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Fig. 1. Solar spectral irradiance at different wavelengths.
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Fig. 2. Multi-longitudinal modes and its spectral distribution of typical Nd:YAG laser.
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Fig. 3. Spectra of aerosol Mie scattering and molecular Rayleigh scattering excited by typical Nd:YAG

UV multi-mode lasers. The up-right layer displays the spectral of Mie and Rayleigh scattering by a single

frequency laser.
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Fig. 4. Schematic of ultraviolet multi-mode high-spectral-resolution lidar. IF, interference filter; BS, beam

splitter; PMT, photomultiplier tube.
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Fig. 5. Separation and extraction of multi-mode laser Mie scattering and Rayleigh scattering signals based on

Mach-Zehnder interferometer: (a) Transmittance function of Rayleigh channel; (b) transmittance function of Mie

channel.

030701-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 67, No. 3 (2018) 030701

4 REBNF S EWBIE R

SR RO 7 3K 05 REAE 23 0l 5 8 B UL
AR FAER G EHUE B(r) Ma(r) )61
TTRRE, AT

P(r)= C'POT_Q[Ba(T) + Bm(r)]
Xemo{—2Z;b@@3+fmdﬂﬂdW}a(&

K, P(r) RANEOGE IS IBERN 2200 D%, C N
HHEIERGTEL, Po NBOCIAE R DIZE, Ba(r) A
B (1) 73 B 7R S KR 7 1 )5 B &R
5, () Fl o, (1) 20 R RSB R RS 50 11
THOG R, I8 H) i - 1 R TIOR8 TE i
() M, K 38 T N B 1 I8 T PO R A T AR AT BA
bai | ESs|
Po(r) = CPyr 2[ToaBa(r) + TamPu(r)]
X exp{ - 2/T[oza(r') + am(r’)]dr’},
0
(9)
Po(1) = CPor 2 [TimaBa(r) + Tonm Bun ()]
X exp{ - 2/T[oza(r') + am(r’)]dr’},
0
(10)
o, T FaaoKIEE FPKEUNE SEE 2, T, R
7 K TE I 5 R BUE 5E I R The 37 5 A I8
TEPKHUE 5B IR, T 27 A8 I8 1) 35 5
BUESIE Z. T AN I8 A kM H Y, AR
I Be 2 7 1E E A, TEAN B R S - S R T A0
TR G IR LA SO REEARFE TS OL T,

Taa + Tma — Lam + Tmrn = ]. (11)

[ B, 5 1) K43 it R S o 9 32 1 3 2 A ]
B, A1 Ibt 22 GRS SR ok v 194 i ) RS 3 0 B0 —
%30 GHz [ 73 0% (K1 3), BRIAEA T RS ik -
TEIR F IO 0 3R R W LA K e B B FE R 15
BN, K S 8 3 1 3 R O I R (Tam) 5
it ) #5368 3 P 3 R O O T 2 (T ) AH S, BP
Tom = Toam = 1/2.

2 (9) 5 (10) A0, W0AT 45 206 B Ik S0
KRAEAES, AP

P(r) = P.(r) + Pu(r). (12)

#7 (9) 5 (10) AHEL, WITTFET R RN
P,(r) — Pu(r)

= CPOT72<Taa - Tma)ﬁa('r)

< exp{ _ 2/;[%(7«’) + am(r’)]dr’}, (13)

B B 1K J7 R R ) U R B A B AU
JB S5 IR BRI, 31X 5 4 2 WO B A T BRI TR
FRALL, Tz 8 WO T K I S I EUR AU R T
FITTER. RS [ B 5 SO RORE T HRE 73
T R RTLAIRR A O, BRIHIE 2 1R HE SR A1 2 <
Y REPIE 8
25 (9) 5 (10) VAL, 7R RR N
Bu(r)  Tealalr) + %ﬁm(r)
_ 2"
Tnafa(r) + 5Pm(r)
B BOCFZ BT, SRR G U
R, E XN
B _ BatbPm Ba

Ra=g =78 ~ta W

B, (14) T RL 5 M

Pl g (B = 1)B(r) + (1)
Toa(Ra — 1) + %
_ _ (16)

(1~ Tu) (e~ 1)+
KBS I TE KBRS 5 & 28 T, B B A H
O KA (2 56 T P 506 57
o SEUG B9 77 150 2 A 2, R i i - AR+
PHACH AN U TE A5 5 (1) B AE W] RAE R St = IR
Ja RO B, BRI (13) F0(15) 20 5 2<%
JI2 I 1ei) BT 2R ORI TR I O R 3L

5 AGFRE

N T B EE A YR RO T o U R O
B OIE BRI AL BE, A SR N TIE RO S B
A8 S B 3 1) M e, A AR BT A T U L
RGO T, X 2 AR s e o B R WOL R L R4t
BEAT T, 2 VS B R AR TR oK U 8 3 A F
M HC A A5 S sR A S [ R B WO ER A
ARG ASEWER . R0 B XA #OLEH

030701-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 F W)

Acta Phys. Sin.

Vol. 67, No. 3 (2018) 030701

L%Mﬁﬁﬁ@ﬁ%#ﬁﬁﬁﬂ, w6 . H
6 (a) 7 AR KA F AR IR I G R EUH &
iﬂz Kl 6 (b) R E AU T, 7E5—6 km )

mE L A NHENRBR/ o2, 855K
(149 i 1) B R E0OF0 i 1) B AT — AN B 2 ) BR AR

#1 BINEZ YIS RRBOEREIERASH
Table 1. Specifications of the UV multi-mode high-spectral-resolution lidar system.

WOLRS R 2 Y e Tiib .
S RSZ I BRI Hé\ , FRUI% PMT
Nd:YAG #0t4% L - 8 R
WK 355 nm H”E 250 mm HLiERE 375 MHz BTRE 023
HEHFE 20 Hz FEE 3000 mm
fk i fe 150 mJ W 0.2 mrad
10 T 10
(a) — Aerosol (b)
9t backscatter 9t
-- Molecular
8T backscatter 1 81
7F 7t
e Of g O
< <
= 57 =57
.80 L0
=4t o4t
3t 3}
21 2t
1t 1t
0 1 L 1 O n n n
10-8 10-¢ 104 10-2 104 102 100 102 10

Backscatter coefficient/km~—1!

K6 RGO HHTH R B

Backscatter ratio

(a) SIRIERUER A7 5 [E U 25 (b) SR a [ i E

Fig. 6. The atmospheric model for system simulation study: (a) Aerosol and molecular backscatter coeffi-

cients; (b) aerosol backscatter ratio.

KBTS 560 4 K B BOE Ik B R BRI ) 248
X4, BT Eam A A AR, O A s
W R BRFHE 506 P it E AR

Py = CAerA)\EQQ, (17)

X, Sb?'ﬂiiﬁﬁﬁﬁﬁﬁiiﬁ%%lﬁ’]ﬁ%;@il#, Uk Ak Y
355 nm A& 1) e R OR PR S RE B FE (S, = 0.3 % 109
W/(m?srnm)); A, jjél_%ﬂﬁ’]ﬁxﬁiqﬁﬁ i
NAE TG B I A Hﬁém%ﬁﬁ’ﬁﬁlﬁﬁ
.

R4 WO Tk 7 F2 DL SR 1 A oL &R A
RGZH, R EAS B SR ME 2 PR s i o
RO TE IE BIK B B T8 | it ) G I T R P T
FOEIIME SREWME 7R, ERER/ & EATE
(7, WO Ik B A5 5 i A B B ER AR

TELRE % R PH TS 560 PMT A & I it 55
WEE IS OL T, 20 Al 2 L a1 o R O

R IS R A FHSC S T it ) S S T A R B
SNR,(r) = ynlVi(r) . (1)
V/Ni(r) +2(Ny + Nq)
100
—— Mie channel signal
10—zt - - - Rayleigh channel signal |

-—— Solar background signal

E

=

]

B

& 101

g

IS

EIO’S'

5

[a W)

-l
0 1 2 3 4 5 6 7 8 9 10

Height/km
P 7 RIS S0 R R ST 0 T DA B R B 7 506 ) [l
B A M

Fig. 7. The intensity distribution of return signals
of Mie channel and Rayleigh channel as well as solar

background light.

030701-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 67, No. 3 (2018) 030701

T IV K ST 388 B i R O S 3 i B
FTHL, n NRFEBRBIKEL, Ny, R KHE SO B,
fEPMT LR A 174, Ng K8 PMT A &
ARG EEL IR FIT 7 A B T

2R M 22 PR G 43 O T A B K
it AR St ) S DR T 1) M L T B S 8 TR,
WO TR IS B9 K TS 8 R it R S S 3 4 e L
7510 km FIFEIITE Bl A 25K T 100, 360 R GE DA
FERR RIS ZCR, ] LBl KSR E Ty & %
AN IE R VE AR, RS B R
FE &, BISAS S 5REE N, (50 LTt

106

— Mie channel

= = = Rayleigh channel

Signal to noise ratio
[y [
o )
= 5

Juy
e}
@

102 D —

0 1 2 3 4 5 6 7 8 9 10
Height/km

8 SRR 68 A Rt R RS S T 110 155 T B v B F) AR 4K

Fig. 8. Signal-to-noise ratios of Mie channel and

Rayleigh channel versus height.
6 it

MR B EoRE, 2 YR EOETE 0 PR BRI
R FH AT 3 388 10 e - ¥ R AR L XGE
T8 A ELAME, TR A B SR I PO IS
W ROKRBUN AR 5 AR R T E A EURE 5, KBS
T ROE R VE RS AR, SR, 2 S e i
P AL TR A R S I 06 20 AT 4075 18 LU R P A B
2. 1) ZHBRK BB AR R E . R
AT A B HOEEE F 5 2 B O AN
RS A FLUTIC, A 8 S22 PBTHOR I S8 ok
HIUH AR o7 B A BURHE 5 10 70 R L. oL
i 22 PR R WO I AR5t 1 2 46 w8 A
WA SE R 2 ke, R AT Ab T 18 23 2 58 N A
PP A B HE IR, 2R AR Y;. Bk, £
PR LI 7> HE R PO R IE I R G B AT Al
W 7T 2 M HOE R, JEHR B R Ot 1 2 U
FesE R, 2) TR L - 8 SR TR S B R
Y2 YRR (K B A S A UM A5 5 1 0. 5

7 - 5 R T B SRR i A 2 R RO AROR B S BA
SR 2 R U S UR B 5 D 3, B
ERPCREZE, I A B I S P FOxT S b - 1 R
TIAGE L A M2 (20, BE I 70 A0 = Bl &
s BRI RZ I, 42 RS 4% R X S AR i T iRt 2 %
LGS 2 HE R WO T I R G S DL EL 2R
Rl AE AT T AGE I R iR Al b, 70 W s
I B 2 R AN E B, Ao TR Ik R Gt aE
SEOEATIEARE . A 5 R S IX P 7 BT 7T AR,

T % W

%2 YR 61 23 AR WO T A 2 6T 4
WO TEIE I — S, R TS Mmoo
O3 HE RO T 1K A6 25K F B A K OG5 1
8, SR Ih R N YAG AR BEOG 23 1E N
AR, R G B ) A - R AR OR A R
X 22 PO I S B K HBUR FH DR <431 3 M1
S, IS BIE ROG S S B MRS AN PR,

A SC DALY Nd:YAG [ 4 ik o 28 151, ks
TR NA:YAG B8 1 2 PR, 20 HAER
A A i PR S R OK BT T DR S48 1 i R U Ol
WHE . WEOE R IR I A K RSN 40 em B,
YA E] B A 375 MHz, 761 cm ™1 (30 GHz) 58 5t
25 55 BN FOA 804N, 2 PRI A ek
PSSR O 1 A0 K401 B R FBURT D' B 2 22 Bk o
WO P 55 B AR K IO R R K R A
Bt R HUR 6 HE AA.

U] 73 85 $ B 2 REIOGAE R A e
AR TR R K ST R 3 R U Ol 1 R 2 A v
W HEAR O TR I S OGERE. A SCR A AR T
JEIG R YEBR R BAE FOL, wert ar i Y 5 - 1
IR A5 5 B B 22 B 1R RS Rl B {5
T, IR B - 4 R T AU TE i BRI
PR, HES TR S RN REE . RS
i LA R R, AR SCHTBETT R AR 2 YR ok i
ORBOCTEIS, s Sel 4RI AE R 10 km 5
JEEE B P9 1RSI TR O 2 R M AR

SE3CH

[1] Mao J T, Zhang J H, Wang M H 2002 Acta Meteorolog.
Sin. 60 625 (in Chinese) [BT12, K E 4, T FEME 2002 S
4R 60 625

030701-8


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.11676/qxxb2002.074
http://dx.doi.org/10.11676/qxxb2002.074

) I % R Acta Phys. Sin.

Vol. 67, No. 3 (2018) 030701

(5]
[6]
[7]

Cheng C L, Wang G H, Zhou B H, Meng J J, Liu J J,
Cao J J, Xiao S 2013 Atmos. Environ. 81 443

Andreae M O, Rosenfeld D 2008 Earth-Sci. Rev. 89 13
Yu H B, Liu S C, Dickinson R E 2002 J. Geophys. Res.
107 4142

James D K 1981 Appl. Opt. 20 211

Fiocco G, Dewolf J B 1968 J. Atmos. Sci. 25 488
Zhao M, Xie C B, Zhong Z Q, Wang B X, Wang Z Z,
Dai P D, Shang Z, Tan M, Liu D, Wang Y J 2015 J.
Opt. Soc. Korea 19 695

Cheng Z T, Liu D, Zhou Y D, Yang Y Y, Luo J, Zhang
Y P, Shen Y B, Liu C, Bai J, Wang K W, Su L, Yang
L M 2016 Opt. Lett. 41 3916

Shimizu H, Lee S A, She C 'Y 1983 Appl. Opt. 22 1373
Hair J W, Caldwell L. M, Krueger D A, She C Y 2001
Appl. Opt. 40 5280

Liu J T, Chen W B, Song X Q 2010 Acta Opt. Sin. 30
1548 (in Chinese) [XI4&:¥F, B AR, R/N4 2010 HaFF4Rk
30 1543]

Su W Y, Schuster G L, Loeb N G, Rogers R R, Ferrare
R A, Hostetler C A, Hair J W, Obland M D 2008 J.
Geophy. Res. Atmos. 113 202

(13]

030701-9

Rogers R R, Hostetler C A, Hair J W, Ferrare R A, Liu
Z, Obland M D, Harper D B, Cook A L, Powell K A,
Vaughan M A, Winker D M 2011 Atmos. Chem. Phys.
11 1295

Hoffman D S, Repasky K S, Reagan J A, Carlsten J L
2012 Appl. Opt. 51 6233

Imaki M, Takegoshi Y, Kobayashi T 2005 Jpn. J. Appl.
Phys. 44 3063

Di H G, Zhang Z F, Hua H B, Zhang J Q, Hua D X,
Wang Y F, He T Y 2017 Opt. Express 25 5068

Hua D X, Uchida M, Kobayashi T 2004 Opt. Lett. 29
1063

Jin Y, Sugimoto N, Nishizawa T, Ristori P, Otero L 2016
Proceeding of the 27th International Laser Radar Con-
ference New York City, USA, July 5-10, 2015 p02006
Ristori P, Otero L, Jin Y, Sugimoto N, Nishizawa T,
Quel E 2016 Proceeding of the 27th International Laser
Radar Conference New York City, USA, July 5-10, 2015
p06005

Cheng Z T, Liu D, Zhang Y P, Liu C, Bai J, Wang D,
Wang N C, Zhou Y D, Luo J, Yang Y Y, Shen Y B, Su
L, Yang L M 2017 Opt. Express 25 979

Liu Z Y, Kobayashi T 1996 Opt. Rev. 3 47


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1016/j.atmosenv.2013.09.013
http://dx.doi.org/10.1016/j.earscirev.2008.03.001
http://dx.doi.org/10.1029/2001JD000754
http://dx.doi.org/10.1029/2001JD000754
http://dx.doi.org/10.1364/AO.20.000211
https://doi.org/10.1175/1520-0469(1968)025<0488:FSOLEF>2.0.CO;2
http://dx.doi.org/10.3807/JOSK.2015.19.6.695
http://dx.doi.org/10.3807/JOSK.2015.19.6.695
http://dx.doi.org/10.1364/OL.41.003916
http://dx.doi.org/10.1364/AO.22.001373
http://dx.doi.org/10.1364/AO.40.005280
http://dx.doi.org/10.1364/AO.40.005280
http://dx.doi.org/10.3788/aos20103006.1548
http://dx.doi.org/10.3788/aos20103006.1548
http://dx.doi.org/10.1029/2008JD010588
http://dx.doi.org/10.1029/2008JD010588
http://dx.doi.org/10.5194/acp-11-1295-2011
http://dx.doi.org/10.5194/acp-11-1295-2011
http://dx.doi.org/10.1364/AO.51.006233
http://dx.doi.org/10.1143/JJAP.44.3063
http://dx.doi.org/10.1143/JJAP.44.3063
http://dx.doi.org/10.1364/OE.25.005068
http://dx.doi.org/10.1364/OL.29.001063
http://dx.doi.org/10.1364/OL.29.001063
http://dx.doi.org/10.1051/epjconf/201611902006
http://dx.doi.org/10.1051/epjconf/201611902006
http://dx.doi.org/10.1051/epjconf/201611902006
http://dx.doi.org/10.1051/epjconf/201611906005
http://dx.doi.org/10.1051/epjconf/201611906005
http://dx.doi.org/10.1051/epjconf/201611906005
http://dx.doi.org/10.1364/OE.25.000979
http://dx.doi.org/10.1007/s10043-996-0047-0

32 % R Acta Phys. Sin. Vol. 67, No. 3 (2018) 030701

Technical realization and system simulation of
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Abstract

Multi-mode high-spectral-resolution lidar is a new concept of high-spectral-resolution lidar, which uses the multiple-
longitudinal-mode pulsed laser rather than the single frequency laser. In this paper, we analyze the multiple longitudinal
mode and its spectral distribution of a typical Nd:YAG laser, and calculate its corresponding Mie scattering and Rayleigh
scattering spectra, which are a convolution between the spectral distribution of multiple-longitudinal-mode laser pulse
and that of the Mie and Rayleigh scattering excited by a single frequency laser pulse. According to the spectral analyses
of the elastic lidar returns, we design an ultraviolet multi-mode high-spectral-resolution lidar, in which a high-power
non-seeded Nd:YAG pulsed laser at the third harmonic 355 nm wavelength is used as a transmitter, and a Cassegrain
telescope serves as a receiver. In the polychromator, a narrow band interfering filter is selected to block the solar
background, and a tunable Mach-Zehnder interferometer (MZI) is designed to separate the aerosol Mie scattering signals
from the molecular Rayleigh scattering signals excited by the multi-mode pulsed laser. The MZI is composed of a roof
mirror mounted on a piezoelectric ceramic and two beam splitters. The optical path difference of the MZI can be adjusted
by the piezoelectric ceramic, while its optimum value should make the correspondence between the free spectral range
of MZI and the interval between longitudinal modes of Nd:YAG pulsed laser. The photomultiplier tube is selected as a
detector, whose output is the convolution between the transmission function of MZI and the Mie and Rayleigh signals
excited by the multi-longitudinal mode laser pulse. In the practical experiment, the optimal optical path difference of
MZI can be determined by using envelope analysis. For the transmitter laser, when one channel has a maximum output
signal and the other has a minimum output, the center wavelength of each longitudinal mode of laser is locked in the
optimal optical path difference. The channel of MZI with the maximum output is to pass the Mie scattering signal,
while the channel with the minimum output is to block the Mie scattering signal. The aerosol optical characteristics are
retrievable by using the complementary properties of the two output channels of MZI. In order to verify the feasibility
of the multi-mode high spectral resolution lidar, the system simulation is carried out by using the real atmospheric
model and the designed lidar system parameters. The simulation results show that the designed ultraviolet multi-mode

high-spectral-resolution lidar can realize the accurate measurement of aerosol within a height of 10 km.

Keywords: high-spectral-resolution-lidar, multi-mode pulse laser, atmospheric aerosol, accurate mea-

surement
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