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Abstract

Abstract

The increase of greenhouse gases concentration in the atmosphere leads to global
warming, which has aroused widespread concern in society. Studying the earth's
atmosphere and predicting future climate change are closely related to the accurate
observation of greenhouse gas concentrations. At present, the high spectral resolution
instruments used to observe column concentration of atmospheric greenhouse gases
generally have large sizes and high costs, which are not conducive to monitor the
greenhouse gases on a large scale. The laser heterodyne radiometer with high
resolution can be made small, low-power consumption, compact and robust. It is
conducive to the realization of the mobile observation of atmospheric greenhouse
gases in the field.

This thesis mainly focuses on infrared laser heterodyne detection technology and

application. The main work and innovations of the thesis are as follows:

An all-fiber dual-channel laser heterodyne radiometer was developed to detect
CHs and CO:z in the atmosphere simultaneously. In the device, a fiber optic switch and
other fiber optic devices were used to improve the stability and reliability of the
measurement system significantly. Continuous observation experiments were
performed in Hefei, and the measurement results are approximately consistent with
the GOSAT results. The integrated instrument also conducted field observations in
Qinghai province. Then, an interband cascade laser based mid-infrared LHR has been
demonstrated in an attractive atmospheric window of 3-5 pm, for the first time, in
ground-based solar occultation mode. High-resolution (0.0033 cm™) spectra near 3.53
um were obtained for simultaneous atmospheric observations of HDO and CHjs. Finally,
an external cavity laser based laser heterodyne radiometer for the detection of *CO.
and 2CO; in the atmosphere was developed. The external cavity laser was used as the
local oscillator to implement the continuous spectrum measurement in the range of
6248.5 cm™ ~ 6256 cm™. And the atmospheric transmittance of 2CO, and *COz in
the entire atmosphere was obtained.
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Introduction

Introduction

Objective

This thesis presents studies, developments, and applications of laser heterodyne
radiometer (LHR) based on different local oscillators for the remote sensing of
column concentration of CHs, CO2, HDO in the atmosphere. This introductive chapter
describes the motivation for developing LHR and its characteristics. A brief historical
review of LHR techniques and the development state will be described. The main

content of each chapter of the thesis is introduced at the end of this chapter.

I Research background

11 Observation of greenhouse gases (GHGS)

Nowadays, the change of the earth’s climate is a common concern of all countries in the

world today. Obtaining the actual atmospheric observation data is a key link in the
research and prediction of climate change. So, it is essential to improve the monitoring
of greenhouse gases such as CO2 and CHs to obtain the most basic research data.
Therefore, in-depth research on the sources and sinks of carbon in the atmosphere,
prediction of the relationship between global warming trends and atmospheric
greenhouse gas concentrations requires high-precision greenhouse gases detection
technology and monitoring networks to assess the changes in atmospheric greenhouse
gases quantitatively.

The global average sea level has risen by about 20 cm ~ 23 cm 1. In 2017, IPCC
reported in Our Globally Changing Climate nine observational phenomena of changes
in the earth (Figure 1) 21 They are the key indicators representing the warming of the

earth’s climate. These observations indicate that the temperature of surface air,
sea-level temperature, sea level height, tropospheric temperature, ocean heat content,

specific humidity, snow in the northern hemisphere, arctic sea ice range, and glacier
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accumulation. The mass balance has a consistent long-term trend with global warming.
Climate change affects the entire region and all aspects of society, and it is expected that

it will be more destructive in the next few decades [
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Figure 1 Nine phenomena reflecting global warming 2

The burning of a large number of fossil fuels has led to an increase in man-made
greenhouse gases. The main reasons for the increase in the concentration of
greenhouse gases in the atmosphere are the development of modern industry,
deforestation, and changes in land use in the past century. When the solar energy
reaches the surface and is reflected by the earth, the greenhouse gases in the
atmosphere will absorb the corresponding infrared radiation to heat the earth's surface.
Therefore, changes in the concentration of greenhouse gases in the atmosphere are
one of the reasons for changing the energy balance of the climate system. In 2017, the
IPCC reported the radiative forcing of mixed greenhouse gases in Physical Drivers of

Climate Change ™. Figure 2 (a), (b), and (c) show the radiative forcing corresponding
2
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to various greenhouse gases. Figure 2(d) shows the rate of change of these greenhouse
gases corresponding to radiative forcing. It can be seen that CO: is the most influential
greenhouse gas, CHys is the second, followed by N.O, chlorofluorocarbons, and other
greenhouse gases. To carry out reliable estimation and research on carbon sources and
sinks, long-term observation and research on CO; and CHs; are needed. The
concentration of CO2 and CHg in the global atmosphere has far exceeded the value of
the pre-industrial atmosphere. Figure 3(a) and (b) are the monthly average
concentration data (red circle) and long-term change trend (black line) of CO. and
CHys in the atmosphere published by NOAA in the past thirty years. It can be seen that
the concentrations of both in the atmosphere have been increasing in recent years, and

they have had an important impact on the greenhouse effect.
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Figure 3 (a) Global monthly average change of CO2 in the atmosphere; (b) Global monthly average
change of CH4 in the atmosphere

12 Current methods for GHGs observation

At present, there are mainly the following methods of observing greenhouse gases (as
shown in Figure 4). They are satellite observations, airborne and ball-borne

observations, in-situ observations, and ground-based remote sensing observations.

..ﬁ; :
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Figure 4 The observation methods of global greenhouse gases

Satellite observation

Satellite observations mainly use space-borne instruments to obtain emission or
absorption spectrum information of gas molecules in the atmosphere, thereby
reflecting the distribution information of target molecules. Spaceborne observations

4
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can cover a large observation area in a short period. The satellites currently used for
greenhouse gas observation include GOSAT satellites, OCO-2 and OCO-3 satellites,
and carbon satellites. GOSAT satellite > was launched to observe the global CO:
concentration distribution and changes in space and time. It plays a very important
role in improving the accuracy of greenhouse gas flux retrieval and estimating the
forest carbon budget. It is equipped with measuring instruments such as Infrared
Fourier Transform Spectrometer (FTS), cloud, and aerosol imager (CAIl). FTS
performs spectral detection on the solar shortwave radiation reflected by the earth's
surface, clouds, and aerosols and the thermal infrared radiation emitted by the earth's
surface. It can measure the atmospheric transmittance spectra of O,, CO2, CHs, and
water vapor with a spectral resolution of 0.2 cm™. Through these absorption spectra,
the column concentration and vertical profile of atmospheric greenhouse gases can be
retrieved.

The OCO-2 and OCO-3 satellites [ ° are used to detect the source and sink
information of near-surface carbon. The composition of the OCO-2 satellite. The
measurement device it carries is composed of three near-infrared grating
spectrometers, which are used to measure the atmospheric transmittance spectrum of
sunlight reflected by the earth's surface in the near-infrared band. The Carbon Satellite
(TanSat) was launched at the end of 2016 1912, |t is equipped with an atmospheric
carbon dioxide grating spectroradiometer (ACGS) and cloud aerosol polarization
imager (CAPI). Among them, ACGS can detect three channels of the atmospheric
absorption spectrum (2.06 um, 1.6 um, 0.76 um), and the highest resolution can reach
0.04 nm.

Airborne and ball-borne observations

This method mainly uses airplanes or balloons to carry greenhouse gas
measuring instruments or gas collection devices to detect or sample the gases on each
floor. Figure 5 shows a device for detecting greenhouse gases on an airplane equipped
with lidar ™3 The Aircore detection technology derived from the ball-borne

measurement [*4 %1 the principle of the method for sampling the atmosphere is shown

5
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in Figure 6. A weather balloon is used to carry a thin-walled thin-walled stainless steel
tube (about 150 m ~ 200 m) into the stratosphere and then descend to sample the
atmosphere at altitude. After the balloon lands, a high-precision gas analysis device is
used to detect the concentration of sampled gas. This measurement method is a direct
measurement of the vertical profile of greenhouse gases. And the measurement results
have higher vertical resolution and accuracy. So, it can be better compared and
calibrated with the results of satellite and ground remote instruments. However, the
experiment preparation project is complicated and costly. Field experiments are easily
restricted by objective conditions such as experimental locations and weather

changes.

Figure 5 Aircraft equipped with lidar 31
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Figure 6 Principle of AirCore sampling method 4
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In situ observation

In the in-situ observation method, the measuring instrument is placed on the
surface for fixed-point observation. Compared with other observation methods, this
method has high observation accuracy, but it can only provide gas concentration
information near the observation point. The NOAA global greenhouse gas observation
experiment includes airborne observations, ground observations, and tower
observations. The global distribution of observation points is shown in Figure 7. It
includes all-weather, long-term measurements on four atmospheric reference
observatories and eight observation towers. It collects local air samples for testing in
more than 50 locations around the world, regularly uses small aircraft to collect
high-altitude air samples, and uses balloons and AirCore sampling systems to measure

the vertical profile of greenhouse gases.

Cooperative Measurement Programs
NOAA GML Carl Cycle

o
+ Aircraft 60°S
@ Surface Continuou: s

e R
150°E  150°W  90°W

Figure 7 Distribution of NOAA global greenhouse gas observation experiments
(https://www.esrl.noaa.gov/gmd/ccgg/about.html)

Ground-based remote sensing observation

The current ground-based remote sensing observation system mainly relies on the
Total Carbon dioxide column Observation Network (TCCON). It is an observation
network based on the ground FTIR, which records atmospheric absorption spectra in
the near-infrared range ¢} and can search the average abundance of atmospheric

components, including CO2, CH4, N2O, H.F,, CO, H20, Oz, and HDO. The combination
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of observations and in-situ ground-based observations can improve the estimation of
greenhouse gas surface fluxes. In addition, it provides essential verification data for the
Orbital Carbon Observatory, Sciamachy, and GOSAT 1. FTIR is a Fourier transform
method based on the structure of Michael's interferometer 1 %1 and its spectral
resolution can be as high as 0.0095 cm™. Figure 8 is the FTIR (125HR) at the TCCON
observation located in Paris, France. It can be seen that the high-resolution FTIR has a

relatively large volume, and the corresponding instrument cost is expensive.

Figure 8 TCCON observation site in Paris (https://tccon-wiki.caltech.edu/Main/Paris)

The observation of greenhouse gases requires the mutual verification and
complementation of the above multiple observation methods to more effectively
observe the concentration of greenhouse gases in the atmosphere. Among them,
ground remote sensing observation is an important observation method. Although
satellites can provide observation data on a global scale, satellite observations also
have their shortcomings: (1) The spectral resolution of the observation instrument
carried by the satellite is relatively low, which will affect the accuracy of the inversion
result. (2) Satellite observation data are limited to their lifetime, and long-term
continuous observations are not possible. For these defects, ground-based observation
instruments can effectively supplement and verify them. Compared with space-borne

instruments, ground-based equipment has a simple structure and low cost, and system
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calibration is relatively easy. Through the long-term observation experiment process,
it has shown excellent stability. The spectral resolution of ground-based instruments is
generally high, and the signal-to-noise ratio of the obtained signal is also relatively
high. Therefore, ground-based observation data can be used to verify satellite data and

be used for long-term local atmospheric composition measurement.
13 Requirements for ground-based remote sensing

1. High spectral resolution

The spectral resolution of atmospheric remote sensing spectral detection
instruments has an important influence on the inversion accuracy of atmospheric
molecular concentration profiles. At different heights of the atmosphere, the
atmospheric characteristic parameters such as temperature, pressure, and gas
concentration are different, causing the width of the molecular absorption spectrum in
the atmosphere to vary from 0.003 cm™ to 0.07 cm™. The spectrum measured by the
ground remote sensing instrument is the accumulation of the absorption spectrum at
all heights. When the measured spectral resolution is much smaller than the line width
of the true absorption spectrum, the true atmospheric transmittance spectrum can be
more truly reflected. If two instruments with a spectral resolution of 0.05 cm™ and 0.5
cm® are used to measure the absorption spectrum with a narrow bandwidth, as shown
in Figure 9. It can be seen that the measurement spectrum of the low-resolution
instrument will be smoothed. When the actual measurement spectrum resolution is
insufficient, there will be a large deviation between the inversion result and the true
value. Therefore, to perform accurate atmospheric concentration inversion, the
measurement resolution of the instrument is first required to be far smaller than the
linewidth of the true atmospheric transmittance. When the measurement resolution of
the spectrometer is high enough, it can measure close to the real atmospheric
molecular absorption spectrum. Therefore, the study of atmospheric remote sensing
detection devices and equipment with the high spectral resolution is of great

significance for the observation of atmospheric greenhouse gas concentration
9
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changes.
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Figure 9 Absorption spectra measured by instruments with different resolutions

2. High SNR

The spectral signal-to-noise ratio for measuring atmospheric transmittance has an
important influence on the inversion of gas profile and column concentration. Spectral
data with a high signal-to-noise ratio is conducive to the accuracy and uncertainty
reduction of gas concentration inversion. In theory, laser heterodyne spectroscopy
detection is only limited by the quantum noise of the local oscillator. Therefore, it has
the potential to improve the measurement sensitivity to obtain absorption spectra with

a higher signal-to-noise ratio.

3. Integrated instrument

The measurement of greenhouse gases must be carried out not only in laboratories
and observation stations but also in many remote areas with harsh conditions to
achieve local observations of the atmosphere. Therefore, a low-cost, low-power
integrated observation instrument is needed to facilitate the expansion of the
observation network. In addition, several atmospheric components and physical
parameters (such as temperature, wind, etc.) should be measured at the same time in

the observation experiment so that the measured data obtained at the same time can be
10
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used for a comprehensive analysis of the atmospheric state. With the development of
laser spectroscopy technology, LHR can be used for remote sensing observations with
high spectral resolution. It has the advantages of high spectral resolution, low cost,
small size, and high mobility. Therefore, it contributes to the general deployment of
high-precision observations of greenhouse gases and can be used for comparison
between various observation instruments. The laser heterodyne spectrum detection
method is different from the traditional direct detection method, and its output signal
depends not only on the measured signal light but also on the local oscillator light.
The signal power generated by the beat frequency of the signal light and the local
oscillator light has a linear relationship with the product of the power of the two.
When the laser power of the local oscillator is high enough, the SNR of the detection
signal can be close to the SNR under the limit of shot noise. In addition, the spectral
resolution of the LHR is determined by the bandwidth of the circuit system and the
line width of the laser. The line width of the laser is generally narrow, so its spectral
resolution can reach tens MHz. In addition, the optical path system of the LHR is
relatively simple, can be implemented in a small space, and has a relatively stable
structure (the volume of a typical laser heterodyne device: 60 cm>60 cm>40 cm).
Based on these advantages, laser heterodyne spectroscopy technology is used in the

remote measurement of atmospheric greenhouse gases increasingly.

II Laser heterodyne radiometer

111 History

In 1901, in the field of electronic engineering, Reginald Fessenden proposed for the
first time that a new frequency could be generated by mixing two or more frequencies
into a mixer. In the first stage, the heterodyne experiment in the field of optics was
designed by A. T. Forrester, R. A. Gudmundsen et al. in 1955 2%, They used the light

emitted by the mercury lamp Hg5461A to obtain two emitted lights after Zeeman

11
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splitting. The two beams of light beat frequency on the surface of the SbCs3
photosensitive detector, and a weak beat frequency signal was observed.

The second stage of the development of laser heterodyne technology benefited
from the birth of lasers. In the 1960s, with the production of CO> gas lasers, He-Ne
lasers, and other lasers, lasers were used as local oscillators to construct laser
heterodyne measurement systems, which gradually improved the research of laser
heterodyne technology. In 1962, A. Javan et al. used two highly coherent laser beat
frequencies generated by two He-Ne lasers to obtain optical heterodyne signals (21, W.
S. Read, Y. Ohtsuka et al. split the laser beams emitted by the He-Ne laser and then
combined the beams, and finally got the heterodyne signal. On this basis, they studied
the angle matching between the beat signal and the combination of the two beams 2>
231 At the same time, in 1963, G. Lucovsky et al. also conducted in-depth research on
the heterodyne detector 4. M. C. Teich used the laser emitted by the CO, gas laser
and the reflected laser from a spinning wheel to conduct a beat frequency experiment
to study the SNR of the heterodyne signal 2?1, In 1966, A. E. Siegman made a
theoretical analysis of the heterodyne spectrum detection system using a blackbody as
the signal light source. He gave the theoretical SNR and the relationship between the
detection field angle of the heterodyne system and the observation wavelength 281, In
1967, F. R. Arams et al. established a laser heterodyne spectrum detection system with
a CO; gas laser as the local oscillator sourcel®®l. The influence of the electronic
parameters in the device on the detection performance was discussed. This enriches
the theory and experimental system of heterodyne detection further.

The third stage is the phase of heterodyne detection from laboratory principle
research to the preliminary application stage. In 1966, H. Vanbueren first designed a
plan to apply heterodyne detection technology to astronomical observations B%. O. E.
Delange compared and studied the laser heterodyne detection method and the direct
detection method B comprehensively and pointed out the advantages of the
heterodyne detection method. D. L. Fried et al. studied the influence of wavefront

misalignment caused by an atmospheric disturbance on beat frequency signals B2, In

12
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1968, H. Nieuwenhuijzen used coherent light and non-phase light to beat the
frequency, proposed a method to improve the SNR of heterodyne detection, and
studied the detection integration time and detection bandwidth 3. J. H. McElroy
estimated the SNR of a blackbody with a temperature of 5000 K in the vicinity of 10
um for heterodyne detection 34, J. Gay used a laser heterodyne device to measure the
heterodyne signal of the blackbody radiation at a temperature of 900 K in laboratory
and analyzed the SNR ratio of the system [351, After this stage, the theoretical system
and device structures based on laser heterodyne spectroscopy detection are complete.
In the fifth stage, after entering the 21st century, the application of laser
heterodyne technology in atmospheric detection has been developed rapidly, and it
has also been studied further. In 2000, R. GUsten et al. completed the first-generation
heterodyne receiver GREAT 81, In the same year, D. Weidmann et al. established a
laser heterodyne system with a tunable diode laser as the local oscillator source,
which realized the detection of SO». Since the radiation wavelength is very sensitive
to the pump current and temperature of the laser to obtain a high-quality spectrum,
they designed a liquid nitrogen cryostat system to control the laser. On this basis, they
compared current control and temperature control and found that the effect of
temperature control is better. This provides a reference for the control method of laser
wavelength 71, In 2002, G. Sonnabend et al. designed a movable tunable heterodyne
infrared spectrometer (THIS), which used a tunable laser as the local oscillator to
observe the absorption spectra of different molecules 8. In the same year, D. Wirtz et
al. completed the first test of a tunable laser heterodyne infrared spectrometer based
on THIS with a high-power quantum cascade laser. It realizes the detection of a
variety of molecules (O3, NHs, CH4, N20) B, In 2004, B. Parvitte et al. obtained
preliminary detection results of O3z in the atmosphere by a laser heterodyne device
using a quantum cascade laser as the local oscillator in the 9 pm area [“°. D.
Weidmann et al. established a laser heterodyne spectroscopy measurement system
based on quantum cascade lasers [“* to perform atmospheric transmittance

measurement and concentration inversion of Oz in the atmosphere. The
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high-frequency noise and optical feedback in the system are studied, and the research
of laser heterodyne radiometer is perfected. At the same time, the inversion of laser
heterodyne spectrum gas concentration is analyzed and introduced in detail. The
high-frequency noise and optical feedback in the system are studied, and the inversion
of gas concentration using laser heterodyne spectroscopy is analyzed and introduced
in detail. They also used the laser heterodyne device to measure the change of gas
composition during the combustion process 1“4, which provides a reference for the

extended application of laser heterodyne spectroscopy.
112 Development states

In recent years, with the development and innovation of lasers, high-speed
photodetectors, and detection methods. The cost of laser heterodyne radiometers has
gradually decreased. Its volume has become smaller, and the measurement system has
become more stable. The spectral resolution is improved further while ensuring that
the heterodyne detection spectrum has a high SNR. Due to the urgent need for
greenhouse gas observation, laser heterodyne spectroscopy technology has attracted
widespread attention, research, and application at present.

D. Weidmann et al. established a laser heterodyne measurement system with
ultra-high spectral resolution (0.002 cm™) based on an external cavity quantum
cascade laser (EC-QCL) and observed a variety of gas molecules in the atmosphere
(H20, Os, N20, CH4, CCI2F3). The wavelength-tunable range of EC-QCL is
[1120,1238] cm™. The schematic diagram of the experimental equipment is shown in
Figure 10. The laser light emitted by EC-QCL is reflected by an off-axis parabolic
mirror to a beam splitter through an adjustable optical attenuator. The sun tracker
tracks the movement of the sun and uses a beam splitter to divide the sun into two
beams, which are reflected into the FTIR and transmitted into the LHR. The
transmitted sunlight is reflected by two off-axis parabolic mirrors to combine the
sunlight with the laser beam. The combined beam of laser and sunlight is focused on

the photodetector to generate a beat signal. A wavelength meter and power meter are
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used to calibrate the wavelength and power of the laser. The measured spectrum of
FTIR and EC-QC-LHR were compared, as shown in Figure 11. As can be seen, when
high spectral resolution, narrow field of view, and short measurement time are
required, EC-QC-LHR can provide a superior spectral signal for a specific narrow
spectral measurement window 191, In the same year, D. Weidmann et al. also proposed

the experimental study of laser heterodyne radiometers using hollow waveguides I,
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Figure 11 Comparison of LHR and FTIR measurement results 4%

Later, T. Stangier et al. also reported an experimental setup of a compact tunable
laser heterodyne radiometer for infrared observation of atmospheric trace gases 7).

The local oscillator source of this device is a QCL laser working in the mid-infrared
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band. This device can be used to detect Osz in the surface atmosphere with a
bandwidth of 1.4 GHz. The schematic diagram of the optical path of the device is
shown in Figure 12. The green line is the infrared signal light source that can be
selected by the stepper motor, the red line represents the signal light, and the blue line
is the local oscillator source. When the signal light and laser are beaten on the surface
of the I.R. mixer detector, the intermediate frequency (IF) signal was extracted by an

acousto-optic spectrometer (AOS) to obtain the measurement spectrum.
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Figure 12 Tunable heterodyne measuring device 4]

A. Hoffmann et al. reported the use of thermal infrared LHR for atmospheric
CO2 measurement in 2016. The experimental schematic diagram and the physical
diagram of the device are shown in Figures 13 (a) and (b). Using a QCL laser with a
center wavelength of 10.47 um and output power of 30 mW as the local oscillator, the
absorption spectra of CO2 and H0 in the range of 1 cm™ were measured. In 2015,
they used this device in Didcot, U.K., to measure CO2 and H20 in the atmosphere for
8 months. When the spectral resolutions were set as 0.002 cm™ and 0.02 cm™, the
corresponding SNR of the measured spectrum were 113 and 257. It can be seen that
for the same laser heterodyne measurement system, the SNR would be
correspondingly lost when the spectral resolution was increased. This device and
experiment provide an important reference for the use of LHR technology in

atmospheric greenhouse gases observation networks or deployment on spaceborne
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Figure 13 (a) Schematic diagram of LHR; (b) Physical diagram of LHR device 8!

Subsequently, D. Weidmann, A. Hoffmann et al. carried out the mission of satellite

observation of CHs isotope (MISO) based on the solar occultation mode, combined

with laser heterodyne spectroscopy detection technology for spectrum channel

optimization and early performance analysis. Figure 14 shows the three-dimensional

model of the LHR they designed in the satellite [°1. The volume of the device is about

10><10>30 cm®. D. Weidmann et al. gradually designed the LHR to be miniaturized,

making it suitable for more occasions and applications.
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Figure 14 The three-dimensional model of the laser heterodyne radiometer in the satellite 491

In 2012, A. Y. Klimchuk et al. published their research results on the feasibility

analysis of using a tunable diode laser to establish a high-resolution LHR ®°. Then in

2014, A. Rodin, A. Y. Klimchuk et al. used a DFB laser with a center wavelength of

1.651 um, combined with the fiber-optic devices and a balanced photodetector, to
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establish a laser heterodyne measurement system, which can measure the spectrum of
CO; and CHa in the entire atmosphere B, The experimental principal structure is
shown in Figure 15 (a). The local oscillation laser is divided into two beams with a fiber
splitter. One beam passes through the optical attenuator and incident on an input port of
the balanced detector. The other laser beam is divided into two beams again. One of
them is used for laser wavelength calibration, and the other is combined with sunlight
and incident on the other input of the balanced photodetector. Through the amplitude
detection and processing of the output signal of the balanced detector, after 10 minutes
of averaging, the atmospheric transmittance spectrum of the sunlight around 1.651 um

in the range of 1.1cm™ was obtained (SNR~120), as shown in Figure 15 (b).
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Figure 15 (a) Principal diagram of laser heterodyne radiometer based on balance detection; (b)
Measurement spectrum 5%

E. L. Wilson, G. B. Clarke, P. I. Palmer et al. used the DFB laser with a center
wavelength of 1.573 um as the local oscillator source, established an LHR applied to
the measurement of the column concentration of CO- in the atmosphere. They use
optical fiber devices, which greatly reduce the difficulty of optical coupling adjustment
and reduce the size of the measurement system. In addition, they analyzed the
uncertainty of this system and the potential of the CO2 column concentration
observation network based on LHR to improve global carbon flux estimation®54. The
schematic diagram of the system is shown in Figure 16 (a). The two channels of
sunlight collected by the light-receiving device on the sun tracker are modulated by a

mechanical chopper. One channel is beaten with the local oscillator, and the other is
18
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used for monitoring the intensity of sunlight. The photodetector converts the optical
signal into the electrical signal in the radio frequency (IF) range, and then the
absorption spectrum of CO2 in the atmosphere (the measuring range is about 1 cm™) is
obtained after the processing of the R.F. signal, as shown in Figure 16 (b). The physical

map of the measuring device is shown in Figure 16 (c).
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Figure 16 (a) Schematic diagram of laser heterodyne fiber measuring device; (b) Measuring
spectrum; (c) Physical picture of measuring device 2

In 2019, E. L. Wilson et al. integrated the above-mentioned LHR % to facilitate
the detection of CH4 and CO: in the field. The instrument consists of an LHR chassis
and a sun tracker, as shown in Figure 17 (a). The performance of this instrument was
proved by two actual measurements in two completely different locations in Alaska and
Hawaii. After 15 min or half an hour of data averaging, the processed measurement
spectrum is shown in Figure 17 (b) and (c). It can be seen that the measurement range of
the spectrum is about 1.1 cm™, including the absorption spectrum of CH4 and CO (blue
curve), but the absorption of CO. is weak, and there is a certain overlap with the
absorption of CHa. In (c) and (d), the concentration of CO2 and CHas is obtained by
inversion and fitting of the measured spectrum (orange). Since this mini-LHR is a
portable measuring instrument, it is convenient to work with other measuring
instruments so that it can be used to characterize the deviation between the immovable
column concentration observation instruments. In addition, the LHR can quickly
respond to transient events such as methane leaks and can also be used for field studies

in designated geographic areas.
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F. Smith et al. also evaluated LHR in numerical weather prediction B¢, The
research results show that the multiplexed LHR is a worthy instrument for numerical
weather prediction on low-earth orbit and geostationary orbit platforms. It can fill the
high-altitude gap of the satellite observation system in operation, so it should be further
developed Multiplexing technology, resulting in an instrument that can be used for
mid-upper atmosphere detection.

F. Shen et al. built a laser heterodyne measurement system based on EC-QCL
lasers to detect atmospheric transmittance around 8 um ®71, and compared them with
the FTIR observation results of the Paris Observatory. The CHs and N20O in the
atmosphere were detected. The schematic diagram of the device is shown in Figure 18

(@), and (b) is the observation site.
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Figure 18 (a) Schematic diagram of EC-QCL-LHR results; (b) Observation site [57]
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The above research is mainly based on the direct absorption of sunlight by gas
molecules in the atmosphere, and the recent laser wavelength modulation method has
also been used in laser heterodyne spectroscopy detection. In 2018, P. Martin-Mateos et
al. modulated the wavelength of the local oscillator light to obtain the laser heterodyne
spectrum, which improved the SNR of the heterodyne signals. The ratio of the
amplitude of the second harmonic to the first harmonic was used to reduce the influence
of the laser light intensity on the heterodyne signal 8. In 2019, P. Martin-Mateos et al.
reported on a thermal infrared wavelength modulated laser heterodyne radiometer
(WM-LHR) based on an external cavity quantum cascade laser %, This WM-LHR
system does not require calibration, has an excellent SNR, and does not require an

optical chopper.
IIT Main content of the present PhD thesis

It can be seen from the above-mentioned development history and development status
of LHR that based on the advantages of LHR for greenhouse gas remote sensing (small
size, low cost, low power consumption, high spectral resolution), it has been developed
rapidly in recent years, especially in the near-infrared band.

However, there are still several issues that require further consideration:

(1) In the near-infrared band, DFB lasers are used as the local oscillator source in
most of the research work Dbecause of their small size, good
monochromaticity and operation at room temperature. However, the narrow
wavelength scanning range of each DFB laser usually contains only one
strong molecular absorption spectrum, which is not suitable for simultaneous
measurement of multiple gas molecules in the atmosphere.

(2) At present, most of the research on laser heterodyne detection systems is in
the laboratory research stage. Only E. L. Wilson et al. have integrated it for
field experiments. The portable laser heterodyne radiometer is of great

significance to the construction of the atmospheric greenhouse gas
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monitoring network, so further research on the portable laser heterodyne
radiometer is needed.

(3) The atmospheric window of 3-5 um is an attractive spectral region for
Mid-infrared atmospheric sounding. However, there is less research on LHR
in this band.

The main contents of this thesis are as follows: (1) carrying out the research and
application of LHR in the near-infrared band for simultaneous detection of CH4and
CO:2 in the atmosphere. (2) Miniaturize and integrate the near-infrared LHR to
facilitate field applications. (3) Developing a mid-IR LHR in the atmospheric window
of 3-5 um for detection of CHs and HDO in the atmosphere. (4) Developing a
wide-band measuring LHR based on an external cavity laser for detection of CO, and
its isotope gases in the atmosphere. The thesis is divided into six parts, and the
content of each part is as follows:

Introduction introduces the impact of greenhouse gases (GHGs), and the
changing trends, observation methods, requirements for observation devices of the
main GHGs. It analyses that the LHRs can meet the urgent needs of high spectral
resolution, small size, and low cost for GHGs observation. It describes the history,
and research status of LHR. Based on this, it analyzes the issues for further
consideration for LHR and summarizes the main content of this paper.

Chapter 1 recalls the basic elements involved in LHR, which include of principle
of heterodyne detection, noise in the detection, features of main components in LHR.

Chapter 2 shows a proof of concept of near-infrared laser heterodyne radiometer
(NIR-LHR) for simultaneous detection of CHs and CO: in the atmosphere. The
composition structure and system characteristics of NIR-LHR are described in detail.
The absorption spectrum of CHs and CO: in Hefei was detected and analyzed for
eight months. The inversion results from the actual observation data are in good
agreement with the GOSAT measurement results.

Chapter 3 describes the design of a miniaturized and integrated portable

near-infrared laser heterodyne radiometer (IP-NIR-LHR), which was used to conduct

22



Introduction

field joint observation experiments in the Dachaidan area, Qinghai Province.

Chapter 4 presents a laser heterodyne radiometer based on an interband cascade
laser. The optical structure of the system, the related instruments and devices are
presented in detail. The absorption spectra of CHs and HDO in the authentic
atmosphere are measured, which proved the feasibility of the IC-LHR measurement
system.

Chapter 5 presents a laser heterodyne radiometer based on an external cavity
laser (EC-LHR). The structure and detection experiments of the device are introduced

in detail.
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Chapter 1 Theoretical basis of laser heterodyne technique for

ground-based remote sensing of atmospheric greenhouse gases
Objective

This chapter is to describe the principle of laser heterodyne detection, atmospheric
transmittance simulation, and the data retrieval method for the atmospheric
molecular column abundance with the measurement data from the laser heterodyne
radiometer (LHR). These three aspects are the basis and important core for the LHR

used in the ground-based remote sensing of atmospheric greenhouse gases (GHGS).

Principle of LHR used in the ground-based remote sensing of atmospheric GHG

In a typical laser heterodyne detection system, the solar radiation is combined with the
local oscillator (LO) by a beam splitter. And the two beams are superimposed on a
photomixer which can output the photocurrent signal (iphoto) coNtaining the
information of LO, solar radiation and the beat signal between them. Schematic of the
principle of laser heterodyne radiometer used in the ground-based remote sensing of
atmospheric greenhouse gases is shown in Figure 1.1. In the optical domain, the
optical signals are converted into electrical signals. Through the processing
(consisting of the separation of AC and DC, RF signal processing module, heterodyne
signal extraction module, and LO scanning) to the electronic signals (in electronic
domain), the atmospheric molecular transmittance can be obtained. After the
processing of each module, the characteristics of the electronic signals will change
accordingly. Therefore, in order to better understand and analyze the process, the
signal output from each stage are classified as the intermediate frequency (IF) signal,
the low frequency (LF) signal, and heterodyne signal, respectively. The atmospheric
molecular column can be inversed by retrieval method from the measured

atmospheric molecular transmission.
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The critical components of an LHR include the LO, the collection module of solar
radiation, the photomixer, the RF signal processing module, and the heterodyne signal
extraction module. These modules will be described and analyzed in section 1.1. Data
retrieval is based on atmospheric transmittance simulation and solving nonlinear
equations by mathematical methods. These two contents will be introduced in sections

1.2 and 1.3, respectively.

Optical domain . Electronic domain :  Data retrieval

Solar radiationﬁ!ﬁ ! ‘

(pass through
the atmosphere)

Focu Heterodyne signal LO -
processing
module extraction module scanning
LO .
IF signal * LF signal *H

= Atmospheric
.
" -
Beam splitter Photomlxer: (in the RF domain)

Atmospheric

‘ molecular

column

Retrieval
Method

u|
eterodyne «—> ojecylar

(less than several kHz) signal H issi
transmission

Figure 1.1 Schematic of the principle of laser heterodyne radiometer used in the ground-based
remote sensing of atmospheric greenhouse gases; LO: local oscillator; IF: intermediate frequency;
LF: low frequency

1.1 Principle of heterodyne detection

The principles of heterodyne detection are explained by J. A. R. Griffith [Xland B.
Parvitte 1. In this section, the principle of the beat of two plane waves is analyzed in
the optical domain. Based on the photoelectric conversion principle of photomixer (or
photodetector), the IF signal is derived in the electronic domain. This helps
understand the IF signal produced by LO and solar radiation, which has complex
information of phase, frequency, polarization, et al. Then, the heterodyne receiver will

be explained in detail.
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1.1.1Two plane waves beating

Any complex wave can be decomposed into plane harmonics waves. Here, two
simplest plane harmonic waves are used for the analysis of beat. kg and k.

represent the propagation directions of the two plane harmonic waves (signal and LO)
in freedom space. Suppose they can be perfectly aligned with the same propagation
direction. And they have amplitudes As and ALo, angular frequencies ws and wLo,
initial phases ¢s and ¢Lo, linear polarization, respectively. Generally, the
photosensitive materials (contained in photodetector) respond to the electric field of

electromagnetic waves. So these two plane harmonic waves may be represented by

the field I§S and I§Lowhere:

E, = A, cos(KsF — ot + ¢g,) (1.1)
ELO = Ao Cos(k o —o ot +0.4) (1.2)
Surface of
Photodetector
— . }S' .
L AT 1
LY, S
A N SATRVRVASASAAY
Beam T
Combiner Ho P

Figure 1.2 Schematic of plane harmonics waves beat principle

Assuming that the phases of two plane waves at point P (on the surface of a
photodetector) are ¢g and ¢, respectively. The electric fields (at point P) of the
two plane waves change with time could be expressed as:

Es = Ascos(at +¢g) (1.3)
33



Chapter 1 Theoretical basis of laser heterodyne technique for the ground-based remote sensing of
atmospheric greenhouse gases

Eo= ALOCOS((DLOt + (PLO) (1.4)

The changing frequency of the electric and magnetic fields of infrared radiation
([780 nm, 1 mm)]) is in the range of [300 GHz, 400 THz]. The photodetectors cannot
observe the instantaneous value of the change in radiation intensity but can only
receive the average value. The average value of the plane wave electric field vector in
a period is proportional to the plane wave amplitude A2, expressed as the following

formula:

(= %JSIHAZ (1.5)

In the formula, ¢ is the dielectric constant of the medium, p is the magnetic
permeability in the medium, and ./e/p will be recorded as the proportional

coefficient k. At point P, when the photodetector detects the two plane waves

separately to obtain the photocurrent (iphoto), Which can be expressed as follows:
Is = aKlg :%OMK&Z (1.6)
. 1 )
I, =0aKl, ZEOMKALO (1.7)

In the formula, K is the sensitivity of the photodetector, o is the coupling
efficiency between the incident light and the photodetector. Is and I.p are the intensity
of signal light and LO, respectively. When the signal light and LO reach the point P at
the same time, as shown in Figure 1.2, the intensity of the composite wave at point P
is:

| = (Eq+E )’
= Ajcos(at +og) + A Cos(m ot +¢,,) ? (1.8)
=1+ 1o + 211 5008((0, +00)t+ 05 +0,0) + 241,16 008((®, - 0,0)t + 95 -0,,)

The difference frequency or intermediate frequency (IF) component (A= ms-
oLo|) is a downward frequency conversion, for example, from the infrared range
down to the radio frequency (RF) range if s and Lo are similar in magnitude. A
high-speed photodetector with sufficiently high detection speed can respond to the
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change of the IF component of the combined light waves. For the sum frequency
component (ws + ®Lo), since this component changes rapidly, its change period is
much shorter than the response time of all photodetectors. Therefore, the response of
the sum frequency component is zero. The photocurrent generated by the

photodetector at point P for the synthesized light wave can be expressed as:
i = aK(l, +1,0) + 2aK[1,1 o cos(aot +A0) (1.9)
This photocurrent can be divided into the components of DC and AC, denoted as:
ipe = aK(lg +1,,+13) (1.10)
I =2aK{/1l , cos(Aot +A0) (1.11)

Where Ig is the photocurrent caused by background radiation, based on the above

analysis, the following conclusions can be obtained:

1. The DC component can be regarded as the sum of the photocurrent when the LO
and signal light are detected independently.

2. The AC component (or IF signal) can indicate the information of intensity,
frequency difference, and phase difference of LO and signal light. Only when the
electronic bandwidth of a photodetector is larger than |ws -oLo|/2x, the AC
component can be detected.

3. Since the magnitude of the photocurrent of the AC component is proportional to
the square root of the product of the intensity of LO and signal light when the
intensity of signal light is weak, the detection of AC component can be improved

by increasing the power of LO.
1.1.2 Photomixer

In order to understand the output signal of the photomixer (photodetector (PD)), we
exemplify the principle of a high-speed PD. The schematic diagram of a high-speed
PD (Thorlabs, DETO8CFC) circuit is shown in Figure 1.3 Bl The equivalent

schematic diagram of PD is inside the dashed box, which is a junction photodiode.
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The PD can be equivalent to an ordinary diode, where Ipp is the photocurrent, Ip is the
dark current, C; is the junction capacitance, Rsn is the shunt resistance, and Rs is the
series resistance. This PD is in a reverse-biased state (powered by 5V voltage
regulator) and can produce a linear response with applied input light. It works in the

photoconductive mode, which reduces the junction capacitance (C;) in the PD and

increases the detection bandwidth (Af = _t ).

(27R_ xC;)

\Diode
RC filter AV-4 GD GD e—

Protection Ipp Ip C;
diode

} Voltage 1KQ V bias
regulator SV

Y

External

Ioer  BNC

=

‘ +

— Photodetector

[

A4

Figure 1.3 Schematic of a high-speed photodetector circuit; The dashed box is the equivalent circuit
diagram of PD. Ipp: photocurrent, Ip: dark current, C;: junction capacitance, Rsy: shunt resistance,
Rs: series resistance, R Load Resistance.

When signal light and LO incident on the surface of the PD, the output current
(lout) contains the photocurrent (Ipp) and dark current (Ig). The photocurrent is
composed of DC and AC components (refer to formula (1.9)). When the dark current
is much smaller than the photocurrent, the power of the electrical signal is mostly
caused by the AC component. When it is loaded on a load resistance (Rc), the power

of the electrical signal can be expressed as:
P =i3cR. = 20°K?1 ] (R (1+c0s2(Awt +A@)) (1.12)
When the average time of detecting the AC component is greater than n/Aw, the

integral of the AC part is 0, and the above formula can be re-expressed as:

P.. = 202K21 1 R, (1.13)
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It can be seen that the power of the electronic signal caused by the AC component or
IF component is proportional to the intensity of the signal light and LO. The
sensitivity (K) of the photodetector, the coupling efficiency (o) between the incident
light and the photodetector, and the R. can influence the amplitude of Pac. In addition,
when the dark current is not negligible relative to the photocurrent, the output signal
of the PD will have larger background noise

Thermal noise ! in photomixer is presented as:
R

m

(1.14)

Where the Tm and Rm are the temperatures and the equivalent resistance of a PD. Af

is the bandwidth of the photomixer.

1.1.3 Local oscillator laser beating with solar radiation

Solar radiation is composed of plane waves in infinite states with countless different
wavelengths, wave train lengths, phases, polarization states, and various propagation
directions. Figure 1.4 shows an understanding of the schematic diagram of LO beat
with the solar radiation. Only the solar radiation whose polarization direction and the
propagation direction parallel to LO can beat with LO on the PD surface and cause the

photocurrent with different frequencies and amplitude.

Source

Surface of
Photodetector

Local
Oscillator

Combiner

Figure 1.4 Schematic diagram of LO beat with the solar radiation
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Assuming that the detection circuit has an ideal rectangular passband, only the IF

signal within the passband can be translated from the optical signal to the electrical

signal when the two beams of light are beaten. As shown in Figure 1.5, where f_ is
the low cutoff frequency of the detection circuit, Af is the electronic bandwidth, and

fo 1s the center frequency of LO. The IF signal power is caused by the total power

of the optical signal with the frequency distribution in the shadow frequency range. So,
this frequency region or electronic bandwidth determines the spectral resolution of the

detection.

Lot~ Lot Ju' Frotfu S
Figure 1.5 Schematic diagram of the frequency distribution of beat signal

1.1.4 Electronic signal processing chain

The next task is to identify the electronic signal converted from the total power of IF

signals which distribute in the band of [ f,—f —Af, f,—f 1and [ f,+f ,

fo+f_+Af ]. PD responds to electrical signals in the radio frequency (RF) domain, so

the IF signal (AC component ) is also called the RF signal in this paper. In classic laser
heterodyne detection, the electrical signals output by a PD will be separated into direct
current (ipc) and alternating current (iac). The DC will be loaded in a DC load
resistance (Rpcr) and output the DC voltage, indicating the power of LO and solar
radiation. The AC signals are in the RF domain, which should be amplified by RF

amplifiers, filtered by RF filters, and converted into a low-frequency (LF) signal by a
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square-law detector (Schottky diode). This process is called the RF signal processing

module, which is shown in Figure 1.6.

DC signal

Heterodyne signal
extraction module

Heterodyne
. LIA ‘ signal
RF RF LF

signal signal signal

RF signal processing module

Solar radiation

LO

signal

RF amplifiers RF band-pass filter Schottky diode

Figure 1.6 Schematic of electronic signal processing chain for heterodyne detection

In the experiment, the amplitude of the LF signal is very small, and more electronic
noise is also introduced during the amplification process. Therefore, it is generally
necessary to modulate the power of solar radiation and then use a lock-in amplifier to
demodulate the low-frequency signal to get the collectible heterodyne signal. When the
signal-to-noise ratio is high enough, it is not necessary to modulate the power of the LF
signal and directly average the LF signal multiple times to obtain the heterodyne signal

as the work™ of R. Alexander.
1.2 Noise in the heterodyne detection

To process the weaker heterodyne signals to obtain high signal-to-noise ratio (SNR)
signals, the noise which is introduced into the heterodyne detection should be
understood. The shot noise and thermal noise, the background radiation noise, and the
noise from the RF amplifier influence the SNR of heterodyne signals significantly. T.

G. Blaney analyzes the noise in heterodyne detection in detail.
1.2.1 Shot noise

The photocurrent passing through the photomixer is used to calculate the shot noise.
When the intensity of LO is much greater than the intensity of signal light, the

magnitude of this photocurrent mainly depends on the ipc. Due to the generation and

39



Chapter 1 Theoretical basis of laser heterodyne technique for the ground-based remote sensing of
atmospheric greenhouse gases

recombination of charge carriers, the noise power will double. Therefore, the mean

square of shot noise current <I§> is expressed P! as:
-2 -
(i2) = deip Af (1.15)
Where e is charge. Under the condition of I, >l and | 5> 1; (where I o is the

intensity of LO, Is is the intensity of signal light, and Ig is the intensity of background
light), the shot noise can be expressed as:

. 4e?

<|§>:h—v77|LoAf (1.16)
Where n, is the quantum efficiency and v is the photon frequency. In practical

applications, when the gain is G, the shot noise is expressed as:

2
(i2) :% | oGAf (1.17)
1.2.2 Thermal noise

Coherent detection thermal noise includes any radiation source within its detection
range and will be coherently detected by the receiver. When the signal frequency is
within the receiver bandwidth, it will be heterodyne amplified. These radiations may
be signals or background, and they will all produce mean square noise currentst®:

. 4n’e’

(it)= = PliobaAt (1.18)

-1

Where 0 = and B (<1) is the coefficient.

exp ﬂ -1
KT,
1.2.3 Background radiation noise

Noise in the total background radiation <i§T>: the radiation frequency is outside the

receiver frequency but within the detection bandwidth of the photodetector, then the
noise current will be generated. In addition, within the heterodyne receiving

bandwidth, radiation outside the solid angle of the receiver can also cause noise
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currents. The noise is a complex function of wavelength, total spectral interval,
detector area, temperature, and field of view angle. Because these noises are not
related to the laser, they will not be amplified by heterodyne and can be ignored when

the laser power is large enough.
1.2.4 Noise in radio frequency amplifier

The noise of the RF amplifier can be expressed ! as:

. 4KT, - Af

ii)y=—A " 1.19
()= "Wr. (119)
Where Ta and Ra are the noise temperature and input resistance of the RF amplifier; k
is Boltzmann's constant (1.3807x102% J/K); M is the coefficient indicating the

impedance mismatch between the mixer and the amplifier (generally M <1)

1.3 Features of main components

1.3.1 Antenna characteristics

For a single planar mixing device, to effectively mix the signal light and the LO on
the photosensitive surface, it is necessary to keep the wavefronts of the signal light
and the LO in phase. When the LO irradiates the mixer (the area is A), only the
radiation from the solid angle (€2) around the normal can be effectively detected. The
antenna formulal® is expressed as:

QA =)\? (1.20)
Where X is the wavelength. Therefore, for a mixer with a mixing area A=1 mm?, the
alignment angle between the signal light and the LO should be better than 0.6° (A = 10
um). When the effective photosensitive surface diameter of the mixer is 80 um, and
the detection wavelength is 1.653 pum, the angle at which the signal light and the LO

need to be aligned should be better than 1.5<
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1.3.2 Thermal radiation detection

Assuming that a blackbody with a temperature of Ts is full of the field of view of the
heterodyne system (considering using a telescope to receive the radiation), the
maximum power that can be obtained is given by Siegman:

P.x = hvosdv (1.21)

-1

Where 05 = and dv=Af is the receiving bandwidth. If the area of

exp L -1
KT,
the telescope’s objective lens is At and the observed solid angle of the heat source is

Qs, the received optical power is:
P.. = phvé; - Af (1.22)

2 2

Among them, when Qg 2%, B =1. When Q <%, B= AL Assuming that in

22

the case of full thermal background (Ts>Tg), the field of view of the detection system to

. . A . .
the signal source is small (24 < E ), the obtained SNR is:

2115 JAT < (1.23)

S —
v 1+ 2npos +2n(l— F)og

1.3.3 Local oscillator

1. Requirements for the local oscillator

In many actual measurement systems, the main noise source (except the noise of the

local oscillator) comes from the RF amplifier. To obtain the ultimate performance, the

power of the local oscillator should be increased to make <i52>—|-<iT2>>> <If\> Within

the quantum noise limit (<i52> > <IT2> ), the lowest power of the LO Bljs:

KT,-R,

> 1.24
7 eMGR, (1.24)
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Where k = 1.3807x10%2J/K, assuming that M = 0.9, R,=0.8, Ra =50 Q, Ta=303 K,

G = 10°. Under this condition, the power of the laser should be greater than 4.6 nW.

2. Laser wavelength scanning modes

The laser wavelength scanning mode has an important influence on the instrument
line-shape (ILS) function. In order to select a simpler ILS function, the measurement
spectrum under the laser wavelength continuous scanning mode and the laser
wavelength point-by-point scanning mode was compared. The experimental setup of
laser wavelength scanning mode is shown in Figure 1.7. The laser for the measurement
of CH4 is modulated by a FOS. One output of FOS is detected by PD2 for the reference
signal of LI1A. The other output was collimated and pass through a cell which is full of
pure CHg4, then was detected by PD1. The signals form PD1 was demodulated by the
LIA. When setting different programs to control the laser output wavelength mode, the

absorption spectra in different modes can be collected.

Collimator JL
|

Figure 1.7 Experimental setup of laser wavelength scanning mode; DL: DFB laser (CH,); FOS:
fiber optic switch; LDC: laser diode controller; Cell: the absorption cell is filled with pure
methane gas; PD: photodetector; LIA: lock-in amplifier; DAQ: data acquisition card; PC: personal
computer.

(1) Continuous scanning mode

In this mode, the laser wavelength was scanned by a continuous triangular wave. The

scanning period was set as 10 s, the sampling rate was 1k, and 12000 points were
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collected per cycle. The frequency of FOS was set as 125 Hz. The absorption spectra
were demodulated under different parameters of LIA shown in Figure 1.8. It can be
seen that when the integration time of LIA changes, the shape of the absorption spectra
can be changed greatly. When the laser heterodyne absorption spectrum is obtained in
this way, it will cause the distortion of the atmospheric absorption spectrum. We can
regard this deformation as a component of the ILS function and re-correct it in data
processing, but this complicates the ILS function and introduces errors that are likely

to occur during correction.

6dB
12dB
18dB
24d8
s 6dB
s 12dB
s 18dB
s 24dB
s 6dB
s 12dB
s 18dB
s 24dB
6dB
s 12dB
s 18dB
s 24dB
s 6dB
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s 6dB
00 T T T T T T T T ——100ms  12d8
2000 2200 2400 2600 2800 3000 3200 3400 3600 ——100ms 18dB
——100ms  24d8

Transmittance

Sampling points

Figure 1.8 Absorption spectra under different parameters in continuous scanning mode
(2) Point-by-point scanning mode

On this condition, the laser wavelength was scanned point-by-point, and the data of
absorption spectra were collected one by one. The frequency of FOS was also set as 125
Hz. The absorption spectra were obtained under different parameters of L1A shown in
Figure 1.9, which also contains a direct absorption spectral. As you can see that these
spectra basically coincide. So with the point-by-point scanning mode, the shape of the
absorption spectrum can not be affected by different parameters of LIA. This scanning

mode can be used in LHR when the chopper frequency is low.
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Figure 1.9 Absorption spectra under different parameters in point-by-point scanning mode

In the continuous scanning mode, the entire absorption spectrum will be low-pass
filtered in LIA. Different integration time and roll-off settings change the cut-off
frequency and the orders of the low-pass filter in LIA, which can impact the shape of
the entire spectrum. In the point-by-point scanning mode, the LIA processes the
individual heterodyne signal (rectangular wave sequence) corresponding to each laser
wavelength. The low-pass filter only affects the shape of the rectangular wave sequence
and will not affect the entire absorption spectrum. Therefore, in the experiment, the
laser point-by-point scanning method was used to obtain the laser heterodyne
absorption spectrum. This simplifies the ILS function of LHR and makes the ILS
function mainly depend on the electronic passband of LHR. This also makes the

spectral resolution mainly depends on the electronic bandwidth.
1.3.4 Signal light

The signal light source used in heterodyne detection can be equivalent to a blackbody

with a specific temperature. The blackbody radiation formula is expressed as follows:

2
B=__ 2NC (1.25)

el

KAT

Where B, is the radiant intensity at A, c is the speed of light of 2.99792x108 m/s,
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h is the Planck constant of 6.62607004>10-3* m?kg/s, and k is the Boltzmann constant
of 1.3806x102 J/K, T is the absolute temperature of the blackbody.

For ordinary light sources such as thermal light sources and gas-discharge light
sources, due to the violent movement of atoms and continuous collisions with each
other, the radiation process of the atomic system is easily interrupted, so the light
emission is intermittent, and the time interval for each light emission is the time
interval for each collision. The direction and initial phase of the electric field vector of
multiple radiations generated by each atom or molecule are also irregular. The
radiation of an ordinary light source can be regarded as the superposition of light
waves with infinite kinds of electric field vectors, and there is no polarization
characteristic. Several signal light sources commonly used in experiments include
artificial blackbody, carbon-silicon rod, halogen lamp, xenon arc lamp, and so on.

It is generally believed that solar energy comes from the nuclear fusion reaction
of hydrogen atoms, and the energy released during the nuclear fusion process is
converted into solar radiation energy. The diagram of the sun is shown in Figure 1.10,
which can be divided into the sun's interior and the solar atmosphere. Its interior is
composed of the core zone, the radiation zone, and the convective zone. The solar
atmosphere contains the photosphere, chromosphere, and corona. Most of the
electromagnetic energy of the earth comes from the visible region of the photosphere,
the sun, with an average temperature of about 5800 K, and the radiation spectrum is a
continuous spectrum. Radiant light contains various wavelengths from rays to radio
waves. Because of the non-quantized electronic transition, most of the solar energy is
stored in the continuous spectrum. The temperature of the sun reaches a minimum
(approximately 4000 K) at the height of the layer where the cooler gas is concentrated.
These gases can absorb the corresponding electromagnetic radiation so that the
emission spectrum of the sun has a spectral structure. Among them, the continuous
absorption of visible light and infrared spectrum is produced by the absorption of
negative hydrogen ions, which is called the Fraunhofer spectrum.
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Figure 1.10 Diagram of solar (https://commons.wikimedia.org/wiki/File:Sun_poster.svg)

On the top of the earth’s atmosphere, the distribution of solar radiation with
wavelength is called the solar spectrum, as shown in the yellow area in Figure 1.11.
The black solid line in Figure 1.11 is the simulated blackbody spectrum at a
temperature of 5250 K according to the Planck formula. The red area is the solar
radiation at sea level. It can be seen that the solar radiation is strongly absorbed by the

earth’s atmosphere, adding more absorption line structures.
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Figure 1.11 Solar radiation spectrum
(https://commons.wikimedia.org/wiki/File:Solar_Spectrum.png)
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1.3.5 Photomixer characteristics

Photovoltaic detectors are referred to as PV detectors (Photovoltaic) or photodiodes.
These devices have the characteristics of low dark current, high-speed response, low
electronic noise, and good linearity of photoelectric response. Its working mode can
be divided into photovoltaic mode and photoconductive mode. In a photovoltaic way,
the applied bias voltage of the PN junction is zero. When light is incident, the
generated photocurrent has a linear relationship with the intensity of incident light. In
the photoconductive mode, a reverse voltage is applied to the diode, which is

beneficial to increase the responsivity of the detector.
1. Spectral sensitivity and quantum efficiency

Spectral sensitivity is the ratio of the photocurrent output by the photodetector to the
received optical power at a specific wavelength when the photodetector is in the linear
region. It describes the photoelectric conversion efficiency and is a macro parameter.
The spectral sensitivity (unit is A/W) can be expressed as follows:

1
R =— 1.26
=5 (1.26)

Quantum efficiency is a microscopic concept. It is defined as the ratio of the
number of electrons produced per second to the number of photons incident. The
higher the ratio, the better. The conversion relationship between spectral sensitivity

and quantum efficiency can be expressed as:
_heg

er
In the formula, h is Planck’s constant, c is the speed of light, A is the wavelength,

n (1.27)

and e is the elementary charge.

2. Noise Equivalence Power (NEP)
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The output signal of the photodetector contains the photocurrent (1) generated by the
useful signal and the noise current (In) caused by the background light and detector
defects. They all produce power on the load resistance (RL), and the ratio of the two is

defined as the SNR of the photodetector as shown in the following equation:

2 2
o IR _|
MR T2
N"'L N

(1.28)

For a single optoelectronic device, the SNR is related to factors such as the
incident light power and the light-receiving area. The response to infinitely weak
signal light is likely to be submerged in noise. It is impossible to distinguish whether
the signal light is received from the output signal. Therefore, the noise equivalent
power (unit: W) is used to represent the lower limit of a detector's detection
performance. It is defined as the optical signal power when the SNR of a detector

output signal is 1, as shown in the following formula:
NEP =® -, (1.29)
The smaller the noise equivalent power, the more sensitive the device, and the weaker
the radiation can be detected. However, the actual detection limit of the device is
related to the detection technology. NEP is just a sign of the detection capability of a
detector.
The detection degree (D, the unit is W) represents the obtainable SNR for per

unit radiant power on the detector, which can be expressed as the following formula:

1

= 1.30
NEP (1.30)

3. Other parameters

Other parameters of the photodetector include the area and shape of a photosensitive

surface, the shunt resistance and junction capacitance of a photodiode, the applied
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voltage and operating temperature required during operation. The photodetector needs

to be selected and operated within the specified range of these parameters.

1.3.6 RF signal processing module

The beat signal directly output by the PD is feeble and distributed in the RF band, so
low-speed data acquisition cannot collect this signal. Therefore, the beat signal needs to
be amplified, filtered, converted, etc., before being collected. Figure 1.12 shows each
device's physical diagram and beat signal conversion process in the RF signal
processing circuit. The output current signal from the PD can be divided into a DC part
(inc) and an AC (iac). The DC part is the sum of the PD's responses to signal light and
LO. The AC part reflects the beat information. Therefore, a Bais-Tee is used to separate
the ipc from the iac. The ipc is loaded on a 50-ohm resistor welded on the Bais-Tee to
generate a DC voltage signal which can be collected directly. The iac within the
response range of the PD is very small and can be affected by laser noise significantly.
Therefore, Three RF amplifiers are used to amplify the power of the AC part, and the
total magnification is about 10° times. Due to the material properties, mechanical
properties, laser relaxation properties of the laser, and the noise of the laser driver, the
noise power introduced by the laser is much greater than the power of the beat signal
within some particular RF bands. Then an RF high pass filter and an RF low pass filter
are used to filter out the noise in these bands. On the other hand, these RF filters reduce
the measurement bandwidth and improve the spectral resolution of the measurement
system. The retained beat signal is converted to a low-frequency signal by a Schottky
diode. The low-frequency signal has the same frequency as the chopping frequency,
and it will be demodulated by a lock-in amplifier (LIA) with the same reference

frequency. The output of LIA is the laser heterodyne signals.
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Figure 1.12 Physical diagram of the RF signal processing circuits

1. Bias-tee
The ideal T-type biaser (Bias-tee) can be regarded as composed of ideal capacitors

and inductors. The perfect capacitor allows AC signals to pass through but prevents DC
bias. The ideal inductance blocks AC signals but allows DC signals to pass. In the
experiment, the characteristic impedance of Bias-tee is 50 Q, the bandwidth is from 0.1
MHz to 4.2 GHz, and the insertion loss is 0.6 dB. The curves of Bise-Tee insertion loss
and its isolation with the signal frequency are shown in Figure 1.13 (a) and (b). It can be

seen that in the 2 GHz range, this device can effectively separate the DC signal from the

AC signal.
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Figure 1.13 (a) Insertion loss changes with signal frequency; (b) Isolation changes with signal
frequency

2. RF amplifier and RF filter
Since the phase and polarization state of blackbody radiation are irregular, the

power spectrum distribution of the beat signal is similar to the power spectrum
distribution of white noise. While amplifying the beat signal, the RF amplifiers amplify
the original noise and introduce its noise. An RF amplifier is mainly composed of
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resistors, capacitors, and transistors. The noise figure (NF), noise temperature (T), and
noise factor (F) can be used to indicate the noise performance of an electronic system,

and the relationships between the three are expressed as follows:

NF =10log F (1.31)

F=—+1 (1.32)

where TO = 290 K. The noise factor of a system composed of n stages can be described

as:

F2—1+ N F -1
G,  GpG,...G ,

F—F+ (1.33)

It can be seen that an increase in the temperature of the RF amplifier will lead to a
rise in the noise figure, so heat dissipation of the device is required in the experiment. In
addition, the first-stage noise factor of the RF amplifier has the most significant impact
on the final signal. Therefore, an RF amplifier with a small noise figure should be used
as much as possible in the first stage of amplification. In the experiment, the RF
amplifiers have an NF of 3.9 dB. The gain curve and noise figure curve of the RF
amplifiers are shown in Figure 1.14 (a) and (b), respectively. The gain of the RF
amplifier decreases with the increase of frequency, and the noise figure increases with
the rise of the frequency, so the RF signal in the lower-frequency band should be used.

So, a bandpass filter of 290 MHz ~ 3 GHz was used in the experiment.
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Figure 1.14 (a) Gain curve; (b) Noise figure curve

3. Schottky diode
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The Schottky diode is a diode with low turn-on voltage and high-speed switching. The
signal conversion schematic diagram is shown in Figure 1.15. DC signals were
modulated into the high-frequency signal on the left. After pass through a Shottky

diode, the DC signals are recovered.

In the experiment, the Schottky diode is used as a square-law detector for small
signals. Its working bandwidth is from 100 kHz to 2 GHz with a sensitivity of I mV/uW.
Its input signal voltage is from 10 uV to 5V (corresponding to the input power from -50

dBm to +20 dBm), and it also has an extremely flat frequency response.

By
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Figure 1.15 Signal conversion schematic of Schottky diode

1.3.7 SNR analysis in laser heterodyne detection chain

1. SNR of the output from the photomixer

In the near-infrared band, the general heterodyne detector is a PIN-type InGaAs
photodetector, which works at room temperature. There are four kinds of noises in the
photovoltaic detector of the PIN tube: thermal noise, generated-composite noise, shot
noise, and 1/f noise. Combining the causes of various noises explained above and the
characteristics of heterodyne detection, it is concluded that thermal noise and shot
noise are the main influencing factors. Because the beat signal is in the RF range, the
other two types of noise are related to the frequency and are relatively small in the RF
range and can be ignored. The following analysis is carried out on the two types of
noise with greater impact.

Substituting the output current of the photodetector into the expression of shot
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noise, the power of shot noise can be obtained as:

P, =i3R,

sn

= 26 iy i +ip AT R, (1.34)
= aeR KAF I, cos Aot+a¢ +2 1 +1, +ij
Where Af is the detection bandwidth which is determined by the RF filter
bandwidth. The thermal noise power can be calculated within the detection bandwidth
at room temperature as:

Pir = 4KTAf = (5.5T +1509) Af (1.35)

When a bandwidth of 1 GHz is used for detection, the thermal noise power will
be calculated as 1.647>10 W. According to actual conditions, suppose that the
power of signal light is ten pW in the beat frequency bandwidth (AB), the intensity of
the LO is 3 mW, the photoelectric coupling efficiency is 1, the responsivity K of the
photodetector is 1, and the dark current is 1.5 nA in the experiment. Then the power

of shot noise is calculated approximately to be:

P, =0.14 x10™ cos(Amt +A¢)+1.6x10™°+4.8x10™+1.224x10"  (1.36)

Under this condition, the shot noise is greater than the thermal noise, but they are in

the same order of magnitude.
2. SNR of the output from the RF amplifiers

The SNR (Sp) at the output of the RF amplifier can be expressed as ©I:

S, = i) 1.37
) )+ )+ () -

When the power of the local oscillator is large enough, except for shot noise and

thermal noise, other noises can be ignored, and the following equation is obtained:

P 2hvAf (L+186,)

(1.38)
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Within the quantum noise limit (hv > kT, ), the above formula is written as:

_ s 1.39
P hvAf (139)

3. SNR of the output from LIA

When the passband of the RF amplifier is an ideal rectangular passband, and the

bandwidth is f, (f, <Af) andS, <1, after the square rate detection of the beat

signal, the SNR of the output voltage is:

1/2
1 | Af
S,,=S, —|— 1.40
Vo p /_2[ fo] ( )

If the output filter is a first-order RC filter circuit, then f,= 4¢ _1where t=RC,

therefore, under the condition of the quantum limit state, the SNR of the output signal

of the photoconductive mixer B! is expressed as:

nl
S, =——4/2Af - 141

Summary

This chapter mainly introduces the basic theory of laser heterodyne spectroscopy
detection technology which provides a theoretical basis for the establishment of laser

heterodyne radiometers.
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Chapter 2 Proof of concept near-infrared laser heterodyne
radiometer (NIR-LHR)

Objective

In this Chapter, the development of a proof of concept near-infrared laser heterodyne
radiometer based on two DFB lasers (NIR-LHR) is presented. The developed
NIR-LHR was tested in Anhui Institute of Optics and Fine Mechanics, Science island,
Hefei, China. Ground-based measurements of CH4 and CO- in the atmospheric column

were performed.
2.1 Introduction

Carbon dioxide (CO2) and methane (CH4) are key greenhouse gases emitted by human
activities, accounting for ~76% and ~16% of total greenhouse gases emissions at the
global scale ™. However, current knowledge about the sources and sinks of both gases
is still insufficient for reliable climate predictions. Current space-based observations,
though useful for quantification of the sources and sinks on large scales, suffer from
limited precision, limited density of observations, and biases related to details of
atmospheric scattering properties . Whilst ground-based observations (such as
TCCON B, usually equipped with Fourier transform spectrometer (Bruker, IFS125HR)
with ~0.01 cm! spectral resolution, can provide column-averaged abundances with
high precision and accuracy, however, the shortfalls (such as large dimensions and high
cost of maintenance) limit further expansion of the observing network. Over the last
decade, portable FTIR spectrometers (Bruker, EM27/SUN) with 0.5/0.2 cm™ spectral
resolution, which sacrifices the spectral resolution for portability, have proven to be a
promising complement to the ground-based observations 61, With the objective to

develop a portable instrument maintained with high spectral resolution (< 0.01 cm™), a
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preliminary setup of a high-resolution laser heterodyne radiometer (LHR) for
ground-based atmospheric remote sensing was developed.

Early LHR based applications, employing carbon dioxide (CO2) gas lasers or
lead-salt diode lasers as the local oscillators [® for the mid-infrared spectral region,
where many important atmospheric species exhibit fundamental rotational-vibrational
absorptions. More recently, quantum cascade lasers (QCLSs) and inter-band cascade
lasers (ICLs) offered more reliable alternatives to traditional local oscillators in the
mid-infrared region with the merits of room-temperature, operation wide spectral
tuning range, compactness, and robustness. Over the past decade, the QC-LHR and
IC-LHR have been successfully developed for atmospheric observations of different
species >3 However, limited by the lack of matured fiber optical components or
optical waveguides in the mid-infrared spectral region, further integration of the optical
module is currently difficult. LHR using telecommunication distributed feedback (DFB)
diode lasers as local oscillators operating in the near-infrared spectral region exhibit
their unique advantages. Combined with single-mode optical fibers, couplers, and
attenuators, the NIR-LHR can be made small, low-power consumption, compact and
robust, which make it a promising instrument for ground-based observations 14281,

In the present work, an all-fibered NIR-LHR is demonstrated in ground-based
solar occultation mode. A 1x2 fiber optical switch is employed as an alternative
modulator to a traditional chopper, which makes the system more stable and compact.
By employing two DFB lasers (1.6 um and 1.65 um) as the local oscillators,
measurements of column-averaged abundances and mixing ratio in the dry air of
atmospheric CO2 and CH4 were performed over six months in our laboratory (Hefei,
China, 31.9N 117.16 E). The experimental details, data processing, as well as analysis
results and validation through comparison with GOSAT results will be presented and

discussed.
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2.2 Proof of concept setup of NIR-LHR

The experimental setup of the fibered NIR-LHR is schematically shown in Figure 2.1.
Solar radiation containing atmospheric absorption information is captured by a
custom-made solar tracker equipped with a fiber collimator (Thorlabs, FC/APC 1550),
then chopped by a 1x2 fiber optical switch (Angiltron, CL1x2) for lock-in
amplification of the heterodyne signals. One output arm of the optical switch is
coupled with a local oscillator centered at ~1.6 um (DL1, NEL) through a fiber
coupler (FC1), and then connected to a high-speed photodetector (PD1, Thorlabs,
DETO8CFC, 5 GHz) for CH4 heterodyne detection. The other arm is separated by a
5% : 95% fiber splitter (FS3), where the 5% part is connected to PD (Thorlabs,
PDA20CS2) for tracking the solar power and generates the reference signal, while the
rest part is coupled with a local oscillator centered at ~1.65 um (DL2, NEL) through
FC2, and then connected to another high-speed photodetector (PD2) for CO>
heterodyne detection. Before the two laser beams are combined with the solar
radiation, 10% of the power of lasers are split by the fiber beam splitters (FS1, FS2)
and enters the wavelength meter (WM1, WM2) for the real-time laser wavelength.
The beat signals generated from PD1 and PD2 are processed by two Radio frequency
(RF) processing modules (RM1 and RM2), where the DC component and AC
component (RF signal) are extracted through a bias-Tee (Mini-Circuits) for
monitoring local oscillator powers and further RF processing. During RF processing,
the RF signals are first amplified by three amplifiers (Mini-Circuits, ZX60), then
filtered by a band-pass filter, and finally converted to low-frequency signals by a
Schottky diode (HEROTE, DHMO020BB) which is demodulated at first harmonic
using a lock-in amplifier (Stanford Research Systems, SR830) for the heterodyne
signal. The experiment of primary NIR-LHR is shown in Figure 2.2, and the solar

tracker is installed on the track mount fixed to the laboratory window.
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’ . Fiber collimator

A

Solar tracker

Figure 2.1 Schematic diagram of the measurement system; SMF: single-mode fiber; LDC: laser
diode controller; DL: DFB laser; FOS: fiber optic switch; FS: fiber splitter; WM: wavelength meter;
FC: fiber coupler; PD: photodetector; HS-PD: high-speed photodetector; RM: radio frequency
processing module (it consists of a bias-Tee, three RF amplifiers, RF band-pass filters and a
Schottky diode in sequence); DC: DC signal; HS: heterodyne signal; LIA: lock-in amplifier; RS:
reference signal; DAQ: data acquisition card; PC: the personal computer

Figure 2.2 Experiment of NIR-LHR

2.3 Key modules involved in NIR-LHR

2.3.1 Collection and modulation of solar radiation

In the solar tracker (shown in Figure 2.3(a)), a camera is used to obtain the image of the

sun (Figure 2.3(b)) and is controlled by two stepping motors and a deceleration drive
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system to move following the solar. The tracking accuracy can reach 4x10 rad [*°]
which is much smaller than the divergence angle of sunlight (9.6x107 rad). So it can

meet the requirements of the laser heterodyne measurement system.
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Figure 2.4 Collection principle of solar radiation

The fiber collimator installed on the solar tracker is shown in Figure 2.4. Its
material is fused silica with a working wavelength in the range of 1050 nm to 1620 nm.
It is resistant to high temperatures and can be exposed to sunlight. This fiber collimator
has no moving parts, so it has a compact structure. It has an FC/PC connector and a
numerical aperture of 0.24. Its surface reflectance changes with wavelength as shown
in Figure 2.5, there is very low reflectivity in the range of 1000 nm to 1600 nm, which is
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beneficial for filtering out the sunlight in other bands.
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Figure 2.5 Surface reflectance of the fiber collimator changes with wavelength

The collected soler power is transmitted by a single mode fiber (SMF-28-J9,5m)
with an interface of FC/APC. In the experiments conducted in Hefei, when there are no
clouds in the field of view (0.016 ) of the fiber collimator, the collected solar power can
vary from 5 uW to 8 uW in the time of day.

Unlike traditional mechanical chopper, a fiber optic switch (Figure 2.6 (a))
capable of high-speed switching is used to modulate the sunlight. It has the advantages
of compact structure, low power consumption, long service life, and shock resistance.
The FOS is based on the principle of magneto-optical rotation to switch the input
sunlight between two output channels. Its best working band is from 1520 nm to 1580
nm. The duty cycle and modulation frequency can be set by the drive circuit of FOS.
The duty cycle is usually set as 50:50 and the modulation frequency can be set form 100
Hz to 2000 Hz. The modulated sunlight signals output from the two channels of the
FOS are shown in Figure 2.6 (b). It can be seen that the output intensity of the two
channels is similar and the modulation ratio can reach more than 90%. The actual

output power of each channel is about 310 nW.
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Figure 2.6 (a) Fiber optical switch; (b) sunlight signal modulated by optical switch

2.3.2 Near-infrared DFB laser

The DFB laser used is a 14-pin butterfly package containing a semiconductor laser
chip, photodiode monitoring circuit, integrated TEC, and a thermistor. The PID
temperature controller controls the temperature components integrated into the package,
which can provide accurate temperature measurement and regulation for the chip.
Therefore, the driver of this type of laser can be made in small volumes to reduce the
size of the LHR device. The model of the DFB laser is: NEL NLK1U5FAAA (1625
nm~1670 nm), and the physical diagram is shown in Figure 2.7. The laser diode

controller of model LDC-3724B are used to control the output of DFB lasers.

Figure 2. 7 Physical diagram of DFB lasers ~ Figure 2.8 High-speed photodetector (DETO8CFC)

In the continuous scanning mode, the entire absorption spectrum will be low-pass
filtered in LIA. Different integration time and roll-off settings change the cut-off
frequency and the orders of low-pass filter in LIA, which can impact on the shape of
entire spectrum. In the point-by-point scanning mode, the LIA processes the individual
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heterodyne signal (rectangular wave sequence) corresponding to each laser wavelength.
The low-pass filter only affects the shape of the rectangular wave sequence, and will
not affect the entire absorption spectrum. Therefore, in the experiment, the
point-by-point scanning method was used to obtain the laser heterodyne absorption
spectrum. This makes the ILS function mainly depend on the electronic passband of

LHR and makes the spectral resolution mainly depends on the electronic bandwidth.

2.3.3 Near-infrared photomixer

The high-speed photodetector (HS-PD, shown in Figure 2.8) with a electronic
bandwidth of 5 GHz was selected as the heterodyne mixture. Its parameters are shown
in table 2.1. Its response sensitivity near 1600 nm is about 1 A/W and it has low noise
equivalent power and small dark current. In order to achieve the maximum coupling
and matching, the fiber jumper with connectors of FC/APC and FC/PC was used

between the fiber combiner and the high-speed photodetector.

Table 2.1 Parameters of DETO8CFC

Parameters value
Bandwidth (GHz) 5.0
Spectral Range (nm) 800~1700
Sensitive Area (Dia.um / mm?) 80/0.005
Noise Equivalent Power (W/Hz?) 2x101
Dark Current (nA) 15
Material InGaAs

2.3.4 Data acquisition

The software of LabVIEW was used to program the laser wavelength and the
acquisition of heterodyne absorption spectrum. The programs and acquisitions for the
measurement of CH4 and CO> are similar. For one measurement, the flow chart of the
laser heterodyne absorption spectrum acquisition program is shown in Figure 2.9. We
set two ranges for the drive currents to the DFB laser. The first range is from 10 to 11,

and the current increment interval is il. The second range is from 12 to 13, and the

64



Chapter 2 Preliminary near-infrared laser heterodyne radiometer

current increment interval is i2. After a new diver current is injected into a DFB laser,
there is a wait time (t ms) to wait for the laser wavelength to stabilize. After that, the
signals of DC signal, heterodyne signal (HS), reference signal (RS) and laser
wavelength can be collected and averaged. Next, determine whether the current (1) is
greater than the maximum value of the first segment of drive current (11). If I <11, the
next step is to set a new drive current | = 10 + il into the DFB laser and perform the
wait, collect, average until I = 11. Then a new driver current | = 12 + i2 is set to the
DFB laser and performs the data acquisition in the second current range. When | =
I3, all averaged data and corresponding currents will be save to obtain a laser

heterodyne absorption spectrum.

Set initial parameters
Drive current ranges (10~11,12~13)

Drive current interval (i1,i2)

Set anew drive current (I= 10+i1) e
to the DFB laser

v

Collect and average the every signal
(DC,HS,RS,Wavelength)

=
no
Set anew drive current (1= 12+i2)
to the DFB laser

v

Collect and average the every signal
(DC,HS,RS,Wavelength)

SEEEDS
no
| Save all averaged data and corresponding currents |

End

Figure 2.9 Flow chart of the laser heterodyne spectrum acquisition program; DC: DC signal; HS:
heterodyne signal; RS: reference signal
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2.4 Characteristics of RF signal

We used a spectrum analyzer to measure the spectrum of the RF signals after being
amplified on four different input conditions, as shown in Figure 2.10. The curves 1),
2), 3), and 4) in which represent the measured spectrum under four conditions
respectively: laser and blackbody (BB) light are input at the same time, the only laser
is input, without any light input, only blackbody light is input. From the results, there
is a large amount of RF noise in the band from 10 MHz to 200 MHz, and according to
analysis, these RF noises mainly come from laser. Comparing the four results, the RF
signal caused by the blackbody radiation is minimal. So the RF filters are needed to
remove the RF noise below 200 MHz. For example, the frequency band in the red box

in the Figure 2.10 can be used by the subsequent circuit.

0
5] —— 1) Input Laser and BB
0] ——2) Input Laser
18] ——3) Input Nothing
T 2] —4) Input BB
D .25
5 304
E -35
o
.40 -
.45
.50 4
0 . 260 ' 460 - 660 ) 860 ' 1000

Frequency (MHz)

Figure 2.10 RF signal power spectrum

A high-pass RF filter above 290 MHz and a low-pass RF filter below 580 MHz
are selected to do further research. Under different drive currents, the frequency
spectrums of the RF signals were measured as shown in Figure 2.11. The RF signals
increase with the increase of the drive currents. The actual passband of the filter is not
consistent with the nominal passband. Figure 2.12 is obtained by calculating the areas

of the spectrum curves with the horizontal axis (represent the size of heterodyne
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signals) under different driving currents. The areas which can represent the size of
beat signals increase with the increase of the driving currents. There is a large
background of 0.7 V in the beat signals. When this background is converted, a larger

DC bias will be generated.
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Figure 2.11 Spectrums of beat signals under different drive currents
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Figure 2.12 Areas of the spectrum curves with the horizontal axis under different driving currents

It can be seen from Figure 2.12 that the power spectrum of the beat signal isn’t
distributed uniformly. Figure 2.13 shows the spectrum under different filter
bandwidths. The energy distributions contained in different bandwidths are different.
Figure 2.14 shows the areas that were calculated from the data of Figure 2.13. The

blue curve indicates the changes of areas with nominal bandwidths and the green
67



Chapter 2 Preliminary near-infrared laser heterodyne radiometer

curve represent the changes of areas with the measured bandwidths. From the blue
curve, the signal gradually increases as the bandwidth increases, but there is no strict
linear relationship. But from the green curve that there is an obvious linear
relationship between the measured bandwidths and the signals. The turning point of
the green curve is caused by the uneven distribution of the spectrum signal. Therefore,
it should be calculated based on the actually measured beat signal spectrum instead of
the nominal bandwidths when determining the instrument function and the

instrument's spectral resolution.
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Figure 2.13 Spectrum of beat signals under different filter bandwidths
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2.5 Measurements in laboratory with different resolutions

2.5.1 Measurement with resolution of 0.0073 cmtand 0.0083 cm?

When the band-pass filters of [290, 400] MHz (passband ~220 MHz) and [395, 520]
MHz (passband ~250 MHz) were used in the system, the ILS functions can be obtained
from the spectrum analysis data of RF signals. In particular, a wavelet denoising
method was employed in the data processing to avoid introducing additional noises to
the data retrieval. In Figure 2.15, (a) and (b) are the ILS functions for measuring CHs
and CO, respectively, and the calculated spectral resolutions are 0.0073 cm™ (CO,)

and 0.0083 cm™* (CHa).

Response

Response

-0.03 -0.02 -0.01 0.00 0.01 0.02 0.03

1
wavenumber (¢cm™)

Figure 2.15 The ILS functions, (a) The ILS function for measuring CHa, (b) The ILS function for
measuring COa.

Table 2.2 Parameters in the experiments with the resolution of 0.0073 cm™ (CO_) and 0.0083
cm(CHy)

Parameters DFB laser (CHy) DFB laser(CO,)
drive current range (10~11) 0 mA ~ 100 mA

Drive current increased interval (i1) 0.1 mA

Wait time (t) 300 ms

Sensitivity, integration time, roll-off of LIA 500 nV, 30 ms, 24 dB

Sampling frequency 2 kHz

Number of samples for every averaged signal 1000

The data acquisition parameters in the experiment with the resolution of 0.0073

cm™ (CO,) and 0.0083 cm™(CHy,) are shown in Table 2.2. The corresponding signals
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are shown in Figure 2.16, which were measured on April 17, 2019. And one typical

scan time is about 4 minutes.

Solar
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— CH; laser
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Figure 2.16 Example of raw signals acquired in one scan on April 17, 2019. (a) (b) the CH, and CO3
NIR-LHR signals; (c) DC signals for monitoring the power of the two local oscillators (lasers for
COz in red, for CH4 in blue); (d) Amplitudes of the signals of the solar power.

2.5.2 Measurement with a resolution of 0.00442 cm?

When the band-pass filters of [330, 375] MHz were used in the system, the actual
electronic bandwidth (3 dB bandwidth) of the measurement system is about 66.3 MHz.
The ILS functions (shown in Figure 2.17) can be obtained according to the frequency
spectrum analysis data. The upper figure is the ILS function of the CHs measurement
channel, and the other figure is the ILS function of the CO2 measurement channel. The
ordinate is the response amplitude of the system to the RF signal, and the abscissa
represents the difference between the radiation frequency in the solar spectrum and the

laser with a fixed radiation frequency. The calculated response bandwidth of the system
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is about 132.6 MHz, and the spectral resolution is about 0.00442 cm™* for CH4 and COx.
The power of the RF signal in this bandwidth is about 0.15 uW, and this power will be

changed into low-frequency signals by the Schottky diode.
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Figure 2.17 The ILS functions for the measurement of CHs and CO;

Table 2.3 Parameters in the experiment with the resolution of 0.00442 cm!

Parameters DFB laser (CH.) DFB laser(CO,)
First drive current range (10~11) 0 mA ~20 mA 0 mA ~20 mA
Drive current increased interval (il) 0.5 mA 0.5 mA

Second drive current range (12~13) 31 mA ~ 110 mA 60 mA ~ 100 mA
Drive current increased interval(i2) 0.1mA 0.1mA

Wait time (t) 300 ms

Sensitivity, integration time, roll-off of LIA 200 uV, 30 ms, 24 dB

Sampling frequency 2 kHz

Number of samples for every averaged signal 1000

The main experiment parameters are shown in Table 2.3. The data acquisition of
the first drive current range was used to detect the background value of the output of
LIA. The other range was used to detect the absorption signals. During the experiment,
the cumulus cloud's occlusion of sunlight will reduce the heterodyne signal or even
reduce it to zero. Therefore, it is necessary to monitor the changes in the intensity of
solar radiation to reduce the interference of the cloud. In the process of spectrum

collection, the standard that the fluctuation of sunlight intensity does not exceed 10% of
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its average value was used to screen out the effective measurement spectrum. Adjust
the parameters of LIA according to the power of sunlight to improve the SNR of the
heterodyne signals.

Figure 2.18. shows one measurement data for CH4 and COz in the atmosphere, and
the corresponding experiment parameters are in Table 2.3. The measurement data of
heterodyne signals of CH4 and CO: in the atmosphere are shown in Figure 2.18 (a) and
(b). The corresponding wavenumber data are shown in Figures 2.18 (c) and (d),
respectively. The two DFB lasers have wavenumber variations of 0.97 cm™ (CO2) and
1.83 cm™ (CH4). When the drive current changes 0.1 mA, the average wavenumber
changes about 0.00245 cm™ (CO,) and 0.00234 cm™ (CH.), and they are smaller the

spectral resolution (0.00442 cm™).
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Figure 2.18 One measurement data, (2) the heterodyne signal for the measurement of CH, in the
atmosphere; (b) the heterodyne signal for the measurement of CO; in the atmosphere; (c) laser
wavenumber of DFB laser - CHa; (d) laser wavenumber of DFB laser - COs.

Figure 2.18 (a) and (b) show that the measured signal has different background values,
which should be subtracted. After normalization and wavelength calibration of the two
absorption spectra, the transmittances of CH4 and CO: in the atmosphere were

obtained, which are shown in Figures 2.19 (a) and (b).
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Figure 2.19 (a) The transmittance spectrum of CHs in the atmosphere; (b) The transmittance
spectrum of CO; in the atmosphere.

2.5.3 Comparative and analysis of spectra with different resolutions

It can be seen from Figure 2.16 (b) and Figure 2.18 (b) that when the spectral resolution
is higher, a finer spectral structure can be measured. The position of the strongest gas
absorption is consistent with the position of the absorption line recorded in the Hitran
database. In Figure 2.19 (a), there are three strong methane absorption lines (interval
about 0.01 cm™) on the right side of the strongest methane absorption line (6057.0795
cmt). Therefore, the methane absorption peak is asymmetric, and the absorption line
width is relatively wide. An absorption line (6056.508 cm™) of CO,was also recorded
in the transmittance spectrum, showing a double-peak phenomenon. The center
position of the solar spectrum (6056.636 cm™) is the same as the measurement results
of the FTS. The SNR of the CH4 absorption signal in this spectrum is 197, the SNR of
the absorption signal at the CO> weak absorption line is 35, and the SNR of the solar
spectrum is 44,

Due to the relatively low atmospheric pressure in the stratosphere, the true
absorption spectrum linewidth of CO: in the atmosphere is narrow. When the

absorption linewidth is narrower than the bandwidth of the passband filter and is
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smaller than the low cut-off frequency, the double peaks will appear in the
measurement spectrum, according to the principle of laser heterodyne. Figure 2.19 (b)
shows the transmittance of CO2 (6236.0369 cm™) with an SNR of 209. And there is a
bimodal in it.

In the ILS function, the center distance of the passband is 705 MHz, so the center
distance (expressed by Awvis) of the two frequencies generating the heterodyne signal
in the solar radiation is 0.0235 cm™. From the measured spectrum, the distance between
the double peaks (expressed by Avm) is 0.0275 cm™. Theoretically, Avm should be
equal to Awvis, but they differ by 0.004 cm™. Compare this deviation with the spectral
resolution (0.0044 cm™). This deviation is within the allowable deviation range of the
measurement system. The absorption of CH4 includes four absorption lines with similar
intensities. The distribution range is 0.0474 cm™, which is wider than Avis. Due to the

overlap of four absorption lines, there is no bimodal in the transmittance of CHa.

2.6 Results

2.6.1 Data processing

Before data retrievals, the raw NIR-LHR signals need to be pre-processed,
including intensity normalization and wavenumber calibration. For intensity
normalization, the offset of the NIR-LHR signal is first subtracted, which equals to
the mean value of the NIR-LHR signal before the laser emitting light. Then, the
NIR-LHR signal is divided by the DC signal ((a) / (C)biee and (b) / (C)red in Figure 2.16)
to normalize the power variations caused by the local oscillator. It should be noted
that, if large solar power fluctuations appeared in the scan, the NIR-LHR data would

no longer be considered for further analysis.

Since the laser currents are scanned in the point-by-point mode, it is convenient
to calibrate the wavenumber by using a wavelength meter (Bristol, 621B). However,
the laser wavenumber may slightly change during the measurements (Figure 2.20 (a)).
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In order to accurately identify the wavenumber shift, as shown in Figure 2.20 (b), the
correlation coefficient of the reference signal (calculated using the forward model)
and the real signal is calculated by moving the real signal, where the moving step can
be defined as an arbitrarily small length by using interpolation method. Finally, the
wavelength shift can be precisely determined by the location of the maximum
correlation coefficient (inset of Figure 2.20 (b)). Especially, the proposed correlation
method still works at low SNR. After intensity normalization and wavenumber

calibration, the processed data is now ready for data retrievals.
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Figure 2.20 Principle of the wavenumber shift identification. (a) Wavenumber shift between the
reference signal and real signal; (b) The process of calculating the wavenumber shift, the inset
shows the result of correlation coefficients.

2.6.2 Retrieval of Xcusand Xco2

Considering the balance between SNR and spectral resolution, the band-pass filters
with [290, 400] MHz and [395, 520] MHz were chosen for the detections of CO2 and
CHas in the long-term observation. The two DFB lasers' center wavenumbers are
around 6238.78 cm™ (CO2) and 6046.96 cm™ (CH.). The data inversion part of the
work is mainly completed by G. WANG. The following briefly describes the
inversion process to verify the working performance of the measurement system of
NIR-LHR.
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In order to describe the data retrieval process more clearly, the data acquired on
April 17, 2019 are chosen as a representative. The pressure and temperature profiles
used for the data retrieval are shown in Figure 2.21, which were obtained from China
Meteorological Data Service Center (CMCC), National Centers for Environmental
Prediction (NCEP) and the European Centre for Medium-Range Weather Forecasts
(ECMWE). Data from 0.2km to 55 km (blue dots) were interpolated from the data of
Hefei observation station (NECP), while the data above 55 km (pink dots) were
interpolated from the typical zonal mean profiles in April (obtained from ECMWF),
and the surface data (red star) were obtained from CMCC. Note that the atmosphere is
separated to 45 layers from surface (30 m altitude) to 78 km with an altitude grid of
0.5, 1, 2, 4 and 6 km, separately. For the a prior profiles of CO2 and CHg, typical
mid-latitude daytime profiles were used in the retrieval, while the water vapor profile
was interpolated from the upper air data from CMCC. Besides the atmospheric
parameters, a solar position calculation program is also compiled to determine the
real-time solar zenith angle, and the relative deviation was found to be less than 0.1%
by comparison with the NOAA (National Oceanic and Atmospheric Administration)

solar calculator.
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Figure 2.21 Pressure (a) and temperature (b) profiles used for the data retrieval on April 17, 2019,
which are interpolated based on the data from CMCC (red star), NDACC (blue dots) and ECMWF
(pink dots)
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Table 2.4 Definition of the state vector used in the data retrieval

State vector a priori Error Description

x1 (CHy) 1 10% Scale factor of the a prior profile for CH, retrieval.

X2 (COy) 1 10% Scale factor of the a prior profile for CO; retrieval.

a a0 100% Polynomial coefficients of the baseline, where a0, b0,
b b0 100% and cO are calculated by using a second-order
c c0 100% polynomial fit of the ratio of the pre-processed
St Sa0 10% Parameters for describing the Gaussian like solar
S, Sh0 10% spectrum in CH, retrieval, where S; defines the peak
Ss Sc0 10% height, S, defines the peak position, S; defines the
A Sdo 10% peak width, and S, defines the offset.

The LM iterative process is considered to be converged when Ay%/4? < 1E-3
within an upper limit of 20 iterations. In a well-conditioned retrieval, the ultimate cost
function (%) should be close to the size of the measurement vector (m). The retrieval
results of CO2 and CHg are shown in Figures 2.22 (a), 2.22 (b) and Figures 2.23 (a),
2.23 (b), respectively, where the pre-processed NIR-LHR data, the fitted spectrum,
baseline and residuals are presented with an interval of 0.001 cm™. The iterative
processes are shown in the inset of Figures 2.22 (a) and Figures 2.23 (a), where x*/m
equals to ~1 is obtained after 7 and 6 iterations, respectively. After the iterations, the
retrieved CH4 and CO profiles are calculated by multiplying the retrieved scale factor
with relative a priori profile. Based on the retrieved CH4 and CO; profiles, the total
column abundance of CHs4 and CO: is calculated to be ~412.7 ppm (or ~8.2E21
molecules/cm?) and ~1.886 ppm (or ~3.74E19 molecules/cm?), respectively. By using
the water vapor profile obtained from CMCC, the mixing ratio in dry air (Xcns and
Xco2) are calculated to be ~415 ppm and ~1.897 ppm, respectively. For calculating
the Xchsa and Xco2 more accurately, real-time retrieval of NIR-LHR spectrum of the

water vapor will be performed in the future.
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Figure 2.22 Retrieval results of CO2 on April 17, 2019. (a) Preprocessed (blue dots), baseline (gray
line) and fitted (red line) NIR-LHR spectra and the iteration process (inset); (b) the residuals.
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Figure 2.23 Retrieval results of CH4 on April 17, 2019. (a) Preprocessed (blue dots) and fitted (red

line) NIR-LHR spectra, baseline (gray line) and the convergence of the iteration process (inset); (b)
the residuals

The consecutive measurement results on April 17, 2019 shown in Figures 2.24 (a) and
2.24 (b) indicate a standard deviation of ~6 ppb (part per billion) for Xcns and ~1 ppm
(part per million) for Xcoz, respectively. It should be noted that, only the measurement

results from 11:00 am to 13:00 pm were analyzed in this study, because the timestamp
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of NCEP and CMCC data was 12:00, and the atmospheric parameters were
considered stable during this time period. The factors affecting the detection accuracy
of the NIR-LHR can be sorted as errors resulted from system noises and retrieval
errors. For further improvement of the measurement accuracy, efforts will be focused
on improving the signal to noise ratio of the NIR-LHR signals, building appropriate

covariance matrices, so as to employing more reasonable a priori profiles for the data

retrievals.
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Figure 2.24 Retrieval results of the Xcna and Xcoz from 11:00 to 13:00 on April 17, 2019. (a) XcHa

results versus time; (b) Xcoz results versus time

2.6.3 Validation with GOSAT measurements

In order to evaluate the results of the NIR-LHR, comparisons with GOSAT data were
performed in the sunny days during the period from October 2018 to May 20109.
Figures 2.25 (a) and 2.25 (b) show the time series of the daily averaged NIR-LHR
retrieval results (with standard deviation as the error bar) and GOSAT results of XcHa
and Xcoz, where the GOSAT results were selected within a 3 degree radius of the

observation site (Hefei, China, 31.9°N 117.16°E). The standard deviations are found
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to be in the range of [3,17] ppb for Xchs and for [0.7,2.2] ppm for Xcoz during the
measurements, which correspond to an uncertainty region of 0.15%-0.7% for XcHa
and 0.17%-0.5% for Xcoo, respectively. As seen from the Figure 2.25 (a), for the
measurements of Xchs, there is a bias of ~10 ppb between the NIR-LHR results and
GOSAT results, which means that the Xchsa is underestimated from the GOSAT
measurements. The probable reason may be the existence of methane sources around
the observation site. While for the measurements of Xco2 (shown in Figure 2.25 (b)),
the NIR-LHR results are in good agreement with the GOSAT results. In the future,

longer term analysis will be carried out for the study of seasonal and annual variations

of atmospheric CO2 and CHa.
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Figure 2.25 Time series of the NIR-LHR data retrieval results and GOSAT results. (a) NIR-LHR

results (blue sphere) and GOSAT results (circle) of Xcra; (b) NIR-LHR results (blue sphere) and
GOSAT results (up triangle) of Xcoo.

Summary

An all fibered NIR-LHR has been developed for operation in ground-based solar
occultation mode. A 1x2 fiber optical switch is employed to modulate solar radiation,
which makes the system more stable and compact. High resolution NIR-LHR spectra
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of atmospheric CO. and CH4 were obtained by employing two DFB lasers (1.6 um
and 1.65 pum) as the local oscillators. After power calibration, the wavenumbers were
precisely calibrated using a correlation correction method. Subsequently, an OEM and
RFM based retrieval algorithm was developed for retrieval of the vertical profiles,
column-averaged abundances and mixing ratios in dry air of atmospheric CO and
CHs. Finally, the long term NIR-LHR results were validated by comparing the
GOSAT results during the same time period, which indicates a uncertainty region of
0.15%-0.7% for Xchns and 0.17%-0.5% for Xcoz, respectively. The NIR-LHR
demonstrated in this manuscript has great potential to be a portable and high spectral

resolution instrument for atmospheric multi-component gases sensing.
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Chapter 3 Integrated portable near-infrared laser heterodyne

radiometer (IP-NIR-LHR)

Objective

In this Chapter, for the further development of field experiments, the development of
an integrated portable near-infrared laser heterodyne radiometer (IP-NIR-LHR) based
on two DFB lasers is presented. Ground-based measurements of CHs and CO: in the

atmospheric column of Dachaidan (in Qinghai province, China.) were performed.
3.1 Introduction

In order to avoid the interference of pollution emissions in urban areas, observation
experiments on the atmospheric background are usually carried out in areas with less
human activities. A variety of locations, long-term, and high-quality atmospheric
observation data are beneficial to studying the Earth’s climate change. At present, the
Total Carbon Column Observing Network (TCCON) observation network with
high-resolution ground-based FTIR as the observation instrument provides a large
amount of research data for the observation of CO2, CHs, and other atmospheric
molecules in the global atmosphere. However, the current observation network is
relatively sparse and still lacks a large number of ground-based observations.

For the FTIR, the higher resolution, the larger volume and the higher cost.
Bruker's EM27/SUN is a portable FTIR suitable for long-term measurements in remote
areas. This device is shown in Figure 3.1 (a). In addition, the LHR is a low-power
consumption, small-sized, high-resolution atmospheric remote sensing observation
instrument that can be used. Based on the research of the signal in the LHR
measurement system, an integrated portable near-infrared laser heterodyne radiometer
for the remote sensing of atmospheric CO2 and CH4 was developed, which is shown in
Figure 3.2 (b). Table 3.1. shows the comparison between the FTIR and IP-NIR-LHR.

The EM27/SUN Series spectrometers provide a very compact and robust design,

relatively low weight. They are highly portable and hence ideally suited for long term
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measurement campaigns in remote areas with little infrastructure. It can detect lower
resolution atmospheric transmittance. However, for absorption spectra with a narrow
linewidth of the absorption spectrum, measuring instruments with a high spectral
resolution are required. Therefore, there is a strong demand for portable observation
instruments with lower cost, low power consumption, and high spectral resolution,
which is convenient for long-term multi-site observation of atmospheric background in

remote areas.

Table 3.1 Comparison between Bruker FTIR and LHR

Parameters IFS 125HR FT-IR EM27/SUN (NIR) IP-NIR-LHR

Spectral range

10 ~ 50000 cm™!

5000 ~14500 cm™

Cover1~2cm*

Spectral resolution Maximum 0.001 cm™* Maximum 0.5 cm™ 0.00442 cm*
(30 MHz) (15000 MHz) (126 MHz)

Species CO, CH4 H,0O NO;etc. CO, CH, CO, CH,

Main composition CAM Tracker EM 27/SUN Solar Tracker
Optics bench Computer IP-NIR-LHR
Vacuum pump Computer
Computer

Weight ~ 680 kg ~25kg ~20kg

Dimension 0.39x1.71x0.97~ ~0.62x0.36x0.457 m ~0.5%x0.4x0.4m

0.39x5.13x0.97 m

(Without Solar tracker)

Power consumption

~ 2250W

~80W

~120W

Figure 3.1 (a) Device of EM27/SUN; (b) Device of IP-NIR-LHR

3.2 Integrated design

Based on the research in chapter 2, the schematic diagram of the IP-NIR-LHR was
designed (shown in Figure 3.2). The fiber structures (consisting of the solar tracker,
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fiber collimator, SMF, FOS, FSO, FS1, FC1, FS3, FC3) used for the generation of the
heterodyne signal and the reference signal are the same as Figure 2.1. The radio
frequency processing module is also the same as the description in chapter 2. In this
design, in order to integrate all the control modules into a small box, two laser diode

controllers (LDC1, LDC2), two-wavelength meters, and two lock-in amplifiers are

needed to be miniaturized.

I Fiber collimator

50% o RS
FOS * @™
-y g §90%
50% .
/°FC PD1
o0% 0. (R
LDC1 bu1
a“dm l' """ @ . @FSl.------- o
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Figure 3.2 Schematic diagram of the IP-NIR-LHR; SMF: single-mode fiber; LDC: laser diode
controller; DL: DFB laser; FOS: fiber optic switch; FS: fiber splitter; FC: fiber coupler; PD:
photodetector; HS-PD: high-speed photodetector; RM: radio frequency processing module; RS:
reference signal; DC: DC signal; AC: AC signal; IS: interference signal; DAQ: data acquisition card;
PC: the personal computer; DLIA: digital lock-in amplifier. The percentages in the figure are the
optical power splitting ratios of the corresponding device

Connect the outputs of the two-beam splitters (FS2, FS4) and the inputs of the
two-beam combiners (FC2, FC4), respectively; when the lengths of the two arms are
not equal, the interference signals (IS1, 1S2) related to the wavelengths of two DFB
lasers will be generated in the photodetector (PD2, PD3), which were used to calibrate
the wavenumbers. Select the difference in fiber length according to the laser

wavelength.
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Two preamplifiers (PAl, PA2) were designed to amplify the low-frequency
signals from the two Schottky diodes. The outputs signals (AC1, AC2) were collected
by the data acquisition card and translated to the personal computer. Two digital
lock-in amplifiers were programmed in the PC to demodulated the AC1 and AC2.
Other signal processing methods and laser scanning modes are the same as those
introduced in Chapter 2. The data in laser heterodyne absorption spectrum was
collected point by point.

The integrated box (shown in Figure 3.3) was divided into two layers. The lower
layer was equipped with power converters, optical fiber paths, optical fiber switch, and
DAQ. The upper layer was equipped with laser drive circuits, DFB lasers, two radio
frequency processing modules, two preamplifiers, and power modules, etc. The outputs
of the optical fiber were connected to the corresponding photodetectors on the upper

layer. Each module will be described in detail below.

Figure 3.3 Internal physical map of IP-NIR-LHR

3.3 Design description of key modules

3.3.1 Design of laser controller

A schematic diagram of the internal composition of the DFB laser is shown in Figure
3.4. Pins 1 and 2 belong to the internal thermistor; pins 4 and 5 are the positive and
negative electrodes of the internal photodiode; pins 6 and 7 are the internal
thermoelectric controller (TEC). The combination of TEC and thermistor can control

the working temperature of the laser diode (LD). Pin 12 is the cathode of the LD, and
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pins 11 and 13 are the anode of the LD. Therefore, a temperature control module, a
current source control module, and a current source module are designed to control the

output of the DFB laser. The connection between these modules and DFB is shown in

Figure 3.5.
7:Cooler- o —1T— 38
w

6:Cooler+ F -1 9

5: PD Cathode(-) —} -1 10

4: PD Anode (+) — 11:Case Ground/LD Anode
3 _— HPp———— 12:LD Cathode(-)

2: Thermistor ~—— 13:Case Ground/LD Anode
1: Thermistor _E 77 — 14

Figure 3.4 Schematic diagram of the internal composition of the DFB laser

7 . 18 Current source
2 M _% controller module
Temperature = S
control 4% :12 *
3 <
module ST I T Current
< -~
“—Te I 14 source
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Figure 3.5 Control scheme of DFB laser

In the design, a Howland Current Source (HCS) circuit is used as the current
source of the laser diode. Howland proposed the first HCS circuit in 1962 to convert the
voltage to current. Due to the influence of voltage compliance, an improved version of
HCS was proposed and widely used [*'2 The most important requirement in the system
is to ensure that the injected current (also called the source current) has a constant
amplitude over a wide frequency range, so high output impedance is required. Figure
3.6 is an improved HCS schematic 1. This circuit includes a negative feedback circuit
and a positive feedback circuit to make the output resistance infinite. It is necessary to
match the resistances R1, R2, R3, R4, R5, so the output current has nothing to do with
the load.
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Rs

Figure 3.6 Improved HCS schematic

The laser temperature control module was designed based on a TEC power drive
chip. When setting the working temperature of the LD, a fixed voltage value (v1) is set
through an adjustable resistor. At the same time, the thermistor will also output the
voltage (v2) corresponding to the real-time operating temperature of the LD. A
comparator circuit is used to compare v1 and v2, and the output signal is input to the
TEC power drive chip to control the heating and cooling of the TEC inside the laser.
According to the cooling and heating of the TEC, the thermistor's response to the
working temperature, and the feedback control of the circuit, the working temperature
of the LD is stabilized at the desired value. The physical map of the homemade DFB
laser control circuit is shown in Figure 3.7. The current source control module is

composed of a personal PC and DAQ card, which will be introduced below.

-
A
Figure 3.7 Physical map of homemade DFB laser control circuit

3.3.2 Digital lock-in amplifier (DLIA) and data acquisition

1. Hardware parts
The voltage (AC signal) of the output from the Schottky diode was generally lower

than 2 mV and accompanied by a lot of voltage noise and a strong bias that is much
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larger than the signal's amplitude. In order to improve the SNR and remove the bias of
the AC signal to make a DAQ card can collect it, it should be appropriately filtered and
amplified before being collected. So, the preamplifier is designed. Its schematic
diagram and PCB diagram are shown in Figure 3.8 and Figure 3.9.

During the spectral scanning, the amplitude and bias of the AC signal will
continuously change with the change of laser power. This should be considered when
setting the magnification. The AC signal frequency is generally the same as solar
radiation's modulated frequency (125 Hz ~ 2000 Hz). This is the passband frequency of
the filter circuit.

Firstly, a precision, low-noise, low-input-bias operational amplifier (Al:
OPAL1177) is used to form a low-pass filter circuit to isolate DC voltage and filter the
high frequency noise. This can prevent the saturation in subsequent amplifier circuit.
Then, two-stage instrumentation amplifiers (A2, A3: AD8223) are used to amplify the
signal. A potentiometer is used to adjust the gain according to the actual signal. The
amplification of each stage can reach 200 times. For each level of amplification, the DC
bias voltage will also be amplified. Therefore, the amplifiers (A4, A5) are used to
fine-tune the output bias voltages of A2 and A3 to make the output bias voltage is
around zero volts. This processing makes the AC signal have enough SNR and voltage

value to be collected by a DAQ card.

Figure 3.8 Design schematic diagram of the preamplifier
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Figure 3.9 PCB diagram of the preamplifier

In the experiment, the preamplifier amplifies the AC signal about 10,000 times,
removes the DC offset and most of the high-frequency noise. In the process of spectral
scanning, when the laser output power is different, the preamplifier will output signals
of different amplitudes shown in Figure 3.10. When different voltages are input to the
HCS, the DFB laser outputs different laser power. The greater the input voltage, the
greater the output power of the laser. Here the value of voltage is used to express the
relative magnitude of laser power. In Figure 3.10, the output of the preamplifier filters
out most of the high-frequency noise to make the waveform of the AC signal visible.
The AC signal is approximated as a series of square waves signal. When the input
voltage is 2.27 V, the AC signal is the smallest, which corresponds to the signal at the
absorption peak in the absorption spectrum. When the input voltage is 4.56 V, the laser
output wavelength is far away from the gas absorption center, and the amplitude of the
square wave signal is larger. When other voltages are input into the HCS, the square
wave signals correspond to the signals on the increased side of the absorption spectrum.

So as the voltage increases, the amplitude of the square wave signal increases.

Outputs of Preamplifier (V)

T T T T
0.03 0.04 0.05 0.06

Time(s)

Figure 3.10 Output of the preamplifier under different voltages
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2. Software parts

LabVIEW software and DAQ card were combined to collect all data (RS, DC1, DC2,
AC1, AC2, IS1, IS2) and program two digital lock-in amplifiers (DLIA), which were
used to demodulate the signals of AC1 and AC2 to heterodyne signals in the spectrum.
The flow chart of the spectrum signal acquisition and processing program is shown in
Figure 3.11 (on the right).

Before the spectrum acquisition, the initial parameters should be set in the
software shown in Table 3.2. The output analog voltage of the DAQ card is input to
the HCS circuit board to control the drive current of the LD. The drive current of the
LD has a linear relationship with the input analog voltage. When the analog voltage
changes, the output wavelength and power of the LD change. The analog voltage was
set by the software. Because the signal at the absorption peak of an absorption
spectrum is the smallest, its corresponding SNR is the lowest, while the baseline part
and both sides of the absorption peak have relatively large signal values, and the
corresponding SNR is relatively large. Therefore, the collection of an absorption
spectrum was divided into three sections, the baseline part 1, the absorption peak part
2, and the baseline part 3, respectively corresponding to VO ~ V1, V1 ~V2, V2 ~ V3.
The number of p1 and p2 are the spectrum points collected per volt, p1 corresponding

to the range of VO ~ V1, V2 ~ V3, p2 corresponding to V1 ~ V2.

Table 3.2 Initial parameters of IP-NIR-LHR

Parameters Values
Voltage set range VO~V1~V2-~V3 -3V ~25V~3V~5vV
Number of spectrum points collected per volt p1,p2 80, 90

(p1 correspond to VO ~ V1, V2 ~ V3, p2 correspond to V1 ~ V2)

Chopper frequency (Hz), Acquisition rate (kHz) 500, 50
DLIA(phase offset, taps, lowpass frequency) 10, 1700, 0.1
Number of samples to calculate each heterodyne signal n1, n2 50k, 100k

(n1 correspond to VO ~ V1, V2 ~ V3, n2 correspond to V1 ~ V2)

Range of the data segment to average the output by DLIAs1 ~el,s2~e2 2k~50k, 2k~ 100k
(s1 ~ el correspond to VO ~ V1, V2 ~ V3, s2 ~ e2 correspond to V1 ~ V2)
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In the experiment, the chopper frequency was set as 125 Hz, 250 Hz, 500 Hz,
and 1000 Hz, depending on the situation. Generally, it was set as 500 Hz, and the
acquisition rate was set as 50 kHz. The flow chart of one of the digital lock-in amplifier
(DLIA) principles is shown on the left in Figure 3.11. The input of the DLIA is the AC
signal (shown in Figure 3.11). After the seven signals are collected, the reference
signal's frequency, phase, and amplitude can be calculated. The amplitude can reflect
the solar radiation power. A sine wave and a sine wave with a phase difference of 90°
can be generated according to the RS’s frequency and phase. After these two signals
multiplied with the AC signal, the two results were filtered by two low-pass filters and
squared respectively. A heterodyne signal (HS) can be obtained by adding these two
squared signals, taking root mean square, and averaging. The collected signals of DC1,
DC2, 1S1, and IS2 were averaged and got the corresponding average. Input the analog
voltage to the HCS circuit board, carry out data acquisition and processing, and cycle
point by point. The laser heterodyne absorption spectrum can be got finally. Figure 3.12

shows the software interface

/ E Y
( Set initial parameters ‘]

\_ (shownin Table4.2) /

[ Set_anew voltage (V=V0 + (V1-V0) / p1 ) to HCS circuit and wait t (ms) [=— DLIA
Collect 7 signals with nl samples and processing RS
1
‘RS ‘A(‘l *A( 2 *l!l’. 1 ‘n(': *151 *{sz A Y
Sine wave generator

Calculate the peak-to-
ak va]ui and AVE

. Sine wave generator .
AVE2 B (90° phase shift )

‘ ‘DLIAI ‘ ‘ DLIA2 ‘AVE]

YooY Y vy

SP HS1 HS2  DC1 DC2  Is1 Is2 Sine wave —#=()#—AC—# (5))=a— Cosine wave
< V<VI? Y& [P | LPF
no + 74 X/

['Set anew voltage (V=V1 + (V2-V1)/p2 ) to HCS circuit and wait t (ms) [=— [ - ]

AVE3 ‘ AVE4

[ Collect 7 signals with n2 samples and processing |

< V=va7 8
no

[ Set_anew voltage (V=V2 + (V3-V2)/p3 ) to HCS circuit and wait t (ns) |«—

[ Collect 7 signals with n] samples and processing |

<VZV3T ¥

1o
| Save all data and corresponding voltages |

End

Figure 3.11 Flow chart of the spectrum signal acquisition and processing program (right); flow
chart of digital lock-in amplifier (DLIA) principle (left); RS: reference signal of the modulated

solar radiation; SP: solar radiation power; AC: AC signal; DC: DC signal; IS: interference signal;
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DLIA: digital lock-in amplifier. The initial parameters (VO, V1, V2, V3, pl, p2, nl, n2, etc.) are
shown in Table 3.2. AVE: calculate the average of data group; LPF: low-pass filter; X?: calculate
the square of a data group; HS: heterodyne signal

Figure 3.12 Software interface
3.4 Performance

3.4.1 Calibration of laser wavelength

The structure diagram of the optical fiber that generates the laser interference signals
is shown in the two green dotted frames in Figure 3.2. Two laser beams of the same
wavelength propagating in two optical fibers with different lengths will generate
interference signals. Suppose the optical path difference is AL, the laser amplitude is
A, and the wavelength is A, the interference signals Vir in the photodetector can be

expressed as follows:
A’ AL
V.= —cos(2r — 3.1
F =B > (2r /'L) ( )
Supposed that the wavenumber corresponding to the maximum value in a

sinewave is k1, the minimum value is k2, and the next maximum value is k3. k1 < k2 <Ks,

then the following equation can be obtained:

ALk, = N,
ALk, =N, +0.5 (3.2)
ALk, = N,
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Among them N; N, and N, are the integer multiples of the optical path

difference to the wavelength. The optical path difference can be expressed as:

_N,—-N;+0.5 AN, +05
kz_kl AkZl

AL (3.3)

AN,, is an integer and Ak, is the difference between the corresponding

wavenumbers at the peaks and troughs of the two interference signals. Record the
wavelength data and interference signal measured by the wavelength meter at the same
time. The interference signals are shown in Figure 3.13. Evaluate whether the laser

wavelength is stable by observing the quality of the interference signal. The calculation

of AK,,is shown in Figure 3.14. The average value of the wavenumber difference is

0.01172 cm, and the standard deviation is 0.0009 cm™. Assign AN,, t00,1,2,3......

to calculate AL . The difference between the lengths of the two arms of the optical

fiber splitter is about 0.3 m, with a core refractive index of 1.4682, the estimated value
of the optical path difference is 44, Only AN,, is 0 can the optical path be 42.82, small
difference from the estimated value of optical path difference, therefore, it is obtained
that AN,, is 0 and AN, is 1 in this optical path difference, and the wavenumber

difference corresponding to each two maximum and minimum values in the
interference image is 0.011677 cm™, the wavenumber difference between each two

maximum and minimum values in the interference image is 0.011677 cm™™.

254

~

Interference signal (V)
—

05

T T T T
0 1 2 3
Voltage (V)

Figure 3.13 Interference signal
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Figure 3.14 Difference between the wavenumber corresponding to the crests and troughs

3.4.2 Performance of DLIA

In order to verify the detection performance of the digital lock-in amplifier (DLIA),
the DLIA and the analog lock-in amplifier (SR830, ALIA) are used to extract the
heterodyne signal in the heterodyne detection system at the same time. The
measurement result is shown in Figure 3.15 and Figure 3.16. It can be seen by

comparison that the DLIA designed in this chapter can extract heterodyne signals.
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Figure 3.15 Measurement spectrum of CHs when ALIA (SR830) and DLIA are used for
simultaneous demodulation
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Figure 3.16 Measurement spectrum of CO, when ALIA (SR830) and DLIA are used for
simultaneous demodulation
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In the process of using the DLIA to demodulate the heterodyne signal, it is necessary
to filter the result of the multiplication of the original signal and the sine wave. The
low-pass filter will affect the output signal. Therefore, the filter's passband will
contain a part of the noise signal, which is relatively small compared to the
heterodyne signal. This signal and the heterodyne signal will be output by the DLIA.
When the sunlight is weak, the heterodyne signal decreases, and it is larger than the
heterodyne signal. Figure 3.17 shows the changes in the output of the DLIA with the
decrease of sunlight intensity. When the sunlight intensity is zero, the output of the
DLIA is not zero. The signal produced by noise can change the absorption depth of
the absorption spectrum, so this background needs to be subtracted. Before collecting
heterodyne signals, the first is to set the needed parameters of DLIA and then collect a
group of background signals without solar radiation input. The average value of this
background signal can be regarded as the lowest point of the absorption spectrum.

After the complete spectrum is obtained, it needs to subtract the lowest point.
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Figure 3.17 Changes in the output of the DLIA with the decrease of sunlight intensity
3.5 Field observation in Dachaidan

3.5.1 Field experiment

A 20-day observation was conducted in the Dachaidan District, Haixi

Mongolian-Tibetan Autonomous Prefecture in Qinghai Province
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(37.7442N,95.3424E). The atmosphere in this area is less affected by human
activities and can be used as an atmospheric background observation site shown in

Figure 3.18 (a) and (b).

Figure 3.18 (a) Observation location; (b) Observation site

The observation state of the instrument in the experiment is shown in Figure 3.19
The single-mode fiber transports the solar radiation collected by the solar tracker
light-receiving device into the IP-NIR-LHR for detection. To prevent wind, sand, and

rainy weather at any time, the IP-NIR-LHR is placed in a tent to work.

Figure 3.19 Observation status of the instrument

3.5.2 Signal correction and filtering

The instrument can only work on sunny days. There are nine kinds of weather
conditions during the measurement shown in Figure 3.20. Obstructions on the
collected solar radiation path will interfere with the detection of heterodyne signals or

reduce the SNR.
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Figure 3.20 Weather conditions during the measurement

The flying bird can cover the detection field quickly shown in Figure 3.20 (e),
which will affect several points in the absorption spectrum. These points can be
directly removed when they are not near the absorption peak. The best weather
conditions are shown in Figure 3.20 (i). In many situations, there are clouds in the sky,
so the interference of the cloud to the heterodyne signal measurement is inevitable. To
collate more available measurement data, the influences of the cloud are divided into
the following situations to deal with separately.

(1) In cloudy weather, as shown in Figure 3.20 (a) and (b), the solar tracker cannot
work in this case, and the measurement cannot be performed.

(2) When the sunlight is very strong and can pass through dense clouds, as shown in
Figure 3.20 (c), the solar tracker only tracks the sun occasionally. Only a few
heterodyne signals are valid, and a complete absorption spectrum cannot be obtained.
(3) The sky is covered with clouds, as shown in Figure 3.20 (d), (e), and (f). In this
situation, the power (5 mW) of sunlight can still be collected and is relatively stable.
The thin clouds will drift with the wind, and the collected sunlight intensity will

weaken the heterodyne signal, which will distort the spectrum. Therefore, in this case,

99



Chapter 3 Integrated portable near-infrared laser heterodyne radiometer

it is necessary to eliminate the slight amplitude fluctuation of the heterodyne signal.
(4) For sunny weather, the sunlight is strong, but floating clouds in the sky will block
the sunlight. Due to the collection device has a small field of view, the collected
sunlight can generally pass through the gap between the clouds, as shown in the
distribution of clouds in Figure 3.20 (g). Then the heterodyne signal is greatly affected
by the cloud layer.
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Figure 3.21 A group of sunlight signal data corresponding to a heterodyne signal

Based on the analysis of the working conditions of IP-NIR-LHR in the above
several kinds of weather. It is necessary to eliminate the influence of the cloud on the
sunlight intensity in the heterodyne signal. Figure 3.21 shows a group of sunlight signal
data corresponding to a heterodyne signal. In this short period (0.4 s), the sunlight
intensity remains unchanged. The average value of the peak-to-peak value of this group
of data is regarded as the sunlight intensity, which corresponds to each heterodyne
signal in the spectrum.

Figure 3.22 is a group of sunlight intensity fluctuations during the measurement
process that have a greater impact on the heterodyne signal; (a) is the sunlight
fluctuations during the spectrum measurement process; (b) is the DC signal indicating
the laser power; (c) is the heterodyne signal demodulated by the DLIA; (d) is the
heterodyne signal after removing the sunlight intensity. From Figure 3.22 (a) and (c),
the fluctuation of the heterodyne signal is basically the same as the fluctuation of the
sunlight intensity. From Figure 3.22 (d) and (b), the baseline signal increases with the
increase of laser power. The sunlight fluctuations are basically eliminated
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Figure 3.22 (a) Change of sunlight intensity; (b) DC signal; (c) Heterodyne signal; (d) Heterodyne
signal after removing sunlight intensity.

3.5.3 Spectral comparison with FTIR

Take the methane absorption spectrum as an example, use the center position of the
absorption spectrum to determine the corresponding wavenumber, and combine the
interference data to perform wavelength correction on the heterodyne spectrum to
obtain the wavelength-calibrated CH4 absorption spectrum, as shown in the red curve in
Figure 3.23. The black curve in Figure 3.23 is taken from the high-resolution FTIR
measurement spectrum. Because the measurement time and location of the two spectra
are inconsistent, the absorption position of CH in the two spectra is the same, and the
spectral absorption depth measured by FTIR is deeper than that measured by
IP-NIR-LHR. However, the solar spectrum in the two spectra almost overlaps, because
the solar spectrum is not affected by time and location, which also shows the validity of

the instrument measurement data.
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Figure 3.23 Measured spectrum of IP-NIR-LHR and FTIR in the same waveband
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3.5.4 Atmospheric transmittance in a day

Conducted field surveys according to local weather conditions, Figure 3.23 shows the
measurement results of atmospheric transmittance of CH4 and CO, on August 18,

before 14:00 in the morning, the absorption depth of CH4 and CO; in the atmosphere
gradually increased with time, and the absorption depth of the two in the afternoon
gradually decreased with the passage of time. The absorption spectrum changes slowly
from 11:00 to 14:00 at noon, and changes quickly at other times. The time for the
instrument to collect a spectrum varies with the change of sunlight intensity, In the
range of 5 min to 10 min, the signal-to-noise ratio of the spectrum can be obtained as
about 250 (the SNR of the spectrum is obtained by dividing the absorption peak depth
by the variance of the baseline), The atmospheric transmittance of CH4 and CO> with a

spectral resolution of 0.00442 cm'™,
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Figure 3.24 (a) Change of atmospheric transmittance of CH4 before 14:15; (b) Change of
atmospheric transmittance of CH, after 14:15; (c) Change of atmospheric transmittance of CO;
before 14:15; (d) Changes in atmospheric transmittance of CO, after 14:15

3.6 Retrieval results

The transmittance of CH4 and CO> measured at 9: 32 on the same day was inverted

through the inversion algorithm. The fitting results of the two measured transmittances
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obtained by iterative calculation are shown in Figure 3.25 (a) (c), respectively. Figure
3.25 (b) (d) is the residual difference between the measured transmittance of CH4 and
CO- and the simulated transmittance. It can be seen that the calculation result and the
measured spectrum can be well fitted. The absolute value of the residual error is larger
in the area with larger wave number and the absorption peak. This is due to the lower
laser output power in the area with larger wave number, which reduces the
signal-to-noise ratio, while the sunlight is absorbed at the absorption peak, the
signal-to-noise ratio of the heterodyne signal here is lower than the signal-to-noise ratio
where there is no absorption. From the inversion of the measured spectrum of CH4 and
COg, the column concentration of CH4 gas below 24 km is 2.695>10%° molecular/cm?,
and the column concentration of CO; gas is 5.804>10%! molecular/cm?. This part of the
inversion work is mainly done by myself. The inversion principle and process are

explained in appendix 1 and appendix 2.
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Figure 3.25 (a) Fitting result of the entire atmosphere CHa transmittance measurement spectrum; (b)
Residual of the CH4 simulation transmittance and the measured transmittance; (c) Fitting result of
the entire atmosphere CO; transmittance measurement spectrum; (d) Residual difference between
CO, simulated transmittance and measured transmittance.

Summary

This chapter introduces the development of IP-NIR-LHR, designs the laser diode
current control circuit and temperature control circuit, combined with the radio
frequency amplifier to make the spectral resolution of the measurement system reach

0.00442 cm™. The laser wavelength calibration structure is constructed by using the
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optical fiber combiner and the optical fiber splitter. The preamplifier is designed to
block, filter and amplify the weak voltage signal output by the RF signal processing
circuit. Combined with the digital lock-in amplifier, the collected signal is demodulated,
and finally the heterodyne signal is averaged. When the sky is cloudless, the entire layer
of atmospheric transmittance of CH4 and CO> with a signal-to-noise ratio of about 250
can be obtained every 3 minutes. This instrument is the first high-resolution portable
laser heterodyne detection instrument in China, and its ability to observe in the field has
been verified through experiments in the Dachaidan area. The next step is to perform
secondary temperature control on this instrument, further optimize the internal
structure, and improve the stability of its measurement. Improve the data acquisition

and processing software to enable unattended observation.
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Chapter 4 Mid-infrared laser heterodyne radiometer based on an

interband cascade laser (IC-LHR)

Objective

In this Chapter, the development of a mid-infrared (mid-IR) laser heterodyne
radiometer based on an interband cascade laser (IC-LHR) is presented. The developed
IC-LHR was tested in Anhui Institute of Optics and Fine Mechanics, Science island,
Hefei, China. Ground-based measurements of CHs; and HDO in the atmospheric

column were performed.
4.1 Introduction

Initial LHRs, employed carbon dioxide (COz) gas lasers as local oscillators, focused in
the 8~12 um atmospheric window, where numerous important atmospheric species
exhibit fundamental rotational-vibrational absorptions. However, the CO: lasers
suffered from line-tuned spectral tunability. As an alternative, lead-salt diode lasers
offered better frequency choice and frequency tuning ability but lacking reliability and
optical powers and suffering from the requirement of LN2 temperature cooling [*21. The
quick development of quantum-cascade lasers (QCLs) offers an ideal alternative to the
traditional local oscillators in the mid-infrared region with the merits of
room-temperature operation, wide spectral tuning range, compactness, and robustness.
Over the last decade, the QC-LHR applications for atmospheric observation have been
successfully developed B8l At the same period, the application of LHR for passive
sensing of atmospheric CO2 and CHj in the shortwave infrared band (around 1.6 pm) is
also investigated, where telecommunication distributed feedback lasers are employed
as the local oscillators. Combined with single-mode optical fibers, couplers, and
attenuators, the system can be made small, low-power consumption, compact and
robust 121,

The atmospheric window of 3-5 pum is another attractive spectral region for
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mid-infrared atmospheric sounding. However, commercially available QCLs operate
generally in the [4,12] um spectral region, which led to a “mid-infrared gap” in the
QC-LHR applications. Since the first demonstration in 2008 ™3 interband cascade
lasers (ICLs), lasing in continuous-wave (cw) mode at room temperature at the spectral
region between 3 and 6 um, open a new spectral window for mid-infrared sensing. ICLs
offer room-temperature operation, compactness, high spectral purity with much lower
electrical power consumption compared with QCLSs.

So, in this chapter, an ICL based LHR (IC-LHR) for atmospheric sounding is
demonstrated. Simultaneous heterodyne detection of atmospheric water vapor (HDO)
and methane (CHa) near 3.53 um has been performed in ground-based solar occultation

mode. The experimental details and result analysis will be presented and discussed.

4.2 An IC-LHR operating at 3.53 pm
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Figure 4.1 Schematic of the developed mid-IR IC-LHR. SG: signal generator ( SP-F120 ); LDC:

laser diode controller (ILX Lightwave, LDC-3724C); ICL: interband cascade laser; BS: beam

splitter; I: iris diaphragm; R: reflector; L: lens; CC: chopper controller; PD: photodetector (PD1 is

used as a photomixer); SD: Schottky diode; F: filter; LIA: lock-in amplifier (SR830); USB:
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Universal Serial Bus; PC: a personal computer; DAQ: data acquisition card (NI 6366). Thick blue
line: laser path; thick orange line: sunlight path; thin black line: electric signal flow direction
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Figure 4.2 The physical image of IC-LHR

The developed IC-LHR is schematically shown in Figure 4.1. And Figure 4.2 shows
the physical image of IC-LHR. It is composed of a collection module of direct sunlight
associated with a solar tracker, a modulation module of solar radiation, and ICL, a
photodetector, and a heterodyne signal extraction module, as well as a frequency
metrology module (in our case, a wavelength correction module and the absorption

lines of CH4 and HDO retrieved from the Hitran database were used).

1. Collection and monitoring of solar radiation

Solar radiation containing atmospheric absorption information was captured with the
help of a homemade solar tracker and reflected into the system by the reflectors (R1, R2,
R3). And then, it was chopped at 2 kHz for lock-in amplification of the LHR signal by a
chopper controlled by an SR540 chopper controller. The two iris diaphragms (11, 12)
and two reflectors (R3, R4) were used to mark and adjust the solar light path to be

collinear with the laser path. After a 50T/50R beam splitter (BS2), the reflected solar
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beam was directed to PD3 focused by L3 (f = 25 mm, ZnSe) for monitoring solar

intensity fluctuation during the measurement.

2. Combination of LO and solar radiation

A beam splitter (BS2) was employed as a mixing device to combine the reflected solar
radiance with the light beam from an ICL used as the local oscillator (LO). The output
mode of ICL was controlled by a laser diode controller and a signal generator. The
combined beams were focused on a high-speed mercury cadmium telluride
photodetector (PD1, Vigo PV-2TE-4 with a custom preamplifier), which had both DC
([0,1] MHz, for monitoring the ICL power) and AC ([1 kHz,100 MHz], for LHR
detection at radio-frequency (RF)) by L1 (f =25 mm, ZnSe). The iris diaphragms of 13

and 14 were used to assist in adjusting the collinearity of LO and solar radiation.
3. Extraction of the heterodyne signal

The solar radiation containing atmospheric absorption information was
down-converted to the RF domain via PD1, followed by a band-pass filter (consisted of
F1: 10 MHz~3 GHz and F2: DC~60 MHz) employed to determine RF detection
bandwidth which defines the instrument lineshape (ILS) of the LHR system.
Subsequently, the RF signal after the band-pass filter was converted to a DC signal by a
Schottky diode (HEROTE, DHM020BB) and demodulated at first harmonic using a
lock-in amplifier (Stanford Research Systems, SR830) with the chopping frequency as
reference. LHR signal can ultimately be obtained by tuning the laser frequency across

the target molecular absorption lines.

4. Wavelength calibration

A small fraction of the ICL beam reflected by BS1 was used for wavelength calibration:
a flip mirror (R5) directed the ICL beam either to a 50.8 mm germanium etalon (with a

free spectral range of ~0.0246 cm™) followed by PD2 recording etalon fringe signal or
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to a wavemeter (Bristol Instruments, 621) for absolute frequency measurements or for

relative frequency metrology.

5. Data record

A personal laptop equipped with a DAQ card (National Instruments, USB-6366) and
LabVIEW software was employed for data acquisition and instrument control (solar
tracker controlling, frequency tuning, and wavenumber reading). Signals from 5
channels were recoded: the in-phase (X) and quadrature (Y) outputs of the lock-in
amplifier for phase compensation of the LHR signal by using the angle sum and
difference identities (trigonometric identities), the DC output of PD1 for tracking the
ICL power, the signal from PD2 for the relative wavelength calibration, and the signal

from PD3 for tracking the solar power variation.

4.3 Features of the key devices involved in the IC-LHR

4.3.1 Characteristics of the ICL

The used local oscillator was a distributed feedback ICL (shown in Figure 4.3(a))
operating around 3.53 um and mounted on TO-66. There was a collimator lens to shape
the output beam. The thermal image of the collimated laser beam at 3.0 m distance from
the laser facet is shown in Figure 4.3(b). Around the 3.53 um, the output power
spectrum of the ICL is shown in Figure 4.3(c). This laser can be coarsely tuned ~10
cm™! by tuning the temperature at a constant current or precisely tuned over ~1 cm™ by

tuning the injection current at a constant temperature.

intensity (dB)

-25

3510 3520 3530 3540 3550

Figure 4.3 (a) Distributed feedback ICL mounted on TO-66 with TEC, cap, and collimating lens
(consist of a lens (f = 12.7 mm, ZnSe) and a lens mount Thorlabs, CXY1); (b) Thermal image of
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the collimated laser beam at 3.0 m distance from the laser facet; (c) Output power spectrum of the
ICL around 3.53 um.

The relationships between laser wavenumber, laser power, and laser injection
current are shown in Figure 4.4. During LHR measurement, the laser temperature and
current were set at 14 <C and 30 mAto probe the CH4 and HDO absorption lines located
around 2831.92 cm™ (CHs @ 2831.9199 cm™ with a spectral line intensity of 1.622 %
e?! cm/mol; HDO @ 2831.841 cm™ with a spectral line intensity of 3.014>e2* cm/mol.
The data are retrieved in HITRAN database). The frequency tuning of the laser could
be performed by changing the laser current point-by-point via laser controller or
scanning the injection current with a common function waveform (such as sinusoidal or

triangle waveform).
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Figure 4.4 Relationships between laser wavenumber (solid red symbols), power (blue hollow
symbols), and laser injection currentt

4.3.2 Solar tracker in freedom space

The solar tracker used in IC-LHR was designed by T. Tan and Y. Cao. It can track the
solar steadily and reflect the direct sunlight into the LHR. In the process of tracking,
the path of the beam incident on the LHR by the sun tracker remains unchanged. Its

X-axis and Y-axis tracking accuracy were 0.068<and 0.06< Figure 4.5 (a) shows the
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propagation of the sunlight beam in the solar tracker. The solar tracker working
principle is as follows: Combine the Labview application to get the local time and the
local longitude and latitude through the external GPS module. According to the
information of the time, the latitude and the longitude, the elevation, and the azimuth of
the sun are calculated and converted into the number of pulses for driving stepper
motors S1 and S2. In this way, the amount of movement of the stepper motor is
controlled separately. When the CCD image sensor collects the solar spot (as shown in
the set in Figure 4.5 (a)), the offset of the center position of the spot can be obtained
through image processing, which can be converted to the number of pulses to control

the stepper motors finely. The homemade solar tracker is shown in Figure 4.5 (b).

Solar tracke

-

Solar image

system N

Position of the sun beam remains fixed

Figure 4.5 (a) Propagation of the sunlight beam in the solar tracker. R (R1, R2, R3): reflector; S (S1,
S2): stepper motors. (b) Homemade solar tracker.

R1, R2, and R3 reflected the solar beam into the IC-LHR system. In the
experiment, the position of the solar beam should remain fixed. This plays an
important role in the beat between the laser and the solar beam in freedom space. In
order to verify the stability of the reflected beam of the solar tracker, another CCD
image sensor (size: 38 mm > 38 mm, pixel: 5120 < 3840) was placed at the position
of the IC-LHR system to collect the coordinates of the center of mass of the solar spot.

We used this solar tracker to track the solar for two hours and obtained the drift of the
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center particle of the CCD sensor on the X-axis and the Y-axis. The results are shown

in Figure 4.6.
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Figure 4.6 Drift of the center particle of the CCD sensor on the X-axis and the Y-axis

The angle between every two pixels is 0.01< The deviation of the X-axis and
Y-axes are similar to the Gaussian distribution and are mainly distributed in the
interval of [-0.01< +0.019. This can basically meet the needs of the beat between the

laser and the solar radiation.

4.3.3 Mid-infrared photomixer

The Photomixer (Vigo, PC-2TE-4-0.1x0.1-TO8-wBaF2-70) is made of HgCdTe, of

which descriptions are shown in Table 4.1. It is a photovoltaic detector that has
high-performance features in the range of 2.3 ~ 4.2 um spectrum range and two-stage

thermoelectrically cooled. The physical image and mechanical layout of the

mid-infrared photomixer are shown in Figure 4.7(a) and (b). The FOV of 70° and the

active area of 0.1x0.1 mm? is good for the incidence of beams.
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Table 4.1 Description of the mid-infrared photomixer

Parameter Mid-infrared photomixer

Transimpedance AC output : 2.1x10* V/A; DC output: 1.9x10°V/A
Low cut-off frequency AC output: 1 kHz; DC output: DC

High cut-off frequency AC output: 100 MHz; DC output: 1IMHz

Output noise density AC output: 345 nV/ vV Hz

Voltage responsivity +20%  AC output: 2.25x10*V/W

FoV 70°

Active area 0.1x0.1 mm?

Window wBaF2

Figure 4.7 (a) Physical image of the mid-infrared photomixer; (b) The mechanical layout of the
mid-infrared photomixer.

The responsivity of the mid-infrared photomixer is shown in Figure 4.8. Around
the absorption line of 3.531 um, responsivity is about 1. It is a photovoltaic detector.
The integrated transimpedance amplifier (BIP-1K-100M) inside the photodetector can
amplify the AC component (RF signal) in the range of [1 kHz, 150 MHZz]. Under two
conditions (input laser and cover the surface of photodetector), the output signals were
collected by a spectrum analyzer (Agilent Technologies, N9000A), as shown in Figure
4.9. In the range of 10 MHz to 60 MHz, there is less RF noise. So, the RF filters of high
pass of 10 MHz (Crystek corporation, CHPFL-0010-NC) and DC ~ 60 MHz
(Mini-Circuits BLP-70+) are used to filter out the RF signal.
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Spectral characteristic
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Figure 4.8 Responsivity of mid-infrared photomixer
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Figure 4.9 The power spectrum of the outputs from the photodetector. Conditions: red curve
responds to input the laser (drive current = 30 mA); the black curve responds to the spectrum of the
background signal.

4.4 Pass-band selection

4.4.1 Influence of pass-band selection

To characterize and optimize the performance of the IC-LHR, a carbon silicon rod
was used as the solar radiation. Heterodyne measurements of CH4 absorption spectra
were performed in a 12-cm long single-pass cell in the laboratory (shown in Figure
4.10). Radiation from a carbon silicon rod (power of 24 V, 1385°C) is collected and
collimated with an off-axis parabolic mirror (MP1) (MPD249-M01-$2”, 90<
reflective focal length = 101.6 mm, parent focal length = 50.8 mm). After passing

through the single-pass cell, the beam was modulated at 1300 kHz. It was then
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directed to a 50%R / 95% beam splitter (in CaF). The beam would be combined with
the ICL and focused by PM1 (MPD129-M01-d1” 90°, reflective focal length = 50.8
mm, parent focal length = 25.4 mm) on the surface of the photomixer. The heterodyne
signal translated from the beat signal in the photomixer would be demodulated by an
LIA and collected to be the absorption spectrum of CHg in the single-pass cell. Based

on this experiment, the performance of the IC-LHR can be estimated initially.

Figure 4.10 Optical path for heterodyne measurements of CH4 absorption spectra performed in a
12 cm single-pass cell in the laboratory. PM: Parabolic mirror, CSR: carbon-silicon rod; R:
reflector; BS: beam splitter; I: iris diaphragm.

In order to study the source of system noise, the outputs from LIA (integration
time: 30ms, roll-off: 24dB, sensitivity: 5 uV, reference frequency 1.3 kHz) under the
following six situations were collected (sampling rate: 1kHz, 8600 samples per cycle
when a sine wave demodulated the laser with a cycle time of 32 s and amplitude of
200 mV): (1) outputs 1 of LIA: the light incident on the photomixer contained the
power scanned laser and the CSR; (2) outputs 2 of LIA: the light incident on the
photomixer contained the power fixed laser and the CSR; (3) outputs 3 of LIA: the
light incident on the photomixer only contained the power scanned laser; (4) outputs 4
of LIA: the light incident on the photomixer only contained the power fixed laser; (5)
outputs 5 of LIA: the light incident on the photomixer only contained the CSR; (6)

outputs 6 of LIA: no light incident on the photomixer. The collected data are shown in
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Figure 4.11.

The signals of outputs 3,4,5, and 6 are the background signals without
heterodyne signals. By comparing these background signals, it can be seen that the
laser mainly produces background noise. The background noise when the laser power
was scanned is worse, and this background should be subtracted from the outputs 1 of

LIA to get the heterodyne spectrum of CH4. The SNR is calculated to be 14.

= OQOutputs 1 of LIA: the light incident on the
photomixer contained the power scanned
laser and the CSR

== Qutputs 2 of LIA : the light incident on the
photomixer contained the power fixed laser
and the CSR

=——— Qutputs 3 of LIA: the light incident on the
photomixer only contained the power
scanned laser

= Qutputs 4 of LIA: the light incident on the
photomixer only contained the power fixed
laser

*| == Qutputs 5 of LIA: the light incident on the

photomixer only contained the CSR

Voltage (V)

== Qutputs 6 of LIA: no light incident on the
photomixer

T T T T T T T T
0 2000 4000 6000 8000

Acquisition samples

Figure 4.11 Under different input conditions, the collected heterodyne signal

The possible reason for the low SNR is that the filter bandwidth (10MHz ~150
MHz) used in the experiment contains considerable RF noise. Therefore, the outputs
of LIA when using RF filters of different bandwidths were collected in Figure 4.12. It
was evident that the smaller the filter bandwidth, the smaller the signal value. And the
fluctuation amplitude on the signal baseline (samples points 0 ~ 1500 and 3500 ~
8600) is relatively small. Reducing the bandwidth can reduce the RF noise but also
reduce the heterodyne signal. Therefore, when choosing the RF filters and ensuring
that they can filter out high-noise bands, it is also necessary to balance the bandwidth
of the filters and the size of the heterodyne signal. Because the power of solar
radiation is greater than that of CSR, this will increase the amplitude of the
heterodyne signal. Therefore, the bandwidth can be appropriately reduced when solar

radiation is used as the signal light.
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Figure 4.12 The outputs of LIA when using RF filters of different bandwidths

4.4.2 Instrument lineshape (ILS) of IC-LHR

As shown in Figure 4.13. the heterodyne signal form is dominated by the LO (ICL)
signal, and the photomixer can extract the LHR signal from the background baseline
below 150 MHz. However, there were several unwanted peaks between 70 MHz ~ 120
MHz, which might introduce additional noise to the LHR signal. Therefore, the 10
MHz ~60 MHz band-pass filters were chosen in the experiment, which resulted in a
~100 MHz (0.0033 cm™) double-sideband spectral resolution of the system. The inset

of Figure 4.13. shows the actually used ILS for data retrieval.

-30 ToT 1.0
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Figure 4.13 Band-pass filter used in the experiment and frequency spectrum analysis of the

heterodyne, laser and background signals, the inset: the actually used instrument lineshape for data
retrieval
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4.5 Measurement spectrum of atmospheric CH4 and HDO in Hefeli

The experimental result, measured from our institute (Hefei, China, 31.9N
117.166E) on June 21th 2016, is shown in Figure 4.14 (b), where the phase
compensation has processed the LHR data. In addition, the transmittance of
atmospheric HDO vapor and CHa in the considered spectral region is calculated by
using a forward model. The results are shown in Figure 4.14 (b), which were acquired
at a sampling rate of 50 Hz by driving the laser current with a sinusoidal wave

(0.0125 Hz (80 s), 0.5 Vpp).
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Figure 4.14 (a) Calculated transmittance of atmospheric H,O vapor (black) and CH4 (red dots)
based on the forward model; (b) Acquired IC-LHR (black), DC (DC output of detector PD1, gray
dots) and etalon signals (blue)

Before the data retrieval, the raw LHR data needs to be pre-processed. Firstly, the
offset of the LHR signal, where the injection current to the ICL equals zero, was
subtracted. Then the LHR signal is divided by the ICL intensity signal (DC signal) for
normalization of the LHR signal. When large solar power fluctuations (more than 10%

of the average of solar power intensity) occurred during the scan, the LHR data would
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not be considered for further analysis. Thirdly, a frequency calibration of the LHR
signal was performed with the help of relative frequencies (germanium etalon signal)
and absolute frequencies from a wavemeter or the positions of the absorption lines
(from the HITRAN database) 1. In the present work, peaks of the etalon signal were
fitted to a 5™ order polynomial function to determine the relative frequency of the data
points, and the CHa line position (2831.92 cm™) was employed to calibrate the absolute
frequency. In addition, a scale factor and an offset were used for further frequency
calibration according to the wavemeter results and the forward model calculation.
Finally, the calibrated the LHR results were interpolated with the same frequency
interval as the forward model, and then the processed the LHR spectrum is now ready
(blue dots in Figure 4.16 (a)) for further data retrieval to inverse the LHR spectrum to

the corresponding vertical concentration profiles.
4.6 Retrieval results of Xchs and Xnpo

The main work of data retrieval was completed by G. Wang [°1. In this section, a brief
introduction to the parameters and process in the data retrieval is described to verify
that the measurement results of the IC-LHR can be used for the inversion of
atmospheric column concentration.

The temperature and pressure profiles used in the retrieval are shown in Figure
4.15 (a) and (b), which were obtained from the China Meteorological Data Service
Center (CMCC) and the European Centre for Medium-Range Weather Forecasts
(ECMWEF). Data below 30 km (blue dots) were interpolated from the upper air data of
Anging observation station (China, 30.53N 117.05E), and the data above 30 km (red
dots) were interpolated from the typical zonal mean profiles in different months
(obtained from ECMWEF). For the methane and water vapor profiles, typical
mid-latitude daytime profiles were used. Note that the atmosphere is separated into 45

layers from surface to 78 km with an altitude grid of 0.5, 1, 2, 4, and 6 km, separately.
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Figure 4.15 (a) Temperature and (b) pressure profiles used for the IC-LHR retrieval

The iterative solution is defined to be converged with 4y%/? < 1E73, within an
upper limit of 20 iterations. In a well-conditioned retrieval, the ultimate cost function
(%) should be close to the size of the measurement vector (m). Figure 4.16 (a) shows
the pre-processed IC-LHR data and the fitted spectrum over the spectral region of
2831.64 ~ 2832.07 cm with an interval of 0.001 cm™. The iterative process is shown in
the inset of Figure 4.16 (a), where y%/m equal to ~1.05 is obtained after 6 iterations. The
residuals between the pre-processed data and the fitted result are shown in Figure 4.16
(b), where the random distribution indicates a well-configured fit. The retrieved CH4
and water vapor profiles (Figure 4.16 (c) and Figure 4.16 (d)) are calculated by
multiplying the retrieved scale factor with the a priori profile. Based on the retrieved
CH, and water vapor profiles, the total column abundance of water vapor is calculated
to be ~2868 ppm (or ~5.8E*2% molecules/cm?), the total column abundance of methane
and its mixing ratio in dry air (Xcns) are found to be ~1.875 ppm (or ~3.8E*%
molecules/cm?) and ~1.88 ppm (part per million), respectively.

The total retrieval error of the two-scale factors was calculated to be ~6% and ~8%,
respectively. 20 consecutive measurements indicate uncertainty of 20 ppb (part per

billion) and 21 ppb for the total CH4 column abundance and Xchs, respectively. For
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further improvement of the measurement uncertainty, works in the near future will be
focused on improving the SNR of the IC-LHR signal and determining an appropriate

weight of the constraint in the retrieval so as to a ‘true’ profile retrieval.
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Figure 4.16 LHR data retrieval results: (a) experimental (blue) and fitted (red) LHR spectra and the
convergence of the iteration process (inset); (b) the residuals (pink); (c) and (d) the retrieved vertical
concentration profiles of CH4 and water vapor, respectively.

Summary

An ICL based mid-infrared LHR has been demonstrated, for the first time, in
ground-based solar occultation mode. High-resolution (0.0033 cm™) LHR spectrum
near 3.53 um were obtained for simultaneous atmospheric observations of H2O vapor
and CHs. OEM and RFM based retrieval algorithm was developed for retrieval of the
vertical profiles of H.O and CH4 and error analysis. The measured total CH4 column

abundance and Xchs4 were determined to be 1.87 + 0.02 ppm and 1.88 + 0.02 ppm,
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respectively. The IC-LHR has high potential to be developed as a compact, robust and

unattended instrument for spacecraft, airborne or ground-based applications.
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Chapter 5 Wide-band near-infrared laser heterodyne radiometer
Objective

A wide-band fiber near-infrared laser heterodyne radiometer for the detection of the
carbon isotope ratio of CO> gas in the atmosphere is demonstrated. A tunable external
cavity diode laser operated in the near-infrared band is employed as the local
oscillator, which makes the *CO; and 2CO, can be measured in a wide band range.
This device can provide an effective measurement method for the detection of stable

isotope ratios in the atmosphere.
5.1 Introduction

Compared with the DFB lasers with a narrow output wavelength range, although the
tunable external cavity diode laser has a larger volume and a higher price, its output
spectral wavelength range is wide, and the intensity noise of the laser is small, the
output optical power is stable, and it can be used in a wide spectral range. A series of
spectral absorption peaks of CO: are continuously measured. Therefore, a laser
heterodyne radiometer was established with a Tunable External Cavity Laser as the
local oscillator source (EC-LHR ), and the 2CO, and *CO; in the atmosphere were
measured in the range of 6248.5 cm™ ~ 6256 cm™.

In the process of plants turning into petroleum, the decay of '“C in their bodies is
reduced. Because '3C is a stable isotope, the content of 3C in fossil fuels will not
change over time, and because plants that form fossil fuels absorb *2C instead of 1*C,
Therefore, the 3C content in fossil fuels is lower than the current *C content in
atmospheric CO. Therefore, when fossil fuels burn, the abundance of C in
atmospheric CO2 will decrease [1. The influence of the combustion of chemical fuels
on the atmosphere can be studied by detecting the concentration of *3C in COz in the
atmosphere. Figure 5.1 shows the observational data of ?C and *C in atmospheric
CO; published by the World Meteorological Organization 1. The emission of CO; in

the atmosphere has increased year by year, as shown in Figure 5.1 (a), while the
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content of 13C in atmospheric CO, has decreased year by year. As shown in Figure
5.1 (b), the ratio of carbon isotopes in CO: increases as shown in Figure 5.1 (c). Since
there is no 13C in fossil fuels, it is inferred that the increase in CO, emissions caused
by fossil fuels will reduce the content of isotopes in the atmosphere. Simultaneous
observations of 2CO, and *CO; indicate that the emission of fossil fuel combustion
leads to a reduction in the 3C content of atmospheric CO,. Therefore, measuring the
carbon isotope composition of CO> in the atmosphere can help identify and quantify

the sources and sinks of COs».
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Figure 5.1 Changes in CO; and *3C in the atmosphere [

The burning of fossil fuels emits CO> and the photosynthesis and respiration of
plants leave their isotope signals in the atmosphere at different time and space scales.
By detecting CO. gas and its isotope molecules, the sources and sinks of the
atmospheric carbon cycle can be identified and measured 2. Therefore, the use of
stable carbon and oxygen isotopes of CO- in the atmosphere as a tracer to study the
carbon cycle has become a research hotspot [ 4. In addition, the observational data of
CO2 and its stable isotopes can be used to speculate on the photosynthesis and
respiration of plants and the contribution of fossil fuel combustion to CO: in the
atmosphere. Remote sensing measurement technology can prevent the transmission of

ground topography, boundary layer changes, and vertical air quality from affecting the
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Measurement of atmospheric isotopes near the ground. Therefore, this chapter uses a
wide-band external cavity laser to construct a laser heterodyne radiometer to detect

12C0Oz and BCO; in the atmosphere.
5.2 LHR based on a tunable external cavity laser NIR laser (EC-LHR)

The schematic of the EC-LHR is shown in Figure 5.2. As the traditional structure of
LHR, the laser and solar radiation modulated by a mechanical chopper are combined
by a fiber combiner and beat in the surface of a photodetector. The current signal from
the photodetector is amplified, filtered, and converted by the RF signal processing
circuit, and demodulated by a lock-in amplifier. The signal of solar radiation power
and the heterodyne signals are collected by an acquisition card. Solar radiation
collecting structure (shown in Figure 5.3) is installed in the sun tracker and the
collected power is transmitted by a single-mode fiber into the measurement system.
The mechanical chopper was installed in front of the collimator with a focusing lens
of 17 mm which can be adjusted by an optical adjustment frame. This structure makes
the collimator and the solar tracker's lens have the same angle and follow the sun to
move in unison. Then the direct sunlight can be collected into the measurement
system. On a sunny day, the solar power that can be collected in the single-mode fiber
can achieve 8 uW. The local oscillator is selected as the tunable external cavity laser

on account of its wide working band. Its radiation is connected to the measurement

system also by a single-mode fiber.

. Solar radiation

Sun Detector
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Fiber splitter

RF signal

o

Single mode fiber : ‘m\ processing circuit
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Chopper controller
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Figure 5.2 The schematic diagram of the EC-LHR
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(‘hop?er

Figure 5.3 The collecting structure of solar radiation

The model of each component is shown in Table 5.1. A photodetector (InGaAs)
with a responding band of 800 nm to 1700 nm is used and its electronic bandwidth (-3
dB) is 5 GHz. It can be connected by the FC/PC couple from a single-mode fiber and
there is an active area diameter of 80 um. The peak wavelength and peak responses
are 1550 nm and 0.9 A/W respectively. A Bias-Tee with a bandwidth of 0.1 Hz to
4200 MHz is used to separate the DC signal and AC signal. In a fixed frequency, the
insertion loss and isolation of the two inputs and the output of Bisa-Tee are
approximately the same under different currents, this ensures the linearity of the
response signal. Due to the selected RF frequency is around 250 MHz, the low noise
amplifiers with the bandwidth of 0.1 Hz to 500 MHz and 20 MHz to 4 GHz are used
to amplify the RF signal in series. When the power of 12V is applied, the gains over
the measurement frequency are about 24.66 dB (292 times) and 20.1dB (102 times)
respectively, so the overall gain after series connection can reach 44.76 dB (29780
times). A high pass filter with a passband of 225 MHz to 3 GHz and a low pass filter
with a passband of DC to 270 MHz are used to filter the RF signal to reduce the
measurement bandwidth. This can not only reduce the noise caused by the electronic
measurement system but also improve the spectral resolution. The Schottky diode
with a frequency range of 100 kHz to 2 GHz is used for converting the RF signal to
low-frequency voltage. It is provided with a wide dynamic range of 10 uV to 5 V
corresponding to the input power of -50 dBm to +20 dBm and a sensitivity of 1
mV/uW. The physical diagram of the RF signal processing circuit is fixed in a box
shown in Figure 5.4. The single-mode fiber combiner with two inputs (60%: 40% for

red and blue) has also been shown. The solar power detector can receive 10% of the
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collecting solar radiation, and the rest is applied to be combined with the laser.

Table 5.1 Mode of components

Devices Model

Photodetector DETO08CFC/M

Bias-Tee ZFBT-4R2GW+

RF amplifier ZFL-500LN+, ZX60-4016E-S+
Filters BHP-250+, BLP-300+

Schottky diodes DMH020BB

Lock-in amplifier SR830

Sun power detector DET410

Data acquisition card IN USB-6361 (16bits)

Tunable External Cavity Laser NetTest, TUNICS-Plus 3642 HE CL

Conrfcted with
sylarifadiation

“onnecte
ith laser
-~ pu =
ot 9

i
R Lo v Schottky
ilter RF Filter

diode

L gl = =

Figure 5.4 RF signal processing circuit

The output voltage from the Schottky diode is demodulated by a lock-in amplifier
and is collected by a data acquisition card with an ADC resolution of 16 bits. The
measurement of CO2 in the atmosphere in a wide band mainly depends on the tunable
external cavity laser (ECL: 448 <133 % 370, 12.5 kg). The light source is composed
of a laser diode installed in a Littman-Metcalf-type external cavity structure. The
structure has been improved to enable the laser output wavelength to be continuously
adjusted in the range of 1500 nm to 1640 nm. And the laser spectral purity can reach

about 150 kHz which can be neglected compared with the electronic bandwidth (45
MHz) of the measurement system. Besides, the stability of laser power can reach +
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0.01 dB that is beneficial to calibrate measurement spectrum. The maximum power of
the laser is about 5 mW. For characteristics of the laser wavelength, the absolute
precision, repeatability, and resolution on a fixed wavelength are =0.04 nm, £0.005

nm, and 0.001 nm respectively.

5.3 Experimental detail

5.3.1. Choice of absorption lines

According to the working band of ECL, the reference data of CO> absorption lines

was found in the HITRAN database. The measurement wavelength lies in 1598.3 nm

~1600.6 nm. In this band, the absorption line intensity is about 2.02xe2* cm/mol and

2.4xe2 cm/mol for molecules 3CO; and *2CO; respectively. The measured spectrum

by Fourier transform spectrometer in this band is shown in Figure 5.5. The black font
indicates the position of the absorption line of 2CO2, and the red font indicates the
position of the absorption line of 3CO,. The laser work in this band to achieve

atmospheric transmittance detection for **CO; and *2CO..
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Figure 5.5 FTS measurement spectrum
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5.3.2. Instrument lineshape

When the laser and sunlight were input to the measurement system, the frequency
responses of RF signal were measured by a spectrum analyzer (Agilent CXA Signal
Analyzer N9OOA) which are shown in Figure 5.6. The band of 10 MHz to 800 MHz
was recorded. There is no RF filter for the black data. It can be seen that there is
larger RF noise around 110 MHz. In order to filter the RF noise and diminish the
electronic bandwidth, the RF filters in the range of 225 MHz ~ 270 MHz are used and
the response were recorded as the red data. According to the RF response, the
electronic band of 195 MHz ~ 324 MHz was retained in the measurement system and
it can be transmitted into instrument lineshape(ILS) function shown in Figure 5.7. The

spectral resolution of the measurement system is about 0.0086 cm™.

—a— No RF filters
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Figure 5.6 Response of RF signal
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Figure 5.7 Instrument lineshape
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5.4 Measurement spectrum and comparison

In the experiment, after a laser wavelength was set, there was an interval of 300 ms to
wait for a stable wavelength. Then the data acquisition card collected 15000 points
from the output of LIA (SR830) with a sampling rate of 20 kHz. These points were
averaged in the program to one laser heterodyne signal corresponding to the current
wavelength. The laser wavelength resolution and output power were set as 0.002 nm
and 1.2 mW respectively. Parameters of LIA were set as integration time is 100 ms,
roll-off is 24 dB, sensitivity 5 mV, and reference frequency is 588.8Hz. Each data in
the spectrum is taken about 1.1 s. One of the measured atmospheric transmittances is

shown in Figure 5.8 recorded at 16:00 on February 23, 2019. The experiment was

conducted in Dunkirk, Northern Calais, France (51°2'6" N, 2°22'9" E). There were

seven absorption lines of molecular 2CO; and five absorption lines of molecular

13CO, were detected in the spectrum.
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Figure 5.8 Atmospheric transmittance

The measurement spectrum (black) of the laser heterodyne radiometer is
compared with the results of FTIR (red) at the TCCON observatory in Paris is shown
in Figure 5.9. It can be seen that the SNR of the atmospheric transmittance spectrum

obtained by EC-LHR is comparable to the FTIR.
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Figure 5.9 Comparison of the measured spectra of EC-LHR and FTIR

Summary

This chapter mainly introduces the device structure and measurement spectrum of
EC-LHR. Achieve spectral detection of 2CO, and 3CO; in the atmosphere in the range
of 6248.5 cm™ ~ 6256.8cm™ with a spectral resolution of 0.0086 cm™. The device
provides a reference for the detection of wide-band laser heterodyne spectroscopy for

the measurement of CO; and its isotope gases in the atmosphere.
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Summary and perspectives

I Summary

Laser heterodyne spectroscopy detection technology has great applicant value for high

spectral resolution detection of atmospheric GHGs. Based on the principle of laser

heterodyne spectroscopy and the research and application of the laser heterodyne

radiometer are conducted. The main works of the thesis are as follows:

(1) Use fiber optic devices which are fiber optic switch, fiber combiner, fiber
splitter and single-mode fiber to establish a full-fiber NIR-LHR with a spectral
resolution of 0.00442 cm™. The inversion results of the long-term observation
data are well consistent with the GOSAT results and indicate that this
measurement system can be used for the detection of CH4 and CO; in the
atmosphere.

(2) Afull fiber IP-NIR-LHR is integrated, and the external field experiment was
conducted in the Dachaidan, Qinghai province. In cloudless weather
conditions, the atmospheric transmittance of CH4 and CO; in the atmosphere
with a SNR of about 250 can be obtained within 3 min.

(3) An ICL based mid-infrared LHR has been demonstrated in ground-based solar
occultation mode. High-resolution (0.0033 cm™) LHR spectrum near 3.53 um
were obtained for simultaneous atmospheric observations of HDO and CHa.

(4) Use atunable outer cavity laser as a local oscillator light source to establish the
EC-LHR with a spectral resolution of 0.0086 cm™. The absorption spectra of
12C0O, and 3CO- in the whole atmosphere were measured and compare with

the corresponding bands of the FTIR measurement spectrum.

II Perspectives

Due to the limitation of objective factors such as time and experimental conditions,

there are still some deficiencies in the relevant research work, which requires further

research, which puts forward a preliminary outlook for the future work:
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)

(2)

(3

RF noise caused by the laser is an important factor affecting the SNR of laser
heterodyne signal so that at the next step: the narrow line-wide fiber laser can
be used as the local oscillator. Not it only can reduce the influence of the
laser-induced RF noise on the heterodyne signal, but it also can improve the
spectral resolution of the measurement system.

To improve the structure design of IP-NIR-LHR. A secondary temperature
control for the whole device can be designed to enable the instrument to work
steadily. Establish a simple atmospheric simulation environment in the lab to
verify and improve the inversion algorithm. IP-NIR-LHR should be compared
repeatedly with other observation instruments to optimize the inversion
algorithm.

The laser heterodyne signals can be dealt with random resonance method to
improve the SNR of the measured spectrum while improving the temporal

resolution.
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L'augmentation de la concentration de gaz aeffet de serre dans I'atmosphé&re entrame
un reehauffement climatique, qui a suscitéune inquiéude géné&alisé dans la socié&é
L'é@ude de I'atmosphére terrestre et la pré&vision des futurs changements climatiques
sont éroitement liées al'observation preeise des concentrations de gaz aeffet de serre.
A I'heure actuelle, les instruments ahaute ré&solution spectrale utilisé& pour observer la
concentration de gaz aeffet de serre dans la colonne atmosphé&ique ont géné&alement
de grandes tailles et de coGis @evés, ce qui ne permet pas de surveiller les gaz aeffet
de serre agrande €helle. Le radiométre hé&&odyne laser &haute résolution préente
des avantages uniques, tels que petite taille, compact et robuste (donc portable), faible
consommation d'éergie. Il est propice ala ré&lisation de I'observation mobile des gaz
aeffet de serre atmosphé&iques sur le terrain.

Cette thése porte principalement sur le développement et Il'application des
radiométres hé&é&odynes lasers fonctionnant dans I'infrarouge. Les principaux travaux
et innovations de la thése sont les suivants :

(1) Un LHR fonctionnant dans I'infrarouge prochain adouble canaux tout fibréa
éédéveloppépour déecter simultanénent le CHaet le CO2dans I'atmosphée. Dans
le dispositif, un commutateur &fibre optique et d'autres dispositifs afibre optique ont
ééutilis& pour am@iorer considéablement la stabilitéet la fiabilitédu systéne de
mesure. Des expé&iences d'observation continue ont &é ré&lisés a Hefei, et les
résultats des mesures sont approximativement cohéents avec les ré&ultats de GOSAT.
L'instrument intégréa également menédes observations sur le terrain dans la province
du Qinghai. (2) Ensuite, un LHR fonctionnant dans I'infrarouge moyen utilisant un
laser acascade interbande a éé&dénontrédans la fen&re atmosphé&ique de 3-5 um,
pour la premiee fois, en mode d'occultation solaire au sol. Un spectre & haute
réolution (0.0033 cm™) proche de 3.53 pm a &é& obtenu pour des observations
atmosphé&iques simultanés de HDO et CHa. (3) Enfin, un LHR utilisant un laser a

cavitéexterne fonctionnant sur une large bande spectrale de 1500 &a1640 nm a &é
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développé pour la déection du *CO; et du 2CO, dans I'atmosphée. Une mesure
continue du spectre sur une plage de 6248.5 cm™ a6256 cm™ a &érélisé. Afin
d'enregistrer le spectre large bande de 3CO. et du ?CO. dans la colonne

atmosphéise.

i.1 Preuve de concept radiométre laser hé&é&odyne proche infrarouge (NIR-LHR)

Dans un premier temps, le développement d'une preuve de concept de radiométre
laser hé&é&odyne proche infrarouge basésur deux lasers DFB (NIR-LHR) est présenté
Les modules clé (tracker solaire, commutateur afibre optique, deux lasers DFB
proche infrarouge, photomixer proche infrarouge) sont deerits et analysés. Le
NIR-LHR développéa éétestéal'lnstitut d'optique et de meéanique fine d'Anhui,
Science Island, Hefei, Chine. Des mesures au sol du CH4 et du CO- dans la colonne
atmosphé&ique ont &é effectuées. (Note : Dans cette partie, pour les Figures, les
tableaux et les formules, veuillez vous rappeler au Chapitre 2.)

La configuration exp&imentale du NIR-LHR fibréest schénatisée ala Figure
2.1. Le rayonnement solaire contenant des informations sur [l'absorption
atmosphé&ique est captépar un tracker solaire sur mesure éjuipéd'un collimateur &
fibre (Thorlabs, FC/APC 1550), puis hachépar un commutateur afibre optique 1x2
(Angiltron, CL1x2) pour une amplification verrouillé& de I'hé&é&odyne signaux. La
pre&eision de suivi du suiveur solaire peut atteindre 4x10° rad, ce qui est beaucoup
plus petit que I'angle de divergence de la lumiére solaire (9.6 %107 rad). Ainsi, il peut
répondre aux exigences du systéne de mesure laser hé&é&odyne. L'éergie solaire
collecté& qui a é&éproduite par le collimateur afibre peut varier de 5 W a8 W au
cours de la journée. Une fibre monomode a éé&utilisée pour connecter le collimateur a
fibre et le commutateur afibre optique. Un bras de sortie du commutateur optique est
coupléaun oscillateur local centréa~1.6 um (DL1, NEL) via un coupleur de fibre
(FC1), puis connectéaun photodéecteur haute vitesse (PD1, Thorlabs, DETO8CFC,
5 GHz) pour la déection de CH4 hé&é&odyne. L'autre bras est séparépar un séarateur

de fibre 5%: 95% (FS3), oulla partie 5% est connecté au PD (Thorlabs, PDA20CS2)
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pour suivre I'éergie solaire et génee le signal de réé&ence, tandis que la partie
restante est couplée aun oscillateur local centréa~1.65um (DL2, NEL) via FC2, puis
connectéaun autre photodéecteur haute vitesse (PD2) pour la déection hé&&odyne
de CO.. Avant que les deux faisceaux laser ne soient combinés avec le rayonnement
solaire, 10% de la puissance des lasers sont divisés par les s@arateurs de faisceaux a
fibre (FS1, FS2) et entrent dans le mesureur de longueur d'onde (WM1, WMZ2) pour la
longueur d'onde laser en temps reel. Les signaux de battement gén&é& par PD1 et
PD2 sont traités par deux modules de traitement de radiofré&uence (RF) (RM1 et
RMZ2), otila composante continue et la composante alternative sont extraites via un té
de polarisation (mini-circuits) pour la surveillance puissances d'oscillateur local et
traitement RF supplémentaire. Lors du traitement RF, les signaux RF sont d'abord
amplifiés par trois amplificateurs (Mini-Circuits, ZX60), puis filtré par un filtre
passe-bande, et enfin convertis en signaux basse fré&uence par une diode Schottky
(HEROTE, DHMO020BB) qui est dénodulée au premier harmonique en utilisant un
amplificateur a verrouillage (Stanford Research Systems, SR830) pour le signal
hé&é&odyne. L'exp&ience du NIR-LHR primaire est illustré& ala Figure 2.2, et le
suiveur solaire est installésur le support de piste fixéala fen&re du laboratoire.

Contrairement au hacheur mésanique traditionnel, le commutateur afibre
optique (FOS) (Figure 2.6 (a)) pré&ente les avantages d'une structure compacte, d'une
faible consommation d'énergie, d'une longue duré& de vie et d'une réistance aux
chocs. Les signaux solaires modulé émis par les deux canaux du FOS sont illustré& a
la Figure 2.6 (b). On constate que l'intensitéde sortie des deux canaux est similaire et
le taux de modulation peut atteindre plus de 90%. La puissance de sortie rélle de
chaque canal est d'environ 310 nW.

LHR utilisant des lasers adiodes aréroaction distribué de t&e&ommunication
(DFB) en tant qu'oscillateurs locaux fonctionnant dans la ré&yion spectrale du proche
infrarouge présentent leurs avantages uniques. Dans I'expé&ience, le contrdeur de
diode laser du modde LDC-3724B est utilis€pour contrder la sortie de deux lasers

DFB.
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Le photodéecteur agrande vitesse (HS-PD, illustréala Figure 2.8) avec une
bande passante éectronique de 5 GHz a é&ésdectionnécomme mé&ange hé&é&odyne.
Ses parametres sont indiqués dans le tableau 2.1. Sa sensibilitéde réonse proche de
1600 nm est d'environ 1 A/W et il a une puissance &uivalente afaible bruit et un
faible courant d'obscurité Afin d'obtenir le couplage et l'adaptation maximum, le
cavalier de fibre avec des connecteurs FC/APC et FC/PC a &é utilisé entre le

combineur de fibre et le photodéecteur agrande vitesse.
i.2 Mesures en laboratoire avec diffé&entes réolutions

Un analyseur de spectre a ééutilis€pour mesurer le spectre des signaux RF dans le
systéme. D'aprés les réultats, il existe une grande quantitéde bruit RF dans la bande
de 10 MHz a200 MHz, et selon I'analyse, ces bruits RF proviennent principalement
du laser et le signal RF causépar le rayonnement du corps noir est minime. Ainsi, les
filtres RF sont néeessaires pour supprimer le bruit RF en dessous de 200 MHz pour ce
systéne. Selon la distribution du bruit RF, nous avons séectionné deux types de

filtres passe-bande pour les exp€&iences.
i.2.1 Mesure avec une réolution de 0.0073 cm™ et 0.0083 cm™

Lorsque les filtres passe-bande de [290, 400] MHz et [395, 520] MHz ont &éutilisé&s
dans le systame, les fonctions ILS peuvent &re obtenues & partir des données
d'analyse spectrale des signaux RF . Sur la Figure 2.15, (a) et (b) sont les fonctions
ILS pour mesurer respectivement le CHs et le COz, et les résolutions spectrales
calculées sont 0.0073 cm™ (CO2) et 0.0083 cm™ (CHa). Les paraméres d'acquisition
de données dans I'expé&ience avec la réolution de 0.0073 cm™ (CO,) et 0.0083 cm'?
(CHa) sont présentés dans le tableau 2.2. Les signaux correspondants sont illustré ala
Figure 2.16, qui ont &@emesurés le 17 avril 2019. Et un temps de balayage typique est

d'environ 4 minutes.

i.2.2 Mesure avec une réolution de 0.00442 cm™
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Lorsque les filtres passe-bande de [330, 375] MHz ont &éutilisé dans le systame, la
bande passante éectronique rélle (bande passante de 3 dB) du systeme de mesure est
d'environ 66,3 MHz. Les fonctions ILS (illustrées ala Figure 2.17) peuvent &re
obtenues en fonction des donnés d'analyse du spectre de fréjuence. Le chiffre du
haut est la fonction ILS du canal de mesure CH4, et l'autre chiffre est la fonction ILS
du canal de mesure CO>. L'ordonné est I'amplitude de réonse du systéme au signal
RF, et I'abscisse repré&ente la diffé&ence entre la fréuence de rayonnement dans le
spectre solaire et le laser avec une fré&uence de rayonnement fixe. La bande passante
de réponse calculé du systéne est d'environ 132,6 MHz et la résolution spectrale est
d'environ 0.00442 cm™ pour le CHs et le CO2. La puissance du signal RF dans cette
bande passante est d'environ 0,15 |V, et cette puissance sera transformé en signaux
basse fréguence par la diode Schottky. Graphique 2.18 montre une donné& de mesure
pour le CHs et le CO. dans l'atmosphere, et les paraméres d'exp&ience
correspondants sont dans le tableau 2.3. Les donnés de mesure des signaux
hé&é&odynes de CH, et de CO> dans I'atmosphé&e sont préentées sur la Figure 2.18 (a)
et (b). Les données de nombre d'onde correspondantes sont repréentées sur les
Figures 2.18 (c) et (d), respectivement. Les deux lasers DFB ont des variations de
nombre d'onde de 0.97 cm? (CO2) et de 1.83 cm™ (CH4). Lorsque le courant
d'entramement change de 0.1 mA, le nombre d'onde moyen change d'environ 0.00245
cm? (CO2) et 0.00234 cm™ (CH.), et la résolution spectrale est plus petite (0.00442

cm?).
i.2.3 Comparatif et analyse de spectres avec diffé&entes ré&olutions

On peut voir apartir de la Figure 2.16 (b) et de la Figure 2.18 (b) que lorsque la
résolution spectrale est plus éeves, une structure spectrale plus fine peut &re mesuree.
La raie d'absorption (6056.508 cm™) du CO; a éjalement &é& enregistré dans le
spectre de transmittance, montrant un phé&omene de double pic. La position centrale
du spectre solaire (6056.636 cm™) est la mé&ne que les ré&ultats de mesure du FTS. En

raison de la pression atmosphé&ique relativement faible dans la stratosphere, la
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vé&itable largeur de raie du spectre d'absorption du CO2 dans I'atmosphére est éroite.
Lorsque la largeur de raie d'absorption est infé&ieure ala bande passante du filtre
passe-bande et infé&ieure & la fr&uence de coupure basse, les doubles pics

appararont dans le spectre de mesure, selon le principe du laser hé&é&odyne.
i.3 Ré&ultats

Avant la ré&upéation des donneées, les signaux NIR-LHR bruts doivent &re préraités,
y compris la normalisation de l'intensitéet I'éalonnage du nombre d'ondes. Compte
tenu de I'&uilibre entre SNR et ré&olution spectrale, les filtres passe-bande &[290,
400] MHz et [395, 520] MHz ont &é&choisis pour les déections de CO, et CH4 dans
I'observation along terme. Les nombres d'onde centraux des deux lasers DFB sont
d'environ 6238.78 cm™ (CO,) et 6046.96 cm™ (CH4). La partie inversion de données
du travail est principalement ré&lisé par G. WANG.

Afin d'&aluer les réultats du NIR-LHR, des comparaisons avec les donnéss
GOSAT ont é&éeffectuées pendant les jours ensoleillé pendant la p&iode d'octobre
2018 amai 2019. Les Figures 2.25 (a) et 2.25 (b) montrent la s&ie chronologique des
moyennes quotidiennes. Réultats de ré&upé&ation NIR-LHR (avec €art type comme
barre d'erreur) et résultats GOSAT de Xcra et Xcoz, oulles ré&sultats GOSAT ont ée
séectionn& dans un rayon de 3 degré& du site d'observation (Hefei, Chine, 31,9N
117,16 E). Les €xarts types se situent dans la plage de ppb pour Xcha et pour [0.7, 2.2]
ppm pour Xcoz2 pendant les mesures, ce qui correspond aune zone d'incertitude de
0.15%-0.7% pour Xcha et 0.17%-0.5% pour le Xcoo, respectivement. Comme le
montre la Figure 2.25 (a), pour les mesures de Xchs, il existe un biais de ~10 ppb
entre les ré&ultats NIR-LHR et les résultats GOSAT, ce qui signifie que le Xcha est
sous-estimépar rapport aux mesures GOSAT. Alors que pour les mesures de Xcoz
(illustrées ala Figure 2.25 (b)), les réultats NIR-LHR sont en bon accord avec les
résultats GOSAT. A l'avenir, des analyses aplus long terme seront menées pour

I'@ude des variations saisonniéres et annuelles du CO; et du CH4 atmosphé&iques.
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i.4 Conclusion

Un NIR-LHR entiéement fibré a é&é& déeloppé pour fonctionner en mode
d'occultation solaire au sol. Un commutateur afibre optique 1x2 est utilisé pour
moduler le rayonnement solaire, ce qui rend le systéme plus stable et compact. Les
spectres NIR-LHR ahaute résolution du CO, et du CH4 atmosphé&iques ont é&é&
obtenus en utilisant deux lasers DFB (1.6 um et 1.65 um) comme oscillateurs locaux.
Apres I'éalonnage de la puissance, les nombres d'onde ont &épre&sisénent éalonné
al'aide d'une méhode de correction de corrdation. Par la suite, un algorithme
d'extraction basésur 'OEM et le RFM a éeédéreloppépour l'extraction des profils
verticaux, des abondances moyennes sur colonne et des rapports de mé&ange dans l'air
sec du COz et du CH4 atmosphé&iques. Enfin, les ré&ultats NIR-LHR along terme ont
éévalidé en comparant les résultats GOSAT au cours de la mé&ne pé&iode, ce qui
indique une ré&gion d'incertitude de 0.15%-0.7% pour Xcha et 0.17%-0.5% pour Xcoz,
respectivement. Le NIR-LHR démnontrédans ce manuscrit a un grand potentiel pour
&re un instrument portable et &haute réolution spectrale pour la déection des gaz

atmosphé&iques aplusieurs composants.

ii. Radiomére hé&é&odyne laser proche infrarouge portable intgré

(IP-NIR-LHR)

Deuxienement, pour le développement ulté&ieur d'expé&iences sur le terrain, le
développement d'un radiométre hé&é&odyne alaser proche infrarouge portable intégré
(IP-NIR-LHR) basésur deux lasers DFB est pré&enté Des mesures au sol du CHset
du CO2 dans la colonne atmosphé&ique de Dachaidan (dans la province du Qinghai,
Chine.) ont &éeffectués. (Note : Dans cette partie, pour les Figures, les tableaux et

les formules, veuillez vous rappeler au Chapitre 3.)

ii.1 Conception intégrée
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Sur la base des recherches du chapitre 2, le diagramme schénatique de I'lP-NIR-LHR
a éécona (illustréala Figure 3.2). Les structures fibreuses (constituées du tracker
solaire, du collimateur fibre, SMF, FOS, FSO, FS1, FC1, FS3, FC3) utilisés pour la
géné&ation du signal hé&é&odyne et du signal de réf&ence sont les mé&nes que celles de
la Figure 2.1. Le module de traitement radiofrégjuence est éjalement le méne que la
description du chapitre 2. Dans cette conception, afin d'inté&rer tous les modules de
contrde dans un petit boTier, deux contr@eurs adiode laser (LDC1, LDC2), deux
compteurs de longueur d'onde et deux les amplificateurs de verrouillage doivent &re
miniaturises.

Connectez les sorties des répartiteurs adeux faisceaux (FS2, FS4) et les entrées
des combineurs adeux faisceaux (FC2, FC4), respectivement ; lorsque les longueurs
des deux bras ne sont pas é&ales, les signaux d'interfé&ence (I1S1, 1S2) li& aux
longueurs d'onde de deux lasers DFB seront gené&és dans le photodéecteur (PD2,
PD3), qui ont servi acalibrer les nombres d'onde. Sdéectionnez la diffé&ence de
longueur de fibre en fonction de la longueur d'onde du laser.

Deux pré@amplificateurs (PAl, PA2) ont &é&conaqis pour amplifier les signaux
basse fréjuence des deux diodes Schottky. Les signaux de sortie (AC1, AC2) ont &é&
collectés par la carte d'acquisition de données et traduits vers I'ordinateur personnel.
Deux amplificateurs numé&iques verrouillables ont &&programmés dans le PC pour
démoduler I'AC1 et I'AC2. Les autres méhodes de traitement du signal et modes de

balayage laser sont les mé&nes que ceux présenté& au chapitre 2. Les donné&s du
spectre d'absorption hété&odyne laser ont &écollectées point par point.

La boie int&ree (illustrée ala Figure 3.3) a @édivisee en deux couches. La
couche infé&ieure &ait &uipé& de convertisseurs de puissance, de chemins de fibre

optique, d'un commutateur de fibre optique et d'un DAQ. La couche sup&ieure &ait

&uipée de circuits de commande laser, de lasers DFB, de deux modules de traitement

radiofréguence, de deux préamplificateurs et de modules de puissance, etc. Les sorties

de la fibre optique éaient connectés aux photodéecteurs correspondants sur la
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couche supé&ieure. Chaque module sera déerit en déail ci-dessous.

ii.2 Observation de terrain &aDachaidan

Une observation de 20 jours a éémeneé dans le district de Dachaidan, préecture
autonome mongole-tibé&aine de Haixi dans la province du Qinghai (37,7442<N,
95,3424E). L'atmosphe&e dans cette zone est moins affecté& par les activités
humaines et peut &re utilisée comme site d'observation de fond atmosphé&ique illustré
ala Figure 3.18 (a) et (b). L'é&at d'observation de l'instrument dans l'exp€&ience est
illustré & la Figure 3.19. La fibre monomode transporte le rayonnement solaire
collecté par le dispositif de reeption de lumiée du suiveur solaire dans
I'IP-NIR-LHR pour la déection. Pour &viter le vent, le sable et la pluie &tout moment,
I'IP-NIR-LHR est placédans une tente pour travailler.

Apreés correction et filtrage du signal, le spectre d'absorption du mé&hane mesuré
a éé comparéaux réultats mesurés du FTIR. Comme le montre la Figure 3.23,
comme le temps de mesure et I'emplacement des deux spectres sont incohé&ents, la
position d'absorption du CH4 dans les deux spectres est la méne et la profondeur
d'absorption spectrale mesuré par FTIR est plus profonde que celle mesuré par
IP-NIR- LHR. Cependant, le spectre solaire dans les deux spectres se chevauche
presque, car le spectre solaire n'est pas affectépar le temps et I'emplacement, ce qui
montre éyalement la validitédes donnés de mesure de I'instrument.

Ré&lisésur le terrain selon les conditions mééorologiques locales, la Figure 3.23

montre les ré&ultats de mesure de la transmission atmosphé&ique du CH4 et du CO: le

18 aok, avant 14h00 du matin, la profondeur d'absorption du CHaset du CO> dans

I'atmosphére a progressivement augmentéavec le temps, et la profondeur d'absorption
des deux dans l'apré-midi a progressivement diminué avec le temps. Le spectre
d'absorption change lentement de 11h00 &14h00 amidi, et change rapidement a
d'autres moments. Le temps néeessaire al'instrument pour collecter un spectre varie

avec le changement d'intensitéde la lumiée solaire. Dans la plage de 5 min &10 min,
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le rapport signal/bruit du spectre peut &re d'environ 250.

ii.3 Ré&ultats de la ré&upération

La transmittance du CHs et du CO> mesuré &9:32 le mé&ne jour a &eéinversee gr&e
a lalgorithme d'inversion. Les résultats d'ajustement des deux transmittances
mesurees obtenus par calcul ité&atif sont illustr&s a la Figure 3.25 (a),(c),
respectivement. La Figure 3.25 (b),(d) est la diffé&ence ré&iduelle entre la
transmittance mesuré du CHs et du CO; et la transmittance simulé. On peut voir que
le résultat du calcul et le spectre mesurépeuvent &re bien ajustés. La valeur absolue
de I'erreur ré&siduelle est plus grande dans la zone avec le plus grand nombre d'ondes
et le pic d'absorption. Cela est dGala puissance de sortie laser plus faible dans la zone
avec un nombre d'onde plus grand, ce qui réluit le rapport signal/bruit, tandis que la
lumiere du soleil est absorbé au pic d'absorption, le rapport signal/bruit du signal
hé&é&odyne est ici infé&ieur au rapport signal sur bruit lorsqu'il n'y a pas d'absorption.
D'aprés l'inversion du spectre mesurédu CHs et du COg, la concentration de la
colonne de gaz CH4 en dessous de 24 km est de 2.695 % 10'° molé&ulaire/cm?, et la
concentration de la colonne de gaz CO- est de 5.804 x 10?! molé&ulaire/cm?. Cette
partie du travail d'inversion est principalement effectué& par moi-méne. Le principe

et le processus d'inversion sont expliqués dans I'annexe 1 et I'annexe 2.

ii.4 Conclusion

Ce chapitre présente le développement de I'IP-NIR-LHR, congit le circuit de
contrde du courant de la diode laser et le circuit de contrde de la tempé&ature,
combiné& al'amplificateur radiofré&uence pour que la résolution spectrale du systéne
de mesure atteigne 0.00442 cm™. La structure d'&alonnage de longueur d'onde laser
est construite en utilisant le combineur de fibre optique et le séarateur de fibre
optique. Le pr&amplificateur est conqi pour bloquer, filtrer et amplifier le signal de

tension faible @mis par le circuit de traitement du signal RF. Combiné avec
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I'amplificateur averrouillage numé&ique, le signal collectéest dénodulé€ et enfin le
signal hé&é&odyne est moyenné Lorsque le ciel est sans nuages, la totalitéde la
couche de transmission atmosphé&ique de CH4 et de CO> avec un rapport signal/bruit
d'environ 250 peut &re obtenue toutes les 3 minutes. Cet instrument est le premier
instrument de déection hé&&odyne laser portable haute résolution en Chine, et sa
capacitéaobserver sur le terrain a éévé&ifiee par des exp&iences dans la region de
Dachaidan. L'é&ape suivante consiste a effectuer un contrde de tempé&ature
secondaire sur cet instrument, &aoptimiser davantage la structure interne et aame@iorer
la stabilité de sa mesure. Am@iorez le logiciel d'acquisition et de traitement des

données pour permettre une observation sans surveillance.

iii. Radiomeétre laser hé&é&odyne moyen infrarouge basésur un laser en cascade

interbande (IC-LHR)

Le déeloppement d'un radiometre laser hé&&odyne moyen infrarouge (mid-IR) basé
sur un laser en cascade interbande (IC-LHR) est pré&enté L'IC-LHR développéa &é
testéal'Institut d'optique et de mé&anique fine d'Anhui, sur I"ie des sciences, aHefei,
en Chine. Des mesures au sol du CH4 et du HDO dans la colonne atmosphé&ique ont
é@éeffectuéss. (Note : Dans cette partie, pour les Figures, les tableaux et les formules,

veuillez vous rappeler au Chapitre 4.)

iii.1.  Un IC-LHR fonctionnant &3.53 pm

L'IC-LHR développéest repré&entéschématiquement sur la Figure 4.1. Et la Figure
4.2 montre I'image physique de I'lC-LHR. Il est composé&d'un module de captation de
la lumie&e solaire directe associéaun tracker solaire, un module de modulation du
rayonnement solaire, et ICL, un photodéecteur, et un module d'extraction de signal
hé&e&odyne, ainsi qu'un module de mérologie fré&uentielle (dans notre cas, une
longueur d'onde module de correction et les raies d'absorption du CH4 et de I'HDO

extraites de la base de donnéss Hitran ont &éutilisees).
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Le rayonnement solaire contenant des informations sur I'absorption
atmosphé&ique a éécapturéal‘aide d'un suiveur solaire fait maison et réfl&hi dans le
systame par les réflecteurs (R1, R2, R3). Et puis, il a &&hachéa?2 kHz pour une
amplification verrouillé du signal LHR par un hacheur contrdépar un contrdeur de
hacheur SR540. Les deux diaphragmes airis (11, 12) et deux réflecteurs (R3, R4) ont
éé utilisés pour marquer et ajuster le trajet de la lumiee solaire afin qu'il soit
colin&ire avec le trajet laser. Apres un séparateur de faisceau 50T/50R (BS2), le
faisceau solaire réfl&hi a éédirigévers PD3 focalisépar L3 (f = 25 mm, ZnSe) pour
surveiller la fluctuation de I'intensitésolaire pendant la mesure.

Un séparateur de faisceau (BS2) a &éutilis€comme dispositif de méange pour
combiner le rayonnement solaire réléhi avec le faisceau lumineux d'un ICL utilisé
comme oscillateur local (LO). Le mode de sortie de I'ICL éait contrdé par un
contrdeur adiode laser et un géné&ateur de signaux. Les faisceaux combiné& é&aient
concentré& sur un photodéecteur & haute vitesse au tellurure de mercure et de
cadmium (PD1, Vigo PV-2TE-4 avec un pramplificateur personnalis€, qui avait ala
fois DC ([0,1] MHz, pour surveiller la puissance ICL) et AC ( [1 kHz, 100 MHz],
pour la déection LHR en radiofréguence (RF)) par L1 (f = 25 mm, ZnSe). Les
diaphragmes airis de 13 et 14 ont &éutilisé pour aider aajuster la colin&ritéde LO
et du rayonnement solaire.

Le rayonnement solaire contenant les informations d'absorption atmosphé&ique a
é@é&converti dans le domaine RF via PD1, suivi d'un filtre passe-bande (constituéde
F1:[10 MHz, 3 GHz] et F2 : [DC, 60 MHz] utilisépour dé&erminer la bande passante
de déection RF qui déinit la forme de ligne de l'instrument (ILS) du systéme LHR.
Par la suite, le signal RF apreés le filtre passe-bande a é&é&converti en un signal continu
par une diode Schottky (HEROTE, DHMO020BB) et dénodulé&au premier harmonique
al'aide d'un amplificateur de verrouillage (Stanford Research Systems, SR830) avec
la fréguence de dé&oupage comme réf&ence. Le signal LHR peut finalement &re
obtenu en r&glant la fréguence laser sur les raies d'absorption molé&ulaire cibles.

Une petite fraction du faisceau ICL réfléhi par BS1 a &é utilisé& pour
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I'&alonnage de la longueur d'onde : un miroir &bascule (R5) a dirigeéle faisceau ICL
soit vers un éalon de germanium de 50.8 mm (avec une plage spectrale libre
d'environ 0.0246 cm™) suivi d'un enregistrement PD2. signal de frange &alon ou aun
ondemétre (Bristol Instruments, 621) pour des mesures de fré&uence absolue ou pour
la mérologie de freguence relative.

Un ordinateur portable personnel éjuipéd'une carte DAQ (National Instruments,
USB-6366) et du logiciel LabVIEW a &éutilisépour I'acquisition de donneées et le
contrde des instruments (contrde du suiveur solaire, réglage de la fréguence et
lecture du nombre d'ondes). Les signaux de 5 canaux ont &é&recodés : les sorties en
phase (X) et en quadrature (Y) de [I'amplificateur de verrouillage pour la
compensation de phase du signal LHR en utilisant les identité&s de somme et de
difféence d'angle (identités trigonomériques), la sortie CC de PD1 pour le suivi de la
puissance ICL, le signal de PD2 pour I'é@alonnage de la longueur d'onde relative et le

signal de PD3 pour le suivi de la variation de la puissance solaire.
iii.2 Caractéristiques des dispositifs clé impliqué dans I'IC-LHR
iii.2.1 Interband cascade laser

L'oscillateur local utilisé &ait un ICL aréroaction distribué (illustréala Figure
4.3(a)) fonctionnant autour de 3.53 um et montésur le TO-66. Il y avait une lentille
de collimation pour fagnner le faisceau de sortie. L'image thermique du faisceau
laser collimatéaune distance de 3.0 m de la facette laser est illustrée ala Figure
4.3(b). Autour de 3.53 um, le spectre de puissance de sortie de I'ICL est illustréala
Figure 4.3(c). Ce laser peut @re ré&lé grossiéeement sur ~10 cm™ en ajustant la
tempé&ature aun courant constant ou avec préeision sur ~1 cm™ en ajustant le courant
d'injection aune tempé&ature constante.

Les relations entre le nombre d'ondes laser, la puissance laser et le courant
d'injection laser sont illustrées ala Figure 4.4. Pendant la mesure LHR, la tempé&ature

et le courant laser ont ééreglés ald <C et 30 mA pour sonder les raies d'absorption
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CHs et HDO situées autour de 2831.92 cm™ (CHs @ 2831.9199 cm™ avec une
intensité&de raie spectrale de 1.622 xe?'cm/mol ; HDO @ 2831.841 cm™ avec une
intensitéde raie spectrale de 3.014 xe2* cm/mol. Les données sont ré&up&ées dans la
base de données HITRAN). L'accord de fré&uence du laser peut &re effectuéen
modifiant le courant laser point par point via un contrdeur laser ou en balayant le
courant d'injection avec une forme d'onde de fonction commune (telle qu'une forme

d'onde sinuso'dale ou triangulaire).
iii.2.2 Traqueur solaire dans I'espace de liberté

Le suiveur solaire utilisédans IC-LHR a éé&conqi par T. Tan et Y. Cao. Il peut suivre
le soleil de maniée constante et refléer la lumiée directe du soleil dans le LHR.
Dans le processus de poursuite, la trajectoire du faisceau incident sur le LHR par le
suiveur solaire reste inchangeée. Sa pré&ision de suivi des axes X et Y éait de 0,068
et 0,06< La Figure 4.5 (a) montre la propagation du faisceau solaire dans le suiveur
solaire. Le principe de fonctionnement du tracker solaire est le suivant : Combinez
I'application Labview pour obtenir I'heure locale ainsi que la longitude et la latitude
locales via le module GPS externe. Selon les informations de I'heure, la latitude et la
longitude, I'@évation et l'azimut du soleil sont calculé et convertis en nombre
d'impulsions pour entramer les moteurs pas apas S1 et S2. De cette fagn, la quantité
de mouvement du moteur pas apas est contrdée séarénent. Lorsque le capteur
d'image CCD capte le spot solaire (comme indiquédans I'ensemble de la Figure 4.5
(@), le déealage de la position centrale du spot peut &re obtenu gr&e au traitement
d'image, qui peut &re converti en nombre d'impulsions acontrder les moteurs pas a
pas finement. Le suiveur solaire fait maison est illustréala Figure 4.5 (b).

R1, R2 et R3 ont ré&le&hi le faisceau solaire dans le systé@me IC-LHR. Dans
I'expé&ience, la position du faisceau solaire doit rester fixe. Cela joue un r&e
important dans le battement entre le laser et le faisceau solaire dans I'espace de liberté
Afin de véifier la stabilitédu faisceau réflé&hi du suiveur solaire, un autre capteur

d'image CCD (taille : 38 mm =38 mm, pixel : 5120 %< 3840) a é&é&placéala position
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du systame IC-LHR pour collecter les coordonnéss de le centre de masse de la tache
solaire. Nous avons utilisé ce tracker solaire pour suivre le solaire pendant deux
heures et obtenu la d&ive de la particule centrale du capteur CCD sur I'axe X et I'axe
Y. Les résultats sont pré&enté ala Figure 4.6.

L'angle entre tous les deux pixels est de 0,01< Les €arts des axes X et Y sont
similaires & la distribution gaussienne et sont principalement distribué dans
I'intervalle de [-0,01< +0,019. Cela peut essentiellement réondre aux besoins du

battement entre le laser et le rayonnement solaire.

iii.2.3 M@angeur photo infrarouge moyen

Le Photomixer (Vigo, PC-2TE-4-0.1 <0.1-TO8-wBaF2-70) est composé&de HgCdTe,
dont les descriptions sont préentés dans le tableau 4.1. Il s'agit d'un déecteur
photovolta'fjue dotéde caractéistiques hautes performances dans la plage spectrale de
2.3 &a4.2 um et dun refroidissement thermodectrique & deux éages. L'image
physique et la disposition méanique du photoméangeur infrarouge moyen sont
illustrées ala Figure 4.7 (a) et (b). Le FOV de 70<et la zone active de 0.1 <0.1 mm?
sont bons pour l'incidence des faisceaux.

La sensibilitédu photomé&angeur infrarouge moyen est illustré& ala Figure 4.8.
Autour de la raie d'absorption de 3.531 um, la réctivitéest d'environ 1. C'est un
déecteur photovoltafue. L'amplificateur de transimpédlance inté&ré&(BIP-1K-100M)
al'inté&ieur du photodéecteur peut amplifier la composante CA (signal RF) dans la
plage de [1 kHz, 150 MHz]. Dans deux conditions (laser d'entré& et couvrir la surface
du photodéecteur), les signaux de sortie ont &é&collecté& par un analyseur de spectre
(Agilent Technologies, N9000A), comme le montre la Figure 4.9. Dans la plage de 10
MHz a60 MHz, il y a moins de bruit RF. Ainsi, les filtres RF passe-haut de 10 MHz
(Crystek corporation, CHPFL-0010-NC) et DC ~ 60 MHz (Mini-Circuits BLP-70+)

sont utilisés pour filtrer le signal RF.

iii.4. Séection de bande passante
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Comme le montre la Figure 4.13. la forme de signal hé&é&odyne est dominée par le
signal LO (ICL), et le photomixer peut extraire le signal LHR de la ligne de base de
fond en dessous de 150 MHz. Cependant, il y avait plusieurs pics indésirables entre
70 MHz et 120 MHz, ce qui pourrait introduire du bruit supplénentaire dans le signal
LHR. Par cons&juent, les filtres passe-bande de 10 MHz ~ 60 MHz ont &é&choisis
dans I'expé&ience, ce qui a donnéune réolution spectrale &double bande lat&ale de ~
100 MHz (0.0033 cm™) du systéme. L'encart de la Figure 4.13 montre I'ILS

reellement utilisé€pour la ré&upé&ation des donnéss.

iii.5. Spectre de mesure du CHsatmosphé&ique et du HDO aHefei

Le ré&ultat exp&imental, mesuré depuis notre institut (Hefei, Chine, 31,9N
117.166E) le 21 juin 2016, est illustréala Figure 4.14 (b), otla compensation de
phase a traité les donné&s LHR. De plus, la transmittance de la vapeur HDO
atmosphé&ique et du CH4 dans la région spectrale considé e est calculé en utilisant
un modée direct. Les réultats sont présentés sur la Figure 4.14 (b), qui ont &é&acquis
aune fr&uence d'&hantillonnage de 50 Hz en entramant le courant laser avec une
onde sinusodale (0.0125 Hz (80 s), 0.5 Vpp).

Avant la ré&upé&ation des donnés, les donnés brutes LHR doivent &re
préraités. Tout d'abord, le déalage du signal LHR, otile courant d'injection vers
I'ICL est &jal azé&o, a éésoustrait. Ensuite, le signal LHR est divisépar le signal
d'intensitélICL (signal DC) pour la normalisation du signal LHR. Lorsque de grandes
fluctuations de I'éergie solaire (plus de 10% de l'intensité moyenne de I'éergie
solaire) se produisaient pendant le balayage, les donnés LHR ne seraient pas prises
en compte pour une analyse plus approfondie. Dans un troisiéme temps, un
éalonnage fr&juentiel du signal LHR a é@éralisé alaide de fr&uences relatives
(signal d'é@alon de germanium) et de fr&uences absolues d'un ondeméire ou des
positions des raies d'absorption (de la base de données HITRAN). Dans le pré&ent
travail, les pics du signal éalon ont &é&ajusté& aune fonction polynomiale d'ordre 5

pour déerminer la fr&juence relative des points de données, et la position de la ligne
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CH4 (2831.92 cm™) a &éuutilisé pour calibrer la fréuence absolue. De plus, un
facteur d'é&helle et un déalage ont é@é utilisés pour un éalonnage de fré&uence
supplénentaire en fonction des réultats de I'ondemétre et du calcul du modée direct.
Enfin, les réultats calibrés du LHR ont é&é&interpolé avec le méne intervalle de
fréguence que le modée direct, puis le spectre LHR traitéest maintenant pré& (points
bleus sur la Figure 4.16 (a)) pour une ré&upé&ation de donnees supplémentaire afin
d'inverser le spectre LHR au profils de concentration verticaux correspondants.

Le principal travail de ré&upé&ation des donnés a ééralisépar G. Wang. La
Figure 4.16 (a) montre les donné&s IC-LHR préraitées et le spectre ajustésur la
r&jion spectrale de 2831.64 &2832.07 cm™ avec un intervalle de 0.001 cm™. Le
processus itéatif est illustrédans I'encadréde la Figure 4.16 (a), otiy?/m &jal a~1.05
est obtenu aprés 6 ité&ations. Les résidus entre les donné&s préraitées et le réultat
ajusté sont illustrés ala Figure 4.16 (b), ou la distribution alétoire indique un
ajustement bien configuré Les profils de CHs et de vapeur d'eau ré&eup&é (Figure
4.16 (c) et Figure 4.16 (d)) sont calculé en multipliant le facteur d'é&helle r&up&é
par le profil a priori. Sur la base des profils de CHa4 et de vapeur d'eau r&up&es,
I'abondance totale de la colonne de vapeur d'eau est calculé& &a~2868 ppm (ou
~5.8E*% molé&ules/cm?), I'abondance totale de la colonne de méhane et son rapport
de méange dans l'air sec ( Xcha) sont respectivement de ~1.875 ppm (ou ~3.8E*%°
moléules/cm?) et ~1.88 ppm (partie par million). L'erreur de réupé&ation totale des

facteurs adeux &helles a &écalculé& a~6% et ~8%, respectivement.

iii.6. Conclusion

Un LHR moyen infrarouge basésur ICL a &&démontré pour la premiée fois, en
mode d'occultation solaire au sol. Un spectre LHR &haute réolution (0.0033 cm™)
proche de 3.53 m a &é&aobtenu pour des observations atmosph€&iques simultanées de
vapeur d'H20 et de CHa4. Un algorithme de ré&upé&ation basésur OEM et RFM a éé
développépour la ré&upé&ation des profils verticaux de H2O et CHs et I'analyse des

erreurs. L'abondance totale mesuré de la colonne CH4 et Xchs a éé&déerminé a
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1.87 +=0.02 ppm et 1.88 +=0.02 ppm, respectivement. L'IC-LHR a un potentiel devé
pour &re développéen tant qu'instrument compact, robuste et sans surveillance pour

les engins spatiaux, les applications a&oportées ou au sol.

iv. Radiométre laser hé&é&odyne alarge bande proche infrarouge

Un radiometre laser hé&&odyne dans le proche infrarouge afibre large bande pour la
déection du rapport isotopique du carbone du gaz CO: dans l'atmosphé&e est
démontré Un laser adiode acavitéexterne accordable fonctionnant dans la bande du
proche infrarouge est utilis€comme oscillateur local, ce qui permet de mesurer le
13CO; et le 2CO; dans une large bande. Ce dispositif peut fournir une méhode de
mesure efficace pour la déection de rapports isotopiques stables dans I'atmosphére.
(Note : Dans cette partie, pour les Figures, les tableaux et les formules, veuillez vous

rappeler au Chapitre 5.)

iv.1 LHR basésur un laser NIR acavitéexterne accordable (EC-LHR)

Le schéna de I'EC-LHR est illustréala Figure 5.2. Comme la structure traditionnelle
du LHR, le laser et le rayonnement solaire modulé par un hacheur mé&anique sont
combiné par un combineur de fibres et battent &la surface d'un photodéecteur. Le
signal de courant provenant du photodéecteur est amplifi€ filtréet converti par le
circuit de traitement de signal RF, et dénodulépar un amplificateur de verrouillage.
Le signal de puissance de rayonnement solaire et les signaux hé&éodynes sont
collecté par une carte d'acquisition. La structure de collecte du rayonnement solaire
(illustrée ala Figure 5.3) est installé dans le suiveur solaire et la puissance collectée
est transmise par une fibre monomode au systéme de mesure. Le hacheur méeanique a
ééinstallédevant le collimateur avec une lentille de focalisation de 17 mm qui peut
ére ajusteée par un cadre de reglage optique. Cette structure fait que le collimateur et
la lentille du suiveur solaire ont le m&ne angle et suivent le soleil pour se déplacer a

I'unisson. Ensuite, la lumiee directe du soleil peut &re collecté dans le systéme de
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mesure. Par une journeés ensoleillée, I'éergie solaire qui peut &re collectee dans la
fibre monomode peut atteindre 8 uW. L'oscillateur local est choisi comme laser a
cavitéexterne accordable en raison de sa large bande de travail. Son rayonnement est
reliéau systéne de mesure &alement par une fibre monomode.

Le modée de chague composante est pré&enté dans le tableau 5.1. Un
photodéecteur (InGaAs) avec une bande de réponse de 800 nm &1700 nm est utilisé
et sa bande passante éectronique (-3 dB) est de 5 GHz. Il peut &re connectépar le
couple FC/PC apartir d'une fibre monomode et a un diamétre de zone active de 80
m. La longueur d'onde maximale et les réonses maximales sont respectivement de
1550 nm et 0.9 A/W. Un Bias-Tee avec une bande passante de 0.1 Hz 24200 MHz est
utilis€pou séarer le signal DC et le signal AC. A fré&uence fixe, la perte d'insertion
et I'isolement des deux entrées et de la sortie du Bisa-Tee sont approximativement les
ménes sous des courants difféents, cela assure la linéritédu signal de réonse. Bant
donnéque la fr&uence RF sdectionné est d'environ 250 MHz, les amplificateurs a
faible bruit avec une bande passante de 0.1 Hz 2500 MHz et de 20 MHz a4 GHz sont
utilisés pour amplifier le signal RF en sé&ie. Lorsque la puissance de 12 V est
appliqués, les gains sur la fréuence de mesure sont respectivement d'environ 24.66
dB et 20.1 dB, de sorte que le gain global apré connexion en séie peut atteindre
44.76 dB. Un filtre passe-haut avec une bande passante de 225 MHz &3 GHz et un
filtre passe-bas avec une bande passante DC &270 MHz sont utilisé& pour filtrer le
signal RF afin de ré&luire la bande passante de mesure. Cela peut non seulement
réluire le bruit causé par le syst@me de mesure @éectronique, mais €éyalement
am@iorer la réolution spectrale. La diode Schottky avec une plage de fré&uence de
100 kHz &2 GHz est utilisés pour convertir le signal RF en tension basse frégjuence. I
est dotéd'une large plage dynamique de 10 uV &5 V correspondant &une puissance
d'entrée de -50 dBm a+20 dBm et une sensibilitéde 1 mV/uW. Le schéna physique
du circuit de traitement du signal RF est figédans un boTier illustréala Figure 5.4.

Le combineur de fibre monomode adeux entrées (60% : 40% pour le rouge et le bleu)

a &alement &é pré&senté Le détecteur d'énergie solaire peut recevoir 10% du
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rayonnement solaire collect& et le reste est appliquépour &re combinéavec le laser.
La tension de sortie de la diode Schottky est démodulée par un amplificateur de

verrouillage et est collecté& par une carte d'acquisition de donnéss avec une réolution
ADC de 16 bits. La mesure du CO> dans I'atmosphée dans une large bande dépend
principalement du laser acavitéexterne accordable (ECL : 448 <133 %370, 12.5 kg).
La source lumineuse est composeée d'une diode laser installée dans une structure &
cavitéexterne de type Littman-Metcalf. La structure a @€ame@ioré pour permettre a
la longueur d'onde de sortie laser d'&re ajusté en continu dans la plage de 1500 nm a
1640 nm. Et la puretéspectrale du laser peut atteindre environ 150 kHz ce qui peut
é@re né@ligépar rapport ala bande passante éectronique (45 MHz) du systeme de
mesure. De plus, la stabilitéde la puissance laser peut atteindre =0.01 dB, ce qui est
béndfique pour calibrer le spectre de mesure. La puissance maximale du laser est

d'environ 5 mW. Pour les caracté&istiques de la longueur d'onde laser, la preeision

absolue, la rép étabilité et la résolution sur une longueur d'onde fixe sont

respectivement de +0.04 nm, £0.005 nm et 0.001 nm.

iv.2 Spectre de mesure et comparaison

Selon la bande de travail de I'ECL, les données de réfé&ence des raies d'absorption du
CO. ont @éeétrouveéss dans la base de données HITRAN. La longueur d'onde de
mesure se situe entre 1598.3 nm ~ 1 600.6 nm. Dans cette bande, I'intensitéde la raie
d'absorption est d'environ 2.02>e2% cm/mol et 2.4>2 cm/mol pour les moléules
1BCO; et 12CO;, respectivement. Le spectre mesurépar le spectroméire atransformés
de Fourier dans cette bande est illustréala Figure 5.5. La police noire indique la
position de la raie d'absorption du *2CO,, et la police rouge indique la position de la
raie d'absorption du *CO.. Le laser fonctionne dans cette bande pour réliser la
déection de la transmittance atmosphé&ique pour le 1*CO; et le 1?COs,.

Lorsque le laser et la lumiére du soleil ont &é&entré dans le systéne de mesure,

les réponses en fr&uence du signal RF ont é&€émesurees par un analyseur de spectre
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(Analyseur de signal Agilent CXA N900A) qui est illustréala Figure 5.6. La bande
de 10 MHz &800 MHz a &éé&enregistreés. Il n'y a pas de filtre RF pour les donnéss
noires. On peut voir qu'il y a un bruit RF plus important autour de 110 MHz. Afin de
filtrer le bruit RF et de diminuer la bande passante &ectronique, les filtres RF dans la
plage de 225 MHz a270 MHz sont utilisés et la réonse a ééenregistree en tant que
données rouges. Selon la réonse RF, la bande &ectronique de 195 MHz ~ 324 MHz a
éé&conservee dans le systame de mesure et elle peut &re transmise dans la fonction de
forme de ligne de l'instrument (ILS) illustré& ala Figure 5.7. La réolution spectrale
du systéme de mesure est d'environ 0.0086 cm™.

Dans l'expé&ience, aprés avoir défini une longueur d'onde laser, il y avait un
intervalle de 300 ms pour attendre une longueur d'onde stable. Ensuite, la carte
d'acquisition de données a collect&15000 points apartir de la sortie du LIA (SR830)
avec un taux d'&hantillonnage de 20 kHz. Ces points ont &€& moyenné& dans le
programme aun signal laser hé&é&odyne correspondant ala longueur d'onde actuelle.
La ré&olution de la longueur d'onde du laser et la puissance de sortie ont ééfixees
respectivement &0.002 nm et 1.2 mW. Les paramétres de LIA ont &&définis car le
temps d'intégration est de 100 ms, le roll-off est de 24 dB, la sensibilitéde 5 mV et la
fréguence de réf&ence est de 588,8 Hz. Chaque donné& du spectre est prise environ
1.1 s. L'une des transmissions atmosphé&iques mesurées est illustré& ala Figure 5.8

enregistrée &a16h00 le 23 février 2019. L'exp&ience a @émené& aDunkerque, dans le
nord de Calais, en France (512'6" N, 222'9" E) . Il y avait sept raies d'absorption

du *2CO, moléulaire et cing raies d'absorption du **CO2 moléulaire ont &édéectées
dans le spectre.

Le spectre de mesure (noir) du radiométre laser h&&odyne est comparé&avec les
résultats du FTIR (rouge) al'observatoire TCCON aParis est représentésur la Figure
5.9. On constate que le SNR du spectre de transmittance atmosphé&ique obtenu par

EC-LHR est comparable au FTIR.
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iv.3 Conclusion

Ce chapitre présente principalement la structure de I'appareil et le spectre de mesure
de 'EC-LHR. Réulisez la déection spectrale de *?CO, et *CO; dans I'atmosphére
dans la plage de 6248.5 cm™ &6256.8 cm™ avec une réolution spectrale de 0.0086
cmL. L'appareil fournit une ré&ence pour la déection de la spectroscopie hé&odyne
laser & large bande pour la mesure du CO; et de ses gaz isotopiques dans

I'atmosphere.

Mots clé& : radiomére hé&é&odyne laser ; tdé&léection au sol ; abondances moyennes

sur colonne ; infrarouge moyen (MIR) ; proche infrarouge (NIR)

159



Appendix

Appendix

Appendix 1 Forward model

1. Atmospheric structure

The research on atmospheric greenhouse gas measuring instruments not only
needs to understand the basic theory of measurement technology but also needs to fully
understand the characteristics of the measurement target so that more reasonable
measurement requirements and experimental parameters can be put forward.

Generally, the atmosphere can be divided into the troposphere, stratosphere,
mesosphere, thermosphere, and exosphere according to the vertical structure of the
atmospheric temperature field, as shown in Figure Al.1. The troposphere is the lowest
layer of the atmosphere. The height of the troposphere is approximately between 10 km
and 15 km. Almost all water vapor is distributed in the troposphere, and its mass
accounts for about 80% of the total mass of the earth's atmosphere. As the altitude
increases, the temperature decreases. In addition, the vertical mixing process in the
troposphere proceeds quickly due to convection and turbulence. Most weather
phenomena occur in the troposphere and are closely related to human life. The
exchange of matter and energy between the troposphere and the stratosphere has always
been one of the problems to be solved in atmospheric science.

The top of the stratosphere is generally between 45 km and 55 km, and the
temperature is around 270 K. Because atmospheric ozone absorbs solar ultraviolet
radiation, its temperature increases with altitude, so the vertical mixing process
proceeds slowly. The top of the mesosphere is generally between 80 km and 90 km, and
its temperature will decrease with the increase in altitude. Its characteristics are similar
to those of the troposphere, and rapid vertical mixing can also be carried out. The top of
the thermosphere is about 500 km. Because N2 and O: in this layer absorb the solar
short-wave radiation strongly, the temperature of in thermosphere changes significantly.

Therefore, the vertical mixing process carried out in it is quite fast.
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Figure Al1.1 Average temperature profile for the lower layers of the atmosphere.
(https://www.weather.gov/jetstream/layers)

Combining the hydrostatic formula and the ideal gas algorithm, the change of

atmospheric pressure p(z) with height z can be derived [ as:

(@) _  Mgp(2)
0z RT(2)

(Al.1)

In the formula, Mair is the average molecular weight of air (28.97g/mol), R(g) is the
molar gas constant, and T(z) is the temperature at the geometric height z. The pressure

of the earth's atmosphere can change by 6 to 7 orders of magnitude.

2. Basic of molecular absorption
The absorption of various gas components in the atmosphere attenuates the radiation
energy. The study of the law of gas absorption of radiation is mainly to study the
influence of O, Oz, H20, CO2, N20O, CHjy, et al. in the atmosphere on radiation. It is
generally believed that Oz, CO2, N2O, and CHain the atmosphere are relatively stable
and uniform. Oz and H2O have great temporal and spatial changes, and they are also
the most active and vital absorption gases. The absorption of sunlight by gas
molecules in the atmosphere has wavelength selectivity, and the absorption of the
same atmospheric component at different wavelengths is different.
(1) Line position of molecular absorption

The value of the position of the gas absorption line is related to the motion state
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and energy of the molecule ™. The energy (E) of a molecule can be expressed as the

sum of the following motion states:
E=E +E +E +E, (Al1.2)

In the formula, E: represents the kinetic energy of the movement of a single
molecule; E; is the rotational energy of molecules; Ey is the molecular vibrational
energy; Ee is the electron orbital energy. The three forms of energy represented by the
latter three are quantized, and their values are discrete. For gas molecules, the change
in Ee is generally the largest, the change in Ey is in the middle, and the change in E:is
the smallest. When a molecule absorbs or emits a photon, the energy level of the
molecule changes.

In the infrared and microwave spectrum, molecular absorption is caused by
changes in molecular rotation and vibrational state. A spectrum has the characteristics
of absorption position v, line intensity S, and line width y. The transition wavenumber
is determined by the energy E; of the initial state and the energy Er of the final state,

expressed as the following formula:

. (AL1.3)

<>
]
o

The most important absorbing gases in the near-infrared spectral region are H-O,
CO32, Oz, CH4. Each molecule has specific absorptions and emission lines due to its
specific molecular structure. Table Al.1 lists the absorption bands of solar radiation

by gas molecules in the atmosphere in the near-infrared band.

Table Al.1 The absorption bands of gas molecules in the atmosphere

Molecules | Center wavenumber (cm™) | Spectral band (cm™)

H,O 5348 4800 ~ 6200
7246 6400 ~ 7600

5000 4700 ~ 5200

CO, 6250 6100 ~ 6450
7143 6850 ~ 7000

0O, 6329 6300 ~ 6350
CH, 6005 5850 ~ 6100
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Figure Al.2 Molecular absorption line and intensity

Figure Al.2. shows the absorption line position, and corresponding absorption
intensity of some molecules (*2CO., $¥CO,, CH4, H20, HDO) downloaded from the
Hitran database in the wavelength range of 1500 nm to 2000 nm.

(2) Line strength of molecule absorption

For the electric dipole transition, the line strength is determined by the square of
the temperature correlation matrix elements of the electric dipole moment and other
factors such as Boltzmann distribution and stimulated emission 241, The line strength
is expressed as:

S(T) = 8_7T39i_|a\7e—Ei/kT |:1_e—h0\7/kT J Rif 107% (AL.4)
3hc Q(T)
Where T is the temperature, giis the degeneracy of the nuclear spin in the low-energy
state, la is the relative abundance of the isotope, Q(T) is the total number of partitions,
and the Rjris the transition probability given by the matrix element of the electric
dipole operator.
(3) Absorption broadening

In practice, a single absorption line will be broadened into a spectrum with a

certain line width. The broadening of the spectral line mainly comes from the

processes of natural broadening, collision broadening, and Doppler broadening. The
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collision broadening in the bottom atmosphere is more important.

(3.1) Collision broadening

Collision widening is also called pressure widening. Under pressure, the
absorption cross-section of a single radiation transition broadens. Generally described

by the Lorentzian line type, expressed as the following formula [ “I:

_ v Iz
gL(V) (V—\7)2+]/E (A15)

Where vy is the Lorentz HWHM, which is proportional to the pressure and decreases
with the increase of temperature.

(3.2) Doppler broadening

The thermal motion of the molecule causes the Doppler broadening of the
absorption spectrum, which is described by the Gaussian line type ! as shown in the

following formula:

gD(v)zi('”—Zj .expllnz(vvn (AL6)
Yo\ 7 7p

The HWHM is determined by line position, temperature, and molecular mass.

(3.3) Compound broadening
When pressure broadening and Doppler broadening exist at the same time, it is
described by the \oigt line type. The combined effect of the two expansion

mechanisms can be simulated by convolution !, which is expressed as:
gv(v_vJ/L’}/D) =0, ® Op = _[ dV'gL(V—V';V,j/L)X gD(V,_V;VJ/D) (A1-7)

Where ¢1=1.0692, ¢2=0.086639 corresponds to an accuracy of 0.02%. The absorption
line width of atmospheric molecules decreases as the height increases. At lower
altitudes, the absorption line width is mainly determined by the pressure broadening,

but when the altitude reaches a certain level, it gradually tends to Doppler broadening.

3. Atmospheric transmittance simulation

(1) Absorption cross-section
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For the absorption cross-section k (v, z) of a single absorption line, it is the product of
the line strength S(T) and the broadening mechanism described by the normalized

linear function g(v). It can be simplified as the following formula [2I:
k(v, 2) = S(T(2)) - g(v, P(2),T(2)) (AL.8)

Where z is the altitude. In practice, the same absorption cross-section will be affected
by the absorption of multiple molecules. Generally, the sum of all absorption
cross-sections [? is taken and expressed as:

k (v,z) = Z ST (2) - gv; 0™, y™(P(2),T(2))) (A1.9)

Where m represents the species of molecular, and i represents the absorption of
isotopic molecules of each molecule, v represents the central wavenumber of the
absorption line.

(2) Absorption coefficient

The absorption coefficient is the product of the absorption cross-section and the
molecular concentration. At different altitudes, the concentration of the same gas in
the atmosphere is different. Assuming that the pressure (p) and temperature (T) in the
i-th layer of the atmosphere are uniformly distributed, there are m kinds of molecules
and the corresponding concentration at the altitude of z is nm, then the absorption
coefficient [? of this layer of atmosphere is expressed as:

o (v;2) =2 k™ (v,p. T)) 0y (2) +a (v:2) (AL.10)

Where a(c) is the continuous absorption coefficient between molecules.

(3) Optical depth

In the I-th layer of the atmosphere, the optical thickness 1 of the I-th layer can be

obtained by integrating the path z taken by the absorption coefficient [I;

7,(v) = j o, (v)dz (A1.11)

(4) Monochromatic Transmission

From Beer's law, the monochromatic light transmittance of the medium can be
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obtained [:
T(v,s)=exp(- josa(v, 5)ds) (AL.12)

The expression in parentheses of the e index is the optical depth.

The calculation of atmospheric transmittance in this paper is based on Py4CAts,
which is a Python script used to calculate the atmospheric spectrum [?, and it is a
rewrite of the infrared radiation transmission code written in Fortran. The
computationally intensive code part uses python's highly optimized numerical
processing. Each step of infrared or microwave radiation transmission calculation is
executed in a separate script, so molecular lines in any spectral range can be extracted.
The absorption cross-section can be calculated by line-by-line integration based on
the actual pressure and temperature.

The first is to obtain the absorption information (such as the position of the
absorption line, the intensity of the absorption line at different temperatures, etc.) of
the target molecule within the specified wavelength range from the Hitran or Geisa
database. Combining the vertical profile of atmospheric temperature and pressure
shared by ECMWF, the molecular absorption cross-section in a specific wavelength
range can be calculated layer by layer. In the case of ignoring continuous absorption,
the absorption coefficient of each layer of molecules is calculated using the product of
the gas concentration profile and the absorption cross-section. The optical depth is
obtained by integrating the absorption coefficient of each layer according to the path.
Finally, take the e index for the optical depth to calculate the atmospheric

transmittance.
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Appendix 2 Retrieval method

1. Understanding of the retrieval problem

According to the basic theory of atmospheric transmittance simulation introduced in
Appendix 1, the atmospheric absorption spectrum under certain conditions can be
approximately calculated. The absorption spectrum detected by the laser heterodyne
measurement device is affected by the noise in the measurement process, so there is
an error between the real spectrum and the measured spectrum, so an error term &
needs to be introduced between the simulated spectrum and the measured spectrum.

The forward model ™ for simulating atmospheric transmittance can be expressed as:
exp(—A- X)-(a+bv+cv?) +e=Y(X,a,b,c,v) (A2.1)
Where Y = (y1, Y2,y ~-ym), (j = 1,2,3...m), y; represents the spectral value at each

wavenumber; X = (X1, X2,Xi, -Xn)", (i=1,2,3...n), Xi represents the concentration of

gas in each layer of the atmosphere; A = aij, (i=1,2,3...m; j=1,2,3...n), aij represents
the absorption coefficient at each wavenumber in each layer of the atmosphere. v
represents the wavenumber, and the introduction of a, b, and c is to describe the laser
power. The concentration profile is inverted using the inversion algorithm developed
by D. Weidoman -3l et al.

This algorithm is based on the best estimation method (OEM) [ to determine the
cost function and uses the Levenberg-Marquardt method to solve the concentration
profile iteratively to minimize the cost function finally and obtain the optimal

solution.

2. Approximate linear problems solving
Suppose there is a set of measured values y = (Yo, Y1, Y2,..., ym) and a set of values x =
(Xo, X1, X2, ..., xn) to be inverted. Assuming that the relationship between the x and y is

linear. Then the linear equation can be expressed in the form of a matrix as:

y =Kx (A2.2)
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Where K is a matrix composed of equation coefficients, y"= (yo, Y1, ..., Ym),» X" =(Xo,
X1, ..., Xn). When n=m and K exists, the solution of the equation is Kly. When K
does not exist, K is a singular matrix. When n > m, The equation has many possible
solutions. When n < m, the number of equations is greater than the number of
unknowns. This problem is over-determined. There are enough channels in the
spectrum measurement to formulate the equation to make m > n.

For this over-determined problem, there is no exact solution, and the best
solution (x) needs to be found. Define the error corresponding to the best solution x as

e = y-KXx, and the sum of squares of the error represents the cost function:
2 ATa— T
z- =e e=(y-Kx)' (y-Kx) (A2.3)
When a set of solutions minimizes y”, then this set of solutions is the best solution.

This method is called the least-squares method, and the function that needs to be
minimized is called the cost function (or penalty function). Differentiate the above

formula to get the following formula:
K'Kx=K"y (A2.4)

This equation is the ordinary equation and can be solved by the usual methods.

When x and y are linear approximations, the relationship between the two can be

written as:
y=F(X) (A2.5)
Where F is called the forward model.

Due to errors in measurement and calculation, each element in x and y can be
regarded as a random variable. They can be described by Probability Density Function
(PDF) . Assume that the PDF of x and y before measurement are P(x) and P(y),
respectively. The PDF of x after the measurement is P(x|y). Then according to Bayesian
theory, we can get:

P(y[x)P(x)

P(xly)= )

(A2.6)
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P(y[x) can be obtained by using the forward model and measurement instrument.
When X is found to maximize P(x|y), then X is the optimal solution of x. This
method is called the Maximum A-posteriori Probability (MAP) method.

In order to perform the next calculation, it is necessary to guess the PDF of the
random variable. Suppose v is a random variable in vector form, N is the number of
measurements, and the j-th measurement value is vj, and the mean square value of v is

defined as:
l N
V=20V, (A2.7)

The covariance matrix (S) of v is used to measure the change of the sampling

points relative to its average value. It can be expressed as follows:
1 < _ T
S=——> (v,—V)(v, V) (A2.8)

Each diagonal element of the covariance matrix is the variance of each element
in v, and each off-diagonal element is the covariance of every two different elements
in v. It is generally assumed that the PDF of the random vector v is normally

distributed, which can be expressed as follows:

PV :%exp —E(V—V)TS*(V—\T) (A2.9)
(2m)2|Sl2

Where V is the average value of v, S is the covariance matrix of v, and P(v) can also

be expressed as:
—2INP(v) = (v—V)" S (v—V)+c, (A2.10)
Among them, cl is a constant that does not correlate with v. When v is equal to the

average value, P(v) has the maximum value.

Similarly, for a random vector x, P(x) can be expressed as follows:
—2InP(x) =(x—x,)" S, (x—x,)+c, (A2.11)
Where X, is the prior profile of x, and it is the best-estimated profile before

measurement. P(y|x) is expressed [l as:
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—2InP(ylx)=(y—F(x))"S, " (y—F(x))+c, (A2.12)
The meaning of P(y|x) is to find the possibility of y given x. The variation range of y

is determined by the covariance matrix Sy of the measurement error. According to

Bayesian theory, combining the above formulas, the equation about P(x]y) is I:
—2InP(x]y)+¢, = (x— %) S, (Xx—X,) +(y—F(x))"S,"(y—F(x)) (A2.13)

Where ¢4 contains c2, ¢3, and P(y), to find the solution of MAP is to find the solution
that minimizes the cost function on the right side of the above formula. The zTMz
form is called the quadratic form, and the quadratic form on the right side of the

above equation can also be written as the following equation I:

—2InP(x]y)+c, = (x— %) TS (x—X) (A2.14)

A

Among them X is the MAP profile to be searched, and S is the covariance matrix.

A

When the forward model is linear, the equation for the best-estimated value X can be

found. The above formula can be rewritten as [I:
(x—R)TS (X —R) = (x—X,) S, (Xx—X,) +(y—Kx)TS (Y —Kx) (A2.15)
Expanding the above formula, the corresponding equations about X is:
'S 'x=x"S,"x +x"K'S 'Kx (A2.16)

The covariance of the MAP profile is obtained as:

$t=8,"+K'S,'K (A2.17)

Through further calculation, the MAP profile [ is:
X =(S,7+K'S K) (S, "x, +K'S y) (A2.18)
or X=x,+(S,'+K'S'K)'K'S *(y—KXx,) (A2.19)

Generally, the contribution function (D) ™ is defined as:

p— & (A2.20)
dy
For the MAP solution, it can be expressed by D as:
X=X, +D(y—KXx,) (A2.21)
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Then the expression of the contribution function can be written as [):

D=S,KT(KS,K'+S,)™" (A2.22)

3. Non-linear problem solving
When the forward model is nonlinear, the cost function can be derived from
Bayesian theory by using the method similar to solving linear problems, and the

following form is obtained [I:
22() =(x=x%)"S. (x—x)+(y—F(x))"S, (y—F(x)) (A2.23)

When it is assumed that the prior profile has Gaussian statistics, the first term on
the right side of the equation has no nonlinearity, and the second term can introduce
nonlinearity F(x). In the nearly linear case, using y_+K(x-xr) to approximate F(x), the

cost function can be rewritten as [I:
Z2) = (X = %) S, (X=X ) +(y =y, —K(x=x))"S, " (y—y, —K(x=x.))
(A2.24)
The cost function takes the partial derivative of x and sets it to 0 to obtain the MAP
profile  as:

X=X, +(S,"+K'S,'K)'K'S y—y —K(x,—x)) (A2.25)

A

When the problem is moderately non-linear, the X calculation using the above
formula is not enough to minimize the cost function. But in many cases, the above
formula can make the cost function smaller. So, the expression of X can be used to
find a new solution in a loop to make the cost function gradually becomes smaller.

Use the last calculated solution x; instead of x. to recalculate y, and K. Then, the
next iterative solution can be recalculated. For such a loop solving process, it is
possible to find a solution that minimizes the cost function. The iterative solution [l is

expressed as follows:
X =X, (S, "+ KIS 'K TKTS (Y — F (%) —Ki(X, — X)) (A2.26)
This method is called the Gauss-Newton method or the Inverse Hessian method.

Another form of this iterative solution ™! can be expressed as:
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Xia = % (S, KIS, K) H(KTS, My — F (%))~ S, (% — X,)) (A2.27)

The steepest descent method is generally combined with the Newton iteration formula

to obtain the following formula [I:
X1 =% —(r+V9(x)) 'g(x) (A2.28)
This formula is the Levenberg-Marquardt formula. After substituting the cost
function into the Newton Gaussian iterative formula, the form of the iterative solution
(41 js:
X1 =%+ (S, KIS, K, +yD) (KIS, M (y—F(x) - S, (x, — X))  (A2.29)
Where D is a scaling matrix in order to make 7y dimensionless and to ensure

that this term has the same unit as S_*. Generally, S_* is chosen as D, which can

slightly simplify the iterative formula. When 7y is relatively small, this formula

approaches the Inverse Hessian method and approaches the steepest descent method
conversely. The steepest descent method is more stable to find the optimal solution,
but the convergence speed is slow. When a solution Xi+1 can reduce the cost function,

it means that the calculation direction is correct, then replace x; with the Xi+1, and

reduce 7 to continue the next cycle calculation. On the contrary, if the solution Xi+1

increases the cost function, it means that the calculation direction is wrong, so keep Xi

unchanged and increase 7y to recalculate.

4. Retrieval steps

According to the theory of inversion algorithm, the parameters needed before
calculation are atmospheric pressure profile P(z) and temperature profile T(z) (z is the
altitude), the concentration prior profile Xa, prior parameters a0, b0 , CO, a priori
covariance matrix Sa, molecular absorption information in the GEISA database,
longitude and latitude of the measurement location and measurement time,
measurement of transmittance, measurement of the covariance matrix, instrument

linear function and the initial value of each calculation parameter. The inversion
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process is shown in Figure A2.1. PyCats is used to calculate the absorption
cross-section (cs(z,v)) corresponding to each layer of atmosphere at a given
temperature profile, pressure profile, and within the range of measured wavenumbers(v
represents the wavenumber). The atmospheric transmittance is calculated using the
concentration profile Xi, ali, bi, ci, absorption cross-section and layered path, and then
convolved with the instrument line function to simulate the transmittance detected by
LHR. Use the above parameters to calculate the Jacobian matrix Ki. Bring the relevant
parameters into the iterative formula to find the solution X+ of this cycle and also

calculate the cost function. Compare the cost function calculated this time with the last

time. If it decreases, then decrease  and assign this solution to the initial value of the

next cycle to continue the cycle operation. If it increases, judge whether y is less than

20. If it is greater than 20, decrease it by four times, otherwise increase it by two times.
Then find whether the change value of the cost function divided by the value calculated
in this loop is less than 0.001. If it is, the optimal value is obtained. Otherwise, the loop

is continued.
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Abstract: The performance of an interband cascade laser based laser heterodyne radiometer
(LHR) is demonstrated in ground-based solar occultation mode. High-resolution (0.0033
em’') transmission spectra near 3.53 um were obtained for simultaneous atmospheric
observations of HO and CH,. Combined with the preprocessed measurement data (acquired
at Hefei, China, on June 21th 2016), an optimal estimation method based retrieval algorithm
is developed for data retrieval and error analysis. By considering the corrected atmospheric
parameters, vertical profiles of H.O and CH; are retrieved. Finally, the measured total column
abundance and Xy were calculated to be 1.87 £ 0,02 ppm and 1.88 + 0.02 ppm, respectively.
The interband cascade laser-based laser heterodyne radiometer that is demonstrated in this
manuscript has high potential for use in the development of compact, robust, and unattended
LHR for spacecraft, airborne or ground-based atmospheric sensing.

® 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laser heterodyne radiometer (LHR), as a radio receiver (using the Sun or interstellar medium
as light source and a laser as local oscillator), has already been successfully used for remote
sensing of earth atmosphere and astronomy since the 1970s [1—4]. Initial LHRs, employed
carbon dioxide (CO,) gas lasers as local oscillators, focused in the 8-12 pm atmospheric
window, where numerous important atmospheric species exhibit fundamental rotational-
vibrational absorptions. However, the CO, lasers suffered from line-tuned spectral tunability.
As an alternative, lead-salt diode lasers offered better frequency choice and frequency tuning
ability, but lacking reliability and optical powers, and suffering from the requirement of LN2
temperature cooling [5,6]. The quick development of gquantum-cascade lasers (QCLs) offers
an ideal alternative to the traditional local oscillators in the mid-infrared region with the
merits of room temperature operation, wide spectral tuning range, compactness, and
robustness. Over the last decade, the QC-LHR applications for atmospheric observation have
been successfully developed [7-12]. At the same period, the application of LHR for passive
sensing of atmospheric CO; and CH, in the shortwave infrared band (around 1.6 pm) is also
investigated, where telecommunication distributed feedback lasers are employed as the local
oscillators. Combined with single-mode optical fibers, couplers and attenuators, the system
can be made small, low-power consumption, compact and robust [13-16].

The atmospheric window of 3-5 um is another attractive spectral region for mid-infrared
atmospheric sounding, however commercially available QCLs operate generally in the 4-12
um spectral region, which led to a “mid-infrared gap” in the QC-LHR applications. Since the
first demonstration in 2008 [17], interband cascade lasers (ICLs), lasing in continuous wave

-

(cw) mode at room temperature at the spectral region between 3 and 6 pm, open a new

#361302 https://doi.org/10.1364/0E.27.009610
Journal © 2019 Received 28 Feb 2019; revised 14 Mar 2019; accepted 14 Mar 2019; published 19 Mar 2019
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spectral window for mid-infrared sensing. ICLs offer room temperature operation,
compactness, high spectral purity with much lower electrical power consumption compared
with QCLs.

In this paper, an ICL based LHR (IC-LHR) for atmospheric sounding is demonstrated for
the first time (for our best knowledge). Simultaneous heterodyne detection of atmospheric
water vapor (H,O) and methane (CH,) near 3.53 um has been performed in ground-based
solar occultation mode. The experimental details, as well as data retrieval and result analysis
will be presented and discussed.2. Experimental details
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LIA <—l Diode Filter
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r
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Fig. 1. Schematic diagram of the IC-LHR setup and photo of the optical module. ICL:
interband cascade laser; BS: beam splitter; LIA: lock-in amplifier; BP Filter: band-pass filter;
USB: Universal Serial Bus.
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The experimental LHR setup is schematically shown in Fig. 1. Solar radiation containing
atmospheric absorption information was captured with the help of a home-made solar tracker,
then chopped at 2 kHz for lock-in amplification of the LHR signal. After a 50T/50R beam
splitter (BS1), the reflected solar beam was directed to detector #3 for monitoring solar
intensity fluctuation during the measurement. Beam splitter BS2 was employed as a mixing
device to combine the transmitted solar radiance with the light beam from an ICL used as
local oscillator (LO). The combined beams were imaged on a high-speed mercury cadmium
telluride detector (detector #1, Vigo PV-2TE-4 with a custom preamplifier), which had both
DC (0-1 MHz, for monitoring the ICL power) and AC (1 kHz —100 MHz, for LHR detection
at radio-frequency (RF)). A small fraction of the ICL beam transmitted through BS2 was used
for frequency calibration: a flip mirror directed the ICL beam either to a wavemeter (Bristol
Instruments, 621) for absolute frequency measurements or to a 50.8 mm germanium etalon
(with a free spectral range of ~0.0246 cm™") followed by detector #2 recording etalon fringe
signal for relative frequency metrology.

The used local oscillator was a TO-66 mounted distributed feedback (DFB) ICL operating
around 3.53 pum (nanoplus). The used ICL was coarsely tuned ~10 cm™' by tuning the
temperature at a constant current or precisely tuned over ~1 c¢cm™' by tuning the injection
current at a constant temperature. The relationships between laser wavenumber, laser power
and laser injection current are shown in Fig. 2. During LHR measurement, the laser
temperature and current were set at 14°C and 30mA (ILX Lightwave, LDC-3724) to probe
the CH, and HDO absorption lines located around 2831.92 cm™". The frequency tuning of the
laser could be performed by changing the laser current point-by-point via laser controller or
scanning the injection current with a common function waveform (such as sinusoidal or
triangle waveform).
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Fig. 2. Relationships between laser wavenumber (red solid symbols), power (blue hollow
symbols) and laser injection current.

The solar radiation containing atmospheric absorption information was down-converted to
the RF domain via detector #1, followed by a band-pass filter employed to determine RF
detection bandwidth which defines the instrument lineshape (ILS) of the LHR system. In
order to choose an appropriate band-pass filter, frequency spectrum analysis of the
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heterodyne, laser and background (without laser and solar) signals were performed by using a
RF signal analyzer (Agilent Technologies, N9000A).

As shown in Fig. 3, the heterodyne signal form is dominated by the LO (ICL) signal, and
the detector can extract LHR signal from the background baseline below 150 MHz. However,
there were several unwanted peaks between 70 and 120 MHz, which might introduce
additional noise to the LHR signal. Therefore, a 10-60 MHz band-pass filter was chosen in
the experiment, which resulted in a ~100 MHz (0.0033 ¢m™') double-sideband spectral
resolution of the system. The inset of Fig. 3 shows the actually used ILS for data retrieval.
Subsequently, the RF signal after the band-pass filter was converted to a DC signal by a
Schottky diode (HEROTE, DHMO020BB) and demodulated at first harmonic using lock-in
amplifier (Stanford Research Systems, SR830) with the chopping frequency as reference.
LHR signal can be ultimately obtained by tuning the laser frequency across the target
molecular absorption lines.
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Fig. 3. Band-pass filter used in the experiment and frequency spectrum analysis of the
heterodyne, laser and background signals, the inset: the actually used instrument lineshape for
data retrieval.

A personal laptop equipped with a DAQ card (National Instruments, USB-6366) and
LabVIEW software was employed for data acquisition and instrument control (solar tracker
controlling, frequency tuning and wavenumber reading). Signals from 5 channels were
recoded: the in-phase (X) and quadrature (Y) outputs of the lock-in amplifier for phase
compensation of the LHR signal by using the angle sum and difference identities
(trigonometric identities), the DC output of detector #1 for tracking the ICL power, the signal
from detector #2 for the relative frequency calibration, and the signal from detector #3 for
tracking the solar power variation.

The experimental result, measured from our institute (Hefei, China, 31.9°N 117.166°E) on
June 21th 2016, is shown in Fig. 4(b), where the LHR data has been processed by the phase
compensation. In addition, transmittance of atmospheric H;O vapor and CHj in the
considered spectral region are calculated by using a forward model (introduced in detail in
section 3). It should be noted that, when tuning the laser frequency in “point-by-point™ mode,
an acquisition interval longer than 3 times of the lock-in integration time was used to avoid
deformation of lineshape of the LHR signal. Otherwise, the ILS of the LHR system would no
longer be determined by the band-pass filter but by the lock-in amplifier. A typical scan time
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is at an order of minutes, which depends on the current intervals, acquisition time and
acquisition intervals. While the scan time is determined, a corresponding “function waveform
scan” mode can be employved as an alternative to the “point-by-point” mode, where no
obvious difference is found between the two scan methods. It should be noted that, the results
shown in Fig. 4(b) are acquired at a sampling rate of 50 Hz by driving the laser current with a
sinusoidal wave (0.0125 Hz, 0.5 Vpp).
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Fig. 4. (a) Calculated transmittance of atmospheric H:0 vapor (black) and CHi (red dots)
based on the forward model; (b) Acquired IC-LHR (black), DC (DC output of detector #1,
gray dots) and etalon signals (blue).

Before the data retrieval, the raw LHR data needs to be pre-processed. Firstly, the offset
of the LHR signal, where the injection current to the ICL equals zero, was subtracted. Then
the LHR signal is divided by the ICL intensity signal (DC signal) for normalization of the
LHR signal, When large solar power fluctuations (more than 10% of the average of the solar
power intensity) occurred during the scan, the LHR data would not be considered for further
analysis. Thirdly, a frequency calibration of the LHR signal was performed with the help of
relative frequencies (germanium etalon signal), and absolute frequencies from a wavemeter or
the positions of the absorption lines (from the HITRAN database) [18]. In the present work,
peaks of the etalon signal were fitted to a 5th order polynomual function to determine relative
frequency of the data points, and the CH4 line position (2831.92 em') was employed to
calibrate the absolute frequency. In addition, a scale factor and an offset were used for further
frequency calibration according to the wavemeter results and the forward model calculation.
Finally, the calibrated LHR results were interpolated with the same frequency interval as the
forward model and then the processed LHR spectrum is now ready (blue dots in Fig. 7(a)) for
further data retrieval to inverse the LHR spectrum to the corresponding vertical concentration
profiles.

3. Data retrieval and results analysis

The LHR data retrieval was performed employing the optimal estimation method (OEM),
introduced by Rodgers [19]. The applications of the OEM to a LHR based atmospheric
sounding has already been described in detail by Weidmann [20]. Here, only a brief recall is
presented. The atmospheric transmission spectrum of the solar radiance can be calculated
using a radiative transfer model (F). The relationship between pre-processed LHR data and
the atmospheric state vectors is described as:
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V.. :F(x,a,b,c]+£. (1)

where y, 1s the measurement vector, x is the state vector considered in the forward
calculation, and ¢ is the error vector. A second order polynomial baseline (with coefficients of
a, b and ¢) represents the non-selective absorption and uncorrected power contributions in the
target spectral region. The OEM-based data retrieval is a Levenberg-Marquardt (LM)
iterative process, using Bayesian statistics with Gaussian probability density functions, to
mimmize the cost function Uf]:

¥ =(y-F) 8, (y=F)+(x-x,) S, (x,-x,). 2)

where x, 1s a priori state vector with an a priori covariance matrix §,, and 8, is the error
covariance matrix. The iterative state vector x;+; is calculated using the following equation:

xa=x +[(149)8, +K/5,'K, |
X[ K'S (v, -F)=8"(x-x,)].

i

(3)

where K is the Jacobian matrix (or weighting functions), and y is the Levenberg-Marquardt
(LM) parameter.

The flow chart of the LHR data retrieval 1s shown in Fig. 5, which mainly consists of a
forward calculation program and an iterative inverse program. Crucially, the forward model
employed in this study is based on the reference forward model (RFM, version 4.34), which is
a fast and high-resolution line-by-line algorithm developed by Dudhia [21]. In the forward
calculation program, atmospheric transmission spectrum (y) combined with a baseline and the
corresponding Jacobian matrix (K) are calculated with the input atmospheric parameters
(profiles of pressure, temperature, and atmospheric species), ILS, a priori state vector and
solar position (zenith angle for ray trace path calculation). In the inverse program, the forward
model is iteratively called to minimize the cost function (Eq. (2)) following LM algorithm
(Eq. (3)). Table 1 defines the used state vector in the data retrieval, which consists of two
scale factors of the considered atmospheric species (CHy and H,O) and three polynomial
coefficients of the baseline. It should be noted that, when the scale factor x is exchanged with
VMEs (volume mixing ratios) at different altitudes, the inverse program will yield a ‘real’
profiles retrieval. Here, the scale factor of @ prior profile is retrieved in this manuscript.
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Fig. 5. Flow chart of the data retrieval. VMRs: volume mixing ratios; ILS: mstrument
lineshape; L-M: Levenberg-Marquardi.
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Table 1. Definition of the state vector used in the data retrieval.

State vector a priori Error Description

x1 (CHy) | 30%% Scale factor of a prion profile (ECMWF 45 levels).

x2 (H:0) | 3% Scale factor of a priorni profile (ECMWF 45 levels).

a al 100% Polynomial coefficients of the baseline, a0, bl), and

b b0 100% ¢l are calculated by using a 2nd order polynomial
’ fitting of the ratio of pre-processed LHR signal and

c il 100% model result (after eliminating the absorption part).

The temperature and pressure profiles used in the retrieval are shown in Fig. 6, which
were obtained from the China Meteorological Data Service Center (CMCC) and the European
Centre for Medium-Range Weather Forecasts (ECMWF). Data below 30 km (blue dots) were
interpolated from the upper air data of Anging observation station (China, 30.53°N
117.05°E), and the data above 30 km (red dots) were interpolated from the typical zonal mean
profiles in different months (obtained from ECMWF). For the methane and water vapor
profiles, typical mid-latitude daytime profiles were used. Note that the atmosphere is
separated to 45 layers from surface to 78 km with an alttude grid of 0.5, 1, 2, 4 and 6 km,
separately.
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Fig. 6. Temperature (a) and pressure (b) profiles used for the IC-LHR retrieval.

The covariance matrices (8, and §;) were set to be diagonal, where §, was built based on
the standard deviation of the measurement vector (y.), while 8§, was built based on the error
definitions shown in Table 1. The iterative solution is defined to be converged with A"/ <
1E-3, within an upper limit of 20 iterations. In a well-conditioned retrieval, the ultimate cost
function ()(2) should be close to the size of the measurement vector (m). Figure 7(a) shows the
pre-processed LHR data and the fitted spectrum over the spectral region of 2831.64 - 2832.07
em™' with an interval of 0.001 em™. The iterative process 1s shown in the nset of Fig. 7(a),
where ;ﬁ-’m equal to ~1.05 is obtained after 6 iterations. The residuals between the pre-
processed data and the fitted result are shown in Fig. 7(b), where the random distribution
indicates a well configured fit. The retrieved CH, and water vapor profiles (Figs. 7(c) and
7(d)) are calculated by multiplying the retrieved scale factor with the a priori profile. Based
on the retrieved CH, and water vapor profiles, the total column abundance of water vapor is
calculated to be ~2868ppm (or ~5.8E + 23 molecules/cm?®), the total column abundance of
methane and its mixing ratio in dry air (Xy,) are found to be ~1.875 ppm (or ~3.8E + 20
molecules/cm’) and ~1.88 ppm (part per million), respectively.
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Fig. 7. LHR data retrieval results: (a) experimental (blue) and fitted (red) LHR. spectra and the
convergence of the iteration process (inset); (b) the residuals (pink); (c) and (d) the retrieved
vertical concentration profiles of CH, and water vapor, respectively.

In order to perform an error analysis, the smoothing error §; and the measurement error S,
are considered. In our case, the retrieval error is dominated by smoothing error. The §; and §,,

can be calculated by using the following equation [19]:

S =GS.G',S. = (I~ A)S, (I, - ). )
ax _ T
A=E=Gf;=[{x*.i. 'K+5,") K'S, ']x_ (5)

where & and A are the gain matrix and averaged kernel matrix. The total retrieval error of two
scale factors were calculated to be ~6% and ~8%, respectively. 20 consecutive measurements
indicate an uncertainty of 20 ppb (part per billion) and 21 ppb for the total CH; column
abundance and X, respectively. For further improvement of the measurement uncertainty,
works in the near future will be focused on improving the signal to noise ratio of the IC-LHR
signal and determining an appropriate weight of the constraint in the retrieval, so as to a “true’

profile retrieval.
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4. Conclusions

An ICL based mid-infrared LHR has been demonstrated in ground-based solar occultation
mode. High-resolution (0.0033 e¢m™') LHR spectrum near 3.53 pum were obtained for
simultaneous atmospheric observations of H»O wvapor and CH,. OEM and RFM based
retrieval algorithm was developed for retrieval of the vertical profiles of H,O and CH,4 and
error analysis. The measured total CH, column abundance and X, were determined to be
1.87 £ 0.02 ppm and 1.88 = 0.02 ppm, respectively. The IC-LHR has high potential to be
developed as a compact, robust and unattended instrument for spacecrafi, airborne or ground-
based applications.
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ABSTRACT

The performance of an all fibered near-infrared laser heterodyne radiometer (NIR-LHR) is demonstrated in ground-based solar occultation mode. A 1 x 2 fiber
optical switch is employed as an alternative modulator to traditional chopper, which makes the system more stable and compact. Two distribute feedback (DFB)
lasers centered at 1.6 gm and 1.65 pm, are employed as local oscillators to probe absorption lines of CO, and CH,, respectively. After data processing and retrieval,
column-averaged abundances and the mixing ratio of atmospheric CO, and CH, are determined based on the measurement of over six months in our laboratory
(Hefei, China, 31.9'N 117.16°E). Finally, the results are validated by comparison with the GOSAT results during the same time period. The reported all fibered
laser heterodyne radiometer in this manuscript has great potential to be a portable and high spectral resolution instrument for atmospheric remote sensing of

multi-component gases.

1. Introduction

Carbon dioxide (CO;) and methane (CH,) are key greenhouse gases
emitted by human activities, accounting for ~76% and ~16% of to-
tal greenh gases ions at the global scale [1]. However, cur-
rent knowledge about the sources and sinks of both gases is still in-
sufficient for reliable climate predictions. Current space-based observa-
tions (such as GOSAT [2], OCO-2 [3] and TANSAT [4]), though use-
ful for quantification of the sources and sinks on large scales, suffer
from limited precision, limited density of observations, and biases re-
lated to details of atmospheric scattering properties [5]. Whilst ground-
based observations (such as TCCON [6]), usually equipped with Fourier
transform spectrometer (Bruker, [F§125HR) with ~0.01 em~! spectral
resolution, can provide column-averaged abundances with high preci-

sion and accuracy, however the shortfalls (such as large dimensions
and high cost of maintenance) limit further expansion of the observ-
ing network. Over the last decade, portable FTIR spectrometers (Bruker,
EM27/S8UN) with 0.5/0.2 em™! spectral resolution, which sacrifices the
spectral resolution for portability, have proven to be a promising com-
plement to the ground-based observations [7-9]. With the objective to
develop a portable instrument maintained with high spectral resolution
(=< 0,01 em™! ), a high-resolution laser heterodyne radiometer (LHR) for
ground-based atmospheric remote sensing is reported in this paper.

* Corresponding author.
E-mail address: gswang@aiofm.a.c.cn (G. Wang).
! Co-first authors of the article.

htrps: //doi.org/10.1016/j.optlaseng. 2020.106083

LHR, which extracts absorption information from a broadband light
source (such as the Sun or interstellar medium) by beating with a
narrow-band local oscillator on a high speed detector, has been suc-
cessfully applied for remote sensing of earth atmosphere and astronomy
since the 1970s [10-13]. Early LHR based applications, employing car-
bon dioxide (CO;) gas lasers or lead-salt diode lasers as the local os-
cillators [14,15] for the mid-infrared spectral region, where many im-
portant atmospheric species exhibit fundamental rotational-vibrational
absorptions. More recently, quantum cascade lasers (QCLs) and inter-
band cascade lasers (ICLs) offered more reliable alternatives to tradi-
tional local oscillators in the mid-infrared region with the merits of
room temperature operation, wide spectral tuning range, compactness,
and robustness. Over the past decade, the QC-LHR and IC-LHR have
been successfully developed for atmospheric observations of different
species [16-23]. However, limited by the lack of matured fiber optical
components or optical waveguides in the mid-infrared spectral region,
further integration of the optical module is currently difficult. LHRs us-
ing telecommunication distributed feedback (DFB) diode lasers as local
oscillators operating in the near-infrared spectral region exhibit their
unique advantages. Combined with single-mode optical fibers, couplers
and attenuators, the NIR-LHR can be made small, low-power consump-
tion, compact and robust, which make it a promising instrument for
ground-based observations [24-28].

In the present work, an all fibered NIR-LHR is demonstrated in
ground-based solar occultation mode. A 1 x 2 fiber optical switch is
employed as an alternative modulator to traditional chopper, which

Received 14 January 2020; Received in revised form 15 February 2020; Accepted 27 February 2020

0143-B166,/C 2020 Elsevier Lid. All rights reserved.
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Fig. 1. Schematic diagram of the experimental setup,
DL: diode laser; FOS: fiber optical switch; FC: fiber cou-
pler; PD: photo-detector; RM: Radio frequency process-
ing module; BP filters: Band-pass filters; SD: Schottky
diode; DAQ: data acquisition card; PC: personal com-
puter.

Lock-in |
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DAQ
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makes the systen more stable and compact. By employing two DFB
lasers (1.6 ym and 1.65 ym) as the local oscillators, measurements of
column-averaged abundances and mixing ratio in dry air of atmospheric
COy and CH4 were performed over six months in our laboratory (Hefei,
China, 31.9°N 117.16°E). The experimental details, data processing, as
well as analysis results and validation through comparison with GOSAT
results will be presented and discussed.

2. Experimental details

The experimental setup of the fibered NIR-LHR is schematically
shown in Fig. 1. Solar radiation containing atmospheric absorption in-
formation is captured by a custom-made solar tracker equipped with a
fiber collimator (Thorlabs, FC/APC 1550), then chopped with a 1 x 2
fiber optical switch (Angiltron, CL1x2) at 250 Hz for lock-in amplifi-
cation of the NIR-LHR signal. One output arm of the optical switch is
coupled with a local oscillator centered at ~1.6 ym (DL1, NEL, 10 mW,
2 MHz) through a fiber coupler (FC1), and then connected to a high
speed photo-detector (PD1, Thorlabs, DETO8CFC, 5 GHz) for CH, het-
erodyne detection. The other arm is separated by a 5:95 fiber splitter
(FC2), where the 5% part is connected to PD2 (Thorlabs, PDA20CS2)
for tracking the solar power, while the rest part is coupled with a local
oscillator centered at ~1.65 gm (DL2, NEL, 10 mW, 2 MHz) through
FC3, and then connected to another high speed photo-detector (PD3)
for CO, heterodyne detection. Subsequently, the beat signals generated
from PD1 and PD3 are processed by two Radio frequency (RF) process-
ing modules (RM1 and RM2), where the DC component and AC com-
ponent (RF signal) are extracted through a bias-T (Mini-Circuits) for
monitoring local oscillator powers and further RF processing. During
RF processing, the RF signal is first amplified by three amplifiers (Mini-
Circuits, ZX60), then filtered by a band-pass filter, and finally converted
to a DC signal by a Schottky diode (HEROTE, DHMO020BB) and demod-
ulated at first harmonic using a lock-in amplifier (Stanford Research
Systems, SR830).

For data acquisition and instrumental control (solar tracker, optical
switch, wavelength meter and laser controllers), a personal computer
(PC) equipped with a DAQ card (National Instruments, USB-6366) and
LabVIEW software was employed. During the measurements, signals
from 7 channels were recorded (Fig. 2(a)~(d)): the in-phase (X) and
quadrature (Y) outputs of two lock-in amplifiers for phase compensation
of two NIR-LHR signals, the DC components of PD1 and PD3 for track-
ing the power of the two local oscillators, and the signal from PD2 for
tracking the solar power variations. In one scan, the temperatures of the
two local oscillators were first set at 28 °C and 21.5 °C, respectively, to
probe the CO, and CH, absorption lines located around 6238.78 cm™

and 6046.96 cm™!, then the currents were tuned in a point-by-point
mode (0-100 mA, 0.1 mA interval) to cover the target absorption fea-
tures via laser controllers (ILX Lightwave, LDC-3724). Note that, when
tuning the laser working currents, an acquisition time interval (~3 times
of the lock-in integration time) were set to avoid distortion of the NIR-
LHR spectral forms, and one typical scan time is about 4 min.

The instrument line-shape (ILS) is a key parameter for LHR data
retrieval, which entirely determined by electronic filter bandwidth in
the point-by-point scanning mode [23]. In order to choose an appro-
priate pass-band, frequency spectrum analysis of the heterodyne, laser
and background (without laser and solar) signals were performed to iso-
late the NIR-LHR signal from unwanted noises by using a RF signal ana-
lyzer (Agilent Technologies, N9OODA). Considering the balance between
signal-to-noise ratio and spectral resolution, band-pass filters with 290~
400 MHz and 395-520 MHz were chosen for the detections of CO; and
CH, in the present work, which resulted in ~220 MHz (0.0073 cm™!)
and ~250 MHz (0.0083 em™!) double-sideband spectral resolution for
the two detection channels, respectively. The respective finally used ILS
for the NIR-LHR data retrievals are shown in Fig. 3(a) and (b), where
the single-sideband line-shapes were determined by employing a white
noise source and the RF signal analyzer. In particular, a wavelet de-
noising method is employed in the data processing to avoid introducing
additional noises to the data retrieval.

3. Data processing

Before data retrievals, the raw NIR-LHR signals need to be pre-
processed, including intensity normalization and wavenumber calibra-
tion. For intensity normalization, the offset of the NIR-LHR signal is first
subtracted, which equals to the mean value of the NIR-LHR signal be-
fore the laser emitting light. Then, the NIR-LHR signal is divided by the
DC signal ((a) / (c)pe and (b) / (€)yeg in Fig. 2) to normalize the power
variations caused by the local oscillator. It should be noted that, if large
solar power fluctuations appeared in the scan, the NIR-LHR data would
no longer be considered for further analysis.

Since the laser currents are scanned in the point-by-point mode, it is
convenient to calibrate the wavenumber by using a wavelength meter
(Bristol, 621B). However, the laser wavenumber may slightly change
during the measurements (Fig. 4(a)). In order to accurately identify the
wavenumber shift, as shown in Fig. 4(b), the correlation coefficient of
the reference signal (calculated using the forward model) and the real
signal is calculated by moving the real signal, where the moving step can
be defined as an arbitrarily small length by using interpolation method.
Finally, the wavelength shift can be precisely determined by the location
of the maximum correlation coefficient (inset of Fig. 4(b)). Specially, the

188



Appendix

J. Wang, C. Sun and G. Wang et al.

100 -
asp W

50

25
0.0 -

Solar signal (V) DC signal (V) CO, signal (V) CH, signal (V)

40

Laser injection current (mA)

1.0
08
0.6
04
02
0.0

Response

1.0 ]
08
06
04

(b)

Response

02
0.0

-0.03 -0.02 -0.01 0.00 0.01

wavenumber (cm™)

proposed correlation method still works at low signal to noise ratios. Af-
ter i i lization and ber calibration, the processed
data is now ready for data retrievals.

nor

4. Data retrieval

Data retrievals were performed using the optimal estimation method
(OEM), described by Rodgers [29] and it was applied to the LHR data
retrievals by Weidmann [30]. A brief recall and some necessary mod-
ifications needed in our case are presented as below. The atmospheric
transmission spectrum of the solar radiance can be calculated by calling
a radiative transfer forward model (F), where F is built based on the ref-
erence forward madel (RFM, version 4.24), which i< a fast line-hy-line
radiative transfer model developed by Dudhia |31]. The relationships
between the processed NIR-LHR data and the forward model F are de-
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Fig. 2. Example of raw signals acquired in one scan on April
17, 2019. (a), (b) CH, and CO, NIR-LHR signals after phase
comp tion; (¢) DC comp of PD1 and PD3 for moni-
toring the power of the two local oscillators (lasers for CO, in
red, for CH, in blue); (d) Amplitudes of the signals from PD2

for tracking the solar power.

Fig. 3. Finally used ILS for the data retrievals, (a) The ILS used for
CH4 retrieval (395-520 MHz); (b) The ILS used for CO, retrieval
(290-400 MHz).

scribed as:
)'mlco, = F(x.a.b,c) +¢.
Yulcn, = F(x.a.b.c.8,.5,.5,.5,) +e. &

where y,, is the measurement vector, the state vector x is the vertical
profile of atmospheric CO, or CHy, and ¢ is the error vector. A second
order polynomial baseline (with coefficients a, b and c) is used to repre-
sent the non-selective absorption and uncorrected power contributions.
Specially, in the CH, retrieval, a Gaussian like line-shape function (with
coefficients Sy, Sy, S3 and S;) is employed to describe the solar emis-
sion spectrum. The OEM based data retrieval is a Levenberg-Marquardt
(LM) iterative process, using Bayesian statistics with Gaussian probabil-
ity density functions, to minimize the cost function ( *):

A=l-PTS - P+ (v —x,) 8,7 (x, - x,). (&)
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Fig. 4. Principle of the wavenumber shift identification. (a)
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where x,, is a priori CO, (or CH,) profile with an a priori covariance ma-
trix S,, and S, is the error covariance matrix. The iterative state vector
Xj41 is calculated using the following equation:

xi+l=xi+[“+7)sa-l+Ki1Sx B Ki]-l X[Kirst i (ym-Fi)_Sn-l (xi—xa)]‘
)

where K is the Jacobian matrix (or weighting functions), and y is the
Levenberg-Marquardt parameter.

The flow-chart of the NIR-LHR data retrieval is shown in Fig. 5,
which mainly consists of a data pre-processing program, a forward cal-
culation program and an iterative inverse program. In the data pre-
processing program, the power and wavenumber are calibrated, and
the covariance matrices (S, and S,) are cet to he diagonal haged on
the error definitions (shown in Table 1) and the standard deviation of

l Update state vectors

program, the forward spectrum (y o, OF ¥cy4) and Jacobian matrix (K)
are calculated with corresponding input p including atmo-
spheric parameters (profiles of the pressure, temperature, and atmo-
spheric species), ILS, and solar position (zenith angle). In the inverse
program, the forward calculation program is iteratively called to mini-
mize the cost function (Eq. (3)) following LM algorithm (Eq. (4)). The
state vectors are defined in Table 1, which are the information need to
be retrieved in the present study.

In order to describe the data retrieval process more clearly, the data
aecquired on April 17, 2019 are chosen as a representative. The pressure
and temperature profiles used for the data retrieval are shown in Fig. 6,
which were obtained from China Meteorological Data Service Center
(CMCC), National Centers for Environmental Prediction (NCEP) and the
European centre for Medi Range Weather F te (ECMWE). Data

from 0.2 km to 55 km (blue dots) were interpolated from the data of
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Table 1
Definition of the state vector used in the data retrieval.
State vector a priori Error Description
X1 (CHy) 1 10% Scale factor of the a prior profile for CH, retrieval.
X2 (CO,) 1 10% Scale factor of the a prior profile for CO, retrieval.
a a0 100% Polynomial coefficients of the baseline, where a0, b0, and c0 are calculated by using
b b0 100% a second-order polynomial fit of the ratio of the pre-processed NIR-LHR signal
c 0 100% to the forward-calculated spectrum (after removing the absorption part).
S Sa0 10% Parameters for describing the Gaussian like solar spectrum in CHy retrieval,
S, Sb0 10% where S, defines the peak height, S, defines the peak position, S, defines
S, Sc0 10% the peak width, and S, defines the offset.
Sa Sdo 10%
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Fig. 6. Pressure (a) and temperature (b) profiles used for the data retrieval on April 17, 2019, which are interpolated based on the data from CMCC (red star),

NDACC (blue dots) and ECMWF (pink dots).

Hefei observation station (NECP), while the data above 55 km (pink
dots) were interpolated from the typical zonal mean profiles in April
(obtained from ECMWF), and the surface data (red star) were obtained
from CMCC. Note that the atmosphere is separated to 45 layers from
surface (30 m altitude) to 78 km with an altitude grid of 0.5, 1, 2, 4 and
6 km, separately. For the a prior profiles of CO, and CH,, typical mid-
latitude daytime profiles were used in the retrieval, while the water va-
por profile was interpolated from the upper air data from CMCC. Besides
the atmospheric parameters, a solar position calculation program is also
compiled to determine the real-time solar zenith angle, and the relative
deviation was found to be less than 0.1% by comparison with the NOAA
(National Oceanic and Atmospheric Administration) solar calculator.
The LM iterative process is considered to be converged when
Ay?/y?* < 1E-3 within an upper limit of 20 iterations. In a well-
conditioned retrieval, the ultimate cost function (2) should be close
to the size of the measurement vector (m). The retrieval results of CO,
and CH, are shown in Fig. 7(a)~(b) and Fig. 8(a) and (b), respectively,
where the pre-processed NIR-LHR data, the fitted spectrum, baseline
and residuals are presented with an interval of 0.001 cm™. The itera-
tive processes are shown in the inset of Figs. 7(a) and 8(a), where 12/m
equals to ~1 is obtained after 7 and 6 iterations, respectively. After the
iterations, the retrieved CH4 and CO, profiles are calculated by multi-
plying the retrieved scale factor with relative a priori profile. Based on
the retrieved CH4 and CO, profiles, the total column abundance of CH,
and CO, is calculated to be ~412.7 ppm (or ~8.2E21 molecules/cm?)

and ~1.886 ppm (or ~3.74E19 molecules/cm?), respectively. By using
the water vapor profile obtained from CMCC, the mixing ratio in dry air
(Xcy4 and X,),) are calculated to be ~415 ppm and ~1.897 ppm, re-
spectively. For calculating the X¢yy4 and X¢, more accurately, real-time
retrieval of NIR-LHR spectrum of the water vapor will be performed in
the future.

5. Results analysis and validation

The consecutive measurement results on April 17, 2019 shown in
Fig. 9(a) and (b) indicate a standard deviation of ~6 ppb (part per bil-
lion) for Xy, and ~1 ppm (part per million) for X, respectively. It
should be noted that, only the measurement results from 11:00 am to
13:00 pm were analyzed in this study, because the timestamp of NCEP
and CMCC data was 12:00, and the atmospheric parameters were con-
sidered stable during this time period. The factors affecting the detec-
tion accuracy of the NIR-LHR can be sorted as errors resulted from sys-
tem noises and retrieval errors. For further improvement of the mea-
surement accuracy, efforts will be focused on improving the signal to
noise ratio of the NIR-LHR signals, building appropriate covariance ma-
trices, so as to employing more reasonable a priori profiles for the data
retrievals.

In order to evaluate the results of the NIR-LHR, comparisons with
GOSAT data were performed in the sunny days during the period from
October 2018 to May 2019. Fig. 10(a) and (b) show the time series of
the daily averaged NIR-LHR retrieval results (with standard deviation as
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(a)
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Fig. 7. Retrieval results of CO2 on April 17, 2019. (a) Pre-
processed (blue dots), baseline (gray line) and fitted (red

; line) NIR-LHR spectra and the iteration process (inset); (b)
= the residuals.
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the error bar) and GOSAT results of Xy, and Xq,, where the GOSAT
results were selected within a 3° radius of the observation site (Hefei,
China, 31.9°N 117.16°E). The standard deviations are found to be in
the range of 3-17 ppb for X¢y4 and for 0.7-2.2 ppm for X¢q, during
the measurements, which correspond to an uncertainty region of 0.15-
0.7% for Xcy4 and 0.17-0.5% for Xcg,, respectively. As seen from the
Fig. 10(a), for the measurements of Xcy4, there is a bias of ~10 ppb
between the NIR-LHR results and GOSAT results, which means that the

6047.50

X4 is underestimated from the GOSAT measurements. The probable
reason may be the existence of methane sources around the observa-
tion site. While for the measurements of X¢y (shown in Fig. 10(b)),
the NIR-LHR results are in good agreement with the GOSAT results. In
the future, longer term analysis will be carried out for the study of sea-
sonal and annual variations of atmospheric CO, and CH,. In addition,
A FPGA-based integrated circuits will be employed in place of the laser
controllers and lock-in amplifiers in the system [32].
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2.00 Fig. 9. Retrieval results of the Xy, and X, from 11:00 to
E (a) Xcwe 13:00 on April ?7, 2019. (a) Xy, results versus time; (b) X¢q
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6. Conclusions same time period, which indicates a uncertainty region of 0.15-0.7%

for Xcpg and 0.17-0.5% for Xcp,, respectively. The NIR-LHR demon-
An all fibered NIR-LHR has been developed for operation in ground- strated in this manuscript has great potential to be a portable and high

based solar occultation mode. A 1 x 2 fiber optical switch is employed spectral resolution instrument for atmospheric multi-component gases

to modulate solar radiation, which makes the system more stable and sensing.

compact. High resolution NIR-LHR spectra of atmospheric CO, and CH,

were obtained by employing two DFB lasers (1.6 ym and 1.65 ym) as the

local oscillators. After power calibration, the wavenumbers were pre-

cisely calibrated using a correlation correction method. Subsequently, ~ Author contributions

an OEM and RFM based retrieval algorithm was developed for retrieval = 3 2

of the vertical profiles, col ged abundances and mixing ratios .Jing]mg Wang.: established the .det.ecnon system. Chunyan Sun: ac-

in dry air of atmospheric CO, and CH,. Finally, the long term NIR-  quired the experimental data. Guishi Wang: methodology, software,

LHR results were validated by comparing the GOSAT results during the data retrieval, Writing Original draft preparation. Mingmin Zou: Vali-
dation. Tu Tan: methodology. Kun Liu: Supervision, Writing Reviewing

193



Appendix

J. Wang, €. Sun and G. Wang et al.

and Editing. Weidong Chen: Writing Reviewing and Editing. Xiaoming
Gao: Supervision, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This work was supported by Key Project of the National Natural
Science Foundation of China (Grant no. 41730103), National Key Re-
search and Development Program of China (2017YFC0209700), and Na-
tional Natural Science Foundation of China (Grant nos. 41805018 and
41405022).

References

[1] Edenhofer O, Pichs-Madruga R, Sokona Y, Farahani E, Kadner 8, Seyboth K,
Adler A, Baum I, Brunner S, Eickemeier P, Kriemann B, Savolainen J, Schlémer S,
von Stechow C, Zwickel T, Minx JCIPCC. Climate change 2014: mitigation
of climate change. Contribution of working group III to the fifth assessment
report of the intergovernmental panel on climate change, Cambridge, United
Kingdom and New York, NY, USA: Cambridge University Press; 2014. 2015.
doi:10.1017/CBO9781107415416.

[2] Kuze A, Suto H, Nakajima M, Hamazaki T. Thermal and near infrared sensor for
carbon observation Fourier-Transform spectrometer on the Greenhouse Gases Ob-
serving Satellite for greenhouse gases monitoring. Appl Opt 2009;48(35):6716-33.
doi:10.1364/20.48.006716.

[3] Frankenberg C, Pollock R, Lee RAM, Rosenberg R, Blavier J-F, Crisp D, et al.
The orbiting carbon observatory (0CO-2): spectrometer performance evaluation
using pre-launch direct sun measurements. Atmos Meas Tech 2015;8(1):301-13.
doi:10.5194/amt-8-301-2015.

[4] Yang D, Liu ¥, Cai Z, Chen X, Yao L, Lu D. First global carbon dioxide
maps produced from tansat measurements. Adv Atmos Sci 2018;35(6):621-3.
doi:10.1007/500376-018-7312-6.

|5] Hase F, Frey M, Blumenstock T, Grof J, Kiel M, Kohlhepp R, Mengistu Tsidu G,
Schiifer K, Sha MK, Orphal J. Application of portable FTIR spectrometers for
detecting greenhouse gas emissions of the major city Berlin. Atmos Meas Tech
2015;8(7):3059-68. doi:10.5194/amt-8-3059-2015.

(6] Wunch D, Toon GC, Blavier J-FL, Washenfelder RA, Notholt J, Connor BJ, et al. The
total carbon column observing network. Philos Trans R Soc A 2011;369(1943):2087—
112. doi:10.1098,/rsta 201 0.0240.

|7] Frey M, Hase F, Blumenstock T, Grof J, Kiel M, Mengistu Tsidu G, Schiifer K,
Sha MK, Orphal J. Calibration and instrumental line shape characterization of a
set of portable FTIR spectrometers for detecting greenhouse gas emissions. Atmos
Meas Tech 2015;8(7):3047-57. doi:10.5194/amt-8-3047-2015.

[8] Gisi M, Hase F, Dohe S, Blumenstock T, Simon A, Keens A. XCO,-measurements
with a tabletop FTS using solar absorption spectroscopy. Atmos Meas Tech
2012;5(11):2969-80. doi:10.5194/ami-5-2969-2012

[9] TianY,Sun Y, Liu C, Xie P, Chan K, Xu J, Wang W, Liu C. Characterization of urban
€0y column abundance with a portable low resolution spectrometer (PLRS): compar-
isons with GOSAT and GEOS-Chem model data. Sci Total Environ 2018;612:1593—
609. doi:10.1016/j.scitotenv. 2016.12.005.

[10] Menzies RT, Seals RK. Ozone monitoring with an infrared heterodyne radiometer.
Science 1977;197(4310):1275-7. doi:10. 1125 /science. 197.4310.1275.

[11] Frerking MA, Muehlner DJ. Infrared | of heric ozone.
Appl Opt 1977;16(3):526-8. doi:10.1364/a0.16.000526.

Optics and Lasers in Engineering 129 (2020) 106083

[12] Abbas MM, Kostiuk T, Mumma MJ, Buhl D, Kunde VG, Larry W. B. Stratospheric
ozone measurement with an infrared Heterodyne spectrometer. Geophys Res Lett
1978;5(4):317-20. doi:10.1029,/zl005i004p00317.

[13] Deming D, Espenak F, Jennings D, Kostiuk T, Mumma M, Zipoy D. Observations of
the 10-ym natural laser emission from the mesospheres of Mars and Venus. Icarus
1983;55(3):347-55. doi:10.1016,/0019-1035(83)90107-0.

[14] Sonnabend G, Witz D, Schmiilling F, Schieder R. Tuneable Heterodyne
Infrared Spectrometer for atmospheric and astronomical studies. Appl Opt
2002;41(15):2978-84. doiz10.1364/a0.41.002978.

[15] Weidmann D), Courtois D. Infrared 7.6-um lead-salt diode laser heterodyne radiome-
try of water vapor in a CH4-air premixed flat flame. Appl Opt 2003;42(6):1115-21.
doi:10.1364/a0.42.001115.

[16] Weidmann D, Reburn WJ, Smith KM. Ground-based prototype quantum cas-
cade laser heterodyne radiometer for atmospheric studies. Rev Sci Instrum
2007;78(7):073107. doi:10.1063,/1.2753141.

[17] Weidmann D, Wysocki G. High-resolution broadband (=100 cm™-1) infrared het-
erodyne spectro-radiometry using an external cavity quantum cascade laser. Opt
Express 2008;17(1):248-59. doi:10.1364,/0e.17.000248.

[18] Weidmann D, Perrett BJ, Macleod NA, Jenkins RM. Hollow waveguide pho-
tomixing for quantum cascade laser heterodyne spectro-radiometry. Opt Express
2011;19H10):9074-85. doiz10.1364/0e.19.009074.

[19] Tsai TR, Rose RA, Weidmann D, Wysocki G. Atmospheric vertical profiles
of 03, N;0O, CH;, CCLF;, and HyO retrieved from external-cavity quantum-
cascade laser heterodyne radiometer measurements. Appl Opt 2012;51(36):8779—
92. doi:10.1364,/a0.51.008779.

[20] Hoffmann A, Macleod NA, Huebner M, Weidmann D Thermal infrared laser het-
erodyne spectroradiometry for solar occultation atmospheric CO; measurements.
Atmos Mm TEd:l 2016 9(12}’59’75—95 dcl 5194/amt-9-5975-2016.

[21] Weid | K, Kurtz J, Barraclough S, Grif-
fin D. The mEIhsne mumpnluguﬁ by solar occul (MISO) llite mis-
sion: spectral channel optimization and early performance analysis. Remote Sens
2017;9(10):1073-92. doi:10.3390,/rs9101073.

[22] Martin-Mateos P, Genner A, Moser H, Lendl B. Implementation and character-
ization of a thermal infrared laser heterodyne radiometer based on a wave-
length modulated local oscillator laser. Opt Express 2019;27(11):15575-84.
doi:10.1364/0e.27.015575.

[23] Wang J, Wang G, Tan T, Zhu G, Sun C, Cao Z, Chen W, Gao X. Mid-infrared laser het-
erodyne radiometer (LHR) based on a 353 ym room-temperature interband cascade
laser. Opt Express 201%;27(7):9610-19. doi:10.1364/0e. 27.009610.

[24] Wilson EL, McLinden ML, Miller JH, Allan GR, Ott LE, Melroy HR, Clarke GB. Minia-
turized laser heterodyne radiometer for measurements of CO;, in the atmospheric
column. Appl Phys B 2013;114(3):385-93. doi:10.1007 /500340-013-5531-1.

[25] Wilson EL, DiGregorio AJ, Riot VJ, Ammons MS, Bruner WW, Carter D, Mao JP,
Ramanathan A Strahan S E, Oman LD, Hofﬁnan C, Garugr REM. A 4U laser
h dy for b (CH4) and carbon dioxide (CO,) measure-
ments lrom an occultation-viewing CubeSat. Meas Sci Technol 2017;28(3):035902.
doiz10.1088/1361-6501 /aa5440.

[26] R.udinAKJimdmkA, dezhdinskiy A, Churt D, Spiridonov M. High resol
h opy of the heric b NIR ab Opt Express
2014;. 22(11}13825—34 doizl 0. 1354:0(’_‘ 22.013825.

[27] Kurtz J, O'Byrne 5. Multiple i a high: lution infrared heterodyne

spectrometer. Opt Express 2016, 24{21) 23338—43 doi:10.1364/0e. 24.023838.

[28] Martin-Mateos P, Bonilla-Manrique OE, Gutiérrez-Escobero ©. Wa
modulation laser heterodyne radiometry. Opt Lett 2018;43(12):3009-12.
doi:10.1364,/01.43.003009.

[29] Rodgers CD. Inversion hods in heric remote di
dioi:10.1016,/b978-0-122-08450-8.x5001-2.

[30] Weidmann D, Reburn WJ, Smith KM. Retrieval of atmospheric ozone profiles from
an infrared quantum cascade laser heterodyne radiometer: results and analysis. Appl
Opt 2007;46(29):7162-71. doi:10.1364/a0.46.007162.

[31] Dudhia A. The Reference Forward Model (RFM). J Quant Spectrosc Radiat Transf
2017;186:243-53. doi:10.1016/].jqsrt.2016.06.018.

[32] GuoX,ZhengF, LiC, Yang X, Li N, Liu §, Wei J, Qiu X, He Q. A portable sensor for in-
situ measurement of ammonia based on near-infrared laser absorption spectrascopy.
Opt Laser Eng 2019%;115:243-8. doi:10.1016/j.0ptlaseng. 2018.12.005.

Elsevier; 1977.

194



Appendix

195



Publications

Publications

[1] J.Wang, G.Wang, T.Tan, G.Zhu, C.Sun, Z.Cao, W.Chen and X.Gao.

[2]

[3]

Mid-infrared laser heterodyne radiometer (LHR) based on a 3.53 um
room-temperature interband cascade laser. Optics Express, 2019.27(7):
9610-96109.

J.Wang, C.Sun, G.Wang, M. Zou, T. Tan, K. Liu, W. Chen, X. Gao. A fibered
near-infrared laser heterodyne radiometer for simultaneous remote sensing of
atmospheric CO, and CHa. Optics and Lasers in Engineering, 2020, 129: 106083.
J.Wang, T. Tan, G. Wang, G. Zhu, Z. Xue, J. Li, X. Liu, X. Gao. Research on
All-Fiber Dual-Channel Atmospheric Greenhouse Gas Laser Heterodyne Dtector
Technology. Spectroscopy and Spectral Analysis, 2021, 41(1).

196



Conference

[1]

[2]

[3]

Conferences

Jingjing Wang, Fengjiao Shen, Tu Tan, Zhensong Cao, Xiaoming Gao, Pascal

Jeseck, Yao-Veng Te, Eric Fertein, Weidong Chen. "Infrared laser heterodyne
radiometers for ground-based measurements of greenhouse gases in the
atmospheric column (poster)". JSM-Créeil, France, 21-23 May 2019.

Jingjing Wang, Fengjiao Shen, Tu Tan, Zhensong Cao, Xiaoming Gao, Pascal

Jeseck, Yao Te and Weidong Chen. "Laser heterodyne radiometers (LHR) for in
situ ground-based remote sensing of greenhouse gases in the atmospheric
column(poster)". European Geosciences Union General Assembly 2020, Online,
4-6 May 2020.

Jingjing Wang, Tu Tan, Xiaoming Gao. "Application of infrared laser

heterodyne technology in atmospheric greenhouse gas detection(report)”. The 4%
Laser Spectroscopy Conference, Jinghua China, 29 Nov.2020.

197



	page-de-garde-cotutelle-ED STS 封面
	Thesis JJW-2021-12-6

