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Fast step heterodyne light-induced thermoelastic spectroscopy
gas sensing based on a quartz tuning fork with high-frequency
of 100 kHz
Yuanzhi Wang1,2†, Ying He1†, Shunda Qiao1, Xiaonan Liu1,2, Chu Zhang1,2, Xiaoming Duan1 and Yufei Ma1,2*

 

Abstract: In  this  paper,  a  fast  step  heterodyne  light-induced  thermoelastic  spectroscopy  (SH-LITES)  sensor  using  a
high-frequency quartz tuning fork (QTF) with resonant frequency of ~100 kHz is reported for the first time. The theo-
retical  principle of  heterodyne LITES (H-LITES) signal  generation is  analyzed firstly,  and an acetylene (C2H2)  H-LITES
sensor  is  established  to  verify  its  performance.  Experimental  comparisons  between  the  high-frequency  QTF  and  a
standard  commercial  QTF  with  resonant  frequency  of  ~32.768  kHz  reveal  that  the  high-frequency  QTF  exhibits  a
tenfold faster response time. Specifically, the H-LITES sensor with this QTF achieves a 33 ms measurement cycle, 90%
shorter  than  commercial  counterparts.  Furthermore,  The  SH-LITES  technique  is  proposed  to  further  shorten  the
scanning  time to  15  ms,  which  achieves  the  shortest  LITES  measurement  time known to  date.  To  demonstrate  its
advantages in  dynamic gas detection,  an H2O-LITES system integrating both QTF types is  constructed for  real-time
monitoring  of  H2O  concentration  during  different  respiration  patterns.  Comparative  measurements  show  that  the
SH-LITES  more  accurately  captures  dynamic  H2O  concentration  fluctuations  during  respiration,  outperforming  the
commercial QTF-based H-LITES sensor in rapid response scenarios.
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 1    Introduction
Fast  and  accurate  measurement  of  trace  gases  is  indispens-
able  in  various  fields  including  industrial  production,
healthcare,  and  environmental  monitoring1−3.  In  industrial
settings, the combustion process of fuel-air mixtures occurs
extremely  rapidly,  with  the  entire  cycle  from  injection  to
complete combustion taking only tens of milliseconds (ms).
During this process,  the concentrations of oxygen (O2)  and
other  reactants  decrease  sharply,  while  those  of  products
such  as  carbon  dioxide  (CO2)  and  water  vapor  (H2O)  rise
abruptly4.  Monitoring  of  these  rapid  gas  concentration
changes  can  provide  insights  into  the  combustion  process,
aiding in optimizing combustion efficiency5. In the healthcare
region, fast gas detection allows for dynamic assessment of a

patient's  respiratory  function  and  physiological  state.  For
instance,  during  an  asthma  attack  or  similar  respiratory
conditions,  the  composition  of  exhaled  breath  can  change
within hundreds of ms. Furthermore, respiratory rate serves
as a crucial biomarker for assessing a patient's physiological
state.  Abrupt  breathing and changes  in  respiratory  rate  can
signify a potentially life-threatening deviation in physiologi-
cal  equilibrium6−9.  These  rapidly  changing  dynamic
processes pose challenges for gas detection technology.

Current  methods  for  trace  gas  detection  include  optics,
electrochemistry,  microstructures,  and  others10−17.  Among
these,  spectroscopic  techniques  are  widely  researched  for
their  high  specificity  and  sensitivity18−27.  Quartz-enhanced
photoacoustic spectroscopy (QEPAS),  introduced in 200228,
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is  a  notable  spectroscopic  technique  due  to  its  noise  resis-
tance,  compact  size,  and cost-effectiveness29−31.  However,  in
QEPAS  sensor,  the  detector  of  quartz  tuning  fork  (QTF)
come into direct contact with the measured gases, therefore,
it  is  a  contact  measurement  method and is  limited in  envi-
ronments containing acidic or strongly oxidizing gases32. To
address the limitations of QEPAS, light-induced thermoelas-
tic spectroscopy (LITES) was first introduced in 201833. The
principle of LITES involves modulated laser light of specific
wavelengths  passing  through  the  target  gas,  which  absorbs
the  laser  energy.  The  transmitted  light  carries  information
about  the  gas  concentration  and  transfers  this  information
to  the  QTF via  thermal  expansion34,35.  The  QTF vibrates  in
response, generating a piezoelectric signal. By demodulating
this signal, the concentration of the target gas can be deter-
mined36.  Since  LITES  measures  the  transmitted  light  after
absorption, the QTF can be isolated from the measurement
environment.  This  makes  it  a  non-contact  method,
minimizing  environmental  interference  and  ensuring
stability37,38.

Researchers have focused to enhance the detection sensi-
tivity of the QTF. For instance, modifying the dimensions of
the QTF changes its deformation degree, thereby increasing
the signal amplitude11,39, and coating materials on the surface
of  the  QTF  to  enhance  the  signal  amplitude40−42.  Although
QTFs exhibit  high detection sensitivity,  their  response time
is  limited43.  In  traditional  QTF-based  QEPAS  and  LITES
technologies,  the  measurement  cycle  for  gas  concentration
typically  exceeds  several  seconds44.  In  2018,  a  heterodyne
signal excitation method was introduced, where an external
excitation  source  causes  the  laser  to  rapidly  scan  across
absorption lines,  inducing transient response in the QTF at
its  intrinsic  resonant  frequency f45.  Using  signal  with  a
frequency  of f+Δf to  modulate  the  laser,  a  beat  frequency
effect  between  the  intrinsic  frequency f and  modulation
frequency f+Δf can be generated, and the gas concentration
and  frequency f of  QTF  can  be  reconstructed  from  the
demodulated heterodyne signal. However, the measurement
cycle  based  on  the  beat  frequency  method  still  generally
exceeds 100 ms, making it unsuitable for dynamic monitor-
ing applications  such as  combustion fields,  respiration,  and
chemical reactions46−52.

This  paper  presents  a  fast  step  heterodyne  LITES  (SH-
LITES)  sensor  using  a  100  kHz  high-frequency  quartz
tuning fork (QTF) for the first time. Compared to standard
commercial  32  kHz  QTFs,  the  high-frequency  QTF  offers
wider bandwidth,  faster energy decay,  and shorter response
times.  The  theoretical  principle  of  heterodyne  LITES  (H-
LITES)  is  analyzed  firstly  and  acetylene  (C2H2)  is  used  to
verify  its  performance.  On  the  basis  of  fast  H-LITES,  SH-
LITES is proposed to further reduces the measurement time,
establishing the fastest measurement speed among all LITES
sensors  reported  to  date.  A  H2O  sensor  combining  SH-
LITES and H-LITES are built to monitor human respiration
states, validating the effectiveness of SH-LITES technique.

 2    Operation principle of H-LITES
When a QTF is exposed to a modulated laser in LITES, the
performance of the QTF adheres to the damped vibration of
a  cantilever  beam53,54.  The  QTF  vibration  displacement
change x can be expressed by the Eq. (1): 

me
d2x
dt2

= −kx− γdx
dt

+ N, (1)

where me represents the equivalent vibration mass of QTF; k
represents  the  elastic  recovery  coefficient; γ represents  the
damping  ratio. N represents  the  driving  force  generated  by
the optothermal effect, express by Eq. (2): 

N = K(Iλ + Icos(2π(f+ Δf)t+ φ)), (2)
where K is  the  optothermal  conversion  coefficient; Iλ is
transmitted light intensity at the modulated wavelength λ; I
is  the  modulated light  intensity; f is  the  resonant  frequency
of  the  QTF.  Considering  the  piezoelectric  effect,  the  input
signal to the lock-in amplifier (LIA) is obtained as: 

EQTF(t) = ReqKPe(x0 + x1 + x2) ,
x1 = Xλ(t)cos(2π(f+ Δf)t+ φ1) ,

x2 = Ae−πft/Qsin(2πft+ φ2) ,

(3)

where Req is  the  equivalent  resistance; KPe is  the  piezoelec-
tric coefficient; x0 is the bias displacement of the laser irradi-
ation  on  QTF. x1 and x2 are  the  vibration  displacement; f
represents  the  resonant  frequency  of  the  QTF,  which  is
primarily  determined  by  its  elastic  modulus  and  geometric
configuration.  Meanwhile, Q denotes  the  quality  factor  of
the  QTF,  which  is  dictated  by  the  material's  internal  losses
and  external  damping  effects45.  The  frequency  of  reference
signal for the LIA is f+Δf. The output EDe(t) after demodula-
tion can be expressed as the Eq. (4): 

EDe(t) = W0 +Wcos(2πΔft− φ3)e
−πft/Q, (4)

where W0 is proportional to the light intensity Iλ, while W is
proportional to the instantaneous variation in Iλ. Therefore,
the signal is constituted by the steady-state response and the
transient response.

 3    Experimental setup
 3.1  Verification of H-LITES sensor

The experimental  setup of  the  H-LITES sensor  is  shown in
Fig. 1(a).  The  laser  source  is  a  distributed  feedback  (DFB)
laser  with  a  central  output  wavelength  of  ~1530  nm.  A
sawtooth wave and a sine wave generated by a signal genera-
tor are superimposed and injected into the laser controller to
achieve  wavelength  modulation.  The  first  half  of  the
sawtooth wave signal  is  a  ramp signal,  used for  rapid  scan-
ning  of  the  acetylene  (C2H2)  gas  absorption  line  to  obtain
the  gas  concentration;  the  second  half  is  a  direct  current
signal  far  from  the  absorption  line,  used  to  ensure  that  the
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QTF  completely  decays  the  accumulated  energy.  The  sine
wave  is  adopted  for  modulate  the  laser  wavelength.  A  fiber
collimator (FC) is selected to collimate the light output from
the laser. A mixture of 2% C2H2 and pure N2 gas is mixed by
a  gas  flow meter  and filled  into  a  20  cm long gas  chamber,
where  the  light  is  absorbed  by  C2H2.  A  lens  with  a  focal
length  of  35  mm  focuses  the  transmitted  light  onto  the
surface of the QTF. The piezoelectric signal from the QTF is
demodulated  using  a  LIA  (Zurich  instruments,  LIA  500
kHz/5 MHz), with its integration time of 150 µs and its filter
order  of  3.  The  demodulated  heterodyne  signal  can  reflect
the  target  gas  concentration.  The  experiment  uses  both
high-frequency QTF (QTF1) and standard commercial QTF
(QTF2)  as  detectors.  The  detailed  structural  parameters  of
the  two  QTFs  are  shown  in Fig. 1(b) and 1(c).  It  can  be
observed  that  the  prong  structure  of  QTF1  is  shorter  in
length and wider in width compared to QTF2, resulting in a
higher resonant frequency.

The  resonant  frequencies f of  the  two  QTFs  are  deter-
mined  by  frequency  sweeping  using  optical  excitation,  as
shown in Fig. 2. The scanning frequency data are fitted with

a  Lorentz  function,  yielding  a f of  99550  Hz  for  QTF1  and
32738 Hz for QTF2. The half-maximum bandwidth (ΔW) of
the  two  QTFs  are  62  Hz  and  5  Hz,  respectively.  From  the
formula Q=f/ΔW, the Q values of the QTFs are calculated to
be  1605.8  and  6547.6,  respectively.  A  lower Q value  indi-
cates  greater  energy  loss  in  a  single  vibration  cycle  of  the
QTF,  suggesting  that  the  QTF  can  return  to  a  steady  state
more quickly. Treating the QTF as a filter, the bandwidth of
QTF1 is relatively wide, which allows for a greater retention
of  high-frequency  signal  components  in  the  input  signal.
Consequently, the output can more rapidly track changes in
the input.

Measurements  of  the  heterodyne  signals  for  both  QTFs
are conducted under different scan frequencies  of  sawtooth
wave signal. Figure 3(a) shows the heterodyne signal for the
QTF1,  normalized by the  peak signal  in  0.25 Hz condition.
The reference frequencies f are initially set to 99658 Hz and
32741 Hz for  QTF1 and QTF2，respectively.  The modula-
tion currents  for  both are  set  to  10 mA to ensure that  each
can  generate  a  heterodyne  waveform.  At  sawtooth  wave
frequencies of 0.25 Hz and 1 Hz, the scanning speed is rela-
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tively slow, leading to a steady-state response from the QTF,
resulting  in  continuous  1f harmonic  signals.  When  the
sawtooth wave frequency increases to 20 Hz and 30 Hz, the
rapid sweep of wavelength across the absorption line causes
to  the  QTF's  transient  response;  the  first  half  of  the  signal
exhibits a 1f harmonic, while the latter part displays a multi-
peak  decay  signal. Figure 3(b) illustrates  the  normalized
waveform  for  the  QTF2.  At  a  scan  frequency  of  1  Hz,  the
response  of  the  QTF  to  the  excitation  already  turns  into  a
transient response. When it reaches 20 Hz and 30 Hz, due to
the  slower  energy  dissipation  of  the  standard  commercial
QTF, the QTF2 gets re-excited before it  has fully dissipated
its previous energy. The interference among different cycles
leads  to  a  decrease  in  the  variation of  the  signal  amplitude.
Consequently,  the  shortest  measurement  period  for  the
heterodyne  signal  is  limited  by  the  decay  rate  of  the  QTF's
energy.

To determine the minimum measurement period for  the
two QTFs, their decay processes are fitted based on Eq. (4).
The  reference  frequencies f are  set  to  99702  Hz  and  32745
Hz for  QTF1 and QTF2,  respectively.  The waveform of  the

tr = ln(t0/R)

H-LITES is illustrated in Fig. 4, where the heterodyne signals
adequately reflect the decay processes of the two QTFs. The
signals  exhibit  a  well-defined exponential  decay trend,  with
R-square  values  reaching  0.999.  The t0 values  in  the  fitting
equations  are  found to  be  0.00469 s  and 0.04985 s,  indicat-
ing  that  the  response  speed  of  QTF1  is  approximately  ten
times faster than that of QTF2. The signal attenuation time
tr can be calculated by formula , where t0 is the
fitted value from Fig. 4, and R is the signal attenuation ratio.
When the R is 0.1%, the attenuation process can be consid-
ered  almost  complete;  setting  the tr as  the  scanning  time
means  there  will  be  no  crosstalk  between  different  period.
Calculations  show  that  the  scanning  times  of  QTF1  and
QTF2  are  approximately  33  ms  and  333  ms,  respectively.
Based on these times, the sawtooth wave scan frequency can
be set to 30 Hz and 3 Hz, respectively, ensuring no interfer-
ence  occurs  between  heterodyne  signals  from  consecutive
scan cycles of the sawtooth wave, thereby maintaining signal
integrity and measurement accuracy.

The  optimization  of  the  H-LITES  peak  signal  for  both
QTF1  and  QTF2  is  conducted  to  ensure  that  the  signal
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amplitudes  from  both  QTFs  achieve  optimal  performance.
The  variation  in  modulation  depth  is  shown  in Fig. 5(a),
indicating  that  as  the  modulation  current  increases,  the
signal  amplitude  initially  rises  before  it  starts  to  decrease.
The optimal modulation currents for the QTFs are found to
be 28 mA and 20 mA. The inconsistency in this modulation
current  primarily  stems  from  the  fact  that  the  laser
controller's  performance is  highly dependent on the modu-
lation  frequency. Figure 5(b) and 5(c) illustrates  the  opti-
mization  of  the  modulation  frequency,  with  the  optimal
frequencies determined to be 99640 Hz for QTF1 and 32742
Hz for QTF2.

The concentration response of the H-LITES sensor based
on  the  high-frequency  QTF1  is  investigated. Figure 6(a)
presents  the  H-LITES  waveforms  at  various  concentrations
of C2H2, demonstrating a consistent decrease in the peak-to-
peak signal  amplitude as the C2H2 concentration decreases.
Figure 6(b) shows  the  linear  fitting  of  the  peak-to-peak
amplitudes  at  different  concentrations,  revealing  a  strong
linear  relationship  between  the  H-LITES  signal  and  gas
concentration, with an R-square value of 0.99 for the linear
fitting.  Based  on  the  positions  of  peak  and  valley,  the

frequency of the QTF can be calibrated. The time difference
(Δt)  between  the  peak  and  trough  is  5.65  ms,  and  Δf =
1/(2Δt). The calculated Δf is 87.7 Hz. Based on the principle
of  H-LITES,  the calculated resonance frequency of  QTF1 is
approximately  99552.3  Hz.  The  discrepancy  between  this
value  and  the  resonance  frequency  derived  from  Lorentz
fitting is 2.3 Hz, which is significantly smaller than the QTF
bandwidth.  This  outcome  demonstrates  that  H-LITES  is
capable  of  fitting  the  resonance  frequency  with  relatively
high  accuracy.  Therefore,  this  allows  for  the  calibration  of
QTF frequency during concentration measurement.

 3.2  SH-LITES sensor based on high frequency QTF

To  further  improve  the  measurement  speed  of  the  LITES
system, a step-scan LITES technique (step heterodyne light-
induced  thermoelastic  spectroscopy,  SH-LITES)  based  on
high  frequency  QTF1  is  proposed.  A  comparison  of  the
scanning  methods  between  SH-LITES  and  H-LITES  is
shown in Fig. 7. In traditional H-LITES, 1f demodulation is
typically  implemented  with  a  sawtooth  wave  to  scan  the
absorption  line.  The  leading  edge  of  the  sawtooth
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wave  sweeps  the  laser  wavelength  across  the  entire  target
absorption line. In LITES, the 1f signal originates from peri-
odic temperature fluctuations induced by optical absorption,
which  in  turn  excites  the  vibration of  a  QTF.  According  to
the  differential  characteristics  of  absorption  spectra,  the  1f
signal amplitude is proportional to the first derivative of the
absorption coefficient. Its peaks correspond to the positions
with  the  maximum  slope  of  the  absorption  line,  whereas
scanning the absorption line center (where the slope is zero)
and  baseline  regions  (with  no  absorption)  generates  no
effective signals. In practice, signal amplitudes reflecting gas
concentration only emerge at the two peaks of the 1f signal,
making wavelength scanning at other positions unnecessary.
SH-LITES  performs  scanning  only  near  the  two  1f peaks,
avoiding  scans  of  invalid  positions  and  shortening  the
measurement  period  without  altering  the  QTF  response
time,  and  after  traversing  a  small  range,  the  current  is
abruptly switched near the other peak. The resulting current
jump  generates  heterodyne  signals,  which  can  reflect  the
frequency difference Δf.

The amplitude of  the modulation waveform is  optimized
in the  experiment.  As  shown in the Fig. 8,  the  scan current
amplitude is determined to be 2.2 mA, and the step current
amplitude is 11 mA.

The optimization of modulation frequency and current is
shown  in Fig. 9.  The  SH-LITES  modulation  waveform  is
optimized  under  a  33  ms  scanning  period.  As  depicted  in
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Fig. 9(a) and 9(b),  the  signal  amplitude  and  waveforms  at
different  modulation  frequencies  reveal  that  the  closer  the
modulation  frequency  approaches  the  QTF's  resonance
frequency,  the  larger  the  signal  amplitude  becomes.
However, the heterodyne valley gradually disappears, result-
ing from the increase in Δt. To ensure the heterodyne wave-
form  can  calibrate  the  QTF  frequency  under  shorter  scan-
ning periods, the modulation frequency is set to 99691 Hz in
subsequent  experiments  instead  of  the  frequency  with  the
maximum signal amplitude.  At this point,  the calculated Δf
is 141 Hz. From the formula Δt = 1/(2Δf), the value of Δt is
3.55 ms. When the scanning period is greater than twice Δt,
the existence of the valley can be maintained, thereby invert-
ing the QTF frequency. The curve of signal amplitude versus
modulation  current  is  shown  in Fig. 9(c),  determining  the
optimal modulation current as 14 mA.

When comparing the optimized signal amplitudes of SH-
LITES and H-LITES across different scanning periods, as is
depicted in Fig. 10, their correlation with the period reveals
distinct  behaviors.  H-LITES  signals  decay  rapidly  as  the
period  shortens.  This  decay  originates  from  insufficient
baseline  scanning  duration,  which  induces  crosstalk  of
vibrational energy. In contrast, SH-LITES signals exhibit no
continuous decay within this  range.  Specifically,  at  a  15  ms
scanning  period,  the  SH-LITES amplitude  reaches  57.7  μV,
closely approaching the 54.2 μV amplitude of H-LITES at 33
ms. Thus, the scanning period can be reduced to half that of
H-LITES,  demonstrating  the  temporal  efficiency  advantage
of stepwise scanning.

The  linear  concentration  response  of  SH-LITES  is
measured under  a  15  ms scanning period,  as  shown in Fig.
11. Specifically, signal amplitudes are monitored as the C₂H₂
concentration ranged from 500 to 10000 ppm, demonstrat-
ing  an  excellent  linear  response  with  an R-square  value  of
0.99.  During  the  decay  process,  the  time  difference  (Δt =
3.58 ms) and frequency difference (Δf = 139.7 Hz) between
peak and valley positions are calculated to retrieve the QTF
resonance  frequency.  The  1.3  Hz  difference  between  the

value calculated by SH-LITES and that obtained via Lorentz
fitting indicates that SH-LITES in a period of 15 ms can still
calibrate  the  QTF  frequency,  leveraging  precise  heterodyne
waveform analysis.
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 3.3  H2O respiration detection based on the fast SH-
LITES sensor

To further  validate  the  advantages  of  fast  SH-LITES sensor
based  on  QTF1  for  rapid  measurements,  H2O  respiration
detection  is  demonstrated.  The  experimental  setup  is  illus-
trated in Fig. 12(a). QTF2 is also employed for comparison.
Two lasers with central wavelengths near the absorption line
of H2O at 1368 nm are employed. Wavelength modulation is
achieved  by  applying  sine  waves  of  different  frequencies  to
each  laser.  To  implement  SH-LITES,  a  step-scan  waveform
is  applied  to  laser1,  which  illuminates  QTF1.  To  demon-
strate  the  advantages  of  SH-LITES  technology,  H-LITES
technology is also used to measure H2O respiration. There-
fore,  laser2  and  QTF2  are  adopted  in  this  H-LITES  sensor.
The output beams from the two lasers pass through the same
gas  chamber  and  are  focused  by  lenses  onto  QTF1  and
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QTF2,  respectively.  Two  channels  of  the  LIA  are  used  to
demodulate  the  signals  from  the  QTFs,  thereby  obtaining
the  SH-LITES  and  H-LITES  signals.  The  gas  chamber  is
designed with openings at both ends to remain connected to
the external environment, as shown in Fig. 12(b), ensuring a
constant pressure inside the cell. The length of the gas cell is
20 cm and the inner diameter is 2 cm. The air chamber has
an  opening  in  its  middle  section  and  is  connected  to  the
breathing  mouthpiece  via  a  rubber  tube.  When  the  experi-
menter  breathes  through  the  mouthpiece,  the  exhaled  gas
fills  the  entire  air  chamber,  thereby  altering  the  H2O
concentration  along  the  laser  path.  The  signals  demodu-
lated by the LIA are processed by a  computer to determine
the  variations  in  H2O  concentration,  thereby  reflecting  the
state of respiration. The experiment is conducted under the
conditions  of  21  °C  and  101  kPa.  Sine  waves  of  99702  Hz
and  32745  Hz  are  applied  initially  to  the  respective  lasers.
Based on the earlier research about SH-LITES and H-LITES,
the  frequency  of  step-scan  wave  and  sawtooth  wave  signal
are set to 3 Hz and 66.67 Hz, corresponding to the shortest
measurement periods, respectively. The two channels of the
LIA use the same integration time and filter order as before.

The optical path is adjusted so that the laser beam irradi-

ated  the  optimal  position  of  the  QTFs,  after  which  the
modulation frequency and modulation current is optimized.
Figure 13(a) and 13(b) illustrates  the  optimization  of  the
modulation  frequency,  with  the  optimal  frequencies  deter-
mined  to  be  99655  Hz  for  QTF1  and  32748  Hz  for  QTF2.
The optimization of the modulation current is illustrated in
Fig. 13(c) and 13(d), where the optimal modulation current
for  QTF1  and  QTF2  are  found  to  be  24  mA  and  34  mA,
respectively.  Since  the  absorption  linewidth  of  H2O  differs
from that of C2H2,  the scan current amplitude and the step
current  amplitude  are  also  optimized,  determined  to  be  1
mA and 10 mA, respectively.

The SH-LITES sensor and H-LITES sensor are employed
for  continuous  measurement  of  H2O  in  the  gas  chamber.
The  experiment  measures  H2O  in  the  air,  as  well  as  under
three breathing conditions: normal breathing, fast breathing,
and  slow  breathing.  The  obtained  results  using  QTF1  and
QTF2 are shown in Fig. 14.  Due to the significantly shorter
scanning  period  of  SH-LITES  with  QTF1  compared  to  H-
LITES with QTF2, the sampling rate for H2O concentration
is much higher. Consequently, the obtained signal envelope
is  more  continuous.  The  peak-to-peak  values  of  the  LITES
sensor signals in Fig. 14 are extracted to obtain signal wave-
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forms  that  reflect  changes  in  H2O  concentration.  In
Fig. 15(a) and 15(b),  the  H2O  concentration  for  QTF1  and
QTF2  are  illustrated  respectively.  Measurements  of  H2O in
the air indicate that the SH-LITES and H-LITES system both
possess  good  stability  over  a  certain  period  of  time.  Under
normal and slow breathing conditions, both QTFs are capa-
ble  of  reflecting  the  overall  trend  of  respiration.  However,
the waveform of  SH-LITES with QTF1 reveals  more details
in the breathing process compared to H-LITES with QTF2.
In  the  state  of  fast  breathing,  the  waveform  of  QTF2
becomes distorted and fails to reflect the correct respiratory
frequency. In contrast, the waveform of QTF1 still manages
to  accurately  reflect  changes  in  the  respiratory  state.  This
demonstrates  that  SH-LITES  with  QTF1  is  more  suitable
than  H-LITES  with  QTF2  for  scenarios  involving  rapid
changes  in  gas  concentration.  The  scan  time  and  related

parameters of SH-LITES sensor based on the high-frequency
QTF1  are  compared  to  the  other  LITES  sensors,  and  the
results  are  presented  in Table 1.  Results  show  that  the  SH-
LITES  sensor  with  high-frequency  QTF1  has  significantly
improved the measurement speed.

 4    Conclusions
This paper reports for the first time a fast SH-LITES sensor
leveraging a high-frequency QTF with a resonant frequency
of  ~100  kHz.  The  theoretical  mechanism  of  H-LITES  is
analyzed, followed by the establishment of a C₂H₂-H-LITES
sensor  to  compare  the  response  speeds  of  the  high-
frequency  QTF  and  a  standard  commercial  QTF.  Experi-
mental  results  demonstrate  that  the  high-frequency  QTF
exhibits  a  tenfold  faster  response  speed  and  a  33  ms  mea-
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Table 1 | Parameter comparison of measurement speeds with other LITES sensors.
 

Technique QTF frequency (kHz) Intergration time (ms) Measurement period (s) Reference

LITES 9 240 100 ref.34

LITES 32 100 10 ref.55

LITES 32 30 5 ref.56

H-LITES 9 30 4 ref.48

SH-LITES 100 0.15 0.015 This work
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surement  period  compared  to  the  commercial  counterpart,
attributed to its broader bandwidth. To further minimize the
measurement  cycle,  a  SH-LITES  method  based  on  step
waveform scanning is  proposed, which currently represents
as the fastest LITES sensor with a measurement cycle of just
15  ms.  Additionally,  a  fast  H₂O-SH-LITES  sensor  is  devel-
oped  for  real-time  H₂O  measurement  in  respiration.
Comparative  studies  between  the  SH-LITES  and  H-LITES
show  that  the  SH-LITES  accurately  captures  respiration
frequency  and  state  changes,  even  during  rapid  breathing.
Its  advantage  in  dynamic  scenarios  with  rapid  gas  concen-
tration fluctuations offers a promising direction for enhanc-
ing the measurement speed of QTF-based spectroscopic gas
sensors, particularly in biomedical monitoring and environ-
mental rapid detection.

References 

 Yuan ZY, Lou XT, Chu Q et al. Ultrarapid spectroscopic gas detec-
tion via frequency-agile and compressed sensing. Appl Phys B 128,
66 (2022).

1.

 Liu  CY,  Gu  YM,  Liu  C  et  al. Missing-linker  2D  conductive  metal
organic  frameworks for  rapid  gas detection. ACS Sens 6, 429–438
(2021).

2.

 Dong Y, Duan SK, Long SY et al. Ultrasensitive and fast gas detec-
tion  based  on  room-temperature  indium  arsenide  mid-wavelength
infrared photodetectors. Adv Funct Mater 35, 2422398 (2025).

3.

 Li  CN, He Y,  Qiao SD et  al. A low-cost  full-range hydrogen sensor
based on quartz tuning fork. IEEE Sens J 25, 16943–16949 (2025).

4.

 Hong  JW,  Kim  Y,  Yoon  SH  et  al. Simultaneous  measurement  of
temperature,  concentration,  and  velocity  in  the  combustion  field
using TDLAS. J Mech Sci Technol 37, 5199–5206 (2023).

5.

 Tanneberger  T,  Schimek  S,  Paschereit  CO  et  al. Combustion  effi-
ciency  measurements  and  burner  characterization  in  a  hydrogen-
oxyfuel combustor. Int J Hydrogen Energy 44, 29752–29764 (2019).

6.

 Tong A, Baumgart A, Evangelidis N et al. Core outcome measures
for trials in people with coronavirus disease 2019: respiratory failure,
multiorgan failure, shortness of breath, and recovery. Crit Care Med
49, 503–516 (2021).

7.

 Ye LX,  Wu F,  Xu RX et  al. Face mask integrated with  flexible  and
wearable  manganite  oxide  respiration  sensor. Nano  Energy 112,
108460 (2023).

8.

 Endoh  H,  Yamaguchi  S,  Hayashi  Y  et  al. Variability  of  respiratory
rate or heart rate reflects degree of organ dysfunction in sepsis. Crit
Care Med 41, A141 (2013).

9.

 Ma HX, Qiao SD, He Y et  al. Load capacitance matching for  reso-
nant  frequency  adjusting-based  multi-quartz  tuning  fork-enhanced
laser spectroscopic sensing. Opt Express 33, 9423–9433 (2025).

10.

 Wang RQ, Qiao SD, He Y et al. Highly sensitive laser spectroscopy
sensing  based  on  a  novel  four-prong  quartz  tuning  fork. Opto-
Electron Adv 8, 240275 (2025).

11.

 Jiang GP, Goledzinowski M, Comeau FJE et al. Electrochemical gas
sensors:  free-standing  functionalized  graphene  oxide  solid  elec-
trolytes  in  electrochemical  gas  sensors  (Adv.  Funct.  Mater.
11/2016). Adv Funct Mater 26, 1670 (2016).

12.

 Jiang SL, Chen FF, Zhao Y et al. Broadband all-fiber optical phase
modulator based on photo-thermal effect  in a gas-filled hollow-core
fiber. Opto-Electron Adv 6, 220085 (2023).

13.

 Shao  MR,  Ji  C,  Tan  JB  et  al. Ferroelectrically  modulate  the  fermi
level of graphene oxide to enhance SERS response. Opto-Electron
Adv 6, 230094 (2023).

14.

 Shi  LY,  Li  YJ,  Li  Z. Early  cancer  detection  by  SERS spectroscopy
and machine learning. Light Sci Appl 12, 234 (2023).

15.

 Ma  HX,  Sun  XR,  Qiao  SD  et  al. A  high-performance  light-induced
thermoelastic spectroscopy sensor based on a high-Q value quartz
tuning fork load. Sens Actuator B Chem 436, 137713 (2025).

16.

 Qiu  XB,  Xiong  XH,  Li  L  et  al. Development  of  an  FDM-TDLAS
sensor  for  long-term  online  monitoring  of  H2S  and  CO  to  predict
water wall corrosion trends. Anal Chem 97, 14058–14066 (2025).

17.

 Sun  HY,  He  Y,  Qiao  SD  et  al. Highly  sensitive  H2S-LITES  sensor
with 80 m fiber-coupled multi-pass cell  based on optical path multi-
plexing technology. Photoacoustics 42, 100699 (2025).

18.

 Xu  BX,  Wan  YY,  Fan  XY  et  al. Whispering-gallery-mode  barcode-
based  broadband  sub-femtometer-resolution  spectroscopy  with  an
electro-optic frequency comb. Adv Photonics 6, 016006 (2024).

19.

 Sun  XR,  Sun  HY,  He  Y  et  al. An  ultrahighly  sensitive  CH4-TDLAS
sensor  based  on  an  80-m optical  path  length  multipass  cell  with  a
dense circular spot pattern. Anal Chem 97, 10886–10892 (2025).

20.

 Nie  QX,  Peng  YB,  Chen  QH  et  al. Agile  cavity  ringdown  spec-
troscopy  enabled  by  moderate  optical  feedback  to  a  quantum cas-
cade laser. Opto-Electron Adv 7, 240077 (2024).

21.

 Hou JF,  Liu  XN,  Sun HY et  al. Dual-component  gas  sensor  based
on light-induced thermoelastic spectroscopy and deep learning. Anal
Chem 97, 5200–5208 (2025).

22.

 Wang  XY,  Qiu  XK,  Liu  ML  et  al. Flat  soliton  microcomb  source.
Opto-Electron Sci 2, 230024 (2023).

23.

 Wang YQ, Zhang JH, Zheng YC et al. Brillouin scattering spectrum
for liquid detection and applications in oceanography. Opto-Electron
Adv 6, 220016 (2023).

24.

 Zhang C,  He Y,  Qiao SD et  al. High-sensitivity  trace gas detection
based  on  differential  Helmholtz  photoacoustic  cell  with  dense  spot
pattern. Photoacoustics 38, 100634 (2024).

25.

 Fu BT, Gao RH, Yao N et al. Soliton microcomb generation by cavity
polygon modes. Opto-Electron Adv 7, 240061 (2024).

26.

 Ma  J,  Fan  EB,  Liu  HJ  et  al. Microscale  fiber  photoacoustic  spec-
troscopy for  in  situ  and real-time trace gas sensing. Adv Photonics
6, 066008 (2024).

27.

 Kosterev AA, Bakhirkin YA, Curl RF et al. Quartz-enhanced photoa-
coustic spectroscopy. Opt Lett 27, 1902–1904 (2002).

28.

 Ma YF, Qiao SD, Wang RQ et al. A novel tapered quartz tuning fork-
based  laser  spectroscopy  sensing. Appl  Phys  Rev 11, 041412
(2024).

29.

 Zifarelli  A,  Negro  G,  Mongelli  LA  et  al. Effect  of  gas  turbulence  in
quartz-enhanced photoacoustic spectroscopy: a comprehensive flow
field analysis. Photoacoustics 38, 100625 (2024).

30.

 Qiao  SD,  He  Y,  Sun  HY  et  al. Ultra-highly  sensitive  dual  gases
detection based on photoacoustic spectroscopy by exploiting a long-
wave, high-power, wide-tunable, single-longitudinal-mode solid-state
laser. Light Sci Appl 13, 100 (2024).

31.

 Zifarelli  A,  Sampaolo  A,  Patimisco  P  et  al. Methane  and  ethane
detection from natural gas level down to trace concentrations using
a  compact  mid-IR  LITES  sensor  based  on  univariate  calibration.
Photoacoustics 29, 100448 (2023).

32.

 Ma  YF,  He  Y,  Tong  Y  et  al. Quartz-tuning-fork  enhanced  pho-
tothermal  spectroscopy  for  ultra-high  sensitive  trace  gas  detection.
Opt Express 26, 32103–32110 (2018).

33.

 Liu  YH,  Qiao  SD,  Fang  C  et  al. A  highly  sensitive  LITES  sensor
based  on  a  multi-pass  cell  with  dense  spot  pattern  and  a  novel
quartz tuning fork with low frequency. Opto-Electron Adv 7, 230230
(2024).

34.

 Ma YF, Liang TT, Qiao SD et al. Highly sensitive and fast hydrogen
detection based on light-induced thermoelastic spectroscopy. Ultra-
fast Sci 3, 0024 (2023).

35.

 Sun  HY,  He  Y,  Qiao  SD  et  al. Highly  sensitive  and  real-simulta-
neous  CH4/C2H2 dual-gas  LITES  sensor  based  on  Lissajous  pat-

36.

Wang YZ et al. Opto-Electron Adv 9, 250150 (2026) https://doi.org/10.29026/oea.2026.250150

250150 (Page 10 of 11)

https://doi.org/10.1021/acssensors.0c01933
https://doi.org/10.1002/adfm.202422398
https://doi.org/10.1109/JSEN.2025.3557440
https://doi.org/10.1007/s12206-023-0922-7
https://doi.org/10.1016/j.ijhydene.2019.05.055
https://doi.org/10.1016/j.nanoen.2023.108460
https://doi.org/10.1364/OE.554266
https://doi.org/10.29026/oea.2025.240275
https://doi.org/10.29026/oea.2025.240275
https://doi.org/10.29026/oea.2025.240275
https://doi.org/10.1002/adfm.201670067
https://doi.org/10.29026/oea.2023.220085
https://doi.org/10.29026/oea.2023.220085
https://doi.org/10.29026/oea.2023.220085
https://doi.org/10.29026/oea.2023.230094
https://doi.org/10.29026/oea.2023.230094
https://doi.org/10.29026/oea.2023.230094
https://doi.org/10.29026/oea.2023.230094
https://doi.org/10.1038/s41377-023-01271-7
https://doi.org/10.1016/j.snb.2025.137713
https://doi.org/10.1021/acs.analchem.5c02691
https://doi.org/10.1016/j.pacs.2025.100699
https://doi.org/10.1021/acs.analchem.5c01773
https://doi.org/10.29026/oea.2024.240077
https://doi.org/10.29026/oea.2024.240077
https://doi.org/10.29026/oea.2024.240077
https://doi.org/10.1021/acs.analchem.4c06588
https://doi.org/10.1021/acs.analchem.4c06588
https://doi.org/10.29026/oes.2023.230024
https://doi.org/10.29026/oes.2023.230024
https://doi.org/10.29026/oes.2023.230024
https://doi.org/10.29026/oea.2023.220016
https://doi.org/10.29026/oea.2023.220016
https://doi.org/10.29026/oea.2023.220016
https://doi.org/10.29026/oea.2023.220016
https://doi.org/10.1016/j.pacs.2024.100634
https://doi.org/10.29026/oea.2024.240061
https://doi.org/10.29026/oea.2024.240061
https://doi.org/10.29026/oea.2024.240061
https://doi.org/10.1364/OL.27.001902
https://doi.org/10.1063/5.0214874
https://doi.org/10.1016/j.pacs.2024.100625
https://doi.org/10.1038/s41377-024-01459-5
https://doi.org/10.1016/j.pacs.2023.100448
https://doi.org/10.1364/OE.26.032103
https://doi.org/10.29026/oea.2024.230230
https://doi.org/10.29026/oea.2024.230230
https://doi.org/10.29026/oea.2024.230230
https://doi.org/10.34133/ultrafastscience.0024
https://doi.org/10.34133/ultrafastscience.0024
https://doi.org/10.29026/oea.2026.250150


tern multi-pass cell. Opto-Electron Sci 3, 240013 (2024).
 He  Y,  Wang  YZ,  Qiao  SD  et  al. Hydrogen-enhanced  light-induced
thermoelastic  spectroscopy  sensing. Photonics  Res 13, 194–200
(2025).

37.

 Sun  HY,  Liu  YH,  He  Y  et  al. Highly  sensitive  CH4/C2H2 dual-gas
light-induced  thermoelastic  spectroscopy  sensor  based  on  a  dual-
path  multiring  multipass  cell  and  a  circle-head  quartz  tuning  fork.
ACS Sens 10, 4717–4724 (2025).

38.

 Wang LH, Lv HH, Zhao YH et al. Sub-ppb level HCN photoacoustic
sensor  employing  dual-tube resonator  enhanced clamp-type tuning
fork  and  U-net  neural  network  noise  filter. Photoacoustics 38,
100629 (2024).

39.

 Lou CG, Li XT, Chen HJ et al. Polymer-coated quartz tuning fork for
enhancing  the  sensitivity  of  laser-induced  thermoelastic  spec-
troscopy. Opt Express 29, 12195–12205 (2021).

40.

 Lou CG, Yang X, Li XT et al. Graphene-enhanced quartz tuning fork
for  laser-induced  thermoelastic  spectroscopy. IEEE  Sens  J 21,
9819–9824 (2021).

41.

 Sun  HY,  Qiao  SD,  He  Y  et  al. Parts-per-quadrillion  level  gas
molecule  detection:  CO-LITES  sensing. Light  Sci  Appl 14, 180
(2025).

42.

 Wang  RQ,  Guan  XY,  Qiao  SD  et  al. Ultrahigh  sensitive  LITES
sensor based on a trilayer ultrathin perfect absorber coated T-head
quartz tuning fork. Laser Photonics Rev 19, 2402107 (2025).

43.

 Li  SZ,  Yuan  YP,  Shang  ZJ  et  al. Ppb-level  NH3 photoacoustic
sensor  combining  a  hammer-shaped  tuning  fork  and  a  9.55  µm
quantum cascade laser. Photoacoustics 33, 100557 (2023).

44.

 Wu HP, Dong L,  Zheng HD et  al. Beat  frequency quartz-enhanced
photoacoustic  spectroscopy  for  fast  and  calibration-free  continuous
trace-gas monitoring. Nat Commun 8, 15331 (2017).

45.

 Ye  WL,  Liu  WH,  Luo  WX  et  al. Calibration-free  near-infrared
methane  sensor  system  based  on  BF-QEPAS. Infrared  Phys
Technol 133, 104784 (2023).

46.

 Chen YJ,  Ma HX,  Qiao  SD et  al. Rapid  ppb-Level  methane detec-
tion  based  on  quartz-enhanced  photoacoustic  spectroscopy. Anal
Chem 97, 6780–6787 (2025).

47.

 Liu XN, Qiao SD, He Y et al. High-stability and fast calibration-free
temperature  measurement  based  on  light-induced  thermoelastic
spectroscopy. Ultrafast Sci 5, 0083 (2025).

48.

 Lang ZT, Qiao SD, He Y et  al. Disturbance-immune, fast  response
LITES  gas  sensor  based  on  out-plane  vibration  mode  employing
micro Fabry-Perot cavity with heterodyne phase demodulation. Sens
Actuator B Chem 419, 136412 (2024).

49.

 Ma YF, Liu YH, He Y et al. Design of multipass cell with dense spot
patterns and its  performance in a light-induced thermoelastic  spec-
troscopy-based methane sensor. Light Adv Manuf 6, 1 (2025).

50.

 Li  B,  Feng  CF,  Wu  HP  et  al. Calibration-free  mid-infrared  exhaled
breath sensor based on BF-QEPAS for real-time ammonia measure-

51.

ments at ppb level. Sens Actuator B Chem 358, 131510 (2022).
 Lang ZT, Qiao SD, Ma YF. Fabry-Perot-based phase demodulation
of  heterodyne  light-induced  thermoelastic  spectroscopy. Light  Adv
Manuf 4, 23 (2023).

52.

 Človečko M,  Grajcar  M,  Kupka M et  al. High q value quartz  tuning
fork in vacuum as a potential thermometer in millikelvin temperature
range. J Low Temp Phys 187, 573–579 (2017).

53.

 Patimisco  P,  Sampaolo  A,  Mackowiak  V  et  al. Loss  mechanisms
determining the quality factors in quartz tuning forks vibrating at the
fundamental  and first  overtone modes. IEEE Trans Ultrason Ferro-
electr Freq Control 65, 1951–1957 (2018).

54.

 Zheng KY,  Zheng CT,  Hu LE et  al. Near-infrared fiber-coupled off-
axis cavity-enhanced thermoelastic spectroscopic sensor system for
in  situ multipoint  ammonia  leak  monitoring. IEEE  Trans  Instrum
Meas 70, 9510409 (2021).

55.

 Ma YM, Sui X, Song F et al. Optical-domain modulation cancellation
method for background-suppression and dual-gas detection in light-
induced  thermo-elastic  spectroscopy. Sens  Actuator  B  Chem 404,
135168 (2024).

56.

Acknowledgements
We are grateful for financial supports from the National Natural Science Foun-
dation  of  China  (Grant  No.  62335006,  62275065,  624B2050,  62022032,  and
62405078), Open Subject of Hebei Key Laboratory of Advanced Laser Technol-
ogy  and  Equipment  (HBKL-ALTE2025001),  Heilongjiang  Postdoctoral  Fund
(Grant  No.  LBH-Z23144  and  LBH-Z24155),  Natural  Science  Foundation  of
Heilongjiang  Province  (Grant  No.  LH2024F031),  China  Postdoctoral  Science
Foundation (Grant No. 2024M764172).

Author contributions
Yufei  Ma  and  Ying  He  proposed  the  original  idea  and  supervised  the  whole
project.  Yufei  Ma  revised  the  manuscript.  Yuanzhi  Wang  performed  the
measurements  and  wrote  the  original  manuscript.  Shunda  Qiao,  Xiaonan  Liu,
Chu Zhang and Xiaoming Duan contributed to the discussions.

Competing interests
Yufei  Ma serves as an Editor for the Journal,  and no other author has reported
any competing interests.

Open  Access This  article  is  licensed  under  a  Creative
Commons  Attribution  4.0  International  License,  which
permits  use,  sharing,  adaptation,  distribution  and  repro-

duction in any medium or format, as long as you give appropriate credit to the
original  author(s)  and  the  source,  provide  a  link  to  the  Creative  Commons
license,  and indicate  if  changes  were made.  To view a  copy of  this  license,  visit
http://creativecommons.org/licenses/by/4.0/
©The Author(s) 2026.
Published by Editorial Office of Opto-Electronic Advance, Institute of Optics and
Electronics, Chinese Academy of Sciences.

www.oejournal.org

 
Scan for Article PDF

Wang YZ et al. Opto-Electron Adv 9, 250150 (2026) https://doi.org/10.29026/oea.2026.250150

250150 (Page 11 of 11)

https://doi.org/10.29026/oes.2024.240013
https://doi.org/10.29026/oes.2024.240013
https://doi.org/10.29026/oes.2024.240013
https://doi.org/10.1364/PRJ.541564
https://doi.org/10.1021/acssensors.5c01298
https://doi.org/10.1016/j.pacs.2024.100629
https://doi.org/10.1364/OE.421356
https://doi.org/10.1109/JSEN.2021.3059905
https://doi.org/10.1038/s41377-025-01864-4
https://doi.org/10.1016/j.pacs.2023.100557
https://doi.org/10.1038/ncomms15331
https://doi.org/10.1016/j.infrared.2023.104784
https://doi.org/10.1016/j.infrared.2023.104784
https://doi.org/10.1021/acs.analchem.5c00154
https://doi.org/10.1021/acs.analchem.5c00154
https://doi.org/10.34133/ultrafastscience.0083
https://doi.org/10.1016/j.snb.2024.136412
https://doi.org/10.1016/j.snb.2024.136412
https://doi.org/10.1016/j.snb.2022.131510
https://doi.org/10.1007/s10909-016-1696-4
https://doi.org/10.1109/TUFFC.2018.2853404
https://doi.org/10.1109/TUFFC.2018.2853404
https://doi.org/10.1109/TUFFC.2018.2853404
https://doi.org/10.1016/j.snb.2023.135168
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.29026/oea.2026.250150

	1 Introduction
	2 Operation principle of H-LITES
	3 Experimental setup
	3.1 Verification of H-LITES sensor
	3.2 SH-LITES sensor based on high frequency QTF
	3.3 H2O respiration detection based on the fast SH-LITES sensor

	4 Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


