 sensing were obtained, respectively. When the in-
tegration time of the system were 150 s and 100 s, the MDLs could be improved to 54.8 ppb and 26.1 ppb, accordingly.
Further improvement methods for such sensor were discussed.

Keywords: light-induced  thermoelectric  spectroscopy; Lissajous  space-division  multiplexed; multi-pass  cell; quartz
tuning fork; dual-gas sensing
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Introduction
Trace  gas  detection  technology  plays  an  important  role
in many fields  such as  environment monitoring and in-
dustry  process1−9.  With  the  advantages  of  fast  response
and high sensitivity, laser absorption spectroscopy (LAS)
has  been  researched  and  applied  widely  in  recent
years10−20.  Two  main  types  of  LAS  are  direct  absorption
spectroscopy  and  indirect  absorption  spectroscopy,
which  is  representative  by  tunable  diode  laser  absorp-
tion  spectroscopy  (TDLAS)  and  photoacoustic  spec-
troscopy (PAS), respectively21,22. Compared with TDLAS,
PAS has no operation laser wavelength limitation due to

its probe object of acoustic wave. In contrast with tradi-
tional  PAS,  quartz-enhanced  photoacoustic  spec-
troscopy  (QEPAS)  replaces  the  microphone  with  a
quartz tuning fork (QTF) to detect acoustic waves, which
is first reported in 200223. Due to the properties of high Q
factor, small size and excellent noise suppression of QTF,
QEPAS  has  the  merits  of  high  sensitivity  and  compact
size24−30.  But  in  the  system  of  QEPAS,  QTF  needs  to  be
placed in test  gas  environment,  which increases  the risk
of its corrosion by the corrosive and acid gases31,32. In or-
der  to  solve  this  problem,  light-induced  thermoelectric
spectroscopy  (LITES)  was  reported  by  Ma  in  201833.  In 
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this technology, the modulation laser passes through the
test  gas  and is  focused on the surface of  QTF.  The light
carrying the concentration information of  the gas  is  ab-
sorbed by the quartz and converts into a heat signal. Be-
cause of the thermal expansion and piezoelectric proper-
ty  of  QTF,  the  heat  signal  is  further  converted  into  an
electronic  signal  to  obtain  gas  concentration  informa-
tion34−36. Thus, compared to QEPAS, LITES is a noncon-
tact detection method and is appropriate for various gas
sensing37−40.

According to the Beer-Lambert law, increasing the op-
tical path length (OPL) can availably improve sensitivity
of  LITES.  Multi-pass  cell  (MPC)  is  widely  used  to  in-
crease  the  effective  OPL.  Optical  path  length  to  volume
ratio (OPL/V) is a common indicator for MPC’s perfor-
mance41−43.  Higher  OPL/V  means  that  there  is  a  denser
pattern  of  spot  distribution  on  the  mirrors  and  the  sys-
tem of  MPC is  more  compact.  The  widely  used  Herriot
MPC  can  form  circular  spot  patterns  by  two  spherical
concave  mirrors44−48.  The  projection  coordinates  of  spot
patterns  on  tangential  plane  and  sagittal  plane  are  both
distributed  to  each  sine  coordinate  function.  Advance
angle  in  the  sine  function  determines  the  distance  be-
tween  projection  positions.  Two-mirror  based  Herriot
MPC  has  same  cavity  structures  on  the  orthogonal
planes, which results in same advance angles and simple
circular  patterns.  However,  spot  patterns  of  two  spheri-
cal concave mirrors maintain circle symmetries and lack
distribution in the center area. Hence, Herriot MPC has
a  low  OPL/V  and  cannot  sustain  a  compact  structure
with a long OPL.

Methane (CH4)  and acetylene (C2H2)  are  two impor-
tant gases in energy and chemical industry. CH4, the pri-
mary  component  of  natural  gas,  has  as  much  effect  on
climate change as carbon dioxide49,50. C2H2 is flammable
and  the  leakage  of  it  always  leads  to  serious
explosions51,52.  Therefore,  the development of  a  simulta-
neous, fast responsive and highly sensitive sensor system
for  CH4/C2H2 has  received  a  lot  of  attention  in  recent
years53−55.  For  instance,  Wang  et  al.  developed  a  dual-
laser  sensor  based  on  off-axis  cavity-enhanced  absorp-
tion spectroscopy and time-division multiplexed (TDM)
technology in 202056. Raza et al. used frequency-division
multiplexed  (FDM)  to  realize  simultaneous  CH4/C2H2

detection in 202257. TDM make each laser operate in sep-
arate time and does not provide real-simultaneous detec-
tion,  so  it  is  difficult  to  achieve  fast  response  and  suit
volatile  environments.  As  for  FDM,  it  is  unsuitable  for

sensor system with resonance frequency, such as QEPAS
and LITES. Furthermore, in the above research, light was
detected by a photodetector (PD), which has a limited re-
sponse  wavelength  range  compared  to  QTF.  Recently,
double spot-ring Herriot MPC has been used to separat-
ing optical paths for double gas detection in TDLAS58,59.
However,  this  scheme  faces  two  issues:  1)  The  circular
pattern  results  in  less  efficient  use  of  the  central  area  of
the  mirror  surface.  2)  For  the  same  optical  path  length,
the overall size of the system is determined by the outer
large ring, leading to an increased system volume. To ad-
dress these issues, Lissajous spot patterns for optical path
separation  in  LITES  technology  was  adopted  in  this
research.

In this paper, we present a highly sensitive and real-si-
multaneous CH4/C2H2 dual-gas LITES sensor based on a
novel  Lissajous  space-division  multiplexed  (LSDM)
MPC  and  trapezoidal-head  QTF.  An  additional  mirror
was added to the two-mirror cavity to form a three-mir-
ror based cavity with different advance angles on the or-
thogonal  planes.  Sine  functions  with  different  advance
angles  in  tangential  plane  and  sagittal  plane  was  com-
bined  to  form  a  pair  of  complementary  Lissajous  spot
patterns  with  high  OPL/V.  The  MPC  with  a  small  vol-
ume of  67.5  mL has  two  OPLs  of  9.1  m and 9.0  m in  a
cavity  to  enhance  absorption  of  the  dual-gas.  Two  self-
designed  trapezoidal-head  QTFs  with  low  resonant  fre-
quencies  were  used  to  improve  the  detection  perfor-
mance of the LSDM-MPC based LITES sensor system. 

Experimental setup
 

Principle of three-mirror MPC with dual-path
As  shown  in Fig. 1,  the  self-designed  MPC  consisted  of
three  spherical  mirrors  with  curvatures  of R.  Mirrors
(M1,  M2  and  M3)  were  cut  into  same  rectangle  and
placed  around  the x axis  to  constitute  a  circular  cavity.
Long side (L) and wide side (W) of mirrors were located
in y-z plane and parallel  to x axis,  respectively. Distance
from  mirror  to  the  origin  and  angle  between  mirrors
were presented by d (d1, d2 and d3) and α (α1 and α2), re-
spectively. The angle of incident laser can be determined
by θ and φ. The incident light entering through the hole
on M1 was reflected by M2, M3 and M1 in turn to com-
plete a ring path.

The  analytical  method  of  vector  ray  tracing  was  suit-
able for the complex three-mirror MPC. Pi and N repre-
sented the spatial coordinates of the ith (i = 1, 2…N) light
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spot  and  its  total  number  including  the  entry  and  exit
holes on mirrors, respectively. The coordinates could be
expressed as: 

Pi+1 = Pi + Li · Pi(i+1) , (1)
 

P(i+1)(i+2) = Pi(i+1) − 2(Pi(i+1) · ni) · ni , (2)
 

ni =
Pi − ri
R

, (3)
 

Li = −ni · (Pi − ri)

+

√
(ni · (Pi − ri))2 − (Pi − ri) · (Pi − ri) + R2 , (4)

where Pi(i+1) and ni represented normal direction vector
of  the ith ray  and  normal  vector  of  the  sphere  at  the ith

spot, respectively. ri represented the center of the sphere
mirrors and could be expressed as: 

ri =

 (0, 0,R− d1)
′, i = 1, 4, 7, ...

Rm(α12) · (0, 0,R− d2)
′, i = 2, 5, 8, ...

Rm(−α13) · (0, 0,R− d3)
′, i = 3, 6, 9, ...

, (5)

where Rm, the anticlockwise rotation matrix of the three-
mirror system, was described below: 

Rm =

 1 0 0
0 cosα −sinα
0 sinα cosα

 . (6)

According to the above equations, the specific coordi-
nates  of  the  light  spots  on  mirrors  could  be  iteratively
calculated.  The side  lengths  of  rectangular  mirrors  were
12 mm and 44 mm, respectively. Each mirror had a hole
with diameter of 2 mm. In order to realize LSDM, dou-
ble  lights  entered  through  a  same  hole  (h1)  in  M1  and
exited  through  different  holes  (h2  and  h3)  in  M2  and
M3,  respectively.  The  double  lights  were  used  to  detect
CH4/C2H2 simultaneously.  By  optimizing  the  parame-
ters of the incident lights and positions of mirrors, non-
axisymmetric  tilted  three-ring  Lissajous  pattern  was
formed on mirrors. Because the system was symmetric to
the x-z plane, incident beams with opposite directions in
x axis  could form a pair of  mirror patterns.  In this  way,
we obtained complementary Lissajous patterns shown in
Fig. 2(a) and the corresponding parameters were listed in
Table 1.

The  MPC  adopted  off-center  incident  laser  and  non-
equidistant mirrors, which could reduce angle θ and then
was in favor of low occlusion loss caused by h1. The opti-
mization of α could decrease the distribution shift of the
Lissajous  patterns  resulted  from  non-equidistant  mir-
rors. As illustrated in Fig. 2(b), high-precision guide rails
were machined onto the installation platform. The guide
rails  and  the  installation  platform  were  integrally  ma-
chined  by  computerized  numerical  control  (CNC)  to
minimize  sources  of  error.  The  tolerance  for  the  posi-
tional  accuracy  of  the  guide  rails  could  be  maintained
within  ±0.2  mm.  Adjusting  the  mirror  along  the  guide
rails  allowed  us  to  reduce  the  original  multiple  dimen-
sions of adjustment to a single dimension. Measurements
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Fig. 2 | (a) Simulated results of dual-path Lissajous patterns on three mirrors. (b) The diagram of double optical paths in Lissajous patterns MPC.

Sun HY et al. Opto-Electron Sci  3, 240013 (2024) https://doi.org/10.29026/oes.2024.240013

240013-3

 

https://doi.org/10.29026/oes.2024.240013


and  adjustments  were  made  using  a  digital  high-preci-
sion  caliper  to  gauge  the  mirror  mount's  position  rela-
tive to the top of the guide rail. The relative accuracy was
dependent  on  the  digital  caliper  and  could  be  ensured
within ±0.03 mm.

Finally,  the dual-path astigmatic MPC based on three
mirrors was successfully demonstrated for the first time.
The  real  distribution  of  light  spots  obtained  with
red/green diode lasers  was shown in Fig. 3.  The mirrors
employed were  silver-coated  with  the  reflectivity  rate  of
98%. The beam of path 1 was reflected for 120 times and
exited  from  h3  with  OPL  of  9.14  m.  Another  beam  of
path  2  sharing  same  cavity  was  reflected  for  119  times
and  exited  early  from  h2  with  OPL  of  9.04  m.  The  vol-
ume of the optical system and the total OPL/V were 67.5
mL  and  27  cm−2,  respectively.  OPL/V  ratio  serves  as  a
comprehensive  metric  for  assessing  the  compactness  of
the multi-pass cell and the length of the optical path. It is
also  an  important  criterion  for  the  overall  evaluation  of
the  detection  sensitivity  and  volume  of  the  entire  sens-
ing system. Current reports on multi-pass cells primarily

focus  on  designing  such  as  two-spherical-mirror  MPCs
with different patterns and toroidal MPCs. The specifica-
tions for these multi-pass cells are shown in Table 2. The
self-designed  Lissajous  pattern  multi-pass  cell  with  two
independent light paths and compact structure could be
utilized  to  achieve  highly  sensitive  and  real-simultane-
ous detection of dual-gas. 

CH4/C2H2 dual-gas LITES sensor based on LSDM
MPC and trapezoidal-head QTF
Schematic diagram of real-simultaneous dual-gas LITES
sensor based on LSDM-MPC is shown in Fig. 4. Two ab-
sorption  lines  of  CH4 and  C2H2 located  at 1650.96 nm
(6057.08 cm−1)  and 1530.37 nm  (6534.37 cm−1),  respec-
tively,  were  chosen  in  the  sensor  system.  Distributed
feedback (DFB) diode laser 1 and diode laser 2 with max-
imum output power of 28 mW and 21 mW were used as
the  light  source  to  detect  CH4 and  C2H2,  respectively.
Fiber  amplifiers  were  adopted  to  amplify  the  laser  out-
put power. Raman fiber amplifier (RFA) was selected to
amplify the maximum output power of DFB diode laser

 

Table 1 | Parameters of three-mirror MPC with dual-path.
 

Path x0, y0 (mm) θ, φ (°) d1, d2, d3 (mm) α12, α13 (°) N OPL (m) V (mL) OPL/V (cm−2)

1 15.8, 0 13.5, 77 42, 41, 49.9 118,121 120 9.1 67.5 13.5

2 15.8, 0 13, 103 42, 41, 49.9 118,121 119 9.0 67.5 13.3

 

P
a

th
 1

M1 M2 M3

M3

M2
M1

P
a
th

 2
D

u
a

l-
P

a
th

a b

Fig. 3 | (a) Measured distribution of dual-path Lissajous patterns on three mirrors. (b)  The picture of the three mirrors MPC with dual-path Lis-

sajous pattern.

 

Table 2 | Parameters comparison between reported MPCs and Lissajous space-division MPC.
 

Types of MPC N OPL (m) V (mL) Total OPL/V (cm−2)

Seven-circle spot pattern MPC60 215 26.4 249 11

Nine-circle spot pattern MPC61 235 32.66 281.71 11.59

Triangular spot pattern MPC62 138 14.6 330.0 4.42

Petal spot pattern MPC62 183 20.4 332.1 6.14

Toroidal MPC63 51 4.1 40 10.3

Segmented circular MPC64 64 9.89 140 7

Lissajous space-division MPC (this paper) 120, 121 9, 9.1 67.5 26.8
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1 to 300 mW, ensuring a single-longitudinal-mode oper-
ation. Erbium doped fiber amplifier (EDFA) with maxi-
mum output power of 1000 mW was employed to ampli-
fy  the  output  power  of  DFB  diode  laser  2.  Two  laser
beams  were  collimated  by  collimating  lenses  (C-lenses)
and  entered  into  the  MPC.  Apertures  were  used  to  de-
creased  diameters  of  light  spots.  After  multiple  reflec-
tions by three mirrors, double beams exited from differ-
ent mirrors (M2 and M3) and then were focused on cen-
ter of the corresponding QTF’s root, respectively. The fo-
cal lengths of focusing lenses (F-lenses) were both 8 mm.
Wavelength  modulation  spectroscopy  (WMS)  was
adopted in this system to suppress the background noise.
Sine  and  sawtooth  waves  produced  from lock-in  ampli-
fiers  were  used  to  modulate  the  laser  wavelength.  Sine

sawtooth wave's scanning frequency was set to 100 mHz.
Finally, the generated piezoelectric signals were demodu-
lated  by  the  lock-in  amplifiers,  which  was  configured
with an integration time of 10 ms. 

Results and discussion
Firstly, the performance of LSDM-MPC was checked by
direct absorption measurement and replacing QTFs with
PDs.  Concentrations  of  CH4 and  C2H2 in  LSDM  MPC
were both 200 ppm. When the injection current of laser
1  was  scanned  across  the  absorption  line  of  CH4,  only
PD1 could detect a significant electronic signal. Accord-
ing  to  the  absorption  peak  of  CH4,  the  absorbance  was
calculated to be 0.08. Conversely, when the scanning sig-
nal was injected into laser 2, only PD2 could detected an
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obvious  electronic  signal  and  the  absorbance  of  C2H2

was calculated to be 0.20. As shown in Fig. 5, there wasn’t
significant crosswalk between the double paths. After re-
moving  the  absorption  peak  from  spectrum,  a  linear  fit
was adapted to approximate the baseline based on the re-
maining data.  Based on the  absorbance,  OPLs of  path 1
and path 2 were determined to be 9.1 m and 8.9 m. The-
oretical value for the path 2 was 9.0 m, indicating a devi-
ation error of 1.1% within an acceptable range.

Usually  in LITES sensor,  commercially  available  QTF
with silver coating and resonant frequency of 32.768 kHz
is  adopted.  In order to improve the conversion efficien-
cy  of  light-induced  thermoelectric,  a  novel  trapezoidal-
head  QTF  with  gold  coating  was  designed  in  the  re-
search.  The  gold  electrode  allowed  for  a  reduction  in
electrode  resistance  and  improvement  on  the  corrosion
resistance.  Additionally,  gold  electrodes  can  also  im-
prove the corrosion resistance of the tuning fork. Param-
eters of the novel QTFs were optimized by finite element
analysis  to  achieve  a  lower  resonant  frequency,  maxi-
mize  the  average  charge  density,  and  enhance  the  sur-
face stress for improved performance. The resonant fre-
quencies of trapezoidal-head QTF1 and QTF2 were mea-
sured  as 9451.49 Hz  and 9464.15 Hz,  respectively,  as
shown  in Fig. 6.  The  frequency  deviation  of  the  novel
QTFs were caused by minor discrepancies in the dimen-
sional  processing.  The  quality  factor  (Q)  for  the  two
QTFs  were  determined  as 11387.7 and 12452.8,  respec-
tively. Compared with high resonant frequency of 32.768
kHz of  commercial  QTF,  low resonant  frequency of  the
self-designed trapezoidal-head QTF is conductive to rise
energy  accumulation  time  and  therefore  could  improve
piezoelectric conversion performance of the QTF.

Modulation  depths  of  CH4/C2H2 dual-gas  sensing

were optimized in the WMS technique. As shown in Fig.
7,  the  optimum  2f signals  of  CH4 and  C2H2 were  ob-
tained  with  modulation  depths  of  5.13  mA  and  14.85
mA, respectively. RFA and EDFA were used to boost the
optical  power  of  the  two diode  lasers.  The  relationships
between 2f peak values and output power of fiber ampli-
fiers  at  optimum  modulation  depths  were  investigated
and  are  shown  in Fig. 8.  Concentrations  of  CH4 and
C2H2 were  both  set  to  200  ppm.  It  can  be  seen  that  2f
peak values increased linearly with the output power and
reached the highest when the output power of RFA and
EDFA were set to the maximum 300 mW and 1000 mW,
respectively.  After  linear  fitting,  the  R-square  value  of
0.99  was  obtained  for  both  sensing  system,  which  indi-
cated the CH4/C2H2 dual-gas LITES sensor based on LS-
DM-MPC and trapezoidal-head QTF had excellent pow-
er  response.  Noise  standard  deviations  and  signal  to
noise  ratio  (SNR)  with  different  output  powers  of  RFA
and EDFA were measured and are depicted in Fig. 9. The
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best SNR of CH4 and C2H2 detections were calculated to
be  744.1  and 2187.3 with  the  maximum output  powers,
and  corresponding  minimum  detection  limits  (MDLs)
were  determined  to  be  268.8  ppb  and  91.4  ppb,
respectively.

The relationship between the 2f signal values and vari-
ous  concentrations  of  double  gases  were  researched  si-

multaneously  and  is  displayed  in Fig. 10.  Two  flow-
meters  were  used  to  control  the  flow speed  of  CH4 and
C2H2 standard  gases  to  adjust  the  concentrations  of  the
double  gases  in  MPC.  The  experimental  results  indicat-
ed that  two signals  of  CH4 and C2H2 were  proportional
to each concentration. Corresponding values of R-square
after linear fitting were both 0.99, indicating an excellent
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linear  concentration  response.  Allan  deviation  analysis
was  used  to  investigate  the  long-term  stability  of  the
system. Pure nitrogen (N2)  was flushed into the LSDM-
MPC. As shown in Fig. 11 and Fig. 12, when the integra-
tion  time  were  150  s  and  100  s,  the  MDLs  of  CH4 and
C2H2 detections  were  improved  to  26.1  ppb  and  54.8
ppb, respectively. 

Conclusion
In  this  paper,  a  highly  sensitive  and  real-simultaneous
CH4/C2H2 dual-gas  LITES  sensor  based  on  a  novel  LS-
DM-MPC and trapezoidal-head QTF was  demonstrated
for the first time. A theoretical model was established on
the basis of three-mirror astigmatic MPC to realized LS-
DM technique, and a pair of Lissajous spot patterns with
OPLs of  9.1 m and 9.0 m and OPL/Vs of  13.5 cm−2 and
13.3  cm−2 were  obtained  respectively.  Two  trapezoidal-
head  QTFs  with  low  resonant  frequencies  of  ~9.4  kHz
and Q factor as high as ~12000 were designed and adopt-
ed to enhance the energy accumulation time and LITES
sensor  detection  ability.  Two  fiber  amplifiers  RFA  and
EDFA were employed to amplify the optical power of ex-
citation  source  diode  lasers  to  300  mW  and 1000 mW,
respectively. Excellent concentration linear response was

obtained for continuous and simultaneous monitoring of
dual-gas  in  LITES  sensor  based  on  LSDM-MPC  and
trapezoidal-head QTF. Finally, MDLs for real-simultane-
ous CH4/C2H2 detections were measured to be 268.8 ppb
and 91.4 ppb, respectively. When the integration times of
the system were increased to 150 s and 100 s, the MDLs
could be improved to 54.8 ppb and 26.1 ppb, according-
ly. The performance of the dual-gas LITES sensor based
on  LSDM-MPC  can  be  improved  in  further  when  mir-
rors with higher reflectivity (>99%) are adopted in MPC.
In addition, utilizing lasers operated in mid-infrared ab-
sorption  bands,  QTF  with  photothermally  enhanced
coating or transimpedance amplification of the electrical
signal, could further enhance the detector's sensitivity.
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