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Na Doppler Wind and Temperature Lidar

J Na Doppler lidar is one of the most successful lidars.

Receiver

Master Oscillator

CW Ring Dye CW Nd:YVO, ng;fgll)e

Master Laser Pump Laser

} | Chopper I
Na Vapor Cell Acousto-Optic

Wavemeter Doppler-Free Freq. Modulator Collimating
Spectroscopy Optics

Frequency Calibration & Control l

Inter_ference
Pulsed Amplifier L 589 nm Filter

Injection Freq.-Doubled Pulsed 589 nm l
Pulsed Nd:YAG Dye Phqtol-
Pump Laser Amplifier Multiplier

Q-Switch Sync.

Trigger .
Preamplifier

Trigger Trigger
g <—— Computer [@—— Channel

Discriminator
Generator Control Scalers

Trigger T

Data Acquisition & System Control

Textbook Chapter 5 by Chu and Papen



P LIDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2014

Na Atomic Energy Levels

/ F=3
*Para / II:::12
D F=0

s 2 F=2

N\ Py / -

\ =1

D2a D2b
D;| D,
A \AA ”
Y Y v/ D,

3s S112 \ A YYY  Ft

Na fine structure Na hyperfine structure



LIDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2014

Na Atomic Parameters

Table 5.1 Parameters of the Na D; and D, Transition Lines

Central Transition Radiative Oscillator
Transition Wavelength Probability Lifetime Strength
Line (nm) (108s™ 1) (nsec) fic
D; (°Py 2—?S12)  589.7558 0.614 16.29 0.320
Dy (®P3 9—2S10)  589.1583 0.616 16.23 0.641
Group 2S1/0 2Ps/s Offset (GHz) Relative Line
Strength®
Doy, F=1 F=2 1.0911 5/32
F=1 1.0566 5/32
F=0 1.0408 2/32
Do, F=2 F=3 —0.6216 14/32
F=2 —0.6806 5/32
F=1 —0.7150 1/32

Doppler-Free Saturation—Absorption Features of the Na Dy Line

fa (MHz) f. (MHz) fi, (MHz) f. (MHz) f (MHz)
—651.4 187.8 1067.8 —21.4 —1281.4

#Relative line strengths are in the absence of a magnetic field or the spatial average.
When Hanle effect is considered in the atmosphere, the relative line strengths will be
modified depending on the geomagnetic field and the laser polarization.
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Doppler' Effect in Na D, Line
Resonance Fluorescence
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DoPP|er' -Limited Na Spectroscopy

J Doppler-broadened Na absorption cross-section is
approximated as a Gaussian with rms width o,

6 ol 2
G, (V)= 1 e f E A exp| - [v, —v( 2VR /c)]
V2o degm,c 207

J Assume the laser lineshape is a Gaussian with rms width o,
] The effective cross-section is the convolution of the atomic

absorption cross-section and the laser lineshape
1 eff & [ v, -v(1-Vg /o))
O (V) = —— / > A, exp|——= ( K )
231:06 480m€C n=1 \ 206
kpT
where oe=\/o,23+0% and ©°p~ MB;%

The frequency discriminator/analyzer is in the atmosphere! ¢
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Doppler' Scanning Technique

P, (M)At A 2 2
Ny,(\2) =+ O (M A MT,“(MWT,”(M2)G
Na (M) ( o )( oy (I (2) z)(4mz)(n( T, (W (1,2)G(2))
P, (M)At A
N,(Azp) = L) (O’ (7, A)nR(zR)Az) (n(A)T (A, ZR)G(ZR))
hc/)» ZR
C(z) Ny, (N2 U B uoAR eon 168 sAPRes
e (M2) =5 ~ o] FBE
Tc (A,2) NR(}\"ZR) |
where C(z)= GR(E’M”R(ZR)Wz 3
Ny,(2) <R g 41

Least-square fitting gives temp o
[Fricke and von Zahn, JATP, 1985] :>
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Scanning Na Lidar Results

U. Bonn LIDAR (69°N 16°E) 3. April 1984
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Doppler Ratio Technique
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2 Fr'equency Doppler Ratio Technique
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NNa(f’Z’t)

2
4

O (Fina(@) 1

Og (7, fIng(zg) 47

Two frequencies f, and f. are
insensitive to radial wind.

Ry (2) = Norm (fe:2ot1) _ Ogp (f e DNa (2, f1) O (f(r2)
T =
N (farzst2) O (Fardna(@t2) O ()
0.5t Gaussian lineshape
N ,Z,1) =
f.= 187.8 MHz norm (J 52,1)
f,=—651.4 MHz
0.4 @
03
Nnorm(faz’t) =
0.2
=0 m/
0.1 Vp=0mss
100 1;10 J 1é0 l 2é0 2é0 300

Temperature (K)

Ng(f.2.0T,7(f.2) g

10



LIDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2014

3-Frequency Doppler Ratio Technique
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Callbr'a‘hon Curves for 3-Freq Tech

J For given temperatures and winds, we can compute the Doppler
lidar calibration curves from atomic physics and lidar physics.
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“ Ideas Behind Ratio Technique

1 Three unknown parameters (temperature, radial wind,
and Na number density) require 3 lidar equations at 3
frequencies as the minimum = the highest resolution.

d In the ratio technique, Na number density is cancelled
out. So we have two ratios R; and R,, that are independent
of Na density but both dependent on T and W.

J The idea is to derive temperature and radial wind from
these two ratios first, and then derive Na number density
using derived temperature and wind at each altitude bin.

 However, because the Na extinction coefficient is

involved, the upper bins are related to lower bins, and
extinction coefficient is related to Na density and effective
cross-section. The solution is to start from the bottom of

the Na layer and then work bin by bin to the layer top. 12
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Principle of Doppler Ratio Technique

O Lidar equation for resonance fluorescence (Na, K, or Fe)

A )

4Jrz2)

Pr (L) At
he/ A

Ns()\-,Z) =

)[oeﬁc (A, 2)n.(2)Rg(A) + O (7w, M) np (z)]Az

(T OTZ 0.2 (MG @) + N

Rg =1 for current Na Doppler lidar since return photons at all wavelengths
are received by the broadband receiver, so no fluorescence is filtered off.

J Pure Na signal and pure Rayleigh signal in Na region are

[ PL(M)As A 2 2
NNam,z)—( e )[oeﬁm,z)nc(z)]Az 4mz)(Ta (MT; ()»,z))(n(?»)G(z))
Nr(3.2) =(P LA )[ o7, A)nR<z>]Az( A )(T WD) n(AG()
hC/)\, Z

- Sowe have N (4,2)=N, (A,2)+Np(A,2)+N, 14
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_Principle of Doppler Ratio Technique

J Lidar equation at pure molecular scattering region (35-55km)

2 Az (NG () + Ny

<R

P; (A)At
he/ A

J Pure Rayleigh signal in molecular scattering region is

Ns()%ZR) =

)[aR(n,;\)nR(zR)]Az

No(hzp) = |2 ’}l(’mt )[aR gz A - |12 Az (110G (zp))
c/A <R
J So we have No(Azp) = Np(A,zp) + Ny

J The ratio between Rayleigh signals at z and z; is given by

Np(A.2) =[GR(n,x)nR(z)]Taz(A,z)Tcz(A,z)G(z) R _ ng(2) ZRZT 2(2.2)

Ng(A,zR) [GR(n,k)nR(ZR)]TaZ()»,zR)G(zR) 22 ngp(zg) 7°

Where n, is the (total) atmospheric number density, usually obtained from
atmospheric models like MSISOO. 15
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“Principle of Doppler Ratio Technique

J From above equations, the pure Na and Rayleigh signals are
NNa()\',Z) = NS()\‘aZ) _NB — NR()L,Z) NR()\'9ZR) = NS()\'9ZR) _NB

J Normalized Na photon count is defined as

Ny, (A,2) 7
Nr(Azp)T2(A2) zp°

NNorm ()\”Z) =

J From physics point of view, the normalized Na count is
Nyg(Az) —  Ogr(Ang(z) 1
Np(Azp)T2(Az) Or(mA)ng(zg) 4m

NNorm ()"’Z) =

J From actual photon counts, the normalized Na count is
Nyg(A:2) 2> _ Ns(A,2)-Np-Ng(A2) 2°
NRGoapT2000) 2g° NpOazp)T20) 2’
_Ns(A)-Np 22 1 ng(2)
Ng(A,zg)=Np zp* TZ(Az) nr(2g) 16

NNorm()‘"Z) =
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“Principle of Doppler Ratio Technique

J From physics, the ratios of R; and R,, are then given by

Geﬁ(f+ ’Z)nc(Z) + Geﬁ(f— >Z)nc(z)
R = Nnorm (f+52) + N nopm (f2,2) _ op(w,fng(zg) Ogr(mw,f)ng(zg) _ Geﬁ(f+ ’Z)+Geﬂ(f— .2)
I NNorm(fa ,Z) Geﬁ(fa ,Z)I’lc(Z) O'eﬁv(fa ,Z)
OR(7,f )ng(zR)

O (f1,2)1(2) ) O (f-.2)n(2)
Ry = N norm (4 52) = NNorm (J-52) _ op(m,f)ng(zp) oOp(m,fo)ng(zg) _ Geﬁ”(f+ ,2) _Geﬁ‘(f— ,Z)
NNorm (fa:2) Geﬁ(fa )N (2) Oeﬁ‘(fa 2)
OR(7T,f)ng(zR)

Here, Rayleigh backscatter cross-section is regarded as the same for three
frequencies, since the frequency difference is so small. Na number density
is also the same for three frequency channels, and so is the atmosphere
number density at Rayleigh normalization altitude.

17
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" Principle of Doppler Ratio Technique

d From actual photon counts, the ratios R; and R, are

R~ = Nnorm (+52) + N pnorm (~52)
' N orm (fa-2)

Ns(fo.)-Np z° 1 mg@@ | [ Ns(f)-Ng 2> 1 ng(2)
Ns(fiszr)=Np zp* T2 (f,.2) "rR(zR) ) \Ns(fL.2p)=Np z5* T2(f..2) "r(ZR)
Ns(f;2)-Np 22 1 np(2)

Ng(fa:2r) - Np sz Tcz(fa,z) ng(zg)

R = N Norm (f4,2) = Nnorm (f-,2)
" Norm (fas2)

Ns(fo.2)-Ng 2 1 np@ | [ Ns(£2)-Ng 2 1 ng(2)
Ns(fiszr)=Np zp* T2 (fo.2) "rR(zR) ) \Ns(fL.2p)=Np z5* T2(f..2) "r(ZR)
Ng(f;2)-Np 2> 1 ng(2)

Ngs(fa-2r) - Np sz Tcz(fa,z) ng(zg)
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How Does Ratio Technique Work?

J From physics, we calculate the ratios of R; and R,, as

Oeff (f4.2)+ Oeff (f_,2) R Oeff (f+.2)— O eff (f_.,2)
Geﬁ (fa 2) v Geﬁ‘ (fa ,Z)

J From actual photon counts, we calculate the ratios as

R = NNorm (f4.2)+ Nnorm (f_,2)
! N Norm (fa ,2)

Ry =

Ns(fo)=Ng 2* 1 ng@@ | [ Ns(fL-Ng 2° 1 ng(2)
Ng(fyszr)=Np z° T2 (f,.2) "r(zR) | \Ns(fo.2r)=Np 7% T2(f..2) "r(ZR)
Ns(f;.2)-Np z° 1 ng(@)

Ns(fa-2r)=Np zp* T (f,2) "R(ZR)

R = NNorm (f+ ,2) = Nnorm (f-,2)
" NNorm (fa52)

Ns(fi,0)=Np 2> 1 ng@@ | [ Ns(£.2)-Ng 2= 1 ng(
Ns(fizr)=Np zp> T2(fr2) mR(GZR) | \Ns(fzp)=Np 25> T2(f.2) nr(2R)
Ns(fu:2)-Np 2> 1 ng(z)

Ng(fq-2r)—Np ZR2 Tcz(fa’z) np(zp) 19
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“ Does Ratio Technique Work?

J Compute Doppler calibration curves from physics
 Look up these two ratios on the calibration curves to infer the
corresponding Temperature and Wind from isoline/isogram.

137 vooms| 40 s Isoline / Isogram

1.2y / +100m/s
280K

1.1}

)/ N

o
©

{

N + N

* ol - 180 K

o
©

(

RT
o
N

0.6

0.5F jJJ
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Ry, =(N, -~ N)/N_ 20
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Comparison of Calibration Curves

 Different metrics of R,, result in different wind sensitivities
A The ratio Ry,= N,/N_ has inhomogeneous sensitivity

1.3r
—-100m/s

+100m/s
280K

120K
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g g, ‘;

ompar'ison of Calibration Curves

d The ratio R\y= (N, - N_)/N, has much better uniformity than

the simplest ratio
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LIDAR REMOTE SENSING

g g, ‘;

Comparison of Calibration Curves
Rw= In(N_/N,)/In(N_xN./N_?) has good uniformity

J The ratio
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Na Doppler Lidar Instrumentation

Interaction between radiation and objects

Radiation Propagation
Through Medium

Signal Propagation
Through Medium

Transmitter Receiver
(Radiation Source) (Light Collection &
Detection)

. Data Acquisition & |,
Control System

T e

Data Processing,
Analysis & Interpretation

(J Resonance Doppler lidar has the frequency discriminator in atmosphere -
atomic absorption lines! = Narrowband transmitter, broadband receiver. =
High signal levels and accurate knowledge on the frequency discriminator!?°
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Modernized DAQ, System Control and Receiver
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[J. A. Smith, W. Fong, W. Huang, and X. Chu, University of Colorado]
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Na lear' Tr'ansml'r’rer' Pho‘ro 2
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aster Oscillator and Freq Locking with Doppler-
Corerentsss 2oyeRingiaer T T & T I Free Spectroscopy
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[Smith et al., OE, 2009] Textbook Chapter 5.2.2.3.2 %0
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-

Dppler'-Fr'ee Na Spectroscopy

5 ——
Temperature K ]
L —— Fluorescence signal |
control i from Na vapor cell 1
L - — - Doppler broadened |
= i spectrum at 187 K 1
Heater < 10 A Mesopause return  —
Sensor i current 5 - _
Na vapor Ring laser =
¢ - 2 -
cell AN light T o5l ]
Beam K « i\ K "\
Photo splitter , \‘ S \\
diode : JIE I | f a
" - A - a + \ .
00l al? bl vl e Py A
-3 -2 -1 0 1 2 3
Frequency (GHz)
See detailed explanation
A A A

on Na Doppler-free
saturation-fluorescence Va| e
spectroscopy in Textbook
Chapter 5.2.2.3.2

Ve :(Va—l_vb)/ 2 31



p L.IDAR REMOTE SENSING PROF. XINZHAO CHU CU-BOULDER, FALL 2014

Summary (1)

[ Resonance fluorescence Doppler lidars apply Doppler technique to
infer temperature and wind from the Doppler-broadened and Doppler-
shiffed atomic absorption spectroscopy. The Doppler-limited atomic
absorption spectroscopy is inferred from the refturned fluorescence
intensity ratios at different frequencies.

[ Both scanning and ratio techniques can work for the Doppler lidar.
With scanning technique, the laser will be operated at many different
frequencies, and then a least-square fit derives the width of the atomic
absorption line, thus deriving the temperature. Its advantage is to
provide more than 3 frequency information, so providing checks on more
system parameters. But it requires longer integration time.

J Doppler ratio technique takes advantage of the high temporal
resolution feature by limiting the lidar detection to 3 preset frequencies
(usually one peak and two wing frequencies) for 3 unknown parameters
(T, W, and density).

J By taking the ratios among signals at these three frequencies, R; and

R,y are sensitive functions of temperature and radial wind, respectively. "
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Summary (2)

 We compute the ratios R; and R,, from atomic physics first to form
the lidar calibration curves, and then look up the two ratios calculated
from actual photon counts on the calibration curves to infer the
corresponding temperature T and radial wind W.

[ Different metrics exhibit different inhomogeneity, resulting in different
crosstalk between T and W errors.

1 There are several different atomic species (Na, K, Fe, Ca, Ca*, etc.)
originating from meteor ablation in the mesosphere and lower
thermosphere (MLT) region. They all have the potentials to be tracers
for resonance fluorescence Doppler lidars to measure the temperature
and wind in the MLT region.

J Na and K Doppler lidars are currently near mature status and making
great contributions fo MLT science.

J Fe Doppler lidar has very high future potential due to the high Fe
abundance, advanced alexandrite laser technology, Doppler-free Fe

spectroscopy, and bias-free measurements, etc.
33



