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Abstract: Resonance fluorescence scattering is the physical mechanism with which lidar detects
atmospheric metal layers. The resonance fluorescence scattering cross section is an important pa-
rameter for lidar data processing. In this work, the resonance fluorescence backscattering cross
sections of most detectable metal atoms and ions in the atmosphere were calculated. The cal-
culated maximum backscattering cross section of Na at the D2 line is 7.38 × 10−17 m2/sr; K at
the D1 line is 7.37 × 10−17 m2/sr; Fe at the 372 nm line is 7.53 × 10−18 m2/sr; Fe at the 374 nm
line is 6.98 × 10−18 m2/sr; Fe at the 386 nm line is 3.75 × 10−18 m2/sr; Ni at the 337 nm line is
4.05 × 10−18 m2/sr; and Ni at the 341 nm line is 2.05× 10−17 m2/sr; Ca is 3.06× 10−16 m2/sr; Ca+ is
1.12 × 10−16 m2/sr. The influence of the laser linewidth on the effective scattering cross section was
discussed. If the laser linewidth is lower than 2 GHz to detect Na, the laser center frequency locked
at the D2a line is a better option than the D2 line in order to obtain greater signals. If an unlocked
lidar is used to detect Na, the frequency at D2a should be used as the laser center frequency when the
effective scattering cross section of Na was calculated, because the absorption cross section of Na
atom has two local maxima. This work proposes a quantifiable comparative method for assessing the
observation difficulty of different metal particles by comparing their relative uncertainties in lidar
observation. It is assumed that under the same observation conditions, the detectability of different
metal atoms and ions is compared. Using Na as a basis for comparison, the relative uncertainty of
Ni at 337 nm is the highest, about a factor of 21 larger than that of Na, indicating that it is the most
difficult to be detected. The purpose of this work is to present a quantifiable comparison method for
the detection difficulty of the metal particles by lidar in the middle and upper atmosphere, which has
great significance for the design of the lidar system.

Keywords: lidar; atmospheric metal layer; effective backscattering cross section; detectability

1. Introduction

There are a large number of metal atoms and ions in the middle and upper atmosphere
at 80 to 110 km, which make up the well-known atmospheric metal layer [1]. These atoms
and ions absorb photons of specific energies and then emit them. This physical process is
known as resonance fluorescence scattering [2]. Therefore, people can detect these atoms
and ions with the resonance fluorescence scattering mechanism, and treat them as tracers
to study the physical and chemical processes in the middle and upper atmosphere. At
present, it has been confirmed that the detectable metal atoms mainly include sodium [3,4],
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potassium [5], iron [6,7], nickel [8,9] and calcium [10,11], and the detectable ions include
calcium ions [11,12] and magnesium ions [13,14]. Calcium ions are currently the only metal
ions that can be detected by the ground-based instrument [15,16].

Resonance fluorescence scattering lidar is an important means of detecting metal
layers in the middle and upper atmosphere. Its basic principle is to adjust the wavelength
of the laser to the resonance fluorescence wavelength of the atoms and ions to be observed,
and then emit photons to the target area [17]. Resonance fluorescence scattering occurs
after atoms and ions absorb photons, and the telescope of the ground-based lidar system
receives the backscattered photons. Finally, the density of particles can be measured in the
target area according to the number of received photons [18]. The lidar observation of metal
particles is of great significance to the study of the law of middle and upper atmosphere
motion and the change in the space weather environment.

In 1969, Bowman used lidar with continuously tunable narrow-band organic dye laser
to detect Na atoms in the middle and upper atmosphere for the first time [1,19]. Granier
used lidar with a Nd:YAG pumped dye laser to generate 423 nm and 393 nm wavelengths
for detecting calcium atoms and ions in 1985 [11]. Since then, lidar has become an important
tool for studying the middle and upper atmosphere. The species of metal particles detected
using lidar are also increasing. Von Zahn reported the first observation of K density and
temperature profiles in 1996 with a solid-state laser system [5]. Gelbwachs developed
the dual-wavelength Iron Boltzmann factor lidar in 1994 [20]; this kind of lidar can detect
temperature of middle and upper atmosphere by using the Maxwell-Boltzmann relationship
from the ratio of Fe atoms excited at 372 and 374 nm. Collins and Gerding observed Ni
atoms with different lidar systems in 2015 and 2019, respectively [8,21]. However, their
detection results differed by an order of magnitude. The development of lidar system is
rapid, and the means to generate specific resonance fluorescence wavelengths are also
varied. More than six species of metal particles have been observed by ground-based lidar
in the past decades. However, the relative detection difficulties of these particles cannot
be specifically known from these different works. It is necessary to propose a quantifiable
method to evaluate the detection difficulty of different metal particles.

During the lidar data processing, it is essential to invert the raw photon number
collected by the lidar to the number density of particles used during the study, in which the
effective backscattering cross section is a key parameter. The effective backscattering cross
section is obtained by convolving the resonance fluorescence scattering cross section of the
particle with the normalized laser line shape [1]. The value of the effective backscattering
cross section can be affected by both the laser linewidth and the laser line shape. Therefore,
the calculation of the resonance fluorescence scattering cross section of each particle is very
important to the data inversion [22]. However, there is a lack of a summary of calculation
results of the resonance fluorescence scattering cross sections of metal particles that can be
detected by ground-based lidar. Different metal particles have different detectability. The
comparison of the detectability of the different metal particles is also rare.

This work proposes a quantifiable comparative method for assessing the observation
difficulty of different metal particles in the middle and upper atmosphere by comparing
their relative uncertainties in lidar observation. The relative uncertainty of observation is
primarily influenced by the particle’s resonance fluorescence wavelength, resonance fluo-
rescence scattering cross section, and the abundance in the middle and upper atmosphere.
The calculation of the resonance fluorescence scattering cross section of each metal atom
and ion is import in this comparative method. Firstly, the calculation method of resonance
fluorescence scattering cross section is introduced. After considering the hyperfine struc-
ture, the resonance fluorescence scattering cross section of the metal atoms and ions are
calculated. Then, the variations in the effective scattering cross section of different atoms
and ions with the laser linewidth are discussed. In particular, when detecting sodium
atoms, it is found that setting the center frequency of the laser at different values will have
a significant impact on the results of the effective backscattering cross section. Finally,
assuming under the same observation conditions, the detectability of each metal atom
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and ion are compared. The purpose of this work is to present a quantifiable comparison
method for the detection difficulty of the metal particles by lidar in the middle and upper
atmosphere, which has great significance for the design of the lidar system.

2. Resonance Fluorescence Scattering Cross Section
2.1. Calculation Method of Resonance Fluorescence Scattering Cross Section

Metal atoms and ions transition to a higher energy level after absorbing incident
photons. The higher energy level is unstable and has a short effective lifetime. The excited
atom will eventually fall back to the original energy level and scatter resonance fluorescent
photons at the same time. All the absorbed photons will eventually be scattered. This
process is called resonance fluorescence scattering [2]. The probability of an incident photon
being absorbed by atoms and ions is called the absorption cross section. The absorption
cross section at the peak is given by:

σ0 =
1√

2πδD

e2

4ε0mec
f , (1)

where e is the electron charge; ε0 is the vacuum permittivity; me is the electron mass; c is the
speed of light; and f is the oscillator strength of metal atoms or ions. Atoms and ions are
always moving. Different velocities of the motion result in different Doppler shifts, then
the cumulative effect is the Doppler broadening [23]. δD is the RMS width of the Doppler
broadening, and it is written as:

δD = ν0

√
KBT
Mc2 , (2)

where ν0 is the resonance fluorescence center frequency of atoms or ions; KB is the Boltz-
mann constant; T is the absolute temperature; M is the absolute mass of atoms or ions.
Since the atmospheric metal layer is located in the mesopause and low thermosphere, the
temperature, T, is usually taken as 200 K. Then, the absorption cross section formula for
the incident photon frequency is:

σabs(ν, ν0) = σ0exp

[
− (ν− ν0)

2

2δ2
D

]
. (3)

Since the resonance fluorescence scattering of metal atoms and ions occurs immediately
after absorbing photons, and the number of the scattered photons is equal to the number of
the absorbed photons during the integration time, the absorption cross section of atoms
and ions is equivalent to their scattering cross section. The probability of the resonance
fluorescence scattering of atoms and ions in all directions is the same. The following
equation can be used to calculate the maximum backscattering cross section:

σmax =
σ0

4π
, (4)

In this equation, the maximum backscattering cross sections of atoms and ions can be
calculated. The detailed parameters of metal atoms and ions calculated in this work are
given in Table 1.

Table 1. Detailed parameters of several metal atoms and ions.

Wavelength
(nm)

Atomic or Ionic
Mass (×10−26 kg)

Oscillator
Strength

(f )
References

Na 589.158 3.705 0.6408 Megie (1988) [1]
39K 769.898 6.468 0.3327 von Zahn (1996) [5]
41K 769.898 6.780 0.3327 von Zahn (1996) [5]
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Table 1. Cont.

Wavelength
(nm)

Atomic or Ionic
Mass (×10−26 kg)

Oscillator
Strength

(f )
References

Fe 372.099 9.288 0.0414 Fuhr (1981) [6]
373.819 9.288 0.0382 Fuhr (1981) [6]
385.991 9.288 0.0217 Fuhr (1981) [6]

Ni 336.956 9.761 0.024 Gerding (2019) [8]
341.476 9.761 0.12 Gerding (2019) [8]

Ca 422.673 6.665 1.75 Granier (1985) [11]
Ca+ 393.366 6.665 0.69 Granier (1985) [11]

2.2. Calculation of Scattering Cross Sections of Metal Atoms and Ions

Na has a total of six transition spectral lines of the hyperfine structure of its D2 line.
Thus, the scattering cross sections of each spectral line need to be calculated separately. The
detailed parameters of each transition spectral line are given in Table 2 [4].

Table 2. Detailed parameters of the D2 line of Na [4].

Hyperfine
Structure Line

2S1/2
2P3/2

Frequency
Offset
(GHz)

Relative Line
Strength

(fi)

D2a

1 F=2 F=1 −0.7150 1/32
2 F=2 F=2 −0.6806 5/32
3 F=2 F=3 −0.6216 14/32

D2b

4 F=1 F=0 1.0408 2/32
5 F=1 F=1 1.0566 5/32
6 F=1 F=2 1.0911 5/32

The absorption cross section of Na is the sum of the absorption cross section of each
transition line of its hyperfine structure:

σabs(ν, ν0) = ∑6
i=1 fiσabs(ν, ν0i) , (5)

where fi is the relative oscillator strength of the i-th transition spectrum line, σabs(ν, ν0i) is
the absorption cross section of the i-th line. The total absorption cross sections of Na and its
absorption cross sections of six hyperfine transition lines are shown in Figure 1.
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Figure 1. The absorption cross section of Na and each spectral line of its hyperfine structure.

The calculation method for K is basically same for Na, but K has isotopes in nature,
such as 39K, 40K and 41K. The abundance of 40K is extremely low, so it can be ignored. The
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abundance of 39K and 41K are 93.3% and 6.7%, respectively. Therefore, it is necessary to
consider its isotope abundance when calculating the total absorption cross section for K.
Then, its absorption section calculation formula is written as:

σabs(ν, ν0) = ∑41
A=39

[
I(A)∑4

i=1 fiσabs(ν, ν0i, A)
]

, (6)

where I(A) is the isotope abundance, and if A = 40, I(A) = 0. The detailed parameters of
the D1 line of K are given in Table 3 [5].

Table 3. Detailed parameters of the D1 line of K [5].

2S1/2
2P1/2

Offset (GHz) Relative Line Strength
(fi)39K 41K

F=1 F=2 0.310 0.405 5/16
F=1 F=1 0.254 0.375 1/16
F=2 F=2 −0.152 0.151 5/16
F=2 F=1 −0.208 0.121 5/16

When calculating the scattering cross sections of Fe [6], Ni [8,9], Ca and Ca+ [10,12],
the hyperfine spectral structure is not considered, so the relative oscillator strength is not
considered in the calculation. According to the detailed parameters of each atom and ion
given in the Table 1, the scattering cross sections of each atom and ion can be calculated,
and their scattering cross sections are shown in Figure 2.
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and Ca+.

Table 4 shows the calculation results of the maximum backscattering cross sections of
metal atoms and ions, and compares them with the values in the references. The calculation
results of Fe are at the 372 nm line, Fe at the 374 nm line, Fe at the 386 nm line, Ca and Ca+

are consistent with the references. However, the calculation results of the peak absorption
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cross section of Na and K are not close to the value of references [3], because the early
calculation of the absorption cross section of Na and K did not consider their hyperfine
structure. After considering the hyperfine structure, the calculation results of Na and K are
close to the values read from the figures in the references [5,24]. Although Ni at the 337
nm line and the 341 nm line have no reference to give the value of peak absorption cross
section, the effective backscattering cross section is calculated by using the laser linewidth
(0.9547 GHz) given by the reference [25]. Ni at the 337 nm line is 3.14 × 10−18 m2/sr, and
the 341 nm line is 1.58 × 10−17 m2/sr, which is consistent with the reference.

Table 4. Comparison of peak absorption cross section of several metal atoms and ions with
other’s work.

Wavelength (nm) Peak Backscattering
Cross-Section (m2/sr)

Peak Absorption
Cross-Section (m2)

Other’s Value of Peak
Absorption

Cross-Section (m2)
References

Na 589.158 7.38 × 10−17 9.27 × 10−16 1.50 × 10−15 Gardner (1989) [3]
~9.25 × 10−16 Bills (1991) [24]

K 769.898 7.37 × 10−17 9.26 × 10−16 1.34 × 10−15 Gardner (1989) [3]
~9.25 × 10−16 von Zahn (1996) [5]

Fe 372.099 7.53 × 10−18 9.46 × 10−17 9.43 × 10−17 Gardner (1989) [3]
373.819 6.98 × 10−18 8.77 × 10−17 8.80 × 10−17 Gelbwachs (1994) [20]
385.991 3.75 × 10−18 4.72 × 10−17 4.88 × 10−17 Lautenbach (2004) [26]

Ni 336.956 4.05 × 10−18 5.09 × 10−17 - -
341.476 2.05 × 10−17 2.58 × 10−16 - -

Ca 422.673 3.06 × 10−16 3.85 × 10−15 3.85 × 10−15 Gardner (1989) [3]
Ca+ 393.366 1.12 × 10−16 1.41 × 10−15 1.41 × 10−15 Gardner (1989) [3]

According to the calculated maximum backscattering cross sections of each atom
and ion, the histogram is drawn as shown in Figure 3 for comparison. It is found that
the maximum backscattering cross section of Ca is the largest among the metal particles
calculated in this work, which is 75.56 times that of the smallest Ni at the 337 nm line. Ca
and Ca+ are both higher than other metal particles, and Ca is higher than Ca+. Na is close
to K. Ni at the 341 nm line is 5.06 times of Ni the 337 nm line. Fe at the 372 nm line is close
to the 374 nm line. Fe at the 386 nm line is close to Ni at the 337 nm line.
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2.3. Variation in Effective Backscattering Cross Section with Laser Linewidth

The resonance fluorescence scattering cross section is an intrinsic property of atoms
and ions. In actual observation, the line shape and linewidth of the laser are different due to
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the different lasers used by different lidar. Although the monochromatic nature of the laser
is well, it is still quasi-monochromatic light with a certain linewidth. Thus, the maximum
backscattering cross section cannot be used to calculate the atomic and ionic number
density in the target area directly. It is necessary to convolute the resonance fluorescence
scattering cross section with the normalized laser line shape to obtain an effective scattering
cross section. Assuming that the laser line shape of the lidar is a Gaussian line shape, the
normalization laser line shape is given by [1]:

gL(ν, νL) =
1√

2πδL
exp

[
− (ν− νL)

2

2δ2
L

]
, (7)

where νL is the center frequency of the laser. δL is the RMS width of the Gaussian linear
shape, and the formula of δL is:

δL =
δFWHM

2
√

2 ln 2
, (8)

where δFWHM is the full width at half maximum of the laser. The effective scattering
cross-section σe f f can be obtained by convolution of the absorption cross-section and the
normalization laser line:

σe f f =
∫ +∞

−∞
σabs(ν, ν0)gL(ν, νL)dν . (9)

Since the resonance fluorescence scattering of atoms and ions is isotropic, the effective
backscattering cross section is:

σAtom =
σe f f

4π
. (10)

In actual observation, the stability of the laser linewidth has an impact on the effective
backscattering cross section. This work studies the trend of the effective backscattering
cross section with the laser linewidth under the temperature condition of 200 K. Figure 4
shows the effective backscattering cross section of each atom and ion at the center frequency
with the laser linewidth. It is found that except for Na, the effective backscattering cross
section is larger when the laser linewidth is narrower. The effective backscattering cross
section of Na has a maximum value at the laser linewidth of 1.5 GHz, which is different
from the changing trend of other atoms and ions. The specific reasons will be discussed in
the next section.
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shape, and the formula of 𝛿𝐿 is: 

𝛿𝐿 =
𝛿𝐹𝑊𝐻𝑀

2√2 ln 2
 , (8) 

where 𝛿𝐹𝑊𝐻𝑀 is the full width at half maximum of the laser. The effective scattering cross-

section 𝜎𝑒𝑓𝑓  can be obtained by convolution of the absorption cross-section and the nor-

malization laser line: 

𝜎𝑒𝑓𝑓 = ∫ 𝜎𝑎𝑏𝑠(𝜈, 𝜈0)𝑔𝐿(𝜈, 𝜈𝐿)𝑑𝜈
+∞

−∞
 . (9) 

Since the resonance fluorescence scattering of atoms and ions is isotropic, the effec-

tive backscattering cross section is: 

𝜎𝐴𝑡𝑜𝑚 =
𝜎𝑒𝑓𝑓

4𝜋
 . (10) 
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3. Discussion
3.1. Variation in Effective Backscattering Cross Section of Sodium Atom with Laser Linewidth

Since the absorption cross section of Na has two maxima and the two maxima are
1.68 GHz apart, the effective backscattering cross section does not show a similar trend
to that of K as shown in Figure 4a, when the center frequency of the laser is at the center
frequency of the D2 line of Na (wavelength is 589.1583 nm). Figure 5a shows the effective
scattering cross section of Na when the laser linewidths are 0.5 GHz, 1.5 GHz and 3 GHz,
respectively. It is found that when the linewidth is 0.5 GHz, the effective scattering cross
section at the center of the D2 line is lower than that of 1.5 GHz. Similarly, when the laser
linewidth is 3 GHz, the effective scattering cross section at the center of the D2 line is still
less than that of 1.5 GHz. However, in the case of the center frequency of the laser at D2a
line of Na (wavelength 589.1590 nm), the effective scattering cross section decreases with
an increasing laser linewidth. It shows a similar change trend to other metal particles.
Since the absorption cross section of Na atom has two peaks, the absorption cross section
at the center of D2 is not the maximum. The effective scattering cross section is obtained
by convolving the laser line shape with Na absorption cross section. The convolved result
is influenced by the laser center frequency value, and it is evident that when the laser
linewidth is less than 2 GHz, the effective scattering cross section value at the laser center
frequency set at the maximum of D2a is greater than the value at the laser center frequency
set at the maximum of D2.

Therefore, the effective backscattering cross section at D2a line of Na is recalculated as
the laser linewidth changes. As shown in Figure 5b, it is found that when the laser center
frequency is set to the frequency at D2a line of Na, the effective backscattering cross section
of Na also shows a decreasing trend with the increasing laser linewidth.
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section with the linewidth of the laser due to the two peaks of absorption cross section of Na atoms.
(a) Comparison of effective scattering cross sections of the sodium with different linewidths of the
laser. Vertical dashed lines indicate the positions of D2a, D2 and D2b; (b) effective scattering cross
section of the sodium with the linewidth of the laser at the different center frequencies of D2 and D2a.
Vertical dashed line indicates the position of the intersection of two different trend curves.

As shown in Figure 5b, when the laser linewidth is lower than 2 GHz, the effective
backscattering cross section of the laser center frequency set at the D2a line is greater than
the effective backscattering cross section of the laser center frequency set at the D2 line;
when the laser linewidth is higher than 2 GHz, the effective backscattering cross section
of the laser center frequency set at the D2a line is lower than the effective backscattering
cross section of the laser center frequency set at the D2 line. Therefore, the laser center
frequency of the frequency-locked lidar should be locked at the D2a line to obtain the
maximum echo signal of Na when the laser linewidth is lower than 2 GHz. If the frequency-
unlocked lidar is used for observation, when calculating the effective backscattering cross
section of Na, the frequency at the D2a line should be used as the laser center frequency
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to match the maximum echo signal received by the telescope. When the laser linewidth
is higher than 2 GHz, the center frequency of the laser needs to be stable near the D2 line.
In this case, the position of the center frequency of the laser has no great influence on the
observation results.

3.2. Comparison of Detectability of Metal Atoms and Ions

The effective backscattering cross section is an important parameter for the lidar
equation used to invert the density of atoms and ions in the mesopause region. With
the support of the calculated effective scattering cross-section results obtained above, this
work can propose the following methods to compare the detectability of different metallic
particles. The signal N received by the lidar includes the resonance fluorescence signal NS
and the environmental background noise NB:

N = NS + NB. (11)

The general lidar equation is given by [17]:

N(λ, z) =
PL∆t
hc/λ

σAtom(λ)nAtom(z)∆z
A
z2 η(λ)G(z)τ2(λ, z) + NB, (12)

where N(λ, z) is the number of photons received by the lidar, PL is the laser emission power,
∆t is the integration time, h is the Planck constant, λ is the laser wavelength, σAtom(λ) is the
effective backscattering cross section, nAtom(z) is the density of atoms and ions at the target
height, z is the distance between the target area and the observation point, ∆z is the spatial
resolution, A is the area of the telescope, η(λ) is the optical efficiency of the lidar, G(z) is
the geometric parameters of the lidar, τ2(λ, z) is the product of atmospheric attenuation
coefficients of laser emission and return. NB is the environmental background noise during
the integration time.

Assuming the same set of lidar is used, with the same integration time and the same
transmit power. Taking Na as a benchmark, the ratio of K signal to Na signal as an example
can be written as:

NK(λK, z)− NB
NNa(λNa, z)− NB

=
λKσAtomK(λK)nAtomK(z)η(λK)τ

2(λK, z)
λNaσAtomNa(λNa)nAtomNa(z)η(λNa)τ2(λNa, z)

. (13)

In Equation (13), τ2(λK, z) and τ2(λNa, z) are mainly affected by wavelengths. The
resonance fluorescence wavelengths of the metal atoms and ions are basically in the visible
light and near ultraviolet ranges. In this range, the change in wavelength has very little
effect on τ(λ, z) [1]. In the echo signal at a height of 90 km, the resonance fluorescence
signal is much larger than the background noise, assuming that the optical efficiency η(λ)
of the same set of lidar systems is also only slightly affected by wavelength changes in the
visible light and near ultraviolet ranges. Equation (13) can be approximated by:

NK(λK, z)
NNa(λNa, z)

=
λKσAtomK(λK)nAtomK(z)

λNaσAtomNa(λNa)nAtomNa(z)
. (14)

Then, the ratio of the number of photons received by K and Na under the same
conditions is obtained.

In this work, the signal-noise ratio is used to analyze the lidar detection precision
of metal particles. The signal refers to the resonance fluorescence scattering signal of the
detected metal particles received by lidar, and the noise is the fluctuation noise of the
photon number [27]. The detection precision increases with the increasing signal-noise
ratio. Since the photon count of lidar obeys the Poisson distribution [28], the fluctuation
noise of the photon number is

√
N, so the signal-noise ratio formula can be written as:

SNR =
NS√

N
=

N − NB√
N

. (15)
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Similarly, it can be considered that in the echo signal at an altitude of 90 km, the
resonance fluorescence signal is much larger than the ambient background noise, that is,
N � NB, so the signal-noise ratio equation can be approximately by:

SNR ≈ N√
N

=
√

N . (16)

In order to characterize the detectability of each atom and ion, this work compared
the relative uncertainty Ur of the detection of each atom and ion. The detection precision
decreases with the increasing relative uncertainty. Relative uncertainty is the ratio of
absolute uncertainty to actual observed value [29]. It is the reciprocal of the signal-noise
ratio:

Ur =
1

SNR
=

1√
N

. (17)

Equations (14) and (17) are combined to simultaneous equations. The relative un-
certainty of K was compared with the relative uncertainty of Na. The ratio of relative
uncertainty R can be written as:

R =
UrK
UrNa

=
1/
√

NK

1/
√

NNa
=

√
NNa
NK

=

√
λNaσAtomNa(λNa)nAtomNa(z)

λKσAtomK(λK)nAtomK(z)
. (18)

It can be seen that the relative uncertainty ratio between metal particles and sodium
atoms is mainly influenced by the resonant fluorescence wavelength, effective backscatter-
ing cross-section, and abundance in the middle and upper atmosphere. It can be obtained
from the relative uncertainty ratio of various atoms and ions to Na. Table 5 shows the
ratio of relative uncertainty of metal atoms and ions to Na at the same height of 90 km, the
effective backscattering cross section of each atom and ion at a laser linewidth of 1.5 GHz,
and the density of atoms and ions.

Table 5. Ratio of relative uncertainty of metal atoms and ions to Na.

Wave Length
(nm)

Effective
Backscattering

Cross-Section (m2/sr)

Density
(cm−3)

References of
Density

Ratio of Relative
Uncertainty to Na

Na 589.158 4.07 × 10−17 ~5000 Gardner (1993) [30] 1
K 769.898 3.83 × 10−17 ~60 von Zahn (1996) [5] 8.23
Fe 372.099 4.43 × 10−18 ~20,000 Gelbwachs (1994) [20] 1.91

373.819 4.09 × 10−18 ~780 Gelbwachs (1994) [20] 10.03
385.991 2.16 × 10−18 ~20,000 Lautenbach (2004) [26] 2.68

Ni 336.956 2.50 × 10−18 ~300 Wu (2021) [25] 21.79
341.476 1.26 × 10−17 ~300 Wu (2021) [25] 9.65

Ca 422.673 1.85 × 10−16 ~30 Alpers (1996) [12] 7.15
Ca+ 393.366 7.08 × 10−17 ~200 Alpers (1996) [12] 4.64

Ignoring the laser emission power required to observe different particles, the stability
of the frequency, the quantum efficiency of the photomultiplier tube in the receiving system
and other related technical difficulties, only the physical properties of metal atoms and ions
and their concentrations in the atmosphere are considered. Because they have different
resonance fluorescence wavelengths, scattering cross sections, and the abundances in the
middle and upper atmosphere. The ratios of relative uncertainty of the detection of different
metal atoms and ions are compared. It can be seen from Table 5 that the scattering cross
sections of Na is close to K. However, the relative uncertainty of K is nearly an order of
magnitude higher than Na. Because the concentration of K in the atmosphere is only about
1/80 of that of Na. Therefore, K is more difficult to detect than Na.
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Fe at the 374 nm line has different densities in the atmosphere with the 372 nm line
and the 386 nm line. Fe at 374 nm is a weak resonance line compared to the 372 nm line [20].
The density of Fe at the 372 nm and the 386 nm resonance line is much greater than the
density of Fe at the 374 nm line. The effective backscattering cross section of Fe at the
372 nm line is one magnitude lower than that of Na. However, it has an extremely high
concentration in the atmosphere, thus the relative uncertainty of Fe at the 372 nm line is
low. While the scattering cross section of Fe at 374 nm line is close to the 372 nm line, the
relative uncertainty is one magnitude higher than that of Na due to its low concentration.
The scattering cross section of Fe at the 386 nm line is half of the 372 nm line. The density
of Fe at the 386 nm line is close to the 372 nm line. Then, the relative uncertainty of Fe at
386 nm line is only greater than Na and Fe at the 372 nm line.

The scattering cross section of Ca is the largest among this work. However, Ca has
the lowest concentration in the atmosphere, so its relative uncertainty is equivalent to that
of K. The scattering cross section of Ca+ is lower than half of Ca, but its concentration is
6~7 times that of Ca. So, the relative uncertainty of Ca+ is lower than Ca. The first lidar
detection of Ni shows that the number density of its 337 nm line is about 16,000 cm−3 [21],
which is equivalent to that of Fe. However, the latest two detections both show that the
concentration of Ni at the 337 nm line is equivalent to the concentration of the 341 nm
line [8,25], and its density is about 300 cm−3. This work uses the latest detection results for
comparison. Since the scattering cross section and the concentration in the atmosphere of
Ni at the 337 nm line are both low, it is the particle with the highest relative uncertainty
among all the particles compared in this work. The relative uncertainty of the 341 nm
line of Ni is much smaller than the 337 nm line because its scattering cross section is one
magnitude higher than the 337 nm line.

Since the relative uncertainty represents the detection precision of metal particles,
the detection precision becomes lower with the increasing ratio of relative uncertainty
to sodium atom. Therefore, under the premise assumed in this work, except for sodium
atoms, the 372 nm line of Fe has the highest detection precision, while Ni has the lowest
detection precision.

4. Conclusions

In this work, the resonance fluorescence scattering cross sections of each metal atom
and ion are calculated. The maximum backscattering cross section of Na at the D2 line
is 7.38 × 10−17 m2/sr; K at the D1 line is 7.37 × 10−17 m2/sr; Fe at the 372 nm line is
7.53 × 10−18 m2/sr; Fe at the 374 nm line is 6.98 × 10−18 m2/sr; Fe at the 386 nm line is
3.75 × 10−18 m2/sr; Ni at the 337 nm line is 4.05 × 10−18 m2/sr; Ni at the 341 nm line is
2.05 × 10−17 m2/sr; Ca is 3.06 × 10−16 m2/sr; Ca+ is 1.12 × 10−16 m2/sr. The scattering
cross section of Ca is the largest in this work. Both Ca and Ca+ are higher than other metal
particles, and Ca is higher than Ca+. The scattering cross section of Na and K atoms is close.
The scattering cross section of Ni at the 337 nm line is the smallest.

Except for Na, the effective backscattering cross section of all metal particles at the
center frequency decreases with the increasing laser linewidth. The effective backscattering
cross section of Na increases first and then decreases with the increasing laser linewidth.
Because the absorption cross section of Na atom has two maxima, the absorption cross
section of the frequency at D2 is not the maxima. The laser center frequency of the frequency-
locked lidar should be locked at the D2a line to obtain the maximum echo signal of Na when
the laser linewidth is lower than 2 GHz. If the frequency-unlocked lidar is used for Na
observation, when calculating the effective backscattering cross section of Na, the frequency
at D2a should be used as the center frequency of the laser. When the measured linewidth of
the laser is greater than 2 GHz, there is little difference between the two circumstances.

This work does not consider the different detection technology and the realization
difficulty of the lasers with different wavelengths. It is obtained that the detection precision
from high to low is Na, Fe at the 372 nm line, Fe at the 386 nm line, Ca+, Ca, K, Ni at the
341 nm line, Fe at the 374 nm line, and Ni at the 337 nm line. The detection precision of Ca+
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is higher than that of Ca, and the detection precision of Ni at the 341 nm line is higher than
that of the 337 nm line.

This work calculated the resonance fluorescence scattering cross section of different
metal particles in atmosphere, and discussed the influence of laser linewidth on the effective
scattering cross section. It also compared the detectability of different particles and different
resonance lines of the same particle. It is helpful to have a deeper understanding of the
detection difficulty of each metal particle. This is of great significance for optimizing and
improving the detection efficiency of ground-based lidar. In the future, the metal layer
lidar system parameters, such as the laser power, the temporal-spatial resolution, and the
telescope diameter, will be designed based on the different detection difficulties of metal
particles. We will also try to ascertain how to meet the detection requirements of different
metal particles in the most reasonable way.
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