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Fig. 1 Excitation efficiency and spectral distribution of some dye substances
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Table 1 Sodium atom lidar parameters

Research Geographic

} Pulse energy /mJ Telescope diameter /m Ref.
group (Year) location
England —
Bowman et . . .
Buckingham-Shire (Photons transmitted per . X [2]
al. (1969) e (Receiver area: 0.6 m")
(50°N, 7°W) pulse: 1016)
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Research Geographic .
. Pulse energy /mJ Telescope diameter /m Ref.
group (Year) location
USA
Hake et al. .. .
California 500 0.4 [15]
(1972) . .
(40.2°N, 88.2°W)
) France
Megie et al. ) .
(1977) Haute Provence Observatory 800-1000 0.818 [16]
‘ (44°N)
. . Brazil
Simonich et —
Sao José dos Campos 20 ) , [17]
al. (1979) . . (Receiver area: 0. 39 m*)
(54°N, 12°E)
. USA
Richter ez al. o —
Ilinois 100 ) N [18]
(1981) . N (Receiver area: 0. 14 m*)
(40.2°N, 88.2°W)
USSR
Juramy et al.
Heyss Island 1000 0.41 [19]
(1981) . .
(30.5°N,114.3°E)
Antarctic
Nomura et .
Syowa Station 200 0.5 [20]
al. (1987) . .
(69°S, 39.6°E)
USA
Gardner et .
Hawaii 25 1.22 [21]
al. (1989) . Coo
(20°N, 155°W)
. Indonesia
Shibata ez al.
Kototabang 30 0.45 [22]
(2006) . .
(0.2°S, 100. 3°E)
India
Prasanth et .
Gadanki 25 0.75 [23]
al. (2007) . .
(13.5°N, 79.2°E)
6
Pfrommer e . )
L (2010) Canada / (Focus on the effect of sodium atomic layer on [24]
“ adaptive optics system of very large telescope )
Antarctic
Kawahara ez .
Syowa Station 40 / [25]
al. (2011) . .
(69°S, 39°E)
Norway
Tsuda et al.
Tromse / 0.355 [26]
(2011) . .
(69.6°N, 19.2°E)
China
Gong et al. . .
Wuhan Xiaohong Mountain 30 0.95 [27]
(2003) . .
(30.55°N, 114.35°E)
. China
Yietal . . 3
Wuhan University 60 0.52 [28]
(2002) . .
(30.5°N, 114.4°E)
China
Hefei
Dou et al. . . .
University of Science and 60 1 [29]
(2009)

Technology of China
(31.8N, 117.3°E)
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Research Geographic .
) Pulse energy /mJ Telescope diameter /m Ref.
group (Year) location
China
Beijing Yanqing 40 1.23
NSSC station (40.5°N, 116.0°E)
Hainan Normal University 10 1
(20.0°N, 110.5°E)
o Brazil
Andrioli ez .
Sao José dos Campos 60 1 [30]
al. (2020)

(23.1°S, 45.9°W)
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Table 2 Calcium atom and ion lidar parameters

Research grou
grotp Geographical location

Pulse energy /mJ Telescope diameter/ m Ref.

(Year)
France
. . Ca: 25
Granier ez al. (1985) Observatoire de Haute Provence Ca® 20 0.8 [31]
(44°N, 6°E) o
Gardner et al. USA
. Ca: 5 [33]
(1993) Urbana Atmospheric Observatory Ca* 120 1
o . a .
Qian ez al. (1995) (40.2°N, 88.2'W) [34]
German
. Ca: 15
Alpers et al. (1996) Juliusru Cat .12 0.8 [35]
al
(54.5°N, 13.4°E)
German . .
. Ca: 22 5or 7 (1997) parabolic mirrors of )
Gerding et al. (2000) Kiihlungsborn v i [32]
. . Ca :17 0. 5 m diameter each
(54°N, 12°E)
USA
Tepley ez al. (2003) , Ca: 25 [36]
Arecibo ‘ 0.8
. o Ca :21
Raizada et al. (2004 ) (18.3°N,66.7°W) [37]
China
. Ca: 20
Yieral (2013) Wuhan . 1 [38]
o o Ca :25
(30.5°N,114. 3°E)
Japan
Ejiri ez al. (2019) Tachikawa Ca’:12 0.83 [39]
(35.7°N, 139.4°E)
China
. Ca: 30
NSSC station Beijing v 1.2 [40]
Ca' :30

(40.5°N, 116.0°E)
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Table 3 Iron atom lidar parameters

Research group (Year) Geographical location Pulse energy /mJ Telescope diameter /m Ref.
France
Granier et al. (1989) Observatoire de Haute Provence 15 0.8 [45]
(44°N, 6°E)
/
Chu et al. (2002) the North and South Poles 100 [48]

USA
Arecibo
(18.3°N, 66.7°W)

Raizada et al. (2002)

Indonesia
Shibata ez al. (2006) Kototabang
(0.2°S, 100. 3°E)
China
Wuhan
(30.5°N,114. 3°E)

Yietal (2009)

(aperture area: 0. 13 m®)

/ 0.8 [47]
13 0.45 [22]
40 1 [50]
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Fig. 4 Object pictures of all solid-state wind-temperature lidar realizing all-sky observation
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Table 4 Potassium atom lidar parameters

) . Pulse energy / Telescope
Research group (Year) Geographical location . Ref.
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(54°N, 12°E)
USA
Friedman ez al. (2002) Arecibo 100 0.8 [84]
(18.3°N, 66.7°'W)
China
. Beijing
Jiao et al. (2017) . 45 1.0 [87]
Yanqing
(40.5°N, 116.0°E)
. Brazil
Andrioli et al. (2020) 83 1.0 [30]

Sao José dos Campos (23.1°S, 45.9°W)

Chu %" 7 B McMurdo 5 35 (77. 8°S,166. 7°E)
HETHARIETH/REZSHOLTHES, KL T 8
J 7 R0 R R R R R I (AR S 8L 2 3) o b iR
FH 2838 £ 5 A OGS 372 nm/374 nm #OG
TR ZRGEME WA WO KRG E L.
BB O E IR & — BT AR AL DB AT R
WERETAWOCH, A SR HEMIGE. FIHX G
WO TR A, Chu 281778 7 % A9 7 B2 4 Rothera 3 |
McMurdo 3t FF Jié 1 4 1 #9826 st 7 00% B 5 0 B HR I,
IR T 28 8 B WF 58 SR . 2017 4F | Kaifler
A A 1116 nm Nd: YAG 306 #8 = % Jil 7= 4
372 nm OE, KA TR TR E S LT
BRI B8 B AR . LS — R A YAG
T A R S B AR R 22 3 I R T L O R
25 JEAT T BT

T AE R, 4 [ 25 40 5 D0 XU 3R O R Ok T R
N — 2 T T HOR TR IS BRI EE f1 . 2002 4,
B RO TR IR Y & B She EEH T FIH YAG
T 2% R0 Sfe 8 15 4 1 25 589 nm 4 XU IR IO & 5 &
S50 7 28 4% 1064 nm A1 1319 nm Nd: YAG #0% i i
XA 5 S0 B0 i A A, AR U e e A AR v R RT LA
P 5 D, 28 R 6 BY 589 nm B4 BOG L AR B
She B 5 % , B 94 [ 5 25 [ WF 58 Be 5 H A5 MR 2443
ST T e 52 AN IR T 2238 8 I Y 4 T S O Kk g
A SE . P Clemesha A BA™ 7 F) H YAG Fi 4
AR T ABSEW 58I nm U HRILRS M T
80~100 km KA IR B AL o H A M K= e re

A R o ) R T R R GE I T 2010 4R 4GE T
80~100 km K A i B B 8 ) 45 SR CH R S 50
). EEVE I AL LU T LAk e | A A BATE 4E

B Ul R R R TR ) 4 [ S A A 589 nm Ok
TR R G, LT N2 IR BRI AR R G
UNSEIER TV A S A N AR R VR S i S T e
A8 T 402 KU B B 4 R S O ER s s g R ]
A H A MRt T A2 R Y 4 A ROt
TARHEM LS R DUIE PR £ 0 4 1 25 4 )2 AR 25 [R] st
PR ' T 35 A ), T [ RN S g B ] 5 TR AR
ZH RS ol A O IR A Ik RS 4 Rk
42 WS o3 LA B RS I 4 ) 35 4 o A R T T A
A BB 2 9 R 1064 nm AT 1319 nm (4 75 £k 58 B
HE S BOG RS E N A Nd: YAG K mifos 28 16 Fh 1 34
VR IR T AR R S AR e S B0 A 3R
B K I A AN B IO =T . 3R R TR
Y 1064 nm PO B G LR FF S8 T ORE IR E A
£ 1064 nm Nd: YAG Jk sp 06 #8 A 2 W58 19
1319 nm O W) B #2558 G EF L i ) 1319 nm Nd:
YAG Pk, B bk ot o i 28— 41 9 mm
KA WOL I KR H 5 ot — 8 A 2K (KTIOPO,)
wm AR FIB 2B A3 I AE v, v+ 585 MHz Hll v,— 585 MHz
(v Ay D R 01 26 ) 34> T AR 1 238 1Y) 7 g 38 78 26 58 589 nm
O ik b o B A A2 Y 589 nm ik ik O R 4 K 3
B, 43 A8 ] 3/ AN [R5 1)« — BRI EL 4 10 K T0 A 7
Ti) , FH f 0 2 gL 8 O %o 5 X 3 0 AT W DR A R 1)
DR ) 2t 45 SR 5 53 A0 1 B A3 S ) AR i A G I e S

1899903-10



&5 43 % % 18 H1/2023 £ 9 A /%2R
AT IR, I R AR & R BOG R AR, DO Ok
A [ AR 5 e 4 B A S A S e B SR

KT 307, IR ZEAT K I 9 BRI o S 1 ] ik )
KA I AR, SR AT =75 [6] [+] I 252 55 [a] i 45 i
77 3o A B R Y O E AT AR BRI B R AR e ) B 0 S B =05 1) =R A e T RCR
I, 5 IO HE RS , R A58 1 nm 9200 Xt AR ARk R OGP SRR BIL I R ]

____________________________________________________________________________________

pmT |l WI«/ Vortcn = .
' Beam Transmission |}
h & Optical Receiver !
1} \ E-rnd«
W/ PE—)
— Pulsed 589 nm

(L)
Injection Seeding Absolute ! [[Grswitch Bulld-up
b | Frequency Locking H Time Reduction
: /@ . i {
' ‘" 1064nm
' 1064nm YDFA ) %) | Three-Frequency O B
i "I Q/‘L] @ Switching 11 | Host Laser

®)

|

5 A PR £l XU 2 T Bt 4 0 3800 T 38 1 15 58 e e o (a) 8 585 (b) SE ) I
Fig. 5 Design scheme and object picture of wind, temperature, and density simultaneous detection laser at Yangqing station"”’.

(a) Design scheme; (b) object picture
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Abstract

Significance The atmospheric detection of the mesosphere (about 80-110 km) is of scientific research and application
significance. There are many important spatial features and phenomena in this region, including the coldest altitude of the
Earth's atmosphere (~90 km), and special phenomena such as high-altitude noctilucent clouds, temperature inversion
layer, and atmospheric metal layers also occur in this region. Gravity wave fragmentation makes the atmospheric
disturbances in this region particularly intense, and the wind shear in this region becomes extremely intense. This region is
also part of the atmospheric photochemical layer, and the atmospheric compositions have dramatic diurnal variations. With
the development of aerospace, the influence of this region needs to be closely focused on. For example, suborbital flights
(generally defined as 35 to 300 km to the Earth) involve this region, and these studies will lay a solid foundation for future
suborbital commercial flights.

This region has long been relatively unknown to humans because of the limitations of traditional detection methods.
Fortunately, there are atmospheric metal layers in this region. As the cross section of resonance fluorescence scattering of
metal atoms and ions is much larger than those of Rayleigh scattering and Raman scattering, it can be employed to detect
low-concentration atmospheric components. In the past half century, by adopting the transition spectra of atoms and ions
at specific wavelengths, the metal layer of the atmosphere has been detected by lasers with specific wavelengths and laser
remote sensing technology. These metal atoms and ions are excellent tracers of atmospheric fluctuations, and many
parameters such as atomic number density, temperature, and wind have been obtained. In recent years, with the discovery
of thermospheric metal layers, the height range of atmospheric metal layers has been expanded, and the study of metal

layers has been paid great attention to.

Progress Based on the research of our team and collaborators, we introduce the development of atmospheric metal layer
lidar and the current situation and trend of atmospheric metal layer detection by lidar. First, the dye laser opens the door to
the atmospheric metal layer. Second, the sum frequency of the dye laser and YAG laser increases the laser energy further.
Third, with pulsed dye amplifier employing dye as the working substance, directly amplifies the single-mode continuous
seed laser into a high-power pulse laser. This meets the dual characteristics of high spectral resolution and sound center
frequency stability of wind and temperature detection in metal layers. Fourth, narrow-band filtering technology extends
lidar detection from night to all time. Fifth, a dye laser needs to change dye frequently with low single pulse energy, and
all-solid-state laser solves this problem. Sixth, OPO lasers have many advantages such as high integration degree, good
pump light spot, high single pulse energy, and further improved detection ability of atmospheric compositions.
Additionally, we list the parameters of sodium atom, calcium atom and ion, iron atom lidar, and potassium atom lidar in

four tables respectively.

Conclusions and Prospects With the development of Q-switching, harmonic generation, tuning, high-power optical

1899903-16
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fiber devices, and other technologies, the pulse energy, stability, and operation convenience of lasers are constantly
improving. In recent years, the simultaneous detection of multi-component density, temperature, and wind has become
the trend. The multi-function lidar with high resolution and detection accuracy has been excavated and applied in China and
abroad. In the future, the development and application of automated and intelligent lidar will promote satellite lidar, and in
combination with ground-based lidar, more ion component detection will be possible to provide support for temperature
and wind detection at higher altitudes. Finally, the cognition of chemical and physical processes in the upper atmosphere,

and the coupling research on different regions of the ionosphere will be advanced.

Key words lidar; dye lasers; OPO lasers; sum-frequency technology; narrow-band filtering
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