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Abstract: Measurements of atmosphere density in the upper thermosphere and exosphere are of
great significance for studying space—atmosphere interactions. However, the region from 200 km
to 1000 km has been a blind area for traditional ground-based active remote sensing techniques
due to the limitation of facilities and the paucity of neutral atmosphere. To fulfill this gap, the
University of Science and Technology of China is developing a powerful metastable helium resonance
fluorescent lidar incorporating a 2 m aperture telescope, a high-energy 1083 nm pulsed laser, as well
as a superconducting nanowire single-photon detector (SNSPD) with high quantum efficiency and
low dark noise. The system is described in detail in this work. To evaluate the performance of the
lidar system, numerical simulation is implemented. The results show that metastable helium density
measurements can be achieved with a relative error of less than 20% above 370 km in winter and less
than 200% in 270-460 km in summer, demonstrating the feasibility of metastable helium lidar.

Keywords: atmospheric optics; helium density lidar; resonance fluorescence; metastable helium;
remote sensing

1. Introduction

The neutral atmosphere of the thermosphere and exosphere is closely related to
space weather events, including variations in solar radiation intensity and geomagnetic
activity. These changes can lead to significant disturbances in the thermosphere, profoundly
affecting human space activities and exerting a substantial impact on space operations and
ground-based technical systems. The thermosphere and exosphere are also the working
altitudes of most applied satellites, so a change in atmospheric density in this region
will affect the orbit stability and lifetime of satellites. Therefore, the monitoring and
prediction of neutral atmospheric density in the thermosphere and exosphere is becoming
increasingly important.

Traditional ground-based active remote sensing has struggled to penetrate the upper
atmosphere, specifically the region spanning from 200 to 1000 km. This challenge stems
from the constraints posed by existing facilities and the sparse nature of the neutral atmo-
sphere in this zone. In this region, neutral atmosphere can be detected by space-borne,
ground-based passive observation devices (such as FPI interferometers and gas-luminance
imagers) and sounding rockets [1-3]. Rocket exploration is sporadic and is too exorbitant to
obtain continuous data, whereas passive remote sensing techniques usually cannot acquire
range-resolved observations. Lidar has demonstrated its ability to provide the high spatial
and temporal resolution measurement of neutral densities, winds and temperatures in
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the atmosphere [4-8]. Furthermore, lidar can fulfil the full seasonal and diurnal cover-
age of atmosphere measurements at much lower costs compared to rockets and satellites.
Resonance fluorescence lidar has been successfully implemented with alkali metal atoms,
such as sodium [9,10], iron [11,12] and potassium [13,14] in the mesosphere and lower
thermosphere from 80 to 110 km. Due to the large backscattering cross-section of alkali
metal atoms, which is approximately 104 times higher than the Rayleigh backscattering
cross-section, and their longer average free path, resonance fluorescence is easily emitted.
This resonance fluorescence signal can be used to determine the density of alkali metal
atoms, as well as to measure wind fields and atmospheric temperatures. Similarly, in the
thermosphere and exosphere, metastable helium is a suitable medium with a long lifetime
and a large backscattering cross-section.

The helium fluorescence resonance lidar was initially proposed by Gerrard in 1997 [15].
Through a combination of passive experimental observations and theoretical simulations, it
was demonstrated that this lidar is capable of obtaining metastable helium density within
the altitude range of 400-700 km. A dozen years ago, Carlson et al. at the University of
Ilinois constructed a bistatic lidar system featuring a MOPA (Master Oscillator Power
Amplifier) transmitter configuration, capable of delivering a 10 W single-mode, narrow-
band continuous-wave (CW) laser [16]. This transmitter configuration was improved
later to provide a 45 W CW laser [17]. The transmitted beam is imaged on the bistatic
receiver, and the pixels of the array detector correspond to specific altitude range bins in the
atmosphere. However, due to the limited range resolution and high integration difficulty
of the bistatic system, a preference emerged for a monostatic pulsed lidar configuration.
Kaifler et al. took a step in this direction by developing a helium lidar system at the
German Aerospace Center. Their system employed a 0.5 W diode-pumped and Q-switched
Nd:GdVO;y laser, combined with a super-conducting nanowire single-photon detector,
with which time-resolved measurements of metastable helium fluorescence have been
achieved [18]. The obtained metastable helium density profiles exhibited a range resolution
of 100 km and detection capabilities up to an altitude of up to 750 km. The profiles showed
notable agreement with model predictions in terms of peak amplitude, peak altitude and
the temporal evolution of density. The relative uncertainty arising from the various errors
associated with the calibration process and with the pulse overlap was estimated to be
around 30%.

In this paper, a metastable helium resonance fluorescence lidar system that utilizes
a high-power 1083 nm pulsed laser and 2 m diameter telescopes is discussed. In the
early stages of development, both pulsed-laser and CW lidar systems were considered.
Ultimately, the pulsed lidar was preferred because of its ease of integration, high range
resolution and shorter noise accumulation time [19,20]. With the advancements in 1083 nm
pulsed laser technology, the decision was made to employ a pulsed lidar configuration.
However, the augmentation of laser power introduces a severe saturation effect, which
could potentially impact the performance of the lidar system. This paper comprehensively
presents intricate details regarding the individual components of the lidar system and
outlines the specific design implemented to cope with the saturation effect.

2. Fundamental Principles

The metastable helium in the thermosphere is mainly produced by the collision of
ground-state helium atoms and photoelectrons (Equation (1)), along with the recombination
of helium ions (Equation (2)), and is lost by photoionization (Equation (3)) at higher
altitudes and the Penning effect (Equation (4), where M stands for atoms such as O, N, and
O;) at lower altitudes. Under the influence of a series of production, loss and transport
mechanisms, metastable helium is mainly concentrated within the altitude range spanning
from 400 to 700 km [21,22].

He + " — He* (1)

He™ + e~ — He* )
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The collision of ground-state helium atoms and photoelectrons dominates the pro-
duction of metastable helium. Consequently, when the thermosphere and exosphere are
exposed to solar radiation, metastable helium becomes relatively abundant and can poten-
tially be detected. However, the resonance fluorescence signal is quite weak and tends to
be overwhelmed by strong background noise during daytime measurements. As a result,
measurements of metastable helium density are best conducted during twilight hours.

Metastable helium has a considerable radiative lifetime of about 7870 s. This prolonged
duration can be attributed to the forbidden transition from its metastable state (23S) to
the ground state (1'S), which makes metastable helium a viable candidate for resonance
fluorescence [23].

The 1083 nm, 388.9 nm and 318.8 nm lines observed from the airglow are generated by
the transitions of helium in the thermosphere from 23P, 33P and 43P to 23S, respectively [24].
Among these transitions, the 1083 nm radiation has a large Einstein coefficient and a
backscattering cross-section comparable to that of alkali metals, which makes it easier to
be detected, so 1083 nm is chosen as the wavelength of the resonance fluorescence lidar.
The 1083 nm resonant radiation line of helium consists of three very close radiation lines
of 1083.034 nm, 1083.025 nm and 1082.908 nm. This bandwidth of each radiation line is
mainly determined by the natural linewidth, the collisional broadening and the Doppler
broadening. Due to the low neutral atmosphere density in the upper atmosphere region,
the collisional broadening can be neglected. The Doppler broadening linewidth for the
typical temperature of 1125 K in the upper atmosphere region is about 3.3 GHz, which is
much wider than the natural linewidth 1.6 MHz, so that the backscatter cross-section for
each atomic transition line is given by the following;:

c(v,v9) 0 (_ (v(1—=Vr/c)— V0)2>

)

B(v,vp) = i = 1P 2007

where vy is the resonance frequency of each atomic transition line; o (v, 1) is the absorption
intensity of each radiation line; oy is the peak absorption cross-section at resonance; Vy is

kpT
Mc2’
the kp is the Boltzmann Constant, M is the mass of the helium and T is the temperature.

Figure 1 illustrates their respective backscattering cross-sections, with the data derived
under the condition of a thermosphere temperature of 1125 K and a vertical wind speed of
0. Notably, the 1082.908 nm line is distant from the center of the three lines, and it features
relatively small backscattering cross-sections. As a result, the primary focus for detection
purposes is on the 1083.025 nm and 1083.034 nm lines [25].

The metastable helium density profile shown in Figure 2 is derived from a model
established by Waldrop et al. in 2005, which is based on incoherent scattering radar
observations at Arecibo Observatory [26]. The atmospheric pressure difference caused
by the temperature difference between the winter and the summer hemisphere induces
the transport of helium particles from the summer hemisphere to the winter hemisphere.
Consequently, this leads to a heightened density of ground-state helium atoms in the
thermosphere of the winter hemisphere. At the same time, the conjugated hemisphere
experiences an enhanced influx of light during winter, contributing an augmented supply of
conjugate photoelectrons. Given that metastable helium in the thermosphere predominantly
forms through the collision of ground-state helium atoms and photoelectrons, the density
of metastable helium in the thermosphere tends to be higher during winter, while being
comparatively lower during summer in relation to other seasons.

vertical wind speed; op is the rms linewidth of Doppler broadening, op = vy where
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Figure 1. Backscattering cross-section of metastable helium (vertical wind speed is 0 and temperature
is 1125 K).
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Figure 2. Metastable helium number density profiles in winter and summer seasons for the Arecibo
Observatory in Puerto Rico from model established by Waldrop et al. [26].

3. System Structure

The metastable helium lidar based on a pulsed laser mainly consists of a laser-
transmitting system, receiving system and acquisition system. The laser-transmitting
system is used to emit a 1083 nm laser pulse to excite the metastable helium in the upper
thermosphere and exosphere to the upper state. The receiver and acquisition system is
used to receive and collect the metastable helium resonance fluorescence scattering signal
from 200 km to 1000 km. The schematic optical layout of the system structure is shown in
Figure 3.

In the transmitting optical system, the optical parametric generator (OPG) and optical
parametric amplifier (OPA) system is employed. Beams from the OPG and OPA systems
exhibit diameters of 10 mm. A beam-expanding system with a factor of 30 is employed
to enlarge the beam diameter to 300 mm. Furthermore, the system serves to diminish the
divergence angle from 1 mrad to a mere 33 prad.

The receiving system is an afocal reflective structure, comprising a primary mirror
and a secondary mirror, with a diameter of 2 m and 100 mm, respectively. The received
signal is collected by a fiber with NA of 0.22 and a core diameter of 200 um, which makes



Photonics 2024, 11, 465

50f 14

the FOV of telescope 44 prad. A combination of an interference filter and a Fabry-Perot
interferometer (FPI) with a diameter of 50 mm plays a vital role in mitigating background
noise and enhancing the signal-to-noise ratio (SNR). After that, through a lens with a focal
length of 104.8 mm, light is received by a fiber with a diameter of 200 pm and an NA of
0.22, which is coupling with the detector.
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Figure 3. Schematic optical layout of metastable helium lidar (IF: interference filter; FPI: Fabry—Perot
interferometer; SNSPD: superconducting nanowire single-photon detector; TDC: time-dependent
single-photon counter; orange circle: PID loop).

3.1. Laser

To achieve a high-power and narrow linewidth laser at 1083 nm, the optical parametric
generator (OPG) and optical parametric amplifier (OPA) system is employed. The system
is designed to generate a tunable laser through the exploitation of nonlinear optical effects,
allowing for the conversion of laser frequency through energy exchange within the medium.
The chosen medium for these processes is potassium titanium oxide phosphate (KTiOPO4,
KTP), renowned for its substantial nonlinear coefficient, superior thermal conductivity, and
impressive damage threshold [27]. In this setup, KTP crystals serve as the medium and are
stimulated by the second-harmonic, 532 nm laser emitted by an injection-seeded Nd:YAG
laser. This interaction results in the release of a signal laser at 1083 nm and an idler laser at
1045 nm.

To ensure the stability of the emitting laser frequency, the PID (Proportional-Integral-
Differential) control algorithm is employed. This control approach guarantees precise
control over the laser frequency by factoring in three key components: proportionality,
integration and differentiation. The real-time laser frequency is continuously measured
using a wavemeter and then transmitted to a computer via a serial port. The PID algorithm
operates by comparing the real-time frequency to a predefined set point and generating
a frequency-adjustment signal that is conveyed to the seed laser, thereby correcting any
detected frequency deviation.

As illustrated in Figure 4, over a 2 h measurement period, the effectiveness of the
PID control algorithm is evident, as the frequency of the seed laser remains stable within
a margin of 20 MHz. This robust control mechanism ensures the consistent and accurate
emission of laser frequency, a critical element in maintaining the desired performance and
stability of the system.
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Figure 4. Frequency stability of seed laser in 2 h. Blue line and red line in (a) are frequency of seed
laser with and without stabilized, respectively, and (b) is locked frequency in detail.

3.2. Filter

The 1083 nm backscatter resonance fluorescence received by telescopes appears con-
siderably weak in comparison to sky background noise, which makes it a challenge to
extract resonance fluorescence from the received signal. Consequently, the implementation
of a robust filter system becomes pivotal, aimed at mitigating noise and augmenting the
signal-to-noise ratio.

To address this concern, a customized narrow-band interference filter with a band-
width of 0.5 nm and a peak transmittance of 99% is employed. However, the spectral
width of the targeted transition lines around 1083 nm, considering Doppler broadening,
extends to approximately 3.3 GHz, which is significantly smaller than the 0.5 nm provided
by the narrow-band interference filter (equivalent to roughly 127 GHz at 1083 nm). This
discrepancy underscores the necessity for an additional solution, which is where the FPI
comes into play.

An FPI consists of two partially reflecting parallel mirrors, positioned a fixed distance
apart within an optical cavity. Rooted in multi-beam interference theory, certain wave-
lengths of light will resonate within the cavity and get transmitted. The Free Spectral Range
(FSR) of an FPI represents the separation in wavelength between consecutive transmission
peaks in its transmittance spectrum. It is determined by the spacing between the mirrors
and is an essential parameter for the device’s performance. The finesse of the FPI, deter-
mined by the quality of its coatings, as well as the flatness and parallelism of its component
plates, is quantified by the ratio of FSR to Full Width at Half Maximum (FWHM).

The composite filter system consists of the narrow-band filter in conjunction with
the FPI, effectively curbing background noise. The transmittance profile, illuminating the
system’s filtering capability, is visually presented in Figure 5.

In addition to FPI, the Faraday anomalous dispersion optical filter (FADOF) presents
an alternative option for filtering specific wavelengths of light. The FADOF technique
has been developed for a variety of atoms, including Na, K, Rb and others. It exploits
the Zeeman effect, where the spectral lines of atoms split when subjected to a magnetic
field. The basic principle of the FADOF involves the interaction of linearly polarized light
with an atomic medium in the presence of a magnetic field. As the light traverses the
atomic medium parallel to the magnetic field, it decomposes into two circularly polarized
components—left-hand and right-hand circular polarization—with different refractive
indices and propagation speeds. This phenomenon, known as Faraday anomalous dis-
persion, causes the plane of polarization of the transmitted light to rotate as it propagates
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through the medium. By adjusting parameters like the magnetic field intensity, temper-
ature and propagation distance, it is possible to ensure that the plane of polarization of
the incident light rotates by odd multiples of 7/2. Consequently, light with frequencies
away from the atoms’ resonance frequency experiences rotation and can be blocked by
orthogonal polarizers.

0.6

FWHM = 4.6GHz
0.5 | Finesse =30

04 F

03 F

Transmission

I

-200 00

Frequency (GHz)

Figure 5. Simulated transmittance of the combination of interference filter and FPI.

An FADOF for metastable helium has been studied [28]. Under specific conditions,
including a magnetic field strength of 230 Gs, helium cell charging pressure of 110 Pa and
a helium cell length of 3 cm, the transmission curve exhibits two distinct flat peaks with
transmission percentages of 32% and 57%, as shown in Figure 6.

1.0 T T T T T
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Figure 6. Transmission of FADOFE.

3.3. Detector

The SNSPD (superconducting nanowire single-photon detector) has been widely used
on lidars in recent years due to its high quantum efficiency, low dark current and low time
jitter. The core component of the SNSPD is a narrow superconducting nanowire made of
NbN (niobium nitride), which can be cooled to extremely low temperatures to achieve
superconductivity. The interaction of a photon with the nanowire triggers the localized
disturbance of the superconducting state, causing the nanowire to transfer into a resistive
state. This transformation generates a voltage pulse that can be accurately measured and
amplified, facilitating the detection of single photons.

The SNSPD integrated into this lidar system has been developed by Zhang Labao’s
group in Nanjing University [29,30]. The crucial requirement of maintaining the nanowire’s
superconducting state at extremely low temperatures is accomplished through the use of
high-pressure helium. Remarkably, this SNSPD exhibits a quantum efficiency of 30% at
1083 nm, along with a low dark current rate of 800 cps. The active detection area of 60 pm
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x 60 pum is arranged in a 2 X 2 array, with each individual pixel spanning 30 um x 30 pm.
The saturation counting rate for each pixel is within the range of 40-50 MHz. To interface
with the lidar system, the SNSPD is optically coupled with a multimode fiber characterized
by a diameter of 200 pm and an NA of 0.22.

4. Simulations and Error Analysis
4.1. Lidar Equation and Calibration

Metastable helium number density can be derived from the intensity of lidar return
signal and lidar equation [25], which is shown as follows:

PLT

Nia(a) = [ o] - [eomme@znRe] - | 28] - [rrEac)] +

2NBTAZHgf (6
c

)

where Ny, (z) is photon counts measured by the detector in the range interval (z — Az/2,
z+ Az/2). Pp is the power of the laser; T is cumulative time; f is the laser repetition
frequency; hc/Ag is the energy of a single photon; o,fs is the effective scatter cross-
section; np,(z) is the number density of metastable helium; Rp is the branching ratio;
Apr is the effective area of the telescope; # is the efficiency of the optical system; T, is
the one-way lower atmospheric transmittance; E(z) is the one-way extinction coefficient,
which is due to the absorption of the metastable helium layer and can be calculated as
E(z) = exp(— [ zzbmm Oerf(2)nHe(2)dz), where zpgytoy, is the bottom altitude of the metastable
helium layer, and due to the paucity of helium density, the extinction is negligible, and
thus, E(z) ~ 1 in this case; G(z) is the geometry factor, which is assigned a value of 1 as
geometric correction is not taken into consideration in the study. Np is the background
noise per second caused by solar radiation and the dark 273-274 current of detectors, etc.

On the right side of Equation (6), the first parenthesis term is the photon number
emitted by the laser. The second parenthesis term is the probability that a photon is
backscattered by the scatters, which are metastable helium atoms in this case. The third
and the fourth parenthesis terms are the probability that a scattered photon is received by
the telescope.

The signal-noise ratio (SNR) can be calculated by the following equation:

_ Npe(z) — 2NptAzp,f/c

SNR(z) = e

)

However, the absolute metastable helium number density cannot be obtained directly
from the lidar equation due to the uncertainty in laser power, atmosphere transmission,
optical efficiency, etc. A commonly used method for solving the lidar equation is to use the
Rayleigh scattering signal at a lower altitude as a reference and normalize the metastable
helium resonance fluorescence signal to it. The Rayleigh scattering signal also follows
the lidar equation and relates to the absolute atmosphere number density, which can be
adopted from atmospheric models. Thus, the absolute metastable helium number density
can be derived as follows:

NHe(z)—ZNBTAzHef/ci dmog Azg 1
NR(ZR) —ZNBTAZRf/C Z% UeffRB Az Ez(z)

(®)

no(z) = nr(zr)

where nr(zg) is the atmosphere number density at altitude zg, Nr(zr) is the Rayleigh
scattering photon counts, o is the Rayleigh backscatter coefficient and Azy is the range
resolution of Rayleigh scattering measurements.

4.2. Saturation Effect

Due to the finite lifetime of the excited state of helium, a significant depopulation
of metastable-state atoms occurs when the laser energy density is large enough [31-34].
In the meantime, the population of the excited state rises, leading to an increased rate of



Photonics 2024, 11, 465

9 of 14

Nife (2) = Nie(2)

1+ (tr/ts)

stimulated emission and also a reduced rate of spontaneous emission. The stimulated
emission cannot be backscattered and detected, while spontaneous emission can, causing a
reduction in backscattered photon counts and an underestimation of metastable helium
number density.

The parameters of the emitting system, such as laser pulse energy, pulse duration
and divergence angle, directly determine the laser energy density, which further affects
the saturation effect. Therefore, under specified pulse duration and divergence angle
conditions, we optimized the laser pulse energy to minimize the saturation effect.

During the laser pulse duration Atj, the excited-state population 7, and the ground-
state population (1 — n,) are not in the steady state due to absorption, spontaneous emission
and stimulated emission. 7, can be determined by the rate equation as shown below:

dn Mo oy )UeffNL(f)T _, epNL(OT
dt TR ¢ z22Q) ¢ 220

©)

where 1 is the radiative lifetime of the excited state; 1 is the total number density of the
atoms in the layer; Ny (t) is the total number of laser-emitted photons per unit time; T is the
one-way atmosphere transmission; () is the solid angle and related to the full divergence of
laser beam 67, by the following:

Q= gef (10)

Assuming the temporal shape of the laser pulse is rectangular shape with a width of
Atp, the following is obtained:

. Np/At, 0<t<Af

where N is the total number of emitted photons during a pulse and can be expressed as
N = hcp/il‘/\o’ where p| is pulse energy. By solving Equation (9), the excited-state population
is given by the following;:

nt ] _ e*i/T/) ¢ A
_ g ( < At 12
ng(t) { ZTTS’(:[ _ e*AtL/T/)ef(thtL)TR t> AtL ( )
where tg and 7/ are defined as follows:
= ZZQAtL (13)
ZUgffNLTg
1 1 1
—+ — (14)

;_TR ts

Since the decay rate of the excited-state population through spontaneous emission is
1e(t) /Tr, the number of reemitted photons per unit time in the volume considered will
be (z?QAz[n.(t)/tg]. Its integration over the time is the number of reemitted photons
and can be used to replace the product of the first and the second factors in Equation (6).
Therefore, the number of phonons received by the lidar during the integration time will be
the following:

1 R (Tr/ts) { (_AtL R > B }} 2NpTAzp, f
{1 AT (/19 X |exp - (1+ ts) 1 e (15)

The saturation factor is defined as the ratio of backscattered photon counts with a
saturation effect to those without a saturation effect. The lower the value of the saturation
factor, the more pronounced the saturation effect becomes.

The saturation effect in resonance fluorescence lidar systems is profoundly influenced
by laser pulse energy, altitude, pulse duration and beam divergence angle. Additionally,
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the laser spectral bandwidth has a significant impact on the backscattering cross-section,
further affecting the saturation effect. As depicted in Figure 7, the saturation effect becomes
more pronounced as the pulse energy increases. Also, at a lower altitude, a more severe
saturation effect happens.

1
0.9
0.8

0.7

Saturation factor

0.6

0 20 40 60 80 100 120 140 160 180 200

Pulse energy (mJ)

Figure 7. The impact of pulse energy on saturation effect at different altitudes (pulse duration is 10 ns,
laser spectral bandwidth is 300 MHz, beam divergence angle is 33 prad).

Assuming that the saturation effect is negligible when the saturation factor exceeds
0.9, and considering a laser spectral bandwidth of 300 Hz, a pulse duration of 10 ns, and a
beam divergence angle of 33 urad, the laser pulse energy must be less than 12 mJ, which
leads to a maximum laser power of 0.6 when the repetition is 50 Hz.

4.3. Simulation

Utilizing the parameters detailed in Table 1 and profiles of metastable helium number
density in Figure 2, we conducted simulations to estimate the received photon counts (as
shown in Figure 8) and SNR (as shown in Figure 9). It is notable that the SNR is dramatically
affected by metastable helium number density.

Table 1. Parameters of pulsed lidar simulation.

Parameters Value
Power 0.6 W
Repetition 50 Hz
Laser Bandwidth 300 MHz
Central wavelength 1083.03 nm
Pulse duration 10 ns
Receiving optics Telescope area 3.142 m?
&P FOV 44 yrad
I " il Bandwidth 0.5 nm
nterference filter Peak transmittance 0.99
Bandwidth 4.6 GHz
FPI FSR 138 Ghz
Peak transmittance 0.5
Dark counts 800 cps
SNSPD Quantum efficiency at 1083 nm 30%
Integration time 1h
Others Range resolution 50 km
One-way atmosphere transmittance 0.85*

* estimated from MODTRAN under excellent viewing conditions at a high-altitude site.
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Figure 8. Total photon counts estimated in winter and summer.
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Figure 9. SNR estimated in winter and summer.

During the winter season, when metastable helium reaches its annual peak density, the
SNR can soar to 27.5. Conversely, in the summer months, characterized by a significantly
lower metastable helium atomic density, the achievable SNR is limited to approximately 1.
At both the lowest and highest altitudes, the SNR diminishes substantially.

4.4. Error Analysis

By normalizing the helium fluorescence signal to the Rayleigh signal, we effectively
mitigate uncertainties stemming from our imprecise knowledge of pulse energy and system
efficiency. However, it is essential to recognize that inaccuracies in the effective scatter
cross-section can lead to systematic errors.

The effective scatter cross-section is equal to the convolution of the laser lineshape g1,
and atomic scatter cross-section. We approximate the laser spectral lineshape by a Gaussian
lineshape with a central frequency of v, and an rms width of oy; then, ¢/ is given by
the following:

Ueff = /_0:0 (Z? 0'1'(1/,1/0)> (gL(V,VL)dV (16)

where the subscript i corresponds to different radiation lines. 0, is affected by the
temperature, vertical wind speed of the detected region and the central frequency of
the laser.

Based on the error propagation principle,

2
a0,
Avyf? = E( a)gijX]) (17)
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where X; stands for independent factors that can affect o, ¢. The relative uncertainty of o ¢¢

0, ¢r AX; L :
g;{f U—’, and this will be added in
j Veff

the quadrature. According to Equation (8), the relative error of atomic density introduced
by 0, ¢ will be the same as the relative error of v,

To maintain laser frequency stability, a feedback control loop locks the laser frequency,
limiting laser frequency shifts to within 20 MHz. The uncertainty introduced by this process
is minimal, accounting for less than 0.3%.

Thermosphere temperatures fluctuate between 750 K and 1500 K, corresponding to
solar minimum and solar maximum conditions, respectively. For our calculations, we use
an average temperature of 1125 K. In this context, a temperature error of +375 K introduces
an uncertainty of up to 6%.

In our calculations, we assume a vertical wind speed of 0, even though actual wind
speeds of up to 100 m/s can be present. This introduces minor uncertainty of around 1% in
our estimates.

Shot noise, which follows a Poisson distribution, governs the statistical fluctuations in
photon counts. This means that the standard deviation of the total photon counts equals
the square root of the photon counts themselves. In our measurements, the He signal is
effectively normalized by the Rayleigh signal at lower altitudes, typically around 50 km.
The Rayleigh signal is strong enough so that the photon noise contributed by the Rayleigh
signal is negligible. The dominant error source is shot noise contributed by the weaker He
signal. According to error propagation principles, the relative error induced by shot noise
is the reciprocal of the SNR of the He signal.

Systematic errors considered in this paper, as well as errors introduced by shot noise
in altitudes with the least relative error in different seasons, are listed in Table 2.

introduced by an individual factor can be expressed as

Table 2. Error analysis.

Error Factor Value Relative Error of Density
Laser central wavelength 1083.03 nm =+ 0.08 pm 0.3%
Temperature 1125 K £ 375 K 6%
Wind speed 0m/s+100m/s 1%
. 550 km altitude in winter 3.6%
Shot noise 350 km altitude in summer 103.5%

The various errors associated with the calibration process and photon-counting process
are independent; according to the standard error propagation, the relative uncertainty of
atomic number density they introduced can be added in the quadrature. The final relative
error estimation is shown in Figure 10.

10
—— Winter
~——— Summer

10'4

10" 4

SNR

107" 4

1072 T T T T T T T

200 300 400 500 600 700 800 900 1000
Altitude (km)

Figure 10. Total relative error.
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During winter, when metastable helium is most abundant, the relative error in density
above 370 km remains less than 20%. In contrast, during summer, when metastable helium
is scarcer, the relative error is as high as 100%~200% at an altitude range of 270460 km and
even higher at other altitudes. These results demonstrate the feasibility and reliability of
our metastable helium lidar system for density measurements.

5. Conclusions

In this paper, simulations were carried out to evaluate a pulsed lidar for metastable
helium density measurement in the upper thermosphere and exosphere. The lidar system
parameters were chosen based on the advancements in associated techniques, such as OPG
and OPA technology and SNSPD. Simulations of return photon counts and relative errors
at various altitudes are presented.

One of the primary focuses of the study is the discussion of saturation effects, which
can lead to an underestimation of received signal counts and, further, an underestimation of
metastable helium density. Based on the saturation effect, laser power has been optimized.

The simulations and error analyses conducted in the study validate the feasibility of
the metastable helium lidar system for density measurements in the upper thermosphere
and exosphere.
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