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Fig. 1 Diameter of filament laser after 400 km propagation. (a) Laser pulse width of 50 fs; (b) laser pulse width of 100 fs
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Table 1 The number of photons stimulated by filament laser

Value (orbital
Parameter altitude 400 km) Note

Atmospheric Detection zone

; 2.5X10%

density /m background
Filament ac}ive (3% 10°%)? Simulation ‘result

area /m calculation
Filament - Simulation result

0.5 .
length /km calculation
Tonization rate 0.1%
Monopulse excited 175 10"

photon yield
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Table 2 The number of photons received by the system (orbital

altitude 400 km)

Diameter /m  Angle /(")  Solid angle /(°) Photon number

0.2 5X1077 2X107" 2.7X10°
0.5 1.25X10°° 1.2X10°" 1.6x10°
1 2.5X10°° 4.9x10°" 6.6 <X 10°
1.5 3.75X107° 1.1x107" 1.5 10"
2 5X10° 2.0x10 " 1.9 10*
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Table 3 Main indexes of the spectrometer system

Main index Content (20-950 nm)
Spectral resolution /nm 2
Linear dispersion /(nm-pixel ") 0.67
Sampling rate /pixel ~3
Focal length /mm 1750
Diameter /mm 500
F# 3.5
Angle of field 2w/mrad 0.3
Pixel size /pm 13
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Table 4 Main parameters of telescopic optical system

Conic coefficient

Distance /mm Aperture /mm

Mirror Radius /mm
Primary mirror —1192
Secondary mirror —247

Folding mirror

—1.002
—1.726

488.9 500 (hole 60 mm)
—738.9 73
70 71X38
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Table 5 Spots diagram of telescopic optical system

Field of view Spot diagram
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Table 6  Structural parameters of the spectrometer system
Ttem Radius /mm Thickness /mm Aperture /mm Decentration /mm Tilt /(°)
Collimating mirror 378.81 226.1 22.6X20.72 72.4 6.61
Optical grating 100 22 5
Imaging mirror 1 258.81 130.56 38X 23 10.92 18.9
Imaging mirror 2 187.63 133.7 10150 54.81 18.7
@ ®)
200 mm
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Fig. 4 Optical system configuration of spectrometer. (a) X-Z view of integral configuration; (b) X-Y view of integral configuration
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Fig. 6 MTF of the spectrometer optical system under different
wavelengths. (a) 950 nm; (b) 635 nm; (¢) 320 nm

BotN I BE R P R RE T 9600 KU b A7 S BT
R

@A O R R LN E 8 —. @
W 72 i 4 BBk B2 22 th LI AU 2 R GRS AN )
T ) 20 4 AR A TR 3RS — 4, RIAS [ 9 1 3%
FOULEBRMRKIEARR . R 700 % 0 TAFBEK TR
@A R 7 B s BE T LUR N TE IR R
R I A2 4O 1.1 pm, AH ST 0.07 A BRI 4% B AR
JCR/N e AT AR, m o RO R G EA R

=
(=]

(@)

S o o
> =) )
T T T

Fraction of enclosed energy
1=}
o

0 205 410 6.15 820 10.2512.30 14.35 16.40 18.45 20.50
Half width from centroid /um

[@— diff. imit @-(0°, 0°) |

oy
=

()

=
©
T

=
=
T

2
=~
T

=
o
T

Fraction of enclosed energy

0 " 205 410 6.15 820 10.2512.30 14.35 16.40 18.45 20.50
Half width from centroid /um

[@—diff. limit @-(0°, 0°) |

(o
=]

I o S
'S o ®©

Fraction of enclosed energy
1=}
o

0 205 410 6.15 820 10.2512.30 14.35 16.40 18.45 20.50
Half width from centroid /um

[B— diff. limit ©—(0°, 0°) |
7 AIEEBCF e ik AU RS R R A A
(b)630 nm;(¢)950 nm
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Table 7 Color distortion value of the spectrometer

¥ . (a)320 nm;

Wavelength /nm Color distortion /pm

320 0.9 (20.06 pixel)
477.5 0.8 (20.05 pixel)
635 0.9 (20.06 pixel)
792.5 1.0 (0.06 pixel)
950 1.1 (=0.07 pixel)
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Optical System Design of Space-Based Filament LiDAR Spectrometer

Liu Xiaolin, LiuXun', Li Wei, Zhang Tingcheng, Sun Dewei, Zhang Li, Lin Yuhui
Beijing Institute of Space Mechanics & Electricity, Chinese Academy of Space Technology, Beijing 100094, China

Abstract

Objective With the development of ultrashort and ultra-intense laser, it has been revealed that when a femtosecond laser pulse
propagates in air, filaments, referred to as “filament laser”, would occur owing to nonlinear effects. Traditional spaceborne air-
pollution monitoring devices rely on spectral imaging and LiDAR technology, which cannot realize real-time monitoring of
atmospheric multi-component pollutants, identify unknown pollutants, and detect the chemical composition of various pollutants. The
filament laser system in orbit emits a femtosecond laser pulse into the atmosphere, and the intensity of the femtosecond laser pulse is
sufficient to ionize molecules in the atmospheric environment. lonization excites the fluorescence spectrum carrying the information of
the material composition, which can determine the various material components, species, and content in the area of the filament laser.
To aid the research on space-based filament lidar technology, this study explored the optical system design of a space-based filament
lidar spectrometer for remote sensing applications and realized the optical system configuration design. The spectral range and
resolution of the spectrometer are 320-950 nm and 2 nm, respectively, and it has applicability in high resolution spectral detection of

atmospheric pollutant composition.

Methods First, the application requirements of space-based filament lidar spectrometer were analyzed. On the basis of the
characteristics of pollutants and the corresponding spectra of the substance elements, the working spectrum of the spectrometer and
the spectral resolution were designed to be 320-950 nm and 2 nm, respectively. Using filament laser propagation simulation software,
the filament laser diameter was found to be approximately 6 mm after 400 km orbital propagation. The filament laser diameter can be
constrained to a small spatial scale after ultralong-distance propagation. To conform to the spectral range and resolution requirements,
the size of CCD detector is 1024 X 1024, with 13 pm X 13 pm pixel size. The minimum spectral sampling interval was designed to be
0.67 nm/pixel. Considering the signal-to-noise ratio requirements of the spectrometer, the relative aperture of the optical system was
determined as D/f'=1/3.5, and the aperture of the spectrometer system was set as 0.5 m. Then, considering the requirements of
engineering and the space environment, the optical design and optical-mechanical design of the spectrometer were performed so as to

provide an effective load scheme for space-based filament laser atmospheric detection.

Results and Discussions The optical system of the spectrometer mainly comprises a telescopic system, slit, collimating system,
plane grating, and imaging system; the collimating system, dispersion element, and imaging system constitute the spectrometer. The
front telescopic system adopts a total reflection Cassegrain structure without chromatic aberration correction, and the root mean
square (RMS) value of the diffuse spot radius of its imaging point is within 14 pm. The spectrometer uses a reflective plane grating; the
number of plane grating lines was determined to be approximately 263 Ip/mm, and the grating aperture was 22 mm. A spectral
resolution of 2 nm was achieved using first-order diffraction light. The maximum RMS diameter of the spectrometer system imaging
slit is less than 17 pm. The modulation transfer function (MTF) is greater than 0.99@3.7 Ip/mm, and the maximum color distortion is
1.1 pm. The energy concentration in three pixels is over 96% , which can be used for spaceborne high-resolution spectral detection of
atmospheric components. The spectrometer system adopts a damping truss-unlocking mechanism for three-point support and is
installed on the bottom plate of the satellite load compartment. The front lens tube is made of a carbon fiber composite material to
ensure the thermal stability of the primary and secondary lens spacing. The main bearing frame and connecting plate are made of a
titanium alloy. The design of stray light adopts the combination of “secondary mirror mask and primary mirror central hole baffle” with
the simplest structure, which can ensure that the stray light coefficient of the camera is less than 0.5%. The statistics of various light
paths that could reach the image surface were also obtained, and no abnormal stray light paths were found.

Conclusions For space-based applications of the filament LiDAR spectrometer system, the optical system was designed and
examined, and the main technical indicators of the optical system were determined. The designed spectrometer system can achieve a
spectral resolution of 2 nm in the spectral range of 320950 nm and thus provide a reference for the design and development of

spectrometers used in filament LIDAR systems.

Key words optical design; filament laser; spectrometer; optical system design; spectral resolution
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