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Abstract: Ni atoms, produced in the Earth’s upper atmosphere by meteoric 13 

ablation, are challenging to measure by lidar because the Ni atom density 14 

is low, the resonance scattering cross section is relatively small, and the 15 

transitions occur in the near-UV around 340 nm where absorption by the 16 

stratospheric ozone layer starts to become significant. A new Ni lidar has 17 

been designed and deployed at Yanqing station ( °40 N  , °116 E    Beijing, 18 

China over the period from 3 April 2019 to 31 December 2019. The 19 

combination of a frequency-doubled near-IR laser and narrow bandwidth 20 

filters enables stable and continuous operation. From 25 nights of 21 

measurements, the Ni peak density ranges from 98 to 460 cm-3 with the 22 

peak altitude between 80 and 88 km; the average peak density is 25823 

115cm-3. The average column abundances of Nickel varied between 1.5224 

×  108 and 6.0 ×  108 cm-2 between mid-summer and mid-winter. An 25 

experiment was also carried out using the Ni lidar to determine the 26 

spectroscopic branching ratios from the excited Ni(3F4  state into 3 lower 27 
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states; very close agreement with the literature values were obtained 1 

Key words: Nickel lidar; meteoric metals; mesosphere; Ni atomic 2 

spectroscopy. 3 

1. Introduction 4 

The ablation of cosmic dust particles entering the Earth’s atmosphere 5 

produces layers of metal atoms in the mesosphere and lower thermosphere 6 

region (MLT  from 80 to 110 km [1]. The metal layers are very useful 7 

tracers of atmospheric dynamics (e.g., gravity waves and tides  [2-4], and 8 

also of coupling between the neutral atmosphere and ionosphere [5-7]. The 9 

resonance lidar is a powerful tool for detecting the metal layers with 10 

excellent spatial and temporal resolution (Na at 589 nm, K at 770 nm, Fe 11 

at 372 nm, and Ca at 423 nm  [8-10]; Due to the large resonance scattering 12 

cross section and relatively high concentration of Na atoms, the sodium 13 

lidar was the first resonance lidar to be developed [11]. Subsequently, the 14 

Na layer has been extensively studied all over the world by lidar [1,12-15]. 15 

Lidar studies of other metals such as K, and Ca are more challenging, 16 

because their abundance is low in the MLT region. Nevertheless, extensive 17 

measurements of these metals have also been made [1], including the 18 

seasonal variations of the K layer[16,17], sporadic Ca layers [18,19], and 19 

the recent discovery of thermospheric K layers [20,21]. 20 

Nickel is one of the most challenging metal atoms to detect in the 21 

MLT because the backscatter cross section of Ni atoms is relatively small 22 
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(i.e., 6-30 times lower than the Na backscatter cross section . So far, there 1 

are only two reported lidar observations of the Ni layer. Collins et al. [22] 2 

made the first measurements by lidar at Chatanika, Alaska ( °65 N , °147 W   3 

in 2015. They used a lidar operating at 337 nm, and reported the peak 4 

density of the Ni layer to be   1.6× 104 cm-3 at ~87 km. Subsequently, 5 

Gerding et al. [23] conducted six nights of lidar observations at Kü6 

hlungsborn, Germany ( °54 N , °12 E  . They used resonance transitions at 7 

both 341 nm and 337 nm to detect Ni. The mean peak density of the Ni 8 

layer they obtained was only between 280 and 450 cm-3.  9 

Unlike metal atoms such as Na and K, when Ni is pumped up to a 10 

low-lying electronically excited state emission can occur to several lower 11 

states including the ground (3F4  state [22, 23]. The branching ratios for 12 

fluorescence into these lower states can be measured in a high altitude lidar 13 

experiment (where quenching by air molecules is much slower than 14 

emission , and compared with theoretical values from atomic physics. 15 

In this paper, we report the first observations of the Ni layer at the 16 

Yanqing Station ( °40 N  , °116 E    of the Chinese Meridian Project [24]. 17 

Section 2 describes the dye lidar system, which employs frequency 18 

doubling technology to produce laser light at 341 or 337 nm. Section 3 19 

describes the inverse method used to determine the absolute Ni density. In 20 

Section 4 we present 25 nights of Ni observations. Section 5 describes the 21 

measurement of the spectroscopic branching ratios of Ni over different 22 
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transition lines. Section 6 contains a discussion of the results, and 1 

conclusions.  2 

2. Lidar system and Technical advantages 3 

2.1 Lidar system 4 

Figure 1 is a schematic diagram of the dual-wavelength lidar system 5 

to measure Ni, developed at the Yanqing Station ( °40 N , °116 E  . 6 

 7 

Figure 1. Schematic diagram of the Ni lidar system. 8 

The Nd:YAG fundamental laser beam at 1064 nm is frequency-9 

doubled (LBO doubling crystal  to generate 532 nm laser radiation with a 10 

pulse energy of 520 mJ. This is used to pump a VISTA dye laser with LDS 11 

698 dye to produce an infrared laser beam at 683.1487 nm (in vac.  or 12 

674.1062 nm (in vac. , before frequency-doubling to the Ni resonance 13 

transitions at 341.5744 nm (in vac.  or 337.0531 nm (in vac. . The former, 14 

with 17 mJ per pulse, corresponds to the Ni(3D3 → 3F4  transition. The 15 

latter, with 15 mJ per pulse, corresponds to the Ni(3F4→3Do  transition. A 16 

HighFinesse WS6-200 wavemeter is used to monitor the infrared 17 

wavelength in real time and the automatic frequency stabilization software 18 
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stabilizes the infrared wavelength within 0.3 pm. In addition, we use 1 

HighFinesse WS7 UVI wavemeter (with the function of measuring spectral 2 

bandwidth  to measure the Ni resonance laser linewidth. 3 

For the receiver, a reflecting telescope with a diameter of 1230 mm is 4 

used to receive backscattered photons from the atmosphere (due to 5 

Rayleigh elastic scattering and resonance fluorescence from Ni . The 6 

telescope has a reflectivity greater than 95% at 341 nm and 337 nm. The 7 

backscattered photons are directed first through a quartz fiber with a length 8 

of 1 m and a diameter of 1.5 mm, and then a collimating lens. The photons 9 

then pass through optical interference filter to reduce stray light. Two 10 

optical interference filters are used in the receiver. One is an ALLUXA 11 

OD5 narrowband filter with a FWHM (full width at half maximum  of 4 12 

nm and 93% transmission, which is used in 341 nm channel. And the other 13 

is an ALLUXA OD6 narrowband filter used in 337 nm channel with a 14 

FWHM of 5 nm and ~75% transmission. The detector is a H10682-210 15 

photomultiplier (PMT .  16 

For data acquisition we use a photon-counting multichannel scaler 17 

system (MCS-pci data acquisition card  to collect time-resolved data. The 18 

raw data files are stored with a spatial resolution of 96 m (corresponding 19 

to a channel bin width of 640 ns , and accumulated for 33 s. The system 20 

parameters of the Ni lidar are listed in Table 1. 21 

Table. 1. The system parameters of the Ni lidar 22 
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Transmitter 
 

Wavelength 341.5744 nm (vac.    

337.0531 nm (vac.  
Pulse energy 17 mJ (341.5744 nm  

15 mJ (337.0531 nm  
Linewidth 0.9547 GHz 

Repetition rate 30 Hz 

Beam divergence 0.21 mrad 

Receiver  

Telescope diameter 1.23 m 

Focal length 2.4 m 

Field of view 0.625 mrad 

PMT H10682-210 

Quantum efficiency of PMT <40% 

Filter bandwidth 4 nm (OD5  
5 nm (OD6  

IF transmittance ~93% (341 nm  
~75% (337 nm  

Data acquisition  

Temporal resolution 33 s 
Vertical spatial resolution 96 m 

2.2 Technical advantages 1 

As mentioned above, the two earlier lidars used excimer-pumped dye 2 

lasers to detect the Ni layer. The excimer pump laser emits 308 nm light to 3 

pump the dye laser, which then produces the Ni resonance wavelength. 4 

There are two disadvantages with such a system: first, the UV excimer 5 

beam rapidly destroys the dye molecules, so that the dye needs to be 6 

replaced every few hours; second, UV laser dyes have a comparatively low 7 

conversion efficiency. Hence, the excimer-pumped dye laser system is not 8 

favorable for making continuous Ni measurements over long periods. In 9 

contrast, the system used here employs 532 nm laser light to pump a near-10 

IR laser dye with a high conversion efficiency and long life (dye 11 
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replacement every 36 hours; the oscillator of the dye laser uses 0.042 g 1 

LDS 698 dissolved in 500 ml ethanol, the amplifier of the dye laser uses 2 

0.045 g LDS 698 dissolved in 1000 ml ethanol , which is much better 3 

suited to long-term observations. A further advantage is that frequency-4 

doubling the IR laser beam avoids the disturbances by Amplified 5 

Spontaneous Emission (ASE . This relatively broadband emission, some 6 

of which is outside the narrow laser line used to excite resonance 7 

fluorescence from Ni, is still Rayleigh back-scattered. This means that the 8 

Rayleigh signal, which is used to calibrate the absolute Ni density (see 9 

below , is enhanced, leading to an underestimate of the Ni density. 10 

However, frequency-doubling the dye laser beam greatly reduces the ASE 11 

contribution away from the center wavelength, because the doubling 12 

efficiency is non-linear. 13 

Switching the wavelength of the near-IR laser beam between 14 

683.1487 nm and 674.1062 nm, and hence the two resonance wavelengths 15 

(341.5744 nm and 337.0531 nm , is achieved by scanning the position of 16 

the dye laser grating. This takes about 8 minutes, during which it is 17 

assumed that the Ni density profile does not change significantly. This 18 

assumption was tested (see below . Finally, as stated above the dye laser 19 

wavelength is stabilized within a range of 0.3 pm so that, after frequency-20 

doubling, the Ni resonance wavelength has an error of only 0.15 pm. 21 

 A final advantage of this new Ni lidar is the use of narrow bandwidth 22 
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interference filters (see above , which are much narrower than the 29 nm 1 

bandwidth filter used by Gerding et al. [23]. The narrow bandwidth filters 2 

better discriminate against background light. This improves the SNR of the 3 

lidar signal, which is essential when detecting the relatively weak signal 4 

from the Ni layer. The Ni lidar system at the Yanqing station was therefore 5 

designed to improve the detectability of the Ni layer in a number of ways, 6 

compared with the two previous studies [22, 23]. 7 

3. Inversion method 8 

The absolute Ni density is derived using the standard lidar equation 9 

(e.g. Megie et al. [25], Chu and Papen [26], Gerding et al. [23] : 10 

( )
2

s b r
Ni r 2

r b r eff B

N - N z σ 1
n = n           1

N - N z σ R
 11 

where, Ni
n  is the Ni number density; r

n  is the atmospheric total number 12 

density at the reference altitude, given by the NRLMSISE-00 model [27]; 13 

r
σ  is the Rayleigh backscatter cross section at the reference altitude r

z  14 

(selected as 40 km ; and eff
σ  is the effective backscatter scattering cross 15 

section. At 341.5744 nm, =
r

σ  3.55 ×  10-31 2
m / sr  and =

eff
σ  1.5 ×  10-1716 

2
m / sr ; and at 337.0531 nm =

r
σ 3.74×10-31 2

m / sr  and =
eff

σ 3.14×10-17 

1 2
m / sr . sN  and rN  are the number of echo photons received by the 18 

telescope at the altitude z  and at the reference altitude r
z , respectively, 19 

and b
N  is the combination of altitude independent PMT dark count rate 20 

and stray light signal with the altitude dependent Rayleigh background 21 
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signal superimposed on the resonance signal (see section 4 ; and B
R  is 1 

the branching fraction. Combining the parameters of Table 2 and the 2 

bandwidth of the filter, the branching fraction B
R  can be determined (see 3 

section 5 for details . 4 

4. Results 5 

4.1 Detection of Ni at 341.5744 nm and at 337.0531 nm 6 

Collins et al. [22] measured Ni at 337 nm, and Gerding et al. [23] then 7 

showed that a much better signal was obtained at 341 nm. Here we describe 8 

measurements made at both wavelengths over the Yanqing station. 9 

 10 

Figure 2. Left panel: raw backscatter signal at 341.5744 nm on the night of April 2, 2019, obtained from 1000 laser 11 

shots in 33 s. Right panel: integrated backscatter signal for 1 hour (Spatial resolution is 960 m . 12 

Ni was initially detected at 341.5744 nm on the night of 2 April 2019. 13 

Figure 2 (left panel  shows the raw backscatter signal detected from 1000 14 

laser pulses. This shows that the resonance backscatter from Ni above 70 15 

km is small, and the peak of the Ni layer is equivalent to the Rayleigh echo 16 

signal at about 65 km. However, this is the signal obtained in only 33 s. 17 

The SNR is much improved by integrating the raw data files over one hour 18 
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(Figure 2 (right panel  . More than 5000 photons have now been 1 

accumulated at the layer peak at 85 km, compared with less than 1000 2 

photons of noise. Hence, the SNR exceeds 3, establishing the ability of the 3 

new Ni lidar system for detecting Ni atoms at 341.5744 nm.  4 

In order to determine whether the PMT has Signal-Induced Noise 5 

(SIN  [28], we shifted the laser wavelength by 100 pm to 341.4744 nm and 6 

collected signal for two hours data (Figure 3 (left panel  . For the lidar 7 

signal, we first deduct the background noise (PMT dark count and stray 8 

light signal  and then use the NRLMSISE-00 density profile [27] to 9 

extrapolate the echo photons above 75 km (Figure 3 (right panel  . It can 10 

be concluded from Figure 3 that there is almost no SIN. However, there are 11 

often some photons that could not be attributed to Ni signal above 100 km. 12 

For situations where the signal or noise cannot be distinguished, we 13 

calculate the detection limit (mean background photon noise plus 1.5 times 14 

its standard deviation  according to the method of Gao et al. [29] (shown 15 

in Figure 4 . When calculating the Ni density, the data below the detection 16 

limit are not considered. 17 
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 1 

Figure 3. Left panel: lidar signal at 341.4744 nm. Right panel: lidar echo signal after removing the background 2 

noise (PMT dark count and stray light signal) and extrapolate the echo photons by the NRLMSISE-00 density 3 

profile. Time resolution is 120 min, spatial resolution is 960 m. 4 

Figure 2 shows that there is potentially a small amount of Rayleigh 5 

backscatter signal in the resonance backscatter signal at the height of the 6 

Ni layer, which may affect the Ni density. In order to correct for this, the 7 

Rayleigh backscatter signal above 75 km was estimated by extrapolating 8 

the NRLMSISE-00 density profile [27] (Figure 4 . In the Ni density 9 

calculation (Equation (1  , the extrapolated Rayleigh signal is subtracted 10 

together with the PMT dark count and stray light signal.  11 

Figure 5 presents the pure resonance signal after subtracting the 12 

Rayleigh signal and background noise. The corresponding Ni 13 

concentration, calculated using Equation (1 , is shown in Figure 5. The Ni 14 

layer is 77 km ~102 km with a peak concentration of 240 cm-3 at 85 km. 15 

There is the second small peak density around 80 km (corresponding the 16 

peak photon numbers in Figure 5 . This result is similar to the observations 17 

made at °54 N  in late winter by Gerding et al. [23]. 18 
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 1 

Figure 4. Calculating the detection limit and extrapolating the Rayleigh signal for the signal of Figure 2 (right panel). 2 

Time resolution is 60 min, spatial resolution is 960 m. 3 

 4 

Figure 5. Pure resonance signal and the density profile from the pure resonance signal (error bars from photon 5 

statistics). Time resolution is 60 min, spatial resolution is 960 m. Recorded on April 2, 2019. 6 

Ni was also successfully observed at 337 nm. It should be noted that 7 

the SNR of the lidar backscatter at 337.0531 nm is relatively poor because 8 
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the OD6 interference filter is broader and only has 75% transmission, and 1 

the laser pulse energy is weaker (Table 1 . Nevertheless, a good Ni 2 

backscatter signal was obtained by integrating 108,000 laser pulses, i.e, 3 

one hour as shown in Figure 6. Similar to Figure 5, the observed Ni layer 4 

was in the height range 78~96 km, with a smaller peak density (~ 200 cm-
5 

3  and a peak altitude that is 2~3 km lower.   6 

 7 

Figure 6. Left panel: integrated echo signal of the nickel atom layer on May 9, 2019. Right panel: the density 8 

profile from the integrated echo signal (error bars from photon statistics). Time resolution is 60 min, spatial 9 

resolution is 960m. 10 

Following this initial success, an experiment was conducted on 28 11 

November 2019 of uninterrupted observations at the two Ni wavelengths. 12 

Ni was first measured from15:17 to 16:17 UTC at 337.0531nm, and then 13 

from 16:25 to 17:25 UTC at 341.5744nm. Figure 7 compares the photon 14 

signals and retrieved Ni densities. Clearly, the SNR of the backscatter 15 

signal at 337.0531 nm is much smaller than that of 341.5744 nm, for the 16 

reasons discussed above. However, the retrieved Ni peak densities and 17 

peak altitudes are very similar, which confirms that the retrieved densities 18 
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from observations at both wavelengths are robust.  1 

 2 

Figure 7. Results of the uninterrupted wavelength comparison experiment. Left panel: backscatter signals detected 3 

at the two resonance wavelengths. Right panel: the retrieved Ni density profiles. (Accumulation time is 60 min in 4 

both bases, with a spatial resolution of 960 m; error bars from photon statistics). 5 

4.2 Night-time variability of the Ni layer 6 

The SNR of the backscatter signal obtained at 341 nm is significantly 7 

better than at 337 nm, as shown in Section 4.1. We have selected 25 nights 8 

(a total of 200.5 hours) with good coverage of Ni observations at 341 nm 9 

where the SNR at the layer peak is > 3. These nights are between 3 April 10 

2019 and 31 December 2019. Figure 8 shows the night-time variation of 11 

the Ni density from 11:00 to 21:00 UTC on December 5, 2019. The layer 12 

extends from 76 to 95 km, with a peak density of 675 cm-3 at ~80 km after 13 

18:00 UTC. Note the large change in the Ni peak density, from a minimum 14 

of 392 cm-3 early in the night to a maximum of 675 cm-3 after 18:00 UTC. 15 
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 1 

Figure 8. The Ni density vertical profile versus time during the night of December 5, 2019. Time resolution is 30 2 

min, spatial resolution is 960 m. 3 

In order to compare seasonal variations, we calculated the nightly 4 

average Ni atom density profiles. Figure 9 shows two profiles (6 and 8.5 5 

hours of data averaged) on 3 April and 25 September 2019. Both profiles 6 

exhibit a similar layer shape, with a peak density of 220 cm-3 at ~84 km on 7 

3 April 2019 and ~342 cm-3 at 87 km on 25 September 2019. The FWHM 8 

of the layer on 3 April is 10.5 km and the FWHM of the layer on 25 9 

September is 7 km.Note that the FWHM of the layer on 3 April is 10 

significantly broader than that on 25 September. 11 
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 1 

Figure 9. Average Ni density altitude profiles (error bars from photon statistics) on the nights of April 3, 2019 (left 2 

panel) and September 25, 2019 (right panel). 3 

 4 

Figure 10. Seasonal variation of the Ni atom nightly average peak density over 25 nights from date to date (The 5 

small multiplication sign ‘ ’ indicates the peak density, and the small circle ‘ ’ indicates the peak altitude). 6 

 7 
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Figure 11. Seasonal variation of the Ni atom nightly average column abundance over 25 nights from date to date. 1 

The seasonal variation of the peak density over 25 nights from April 2 

– December, 2019, is shown in Figure 10. The maximum peak density of 3 

~ 460 cm-3 is observed in winter (on December 5, 2019), and the minimum 4 

value of 98 cm-3 is observed in summer (June 29, 2019). The overall 5 

average of the night peak density is 258  115cm-3. The nightly average 6 

peak altitude varied from 80 km to 88 km.  7 

Figure 11 shows the average column abundance during the 25 nights. 8 

Similar to the peak density, the largest column abundance (6.0× 108 cm-2) 9 

was observed on the night of December 5, and the smallest (1.52× 108 cm-
10 

2) on May 30. The average from all the observations is (3.0 1.4 × 108 11 

cm-2. The Ni data obtained so far indicates a maximum density in late 12 

autumn and winter (October, November, and December), and a minimum 13 

in May and August, though with large variability.  14 

5. Measurement of the Ni spectroscopic branching ratio 15 

As discussed in Section 3 and Gerding et al. [23], optically excited Ni 16 

atoms can fluoresce to several lower energy states (this is unique among 17 

the metals observed in the MLT by lidar). We therefore carried out a lidar 18 

experiment to measure the branching ratios for Ni emission. 19 

When the lidar operates at 341.5744 nm, Ni atoms in the low-lying 20 

excited 3d9(2D)4s3D3 state will be excited to the 3d9(2D)4p3F4 state. Since 21 

this Ni (3F4) state is short-lived (lifetime = 16.19 ns; it is calculated from 22 

the spectroscopic data published by Kramida et al. [30]), quenching by air 23 
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molecules will not occur before emission to 3 lower states: these are the 1 

3d9(2D)4s3D3, 3d8(3F)4s2 3F4 and 3d8(3F)4s2 3F3 states, corresponding to 2 

emission wavelengths of 341.5744 nm, 339.2016 nm and 355.2551 nm, 3 

respectively [30]. The branching ratio for Ni emission is given by [26]: 4 

( )ki ki k
BF = A τ           2  5 

where, ki
BF  is the branching ratio for transition from upper state k to low 6 

state i; ki
A  is the Einstein coefficient from level k to level i; and k

τ  is 7 

the radiative lifetime of the state k.  8 

Similarly, the 337.0531nm laser excites Ni atoms in the 3d8(3F)4s2 3F4 9 

ground state to the 3d9(2D)4p3Do state. Emission from this excited state can 10 

occur to seven different lower states, with branching ratios that can be 11 

calculated using equation 2. The parameters of all these transitions are 12 

listed in Table 2 (The table lists parameters of the Ni spectroscopic 13 

transitions based on the spectroscopic data [30] and equation (2) [26]). 14 

Table 2. Parameters of the Ni spectroscopic transitions 15 

Absorption line (3d9(2D)4s3D3→3d9(2D)4p3F4) 

Lower level Upper level Life-time Wavelength 

3d9(2D)4s3D3 3d9(2D)4p3F4 16.19 ns 341.5744 

nm(vac.) 

Transitions from 3d9(2D)4p3F4 

Upper level Lower level Wavelength/ 

 nm (vac.) 

Einstein 

coefficient/ 

s-1 

Branching 

fraction 

3d9(2D)4p3F4 3d9(2D)4s3D3 341.5744 5.5× 107 0.8905 

3d9(2D)4p3F4 3d8(3F)4s2 3F4 339.2016 6.6× 106 0.1069 

3d9(2D)4p3F4 3d8(3F)4s2 3F3 355.2551 1.6× 105 0.0026 

Absorption line (3d8(3F)4s2 3F4→3d9(2D)4p3Do) 

Lower level Upper level Life-time Wavelength 

3d8(3F)4s2 3F4 3d9(2D)4p3Do 17.02 ns 337.0531 

nm(vac.) 
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Transitions from 3d9(2D)4p3Do 

Upper level Lower level Wavelength / 

nm (vac.) 

Einstein 

coefficient/s-

1 

Branching 

fraction 

3d9(2D)4p3Do 3d9(2D)4s3D3 339.3957 2.4× 107 0.4085 

3d9(2D)4p3Do 3d8(3F)4s2 3F4 337.0531 1.8× 107 0.3064 

3d9(2D)4p3Do 3d9(2D)4s3D2 347.3539 1.2× 107 0.2043 

3d9(2D)4p3Do 3d9(2D)4s1D2 380.8233 4.3× 106 0.0732 

3d9(2D)4p3Do 3d8(3F)4s2 3F3 352.9009 4.2× 105 0.0072 

3d9(2D)4p3Do 3d8(3P)4s2 3P2 711.2925 2.0× 104 0.0003 

3d9(2D)4p3Do 3d8(3F)4s2 3F2 364.2680 8.4× 103 0.0001 

We also calculated the branching ratios for the three transition lines 1 

from the excited 3d9(2D 4p3F4 state produced by pumping the 3d9(2D)4s3D3 2 

state at 341.5744 nm. The OD 5 interference filter with a bandwidth of 4 3 

nm allows photons at 339.2016 nm to enter the PMT; moreover, the 4 

transmittances of the OD 5 filter at the two wavelengths (341.5744 nm and 5 

339.2016) are comparable (~93%, shown in Figure 12 (left panel)). 6 

Therefore, the total number of photons recorded is the sum of the photons 7 

at 341.5744 nm and 339.2016 nm. Figure 12 (right panel) shows that the 8 

transmission of the OD 6 filter at 339.2016 nm is about 87%, and the 9 

transmission at 341.5744 nm is only 1%. Therefore, the OD 6 filter only 10 

transmits photons at 339.2016 nm when the nickel dye lidar wavelength is 11 

341.5744 nm. The following experiment was therefore carried out in order 12 

to determine the branching ratios for the three transition lines (341.5744 13 

nm, 339.2016 nm, and 355. 2551 nm). 14 
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 1 

Figure 12. Left panel: the transmittance of OD 5 filter at different wavelengths. Right panel: the transmittance of 2 

OD 6 filter at different wavelengths. 3 

From 18:30 -19:00 UT on May 6, 2019, the 341.5744 nm laser beam 4 

was used to pump Ni atoms in the MLT layer, with the OD 5 filter in the 5 

lidar receiver. The OD 5 filter was then replaced with the OD6 filter, and 6 

keeping the same laser wavelength backscattered signal was collected from 7 

19:12 - 19:42 UT. The two lidar signals are presented in Figure 13 and 8 

Figure 14. 9 
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 1 

Figure 13. Lidar signal received through the OD 5 filter with the laser wavelength (at 341.5744 nm). The detection 2 

limit and the extrapolated Rayleigh background photons are showed. (Time resolution is 30 min, spatial resolution 3 

is 96 m). 4 

 5 

Figure 14. Backscatter photons received through the OD 6 filter with the laser wavelength (at 341.5744 nm). 6 
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In the lidar signal obtained using the OD 5 filter we cannot determine 1 

whether the photons above 100 km are signals or noise, so we only count 2 

the number of photons above the detection limit shown in Figure 13. The 3 

total number of photons at the two wavelengths (341.5744 nm and 4 

339.2016 nm) in the 82 ~ 96 km range is 6712 photons (excluding 5 

background noise and Rayleigh background signal). In comparison, 663 6 

photons at 339.2061 nm were collected by the receiver using the OD 6 7 

filter (Figure 14). Because the transmittance of the two filters at 339.2016 8 

nm is different (OD 6: ~ 93%, OD 5: ~ 87%), we correct the received 663 9 

photons: 663 0.93
=708

0.87
. The number of photons received with OD5 filter 10 

at 341.5744 nm is therefore the difference: 6004 photons.  11 

In addition, in order to determine the branching ratio of the transition 12 

line 3d9(2D)4p3F4→3d8(3F)4s2 3F3, we deliberately used an OD 8 filter with 13 

a high attenuation rate and a narrow bandwidth to receive echo photons 14 

with a wavelength at 355.2551 nm. The OD 8 filter with a 1.2 nm FWHM 15 

has a transmittance of greater than 80% at 355.2551 nm. The 341.5744 nm 16 

laser beam was emitted and the OD 8 filter was used to receive the lidar 17 

signal. The lidar signal is shown in Figure 15. In order to more accurately 18 

determine whether there is a weak nickel signal in Figure 15, we smooth 19 

the data and present the backscatter signal after removing background 20 

noise in Figure 16. Clearly, the Ni echo photons with a wavelength at 21 

355.2551 nm were not detected. This shows that the strength of the 22 
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3d9(2D)4p3F4→3d8(3F)4s2 3F3 transition is very low, and the branching ratio 1 

is very small. This corresponds to the literature value [30] (see Table. 2). 2 

 3 

Figure 15 .Lidar signal through the OD 8 filter with the laser wavelength at 341.5744 nm. (Time resolution is 30 4 

min; spatial resolution is 96 m). 5 

 6 
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Figure 16. Black line: the total backscatter photons in Figure 15 are smoothed by 10 points. Blue line: the 1 

backscattered photons after removing background noise from the smoothed data. (Time resolution is 30 min; 2 

spatial resolution is 96 m). 3 

Therefore, the number of backscatter photons at 341.5744 nm and 4 

339.2016 nm can be used to estimate the branching ratio of the two 5 

transition lines (3d9(2D)4p3F → 3d9(2D)4s3D3 and 3d9(2D)4p3F4 →6 

3d8(3F)4s2 3F4). The branching ratios are 
6004

0.8945
6712

  (341.5744 nm  7 

and 708
0.1055

6712
  (339.2016 nm . In addition, we consider the errors 8 

from photon statistics. The photon counts uncertainty of the 6712 photons 9 

is 27 photons, the photon counts uncertainty of the 708 photons is 25 10 

photons. For the transition line (3d9(2D)4p3F→ 3d9(2D)4s3D3 (341.5744 11 

nm)), the branching ratio is between 
( ) ( )6712 27 708 25

0.8986
6712 + 27

+ − −
  12 

and ( ) ( )6712 27 708 25
0.8904

6712 27

− − +


−
. Therefore, the error (from photon 13 

statistics  of the branching ratio ((3d9(2D 4p3F→ 3d9(2D 4s3D3 (341.5744 14 

nm   is 0.0041. For the transition lines (3d9(2D)4p3F4→ 3d8(3F)4s2 3F4 15 

(339.2016 nm)), the branching ratio is between 
708 25

0.1096
6712 - 27

+
  and 16 

708 25
0.1014

6712 + 27

−
 . The error (from photon statistics  of the branching 17 

ratio ((3d9(2D 4p3F4→ 3d8(3F 4s2 3F4  (339.2016 nm   is also 0.0041. 18 

Finally, this gives 
6004

0.8945 0.0041
6712

  and  19 
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708
0.1055 0.0041

6712
  , respectively, which are very similar to the values 1 

listed in Table 2. 2 

6.  Discussion and Conclusions  3 

A new lidar system for measuring atomic Ni in the MLT has been 4 

developed at the Yanqing station ( °40 N , °116 E  , near Beijing. Following 5 

the earlier studies by Collins et al. [22] and Gerding et al. [23], we report 6 

here measurements of the Ni layer at 
°40 N  during 25 nights over 8 7 

months. This demonstrates the stability of the system for making 8 

continuous Ni measurements over an extended period, enabling the first 9 

investigation of night-time and seasonal density variation of the Ni layer. 10 

The performance of the Yanqing Ni lidar is enhanced in several ways 11 

compared to the earlier studies: frequency-doubling near-IR laser radiation 12 

confers several advantages over using an excimer laser-pumped dye laser 13 

with a UV dye, as discussed in Section 2.2. Using a narrow bandwidth 14 

interference filter also leads to a significant improvement in SNR.   15 

The peak Ni density of nickel atoms reported by Collins et al. [22] 16 

was ~16,000 cm-3, much larger than the value range of 280 ~ 450 cm-3 17 

reported by Gerding et al. [23]. As argued by Daly et al. [31], the very high 18 

value – which is comparable to the peak Fe density – cannot be explained 19 

in terms of the relative abundance of Ni and Fe in cosmic dust, which is 20 

very similar to the relative abundances of Ni+ and Fe+ in the lower 21 

thermosphere. The nightly-averaged Ni densities in the present study are 22 
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taken from lidar measurements at Yangqing between 3 April and 31 1 

December 2019 (25 days in total): the peak density is about 100 ~ 460 cm-
2 

3, and the average column abundances varies from (1.52 to~ 6.0)× 108 cm-
3 

2. The average peak density and the average column density abundance 4 

over the 25 nights is 258 115 cm-3 and (3.0 1.4)× 108 cm-2, respectively, 5 

which is similar to the results reported by Gerding et al. [23].   6 

For the first time, we used the high altitude Ni lidar to determine the 7 

branching ratios for three different optical transition from Ni in the 8 

3d9(2D)4s3D3 state (excited at 341 nm), and showed that these branching 9 

ratios are very close to the theoretical values listed in Table 2.  10 

Recently, a modelling study of the global Ni layer has been published, 11 

where a full set of neutral and ion-molecule reactions involving Ni species 12 

has been incorporated into the Whole Atmosphere Community Climate 13 

(WACCM) model [31]. The results of the WACCM-Ni model are 14 

generally in good agreement with the present study. A 3-fold increase in 15 

the Ni column abundance is predicted from mid-summer to mid-winter at 16 

40oN, which seems to be in good agreement with the present study (Figure 17 

11). However, the modelled peak height is predicted to show little diurnal 18 

variation, unlike the observations from Yanqing e.g. the very low peak 19 

height around 78 km shown in Figure 8 after 16:00 UTC. This needs further 20 

investigation. Nevertheless, the observed nightly average peak height 21 

varied from 80 km to 88 km, which covers the range predicted by 22 
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WACCM-Ni [31]. The diurnal and seasonal variation of the Ni layer will 1 

be compared in more detail with WACCM-Ni in a future study, once a full 2 

year of Ni lidar measurements has been completed. 3 
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