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Abstract: Differential absorption lidar is an indispensable tool to measure atmospheric CO, for temporal and spatial
distribution. The 2.0 um wavelength Ho:Tm:YLF/Ho:Tm:LuLiF lidar were used for remote sensing atmospheric CO, with
heterodyne receiver. The KTP parametric oscillator was injected into the seeds, and a differential absorption lidar (DIAL)
system of 1.6 um by using the photon counting technique to profile the atmospheric CO, in the troposphere under 7 km.
Modulation continuous wave seed laser intensity and the integral path differential absorption lidar, common 1.6 ym optical
fiber amplifier, and the use of correlation detection technique, have unique advantages and characteristics in the detection
of atmospheric CO, column concentrations. The space program for detecting atmospheric CO, column concentrations
is NASA's ASENDS (active sensing of CO, emission over nights, days, and seasons) mission which adopts the method
of pulse and integral path differential absorption. The absorption of CO, gas cell as a reference to stabilize seed light fre-
quency and the precise control of cavity length lock the on-line wavelength of transmitter, is the key technique for DIAL to

WisBEA: 2017-08-26; WzMEckimHER: 2017-12-01

e = g " (2017YFB0504000)
1EEE N (1966-) E-mail: glhong@mail.sitp.ac.cn
BEESE: (1989-) E-mail: 0627207 1@bjtu.edu.cn

170452-1



Y THE DOI: 10.12086/0ee.2018.170452

measure atmospheric CO.,.

Keywords: lidar; differential absorption lidar(DIAL); carbon dioxide; volume mixed ratio

Citation: Hong G L, Zhang H P, Liu H, et al. Review of measurement for atmospheric CO, differential absorption
lidar[J]. Opto-Electronic Engineering, 2018, 45 (1): 170452

il

1 5l

15y m

100 , N
( differ-

ential absorption lidar, DIAL )

: L6 m 2.0 m o

, (‘erbium-doped fiber
co, amplifier, EDFA), Nd:YAG
(optical parametric oscillator, OPO )

(optical parametric generation, OPG),
Ho,Tm:YLF

o ’ ’

( range resolved

differential absorption lidar ),

’

GOSAT. OCO-2 (integrated path differential absorption

lidar, IPDA ), ( )

[1] 5 ’

GOSAT. OCO-2 ’ )

2 K5 CO2 #HFME 77 MUK S EIE
’ : FRAREER
21 BEBE5#HESRBUR AL E X (range resolved
DIAL) 3HRBAS S BRER IR
Sen(2)+ Soa(2) on-line, off-line
, CO, (range-resolved)
R HITRAN
170452-2



St TR

DOI: 10.12086/0ee.2018.170452

E nAc

S (2)= z
on( ) 222 77177rﬁ( ) 1 [ 1 1 \J
N, (2) oc +
exp {—2_[02 [a(r)+n(r)o,, ]dr} , (1) 2(0q = Tus)AZ\ SNR,,  SNR ’
_ Egndc SNR °
Soff (Z) - 222 ’7177r/3(z) , on—line off—line
exp {—ZIOZ [a(r)+n(r)o,; ]dr} ) ) ; on-line
A off-line "
P > ’ o on-line  off-line s
, ar)
, n(r) ,
00“ 00 00 °
! (% NASA 2004
) ’ C ’ Z 9
/3(7') o [2]
’ 0 ’ ’ ’
o T '
° 2.05 U m, InGaAs
, Az o
s o Ho: Tm: YLF s
) z ( /m ) H
. 1000 R
n(z) = o lo
2(o,, —0,,)Az
1%~2%, 12km 28km,
1 Son (2+42) S, (2) 3) Co, o DIAL
Soff (Z) Son (Z+AZ) ’ ’ 8 ’
’ )toﬂ' )ton ’ DIAL COZ ’ !
o , DIAL
’ , , 1.5
’ ' 2 o off-line  on-line
=) 1 ’
n(z) =
20, -0, )Az , DIAL .
2008 , Koch (90 mJ/5
ln(Soff (z+4z) S, (2) ] Hz)  Ho: Tm: LuLiF ,
Seir (2)  Seu(2+Az2) WLEF , 153 m~1353
ﬂoff (Z + AZ) ﬂon (Z) (4) o '
—ln -D-E-F> [3] 396
ﬁoff (Z) ﬁon (Z+AZ) ’ m °
InGaAsSb
o , , 3 ° 30 min
p=Fn "% , DIAL 7.9 ppm .
Ton = Torr 2006 Gibert LMD-IPSL
2.0 m ( coherent
E— a," _asff ; differential absorption lidar, CDIAL) ,
O-on - O—off CO2 . ’
F= NgAoyg ’ 4 °
Oon ~ Ot ’ CO, on-line
Nig AR ; o DIAL

170452-3



LR TR

DOI: 10.12086/0ee.2018.170452

30 L T T I T LI T T T
25 - i
m
T 20
3 -
2
o
2 15 ]
@®©
c
2
” 10
—ON-liN€
----- off-line
Sh ]
0: 1 . " 1 1 L 1 L
800 1200 1600 2000 2400 2800 3200 3600
Range/m
B 1 on-line #= off-line bkt #9 X AL =ik 2h %, &
— AN K 1000 Ak R AF 3
Fig. 1 Power in the atmospheric return for on- and off-line

pulses. They averaged 1000 pulses for each wavelength

Dual-balanced 50/50 coupler

R
N b O
o o o

0 B e

Concentration/ppmv

8]

|-COR
DIAL 1200-m temp corrected

300 L : i
800 1000

Time (local)

12 00 14 00

B 2 CO,#k & DIAL i % #= LI-COR /& & # & %
(2003 4 8 A 22 H 6:00 a.m. £ 2:00 p.m.)

Fig. 2 CO, concentration measured by DIAL and LI-COR
in situ sensor from 6:00 a.m. to 2:00 p.m. 22 August 2003

InGaAs
photodiodes \
Scanner
Pulsed laser
¢
I 'QResonance
Tl ol i detector
Telescope Ho:Tm:LuLif
amplifier Pulse
1® monitor
Q-swith
1/20 PZTHo:Tm:LuLiF
'J
@ Outgoing pulse

@ Atmospheric return “\ Isolator
Isolator
@ Injection seed Act(_)usto- o [0

optic

@ Local oscillator pModuIator 2
s 0

Multipass cell
2 torr CO,

cw off-line

90/10 coupler

B3 NASA ZABFR P2 R AFLHBE, PBS: Hmiks xE; HWP. ¥ikk; QWP w

HZ—iA; AOM: FRiAH %
Fig. 3 NASA langley research center layout of the heterodyne lidar.
QWP: quarter-wave plate; AOM: acousto-optic modulator

o 2006 . 2008 ©?
2015 1, Gibert 2015
{ Optics Letters)
CO, el 5 o
2009 Sakaizawa 1.6 y m
Co, co, 7,

170452-4

PBS: polarization beam splitter; HWP: half-wave plate;

LiTaO, ,
1.572 Y m,
(30012 « 0001) , 6 o
10 mJ, 200 Hz, 40
5h, CO,



HE T DOI: 10.12086/0ee.2018.170452

A B ROIRE G ZRBTRL R AL

Table 1 Performance comparison of three literature cover
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Fig. 4 The coherent differential absorption lidar (CDIAL) consists in a 2.05-um pulsed oscillator, a dual-wavelength seeding module
locked to a frequency reference system and a coherent detection (2015). EOM: electro-optic modulator; AOM: acousto-optic modula-
tor; PID: proportional integral and differential; PDH: pound drever hall; AOFS: acousto-optic frequency shifter; TDFA: Thulium doped
fiber amplifier; PBS: polarization beam splitter; HWP: half-wave plate; QWP: quarter-wave plate; PZT: piezo-electric transducer
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Fig. 5 CDIAL CO,-mixing ratio profiling during the 20-h-long time experiment above Ecole Poly technique campus. Time and space
resolution are 15 min and 100 m, respectively. (1-3) is for the cross section reported in Figs. 3(a) and 3(b); (b) Time series of CDIAL
and in situ X o, measurements; (c) Experimental CDIAL (black line) and in situ (blue line) X0, standard deviation (over a slicing 2-h
time gate) and CDIAL instrumental standard deviation on X.q, from a (black dashed line) and WF (red dashed and dotted line)
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Overview: Accurate measurements of tropospheric CO, mixing ratios are needed to study CO, emissions and CO,
exchange with the land and oceans. 1.6 um transmitter is based on an injection-seeded KTP optical parametric oscillator.
Accurate control of the OPO cavity length ensures powerful single-mode narrow-band pulsed signal radiation out.
Combined PMT photon counting technique, this DIAL can profile CO, through the planetary boundary layer ( PBL)
and into the free troposphere. A double-pulse 2.05 um high-energy Ho:Tm:YLF laser, tuned to on- and off-line CO,
absorption wavelengths, has been developed. Transmitter operation and performance have been verified on ground and
airborne platform. This instrument has the potential to enhance both spatial and temporal resolution for CO, global
measurement during day and night. The IPDA lidar relies on the measurement of the laser echoes reflected by hard
targets as the ground or the top of the vegetation to measure atmospheric CO, column concentration. The system can
take advantage of a less power demanding semiconductor laser in intensity modulated continuous wave operation,
benefiting from a better efficiency, reliability and radiation hardness. Such a time-gated technique is a promising way to
overcome the sources of systematic errors inherent to passive missions. Coherent detection instruments are generally
limited by speckle noise, while direct detection instruments suffer from high detector noise using current technology.
The ASCENDS mission will be the first laser spectroscopy from space with the objective to profile CO, column integrals
for climate emissions. The approach uses two tunable pulsed laser transmitters allowing simultaneous measurement of
the absorption from a CO, absorption line in the 1572 nm band, O, absorption in the oxygen A-band, and surface height
and atmospheric backscatter in the same path. To scale for space, It is needed to increase the energy per pulse in each of
these wavelengths (1.53 pm and 1.57 um) to appropriate levels. These are for a 500 km orbit, a 1.5 m diameter telescope
and a 10 second integration time, which allows a 70 km along track integration in low earth orbit. HgCdTe APD detector
photon counting technique and Si APD photon counting technique will be developed. The on-channel MOPA will be
locked to the selected CO, absorption line using a multi pass CO, reference cell and a feedback loop based on the Pound-
Drver-Hall detector used to generate a low noise error signal, or the lock-in regulator accomplishing top-of-fringe
frequency stabilization laser frequency locking equipment. A second feedback loop will be used to stabilize the beat note
of the on- and off- channel signal at a fixed 10 GHz offset.
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