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Infrared and Raman Activity

Atmospheric molecules vibrate in the infrared frequencies.
Depending on the mode of vibration, e. m. waves in “resonance”
may change the dipole moment and/or polarizability of the
molecule, leading to infrared absorption and/or Raman
scattering. p = uE or p = oE.

Molecule Vibration Vibration
frequency wavelength
0, 1555 cm’! ~ 6.4 um
N, 2331 cm’! ~4.3 pm
CO,(v,, symmetric stretch) 1388 cm! ~7.5 pm
CO,(v,, bending) 667.4 cm! ~ 15 um
CO,(v;, asymmetricstretch) 2349.2 cm'! ~4.3 pm

The following picture demonstrate infrared and Raman activity

e ded e

Symmetric stretch  Bending Asymmetric stretch
(Raman active) (Infrared active) (Raman active)
Our creator was smart to utilize symmetric diatomic
molecules as majority species of our atmosphere. There is
only one way to vibrate (symmetric stretch mode), which
can not absorb or emit infrared emission.

Selection rules (AJ =1 —J*?)

for IR absorption and Raman scattering

IR absorption: Av ==1, A] = =1

Raman activity: Av=0, £1; Al =0, £2




Infrared and Raman Transitions

P and R branches: AJ =)’ —J’=-1, +1
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Relative Intensity in Raman Lines

Placzek and Teller factors

P(J—J-2)= 3J(/-1) — Efor large J; O -Branch
227-1D2J+1) 8
P

(S = J)= S +1) — lfor large J; Q-Branch
2J-D2J+3) 4

P(J—=J+2)= A+ +2) - Efor large J; S-Branch
2J+DR2J+3) 8

Population of a vibronic state (J, v)

P(J,v) = (2*T+1)*2*J+1)exp[Be*J*(J+1)/(0.6952*T)/Z(T)
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Raman Spectra

Pure- and vibrational- rotational Raman spectra of nitrogen

molecule:
Rayleigh and Mie scattering intensity
107 T T I T
Stok#s spectrum Anti~-Stokes spectrum V=024 = I . b
/=48 Q-branch
10-% b (af = 0} |
e
"h e O-branch S—branch
§ = tay = -2 18] = +21 E
£
L | I L.
4910 4900 4890 4880 4870 4880 §
Wavelength, & °
Fig. 3.24. Experimentally measured %mwm of nitrogen. La:
tion wavelength 488.0 nm (Salzman, | . o
'o-JI )
2000 2200 2400 2600

Fraquency (em™'}

“beoretical distribution of vibrational-rotat Raman spectrum (¢
tion) at 300 K, showing the O-. Q-, and 5-branch structares and

ering cross section for N, molecules (Inaba and Kobayasi, 1972).

QUANTUM THEORY OF SCATTERING

107
HETH S R = E T
§ ds9udededtodeled, 2 °¥'§ £ 3.
l 1/ A Ay
ll ! L] Ty J I8 | IT | I TS ll 1
] 1000 2000 4000

Frequency {cm™'}
Fig. 323, Frequency shifts of the Q-branch of vibrationai-rotational Raman spectra of typical

molecular species present in poluted as well as ordinary atmaspirerc relative to the exciting laser
frequency (Inabz and Kobayasi, 1972).

Frequency shifts of the Q-branch vibrational-rotational
Raman spectra of species in a pojluted air



Dipole Radiation and Rayleigh-Mie Scattering

A single particle scatters light: Mie (a >> M) and Rayleigh (a << ).

An atom scatters light — Rayleigh scattering: induced dipole, then radiates, p=aE.
Complication with a diatomic molecule: o = (a” t2a,)/3;y= (a, —-a,).

Like an atom, mean molecular radius scatters light (trace scatterings; in addition,
random orientation also scatters light (anisotropic scattering). Since molecules
rotates with characteristic frequencies, some of the anisotropic scattering is .
shifted in frequency. One-fourth of the anisotropic (rotational) band intensity is in
un-shifted (Q-branch) and % in the shifted part (O and S brance, often refers to as -
rotational Raman scattering). '

Andrew T. Young, Rayleigh scattering, Physics Today. p.p. 42-48. J anuary 1982,
Rayleigh scattering = Cabannes scattering plus rotational Raman scattering.
In the single particle regime, the Cabannes line is not resolved. It can be divided
into coherent (trace scattering) and incoherent (Q-branch of RRS) parts.

The Cabannes line splits into a triplet (Gross & Brillouin) in collective regime

Raman Scattering

Rotational Vibrational

N I P W |lll. 1][][ » sl I 'l
-2000 -50Q 50 2000 {ecm™1)

Single - particle y << |

(Knudsen)
Regime —/\ *

. \ N Rayleigh - Brillouin

{Translational) .
Collective . Scattering
(Hydrodynamic) y>> |
Regime Y 5
F1 8% I
I B G
. N N ' > a
-1 o I (GHz)
y ~A/L

Fig. 1. Light scattering spectrum of diatomic molecules, e.g.
nitrogen. The dimensionless parameter y ~ A/L characterizes the
dynamical regime of the gas which depends on the relative values
of the scattering wavelength 4 and the mean-free path L

- (_Lidars: Rayleigh, Mie, Cabannes, (pure) rotational Raman, (vib.) Raman.



Si gnal As'trength-SCatterv lidar

Table 3. Relative signal strength and bandwidth comparison between different scattering

lidar for atmospheric parameter measurements

Bascatter | Measured Relative | Receiver | Comments
Lidar Parameters Signal Bandwidth
{Method) Strength* | *
Night
, (Day) ,
Mie Aerosol and >1 5nm .| Bandwidth for night (day) detection
cloud (100 GHz) :
Aerosol Wind > 1 GHz, | Filter bandwidth (resolution): ~ 0.1 GHz;
Wind (HET or FPI) FSR Frequency stability: | ms” /4 MHz '
Rayleigh | Temperature |1 5nm Must be aerosol free
(Inversion) (100 GHz) | Bandwidth for night (day) detection
HSRL Temperature | 0.2 10 GHz Frequency stability: 0.6 K /2 MHz
(AVF; Ratio) Good aerosol rejection ,
HSRL Aerosol and 04 10 GHz Frequency stability: | ms™ / 4 MHz
wind
(AVF; Ratio)
Rotational | Temperature 0.005 Snm Filter bandwidth: ~ | nm;
Raman (IF; Ratio) Frequency and filter stability: 10 GHz
' Filter OD > 6 at laser wavelength -
Daytime operation difficult
Vibrational | Backscatter 0.001 3nm No broader than 5 nm at night
Raman Extinction - (500 GHz)
Vibrational | Temperature 0.001 5nm Bandwidth for night (day) detection
Raman (Inversion) (100 GHz) | Problematic with extinction gradient
Molecular | Wind and. 0.1 10 GHz, Problematic with aerosol
Wind Temperature FSR Filter bandwidth (resolution): ~ | GHz
(Double FP]) Frequency stability: 1 ms' /4 MHz

* See text for the definition of HET, FPI, AVF, IF and FSR

She, Chiao-Yao, Spectral structure of laser light scattering revisited: bandwidths of
nonresonant scattering lidar, Appl. Opt. 40, 4875-4884, 2001.




Summary and Conclusion

The processes that are important in optical probing of atmosphere are
relatively simple: one photon processes (absorption, emission and
fluorescence) and two photon (scattering) processes (Rayleigh and
Raman scattering). Atom and molecular structures can be understood in
terms electronic transition, molecular vibrational and rotational
transitions, each was ‘designed’ to have a different energy scale.
Depending on the mode of vibration and molecular symmetry, infrared
frequency can induce vibrational transition (one photon exchange).
Visible light, however, interacts with electrons and. alter their states via
absorption and emission associated with an electronic transition. Non-
resonant visible photon can disturb an atom or a molecule via two

. (— photon (scattering via ‘virtual’ electronic transitions) processes only. In
this case, molecular structure dictates the polarization property of the
scattered light via isotropic and anisotropic polarizability. The basics on
the structure of atoms and molecules, and on the one photon and two
photon processes is explalned conceptually in this lecture. |

Understanding the frequency spectrum, strength and polarization
property associated with various light emission, absorption and
scattering processes of all atmospheric species will go a long way
toward mastering remote sensing of the atmosphere. For example, such
knowledge allows comparison of signal strength and of required
transmitter and receiver bandwidths.
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