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Abstract: A high-precision low-cost mid-infrared photoacoustic sensor for greenhouse composite
gases based on aspherical beam shaping is proposed and demonstrated. The assembled optical
source module and luminous characteristics of infrared source are innovatively investigated and
analyzed with aspherical beam shaping. The proposed aspherical-beam-shaping-technique could
effectively reduce optical loss and enhance system sensitivity, achieving an effective power utilization
ratio of a radiation source of 91% and sidewall noise ratio of 8.9%. Experiments verify the 1.7 times
improvement in responsivity and 50% enhancement in minimum detection limit (MDL) on average.
In terms of comprehensive greenhouse gas composites and with short integration time of 1 s, MDLs
of CO,, CHy, N»O, NFj3, SFq, PFC-14, and HFC-134a are 73 ppb, 267 ppb, 72 ppb, 81 ppb, 14 ppb,
9 ppb and 115 ppb, respectively. Furthermore, a 48 h continuous monitoring of H,O, CO, and CHy
in the atmosphere is conducted and verifies the performance of the gas sensor. The developed sensor
allows for the rapid route of low-cost and high-precision detection of multiple greenhouse gases.

Keywords: greenhouse gases; photoacoustic spectroscopy; infrared source; gas sensing

1. Introduction

High-precision detection of greenhouse gases is primarily required for achieving
emission reduction. The traditional optical methods for detecting the greenhouse gases
include non-dispersive infrared spectroscopy (NDIR) [1], cavity ring-down spectroscopy
(CRDS) [2], Fourier transform spectroscopy (FTIR) [3], tunable diode laser absorption spec-
troscopy (TDLAS) [4,5], direct frequency comb spectroscopy (DFCS) [6], and photoacoustic
spectroscopy (PAS) [7,8]. However, the detection sensitivity of sensors based on NDIR,
CRDS, or TDLAS basically relies on stable optical paths and sensitive photodetectors. FTIR
sensors also have limited anti-interference capabilities due to the essential Michelson inter-
ferometry. The DFCS technology requires superimposing difference frequency generation
to generate mid-infrared and far-infrared optical combs, resulting in a rather complex
configuration [9]. PAS with characteristics such as zero-background detection, full-band
response, and compact scalability holds prominent application value [10,11].

In the PAS techniques, the light source directly affects the working modes and detec-
tion performance. These include popular narrow bandwidth lasers [12-14], mid-infrared
LEDs [15], and infrared blackbody radiation sources [16]. Lasers are generally used to
detect single-component gases in the resonant mode. For the detection of multi-component
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gases, the use of multiple lasers with different output wavelengths would complicate the
system and increase costs. Kerr et al. [17] successfully measured the concentration of CO,
and HyO by using a CO; laser and ruby laser. Yin et al. [18] combined the use of a quantum
cascade laser (QCL), an interband cascade laser (ICL), and a distributed feedback laser
(DFEB) to achieve the detection of CO, CHy4, and C;H; gases. Mid-infrared LEDs have lower
costs and could cover a wider range of wavelengths. Li et al. [19] used an LED with a center
wavelength of 4300 nm to detect CO,, achieving an MDL of 15 ppm with an integration
time of 200 s. However, the milliwatt output power of the mid-infrared LED restricts
detection sensitivity.

Infrared blackbody radiation sources, which possess Watt-level high power, wideband
spectral range, and low cost, provide an alternative approach for multi-component gas
detection. It frequently suffers from the large divergence angle and free space luminous
area; hence, there is an urgent need to polish this kind of high-power source for PAS
implementations. Christensen [20,21] proposed a photoacoustic spectroscopy system
composed of an infrared light source and optical filter to detect multi-component gases.
Chen et al. [22] used a gold-coated ellipsoidal reflector and obtained MDLs of 10 ppb,
94 ppb, 24 ppb, 20 ppb, and 37 ppb for CO, CO,, CH4, C;Hg, and CyHy. The integration
time applied was 60 s to reach this MDLs. The sidewall noise of the photoacoustic cavity was
not considered. Qiu et al. [23] utilized an aspherical reflector for optical beam concentration
and achieved the incident light power of 1.32 W, sidewall noise ratio of 19.3%, and the
MDLs of gases in transformer oil around 1 ppm. Although the proposed structures could
improve the beam quality to a certain extent, there still exists considerable sidewall noise,
resulting in challenges in ultra-sensitive gas detections. Therefore, the enhanced beam-
shaping technique for the widely applied low-cost infrared blackbody radiation sources in
PAS deserves further investigation.

In this work, we proposed and experimentally demonstrated a high-precision low-cost
mid-infrared photoacoustic gas sensor for detecting comprehensive greenhouse compos-
ite gases with aspherical beam shaping. The multifunctional aspheric beam shaping
for shaping, collimating and focusing the infrared blackbody radiation source was thor-
oughly designed and implemented. The effective power utilization ratio of the light
source increased from 41% to 91%, while the sidewall noise ratio decreased from 58.6%
to 8.9%. An ultra-sensitive and low-cost photoacoustic gas sensor for greenhouse gases
was constructed based on the non-resonant cavity with an aspheric beam-shaping module.
Seven greenhouse gases were tested, respectively, and the experimental results showed that,
with beam shaping, the sensing responsivity increased by an average of 1.7 times and the
MDLs decreased by 50% on average. The crosstalk suppression method for airborne water
vapor and the major greenhouse gases of CHy and CO, was further verified. The assembled
low-cost PAS gas sensor was applied to monitor greenhouse gases in the research lab for
48 h, confirming its long-term stability and sensing performance.

2. Theoretical Analysis

The Beer-Lambert theory describes the attenuation of light intensity when a beam
of monochromatic light is absorbed by gas molecules. The intensity of the outgoing light
absorbed by the gas molecules can be expressed as follows:

I(0) = I(09) exp|—a(0)CL] M

where I(v) is the intensity of the outgoing light, I(vp) is the intensity of the incident light,
«(v) is the absorption coefficient of the gas, C is the concentration of the gas, and L is the
effective absorption path.

Photoacoustic spectroscopy is based on the principle of photoacoustic effect, which
mainly includes two processes: heat generation and acoustic excitation. By absorbing
the periodically modulated light, gas molecules transition from a low-energy state to a
high-energy state, and then release heat energy through the non-radiative transition to
produce a periodically changing thermal field, and finally, acoustic waves are excited in
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the photoacoustic cell. When the modulation frequency of the incident light is exactly
matched with the angular frequency, the system works in resonant mode [24,25]. While the
modulation frequency of the incident light is varied from the angular frequency, the system
works at the non-resonant mode, and the photoacoustic signal amplitude can be expressed
by the following:

Spa = |Ao(w)| = aPyCen )

where Py is the optical power of the light and C,,j is the photoacoustic cell constant, which
is related to the volume of the photoacoustic cell and resonance frequency, etc. Considering
the beam quality and wavelength range, the infrared blackbody radiation sources are
normally externally modulated; hence, the PAS sensors with this kind of light source are
basically in the non-resonant mode.

3. Simulation
3.1. Simulation of Infrared Blackbody Radiation Source

In the proposed photoacoustic spectroscopy gas sensor, the infrared blackbody radia-
tion source (IR-5i253, HAWEYE, Milford, CT, USA) is the key component, directly affecting
the detection performance. The IR-S5i253 is simulated using the radial source of the Zemax
software (2019.4 version). Figure 1 shows the physical diagram and simulation of IR-5i253.
It is a cylinder light source with a length of 12.7 mm and a diameter of 1.524 mm.

(b) -

20mm ,

Figure 1. Diagram of IR-5i253. (a) Simulation model; (b) Physical image.

The light distribution characteristics of the light source are prerequisites for optical
design. Figure 2 shows the IR-5i253 light distribution curve test system and its relative
radiation flux—angle distribution.

(b)

Photodetector

o 8 g = ™
wrainaGxos

Normalized relative
radiant flux(a.u.)

Figure 2. Diagram of IR-5i253 light distribution test. (a) Testing system; (b) Relative radiation
flux-angle distribution.

The testing system consists of a circular guide with a radius of 25 cm, a photodetector
(919P-003-10), a height-adjustable stand, and a light source. By rotating the detector to
different angles, the optical power emitted by IR-5i253 from different angles is captured. In
the experiment, it is guaranteed to be carried out in a dark room; the indoor temperature
is 25 °C, the humidity is 50%, and the height of IR-5i253 is at the same level as the center
of the induction area of the photodetector. The radiation angle of IR-5i253 is 0-140° with
the majority in the range of 0-90°, and the radiation is relatively weak in the range of
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90-140°. Hence, the radiation angle from 0° to 90° is set as the forward radiation source in
the simulation while the radiation angle from 90° to 140° is set as the backward one. The
light intensity ratios of the forward radiation source and backward radiation source are set
to 63.76% and 36.24%, respectively.

3.2. Design of Aspherical Optical Beam Shaping

The PAS system comprises an infrared blackbody radiation source, a chopper, a filter, a
shutter, and an ellipsoidal photoacoustic (PA) cavity. The beam incident on the side wall of
the cavity could heat up the cavity, leading to the solid photoacoustic effect and generating
background noise, which is defined as sidewall noise. The sidewall noise ratio (R;;ys.) is
defined by

Rypojse = W x 100% 3)
where Pin is the optical power at the inlet of PA cavity and Pout is the optical power at
the outlet of PA cavity. The effective power utilization ratio of the light source (7) can be

defined by
Pout

Pin
Figure 3 shows the ray-tracing diagram based on spherical lenses, input light spot
diagram and output light spot diagram. The optical power at the outlet is 1.510 W and the
optical power at the inlet is 0.947 W; thus, the effective light source utilization rate can be
calculated to be 62%.
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Figure 3. Ray-tracing diagram and light spot diagram based on spherical lenses. (a) Ray-tracing
diagram; (b) Input light spot; (¢) Output light spot.

Employing aspherical lenses can reduce aberrations to improve focusing qualities, and
one or two aspherical lenses can obtain similar or better optical quality [26]. This reduces
the system volume, increases the cost rate, and reduces the overall cost of the system. The
aspherical beam shaping in this work is designed and realized by the combination of an
ellipsoidal reflector, an even hybrid aspherical lens and a plano-convex lens. The even
hybrid aspherical lens is primarily to converge light rays to pass through the chopper and
the filter. The plano-convex lens further converges with the light rays to propagate through
the photoacoustic cavity completely and avoid striking the cavity inner walls utmost. In the
Zemax software, the designed ellipsoidal reflector is represented by a standard surface. The
standard surface has the following parameters: R; (minimum aperture radius) is 5 mm and
Ry (maximum aperture radius) is 12 mm. The even hybrid aspherical lens and plano-convex
lens are co-designed and optimized. For example, the diameter of the designed even hybrid
aspherical lens is 25.4 mm, the radius of curvature is 72.056, the conic coefficient is 7.18, and
the second-order aspheric coefficient is —2.317 x 10~2. The chopper (MC1F2) is represented
by two standard surfaces with a diameter of 70 mm each. The optical filter is represented
by two standard surfaces with a spacing of 5 mm. Each standard surface has R; of 10 mm
and R, of 30 mm. The baffle is represented by two standard surfaces with a spacing of



Photonics 2024, 11, 590

50f13

(@)

ke

8 mm. Each surface has an R; of 40 mm and an R, of 6 mm. Two standard surfaces
constitute an ellipsoidal PA cavity. Two detectors are placed at the inlet and outlet of the PA
cavity to measure the optical power. Figure 4 shows the aspherical beam-shaping model
established in the simulation.

| “Even hybrid | v | BaF, [Plano-convex
| _aspheric lens_ | window |_ _lens _
[ Refleerar |\ —
 Reflector | K M Ellipsoidal
| A\ Al | I | | / photoacoustic
IR-Si253 | |: | : cell
|
I E"
i/ |
| | I [
l_ [
ks

Figure 4. Model of the aspherical beam shaping.

The evaluation function in Zemax software is used to optimize the design of the
aspherical surface. The aspherical surface parameters are set as variables; the sidewall
noise ratio and the effective power utilization ratio of the light source are included in the
calculation, and a system evaluation function editor is established. The optimal aspherical
parameters are obtained by the damping least square method. Figure 5 shows the optical
ray-tracing diagram, with and without the aspherical beam shaping. It is obvious in the
red box that the beam incident to the photoacoustic cavity sidewall decreased; hence, an
improved optical power ratio and SNR could be expected with the designed aspherical
beam-shaping technique.

(b)

i 50 mm

i 50 mm

Figure 5. Ray-tracing diagram. (a) Without aspherical beam shaping; (b) With aspherical beam
shaping.

Figure 6 shows the light spots at the inlet and outlet of the PA cavity with and without
the aspherical beam shaping. It is also indicated that the light spot at the outlet of the PA
cavity is more concentrated using the designed aspherical beam-shaping technique.
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Figure 6. Output light spot diagram. (a) Without beam shaping; (b) With beam shaping.

Table 1 shows the comparison of optical parameters with and without the aspherical
beam-shaping technique. The effective power utilization ratio of the light source increased
from 41% to 91%, while the sidewall noise ratio decreased from 58.6% to 8.9%. Hence, the
proposed technique could effectively constrain and shape the light emitted by IR-5i253,
with benefits of reducing beam loss, minimizing the sidewall noise ratio, and enhancing
the effective power utilization ratio of the optical power.

Table 1. Performance index parameters.

Optical Power at Optical Power at R..
System Inlet of PA Cavity = Outlet of PA Cavity (’f,}”)se (0'/7)
W) (W) ’ ’
Without asph.erlcal 1.904 0.789 58.6 41.44
beam shaping
With aspherical 1.132 1.031 8.9 91.08

beam shaping

4. Experiment Details
4.1. Absorption Bands Selection of Gases

Figure 7 shows the absorption spectra of seven greenhouse gases as well as water
vapor, in the wavelength range of 3000 to 12,000 nm at 296 K, 1 atm, according to the
HITRAN database [27].

Considering the distributions of absorption spectra and the available infrared filters,
a series of optical bandpass filters were purchased and used in the PAS system. Table 2
shows the selected center wavelengths and bandwidths of the optical filters for measuring
CO,, CHy, N, O, SF¢, NF3, PFC-14, HFC-134a, and H,O, respectively.

Table 2. Parameters of the selected optical passband filters.

Gas Central Wavelength (nm) Bandwidth (nm)
CO, 4260 195
CH,4 3250 95
N,O 4600 190
SFg 10,600 1060
NF3 10,800 190
PFC-14 7800 450
HFC-134a 8400 250

H,O 6080 200
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Figure 7. Molecular absorption spectra of seven greenhouse gases and water vapor at 296 Kelvin,
1 atm, according to the HITRAN database.

4.2. Experimental Setup

The photoacoustic gas sensor was established to measure the greenhouse composite
gases, as schematically shown in Figure 8. The sensor includes a beam-shaping and
modulation module for the light source, a photoacoustic cavity module and a signal
acquisition and processing module. The beam-shaping and modulation module includes
the IR-5i253 light source, the aspherical beam-shaping lenses, and the chopper and filter.
The infrared light source is dissipated by the heat sink and the fan to ensure a stable
working temperature. Using the simulation parameters, even hybrid aspherical lens and
plano-convex lens made of zinc selenide were customized, and 2-11 um anti-reflection
film was further coated. The light source was mounted on a light holder with a heat sink.
Figure 9 shows the monitoring results of the real-time driving current and the output optical
power of the mid-infrared light source, indicating that it was stable and reliable during the
experiment. The developed hardware circuit controls the chopper with a rotation frequency
of 5 Hz and the specified optical filter. The photoacoustic cavity module includes an
ellipsoidal PA cavity and a measurement microphone. The 1/2” measurement microphone
(CRY334, CRYSOUND, Hangzhou, China) is installed in the center of the ellipsoidal PA
cavity to detect the generated acoustic pressure. All data are collected and processed by the
laptop to invert the gas concentration.

(a) Chapper FIET (b)

Even hybird
aspheric lens

Reflector,
IR source 4) (’ l

Plano-convex
Lens

Gasin Gas out

Microphone

Signal Acquisition and
Processing Module

Dirver

Computer

IR sourcevt:

Figure 8. The greenhouse gases photoacoustic sensor based on the aspherical beam-shaping technique.
(a) Schematic diagram; (b) Physical diagram.
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Figure 9. Monitoring results of the mid-infrared light source. (a) The real-time current; (b) Output
optical power.

5. Results and Discussion
5.1. Gas-Sensing Measurement

Different concentrations of greenhouse gases are injected into the PA cavity through
the gas dilution system (MCQ GB 100) for testing. Figure 10 shows the linear relation-
ship between the PAS signal and concentration for greenhouse gases, the background
noise of 21 consecutive tests, and the MDLs comparison. The fitting R? values are com-
pletely beyond 0.999, indicating favorable linearity. The responsivity of CO,, CHy, N,O,
NF3, SFg, PFC-14, HFC-134a without aspherical optical shaping achieved 0.407 mV /ppm,
3.971 mV/ppm, 1.973 mV /ppm, 11.49 mV /ppm, 57.677 mV /ppm, 36.895 mV /ppm, and
11.521 mV/ppm, respectively. The responsivity of CO,, CHy, N,O, NF3, SFs, PFC-14,
HFC-134a with aspherical optical shaping achieved 0.694 mV/ppm, 7.134 mV/ppm,
2.827 mV/ppm, 21.287 mV /ppm, 128.267 mV /ppm, 73.512 mV /ppm, and 16.095 mV/ppm,
respectively. Compared to the gas sensor without aspherical beam shaping, the responsivity
of seven gases is increased by about 1.7 times on average. The standard deviations of the
background noises with aspherical beam shaping of CO,, CHy, N,O, NF;, SF¢, PFC-14,
HFC-134a are 0.051 mV, 1.908 mV, 0.205 mV, 1.714 mV, 1.839 mV, 0.686 mV and 1.859 mV,
respectively. The MDL can be calculated from the following equation [28,29]:

_ 5

L
K

)

Sp is the standard deviation of the background noises, and K is the slope of the fitting
curve. The MDLs of CO,, CHy, N;O, NFs, SFq, PFC-14 and HFC-134a with aspherical
beam shaping are 73 ppb, 267 ppb, 72 ppb, 81 ppb, 14 ppb, 9 ppb and 115 ppb, respectively,
with a short integration time of 1 s. Compared to the sensor without the aspheric beam
shaping, the seven gases’ detection limits are enhanced by 50% on average. It is verified
that the aspherical beam-shaping technique provides better focusing and shaping capability,
reduced background noise, as well as significantly improved sensitivity. Allan deviation
analysis was performed by measuring the signals when the PA cavity was filled with pure
Ny under CO;, filter, as shown in Figure 11. Table 3 summarizes and compares the relevant
works and this paper’s work on the performance indicators of greenhouse gas sensors.
Most of the other similar sensors use lasers as the light source, which has a high cost and a
long integration time, extending the response time of the system. Compared with other
similar sensors, the gas sensor in this paper can detect the largest variety of greenhouse
gases and has a better detection limit with an integration time of only 1 s.
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Figure 10. PAS signal amplitude as a function of concentration for (a) CO,; (b) CHy; (c) N2O; (d) NFs;
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Table 3. Performance indicators of greenhouse gas sensors.
Wavelength Integration .

Technology Region Time (s) MDL (ppb) Light Source Reference
SFDCE-PAS Mid-infrared 100 CHy (1130) DFB la-ser [30]
QEPAS Mid-infrared 450 CHy (580), CO, (1320) DFB laser [31]
QEPAS Mid-infrared 0.1 CO; (800), N, O (230) ICL and QCL laser [32]
Non-resonant PAS Mid-infrared 330 CO;, (2200) Infrared radiation source [33]

CO; (73), CHy (267), N,O
Non-resonant PAS Mid-infrared 1 (72), NF3 (81), SFq (14), Infrared radiation source  This paper

PFC-14 (9), HFC-134a (115)

PA signal (mV)

500

400 |

300 -

200

100 -

0
0

5.2. Water Vapor Crosstalk Testing and Analysis

Considering the high concentration of water vapor in the atmosphere, the absorption
spectra of the three gases, H,O, CO; and CHj, exhibit some overlap, leading to crosstalk
during gas detection. As indicated by the absorption spectra, there is a strong absorption
of water vapor under the windows of the CO, and CHj filters, which will have an impact
on the accurate measurement of CO, and CH, concentration. Therefore, we calibrate water
vapor and test its response under both windows of the CO, and CHy filters, as shown in
Figure 12. The responsivity of H,O is 0.0477 mV/ppm and the fitting R? is beyond 0.999,
indicating excellent linearity. The responsivity of water vapor under the windows of CO,
and CHy filters is 0.001 mV /ppm and 0.051 mV /ppm, respectively, indicating that the
crosstalk of water vapor on CHy is stronger than that of CO,.
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Figure 12. The concentration response curves of HyO under the filters for (a) HyO; (b) COy; (c) CHa.

5.3. Continuous Monitoring of CO, and CHy

The greenhouse gases photoacoustic sensor is placed in the laboratory in Huazhong
University of Science and Technology, Wuhan, China (30°N, 114°E). A 48 h continuous
monitoring of HyO, CO; and CHy in the lab atmosphere is carried out from 12-14 January
2024. The hygrometer (DewMaster, EDGETECH, Hudson, MA, USA) and the PAS sensor
are used simultaneously to monitor the HyO concentrations. Figure 13 shows the 48 h
continuous measurement data of H,O with a 4 min acquisition period. The HyO measured
by a hygrometer and the developed sensor is basically identical, showing a consistent trend,
which verifies the effectiveness and reliability of our sensor. The average H,O concentration
in the lab atmosphere is about 9387 ppm.

When removing the effects of water vapor, the primary composites of greenhouse
gases, i.e., COp and CHy, were measured and analyzed by the PAS sensor. Figure 14 shows
the 48 h continuous measurement results of CO, and CH,4 by our sensor with a 4 min
acquisition period. During the monitoring period, the average concentration of CO; in the
lab atmosphere environment is around 466 ppm, and the CO; concentration in the daytime
is slightly higher than that at night, mainly due to engineers in the working hours. The
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average concentration of CHs was measured to be 2.03 ppm, with about 11.8% fluctuations
of CH4 concentration.
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Figure 13. The 48 h continuous measurement results of H,O from the PAS sensor (black) and the
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Figure 14. The 48 h continuous measurement results. (a) CO,; (b) CHy.

6. Conclusions

A high-precision low-cost photoacoustic gas sensor based on aspherical beam shaping
was proposed and developed. The luminous characteristics of an infrared blackbody radia-
tion source were analyzed and simulated. The aspherical beam-shaping technique includes
the comprehensive design and match of the reflector and focusing lenses. Aspherical beam
shaping could significantly reduce optical power loss and improve the excitation efficiency
of the photoacoustic signal. By using aspherical beam shaping, the MDLs of CO,, CHy,
N,O, NF;, SFg, PFC-14 and HFC-134a with a short integration time of 1 s were 73 ppb,
267 ppb, 72 ppb, 81 ppb, 14 ppb, 9 ppb and 115 ppb, respectively. Compared to the original
setup without the aspheric beam shaping, the sensor responsivity was increased by about
1.7 times, and the MDLs were enhanced by 50% on average. The PAS sensor was tested
for 48 h of the continuous monitoring of H,O, CO, and CHy in the lab atmosphere. The
water vapor monitoring results were in favorable agreement with the hygrometer, which
verified the performance and reliability of the developed sensor. The photoacoustic sensor
was highly sensitive, selective, and low-cost, enabling the accurate and stable monitoring
of greenhouse gases.
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